Preface

Modern fastening technology is becoming
increasingly important in civil and structural
engineering worldwide. Cast-in-place fasten-
ings, which are placed in the formwork before
the concrete is poured, as well as post-installed
fastening systems, which are installed in hard-
ened concrete or masonry, have found wide-
spread use in construction practice.

Anchor bolts transfer applied tension loads to
the anchorage material through mechanical
interlock, friction, bond, or a combination of
these mechanisms. Regardless of the load-trans-
fer mechanism, however, fastening systems rely
on the tension strength of the concrete or
masonry. This fact must be accounted for both
in the design of the fastening and the design of
the supporting (or supported) concrete or
masonry member.

Every fastening element is designed for optimal
performance for a specific application. When a
fastening element is used for an application for
which it was not intended, its performance can
be negatively affected. Knowledge of the
behaviour of different fastenings is therefore
necessary to select the proper fastening system
for a given application and to implement the
design of the fastening correctly. Fastening
behaviour may be influenced by many parame-
ters. Environmental conditions such as chemi-
cal attack, temperature fluctuation, and fire
exposure must also be considered.

Although each year millions of anchors are
installed in concrete and masonry elements on
construction sites around the world, the state of
knowledge about this technology in the practice
is often very poor. It is therefore the goal of this
book to present the state of the art relative to
fastening technology for concrete. Fastening
products currently available on the market, as
well as their intended areas of application, are
discussed. The fundamentals of their load-bear-
ing behaviour under short- and long-term load-
ing, dynamic loading including seismic loading,

and the dependence of the behaviour on the
loading direction and failure mode are pre-
sented. The influence of the condition of the
concrete, non-cracked versus cracked, as well
as the behaviour of fastenings under fire loading
and the corrosion behaviour of fasteners is
examined. Additionally, a detailed discussion of
the design of fastenings is provided.

This book builds on the volume ‘Befestigungs-
technik in Beton- and Mauerwerk’ by Elige-
hausen, Mallée (2000) and translated into the
English by Philip Thrift (Hannover). Extensive
editing of the translated text was performed by
John Silva. The content in this book, however,
has been significantly extended and updated.

Research in the field of fastening technique
from around the world is brought together in
this book. Much of this research was conducted
at the Department of Fastening Technology at
the University of Stuttgart. The department was
founded in the 1970’s by Professor Emeritus
Dr.-Ing. Dr.-Ing. E.h. (mult) Gallus Rehm and
flourished under his oversight until his retire-
ment in 1989. The authors owe him a great deal
of gratitude.

This book would not have been possible with-
out the support of many individuals. We would
like to thank Mr. M. Hoehler, M.Sc., who con-
tributed to section 10 on seismic loading, and
edited the completed manuscript as well as Dr.-
Ing. J. Asmus and Dr.-Ing. T. Sippel for supply-
ing numerous figures. Furthermore we would
like to thank Ms. Dipl.-Ing. A. Clauss, Ms.
Dipl.-Ing. Y. Grewin, Ms. Dipl.-Ing. I. Simons,
Dipl.-Ing. J. Appl, Dipl.-Ing. L. Bezecny, Dipl.-
Ing. J. Hofmann, Dipl.-Ing. T. Huer, Dipl.-Ing.
M. Potthoff, Dipl.-Ing. K. Schmid, for their tire-
less effort preparing and editing figures.

Rolf Eligehausen
Rainer Mallée
John Silva
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1 Introduction

1.1 A historical review

The task of connecting building components is
as old as building itself. Throughout history, the
job has been handled in different ways depend-
ing on the building material, the structural sys-
tem and the particular requirements of the con-
struction.

In wood construction traditional joinery began
with timbers bound with tough natural fibres
and developed into various types of interlock-
ing, screwed and doweled joints, glued and fin-
ger joints as well as embedded steel plates and
ring connectors.

Steel construction, a comparatively ‘young’ dis-
cipline, employs connection techniques ranging
from cast-iron fittings to rivets, bolts and weld-
ing, whereby only bolting and welding are in
common use today.

In concrete and masonry construction, various
means of anchoring are in regular use
(Fig. 1.1).

Fig. 1.1 Fastening methods in concrete

The mortar used in masonry assemblies can be
regarded as the oldest type of connection mate-
rial. In fact, the hewn dovetails, cast metal
joints and embedded metal studs or sleeves his-
torically employed in stone masonry may be
considered to be the predecessors of today’s
modern fastening technology. Today, these
methods have been largely replaced by plastic
and/or metal elements of sophisticated design
inserted into pre-drilled holes and secured via
friction, mechanical interlock, chemical bond,
or a combination thereof. Today there are sys-
tems available that are suitable for practically
any type of masonry.

Concrete and reinforced concrete construction
initially borrowed fastening techniques from
other building trades, either unchanged or only
slightly modified. Wood lathe placed in the
formwork was anchored in the concrete via pre-
driven nails and served as an attachment point
for the entire range of building systems, as well
as for suspended ceilings. Later, threaded
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sleeves, anchor channels and headed studs
welded to steel plates were employed, these
being secured inside the formwork and cast into
the concrete.

These so-called “cast-in-place” techniques were
later rivalled by systems designed to be
installed after the concrete had cured. The evo-
lution of drilling technology from chisels to
rotary-percussion tools and the more recent
development of diamond core drilling has
opened up new opportunities for the field of
post-installed anchoring technology.

For minor loads, the ubiquitous plastic anchor,
successor to hemp and lead plugs, has all but
replaced other techniques. To cope with higher
loads, various types of metal expansion anchors
have been developed that employ, in principle,
the same functional principles but with varying
construction details and attendant variations in
installation and application conditions.

Bonded anchors, in which a steel rod is grouted
into a pre-drilled hole, continue to be frequently
used. Representing the latest stages in this chain
of development are undercut anchors, hybrid
systems employing bond, friction and/or
mechanical interlock, and second-generation
self-tapping screws.

Parallel with the development of anchors for
pre-drilled holes, the technology of high-
strength steel nails or studs driven into steel and
concrete by an explosive or pneumatic energy
source (so-called power-actuated fastening) has
seen growing use over the past four decades.
These systems serve to simplify the attachment
of piping systems, lightweight suspended ceil-
ings, etc., and are also widely employed for the
attachment of metal deck to steel framing.

Clearly, post-installed fastening in concrete and
masonry is a relatively young discipline, mean-
ing that the state of the art is generally in a state
of flux. Consequently, these systems typically
cannot be regulated via prescriptive standards,
as is done, say, with high-strength structural
bolts. Consequently, in the member states of the
European Community, the U.S. and other coun-
tries the design and installation of post-installed
fastenings is usually carried out in accordance
with product-specific approvals.

1.2 Requirements for fastenings

Fastenings must be designed in such a way that
they do the job for which they are intended, are
durable and robust, and exhibit sufficient load-
carrying and deformation capacity. Fastenings
for less critical applications, e.g. securing light-
weight duct, lighting, and wiring, can be
selected on the basis of the user’s experience
and do not usually require analysis or structural
review (outside areas of seismic hazard). On the
other hand, fastenings that are relevant to life
safety, i.e. whose failure could pose a hazard to
life or result in significant economic loss, must
generally be selected on the basis of structural
considerations and are typically designed and
detailed by a structural engineer. The design
establishes whether the requirements of the ser-
viceability and ultimate limit states are met. The
serviceability limit state includes requirements
for limiting deformation, and requirements on
durability (corrosion, chemical resistance). At
the ultimate limit state it must be proven that the
design value of the actions does not exceed the
design value of the fastening resistance. Analy-
ses of the serviceability and ultimate limit states
generally make a distinction between the type
and direction of the load. Section 1.3 deals with
loads acting on connections and section 3.7
with the distribution of these loads to the fas-
teners. The capacities of the fastenings are
explained in relation to the type of fastener and
type of base material as well as failure mode in
sections 4 to 9. The behaviour of fasteners
under seismic excitations and under fire is dealt
with in sections 10 and 11 respectively. Corro-
sion and corrosion protection is discussed in
section 12 and the influence of fastenings on the
capacity of concrete members in which they are
installed is explained in section 13. Require-
ments on the suitability of fasteners for the
application in question and the design of fasten-
ings are discussed in section 14.

1.3 Nature and direction of actions

Actions (loads) can be classified according to
the frequency of their occurrence and their
duration. In addition, we can make a distinction
as to whether or not inertial forces are involved.
Table 1.1 provides an overview of various
actions. Dynamic forces arise in cases of
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Table 1.1 Classification of actions

Number of load cycles

None (constant) Low High
Without inertial With inertial forces Without inertial With inertial forces
forces forces

o Self-weight e Restraint of ° o Traffic loads on e Machines

e Partitions deformations o Earthquake bridges and generating

e People e Explosion basement roofs high inertial

e Fixtures and fittings e Crane rails accelerations

e Stored materials o Lifts (punches,

e Snow e Machines presses, rams,

o Water without inertial forges)

e Wind acceleration

e Restraint of

deformations
e Primarily static o Dynamic actions e Frequently e Dynamic actions
actions alternating actions

impact, earthquake, explosion or machines that
generate large inertial loads. If the load is per-
manent or occurs only a few times and does not
include inertial forces, then the action is consid-
ered to be static. If the number of load cycles is
large but, again, inertial loads are not present,
then we refer to fatigue loading. If inertial
forces are involved, then the action is dynamic,
regardless of the number of load cycles.

Static actions are the sum of permanent and
semi-permanent (slowly changing) actions.
These actions are sometimes referred to as dead
and live loads. The permanent actions result
from the weight of the structural components to
be anchored and any other constant loads that
the attached components must carry, e.g. back-
fill, floor coverings, and plaster. Semi-perma-
nent actions include, for example, foot traffic,
fixtures and fittings, non-load-bearing light-
weight partitions, stored materials, wind and
snow. Given values for the applicable perma-
nent and semi-permanent actions can be found
in the relevant national and international
standards (e. g. DIN 1055, Eurocode 1: EN 1990:
2002 (2002), ASCE 7 (American Society of
Civil Engineers (2002)) .

Deformations can occur in anchored compo-
nents, e.g. due to temperature fluctuations or
due to shrinkage and creep of the concrete com-
ponents. Temperature fluctuations may be due
to weather conditions, as with building facades,

or may simply be a result of the component
function, as in the case of chimneys, silos,
boiler rooms and cold storage rooms. Restraint
of these deformations gives rise to stresses in
the fasteners, the magnitude of which depends
on the geometry and position of the fastenings
as well as the mechanical properties of the
materials involved. These stresses may be rele-
vant to the fatigue-resistance of the fastener,
depending on the number of temperature-
induced strain cycles. For example, in the case
of facade support structures, assumptions of 10*
to 2 - 10* load cycles are often used in design.

Fig. 1.2 Actions on fasteners
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Frequently alternating actions (fatigue loads)
are caused by, for example, traffic loads, crane
rails, lift and machines. The magnitude of the
changing action required for design is again to
be found in the relevant national and interna-
tional standards. These standards also define
whether a changing action should be viewed as
a static action or as a fatigue load. For example,
a wind load frequently changes in magnitude
and direction but is often regarded as a static
load for design purposes.

The essential difference between dynamic and
static actions lies in the presence of inertial and

attenuation forces. These forces arise from the
induced accelerations and must be taken into
account when determining the forces on the fas-
tening. Dynamic forces are brought about by
earthquakes, sudden actions such as impacts
and explosions, and by machines with high
inertial acceleration, e.g. printing presses.
Dynamic actions generated by machines are
also regarded as relevant for fatigue.

Loads can occur as tension, shear or a combina-
tion of tension and shear. In the case of shear,
we distinguish between loading with or without
bending of the fastener (Fig. 1.2).
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2 Fastening systems

2.1 General

Fasteners transfer applied tension loads to the
base material in various ways. Load-transfer
mechanisms are typically identified as mechan-
ical interlock, friction or bond (Fig. 2.1).

Mechanical interlock involves transfer of load
by means of a bearing interlock between the
fastener and the base material. Mechanical
interlock is the load-transfer mechanism
employed by headed anchors, anchor channels,
screw anchors, and undercut anchors.

Friction is the load-transfer mechanism
employed by expansion anchors. During the
installation process, an expansion force is gen-
erated which gives rise to a friction force
between the anchor and the sides of the drilled
hole. This friction force is in equilibrium with
the external tensile force.

In the case of chemical interlock, the tension
load is transferred to the base material by means
of bond, i.e. some combination of adhesion and

Fig. 2.1 Anchor load-transfer mechanisms

micro-keying. Chemical interlock is the load-
transfer mechanism employed by bonded
anchors.

The majority of commercially available fasten-
ers resist tension loads via one or more of the
above described mechanisms.

Another way of differentiating anchor systems
is by the way they are installed. A distinction is
made between cast-in-place, drilled-in and
direct installation. Cast-in-place components
are secured in the formwork prior to casting.
Drilled-in anchors are installed in holes drilled
into the hardened base material. Direct installa-
tion refers to studs or nails driven into the base
material with powder cartridges or pneumatic
action.

The following sections describe anchors com-
monly used in plain and reinforced concrete.

2.2 Cast-in-place systems

A variety of inserts are used for cast-in-place
installations. These include lifting inserts for
the transportation of precast concrete compo-
nents, anchor channels, embedded plates with
headed studs, bent reinforcing bars equipped
with internally threaded unions, as well as cus-
tom components for hanging heavy facade pan-
els and for securing masonry. Sections 2.2.1 to
2.2.4 describe the more common cast-in-place
systems listed above. Design procedures for
cast-in-place headed anchors and anchor chan-
nels are outlined in section 14.

As previously discussed, cast-in-place systems
transfer external tension loads into the base
material by means of a mechanical interlock
between the embedded component and the con-
crete. Their positions must be coordinated with
the reinforcement layout. They can also be
installed in heavily reinforced elements without
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difficulty. The advantage of cast-in-place sys-
tems lies in the fact that the location of the
anticipated external loads is known and so can
be accommodated in the design of the rein-
forced concrete member through appropriately
placed reinforcement. The disadvantage lies in
the extra layout and planning required for these
systems, as well as in the potential for erro-
neous placement.

2.2.1 Lifting inserts

Lifting inserts used for the transport of plain and
reinforced concrete precast elements must often
conform to applicable local specifications regu-
lating their design. Examples include the safety
guidelines of Germany’s Hauptverband der
gewerblichen Berufsgenossenschaften (1992)
and the U.S. Occupational Safety and Health
Administration (OSHA) (1989) which specifies
capacity requirements for inserts and lifting
hardware.

In the case of cast-in cable loops, the crane
hook or lifting tackle is simply attached to a
loop of cable projecting from the concrete (Fig.
2.2).

A wide variety of commercially available lifting
inserts are equipped with flush-set internally
threaded sleeves to accommodate lifting tackle
(Fig. 2.3). These are anchored in the concrete by
various means including deformations, trans-
verse dowels, and hairpins. Lifting inserts may
also be constructed by swaging an internally
threaded insert directly onto the end of a piece
of reinforcing bar (Fig. 2.4).

Fig. 2.2 Cast-in cable loop for crane hook
(Bertram (1997))

a)

b)

c)

Fig. 2.3 Typical threaded sleeves (Bertram (1997))

Fig. 2.4 Transport anchors with swaged threaded
sleeves (Bertram (1997))

A simple form of transport anchor is con-
structed from bar stock, one end of which has
been sheared and bent to form a ‘swallow tail .
A hole drilled into the opposite end serves to
accommodate the lifting hardware attachment
(Fig. 2.5).

Headed anchors with cold-formed heads (Fig.
2.6) at each end are designed to accommodate
special lifting hardware that engages the larger
head.

There are also systems available in which the
lifting tackle can be remotely disconnected
(Fig. 2.7).

The installation instructions of the manufac-
turer must be adhered to when using lifting
inserts. These specify permissible load, mini-
mum concrete strength, minimum component
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Fig. 2.5 Steel flatbar with “fishtail”

thickness, minimum spacing, and edge distance,
as well as the necessary reinforcement. As a
rule, specific additional reinforcement is
required since lifting inserts are often posi-
tioned close to edges or in narrow components.

Lifting inserts used to carry permanent loads as
part of the finished structure must satisfy addi-
tional requirements for such installations (e.g.
as per the constraints of the relevant approval).

2.2.2 Anchor channels

Anchor channels (Figs. 2.8 and 2.9) consist of
a cold-formed or hot-rolled steel channel

Fig. 2.6 Round-headed transport anchor

Fig. 2.7 Lifting tackle with
remote release

equipped with special anchor fittings. These
channels, filled with rigid urethane foam to pre-
vent concrete intrusion, are attached directly to

Channel

Bolt

Fixture

Section Oblique view

Fig. 2.8 Castin-place channel anchor (Eligehausen,
Mallée, Rehm (1997))
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c) d)

Fig. 2.9 Variants for cast-in-place anchor channels
(Wohlfahrt (1996))

a) Welded profile

b) Swaged profile

¢) Swaged headed stud

c) Welded headed stud

d) Welded special nut with screw

Fig. 2.10 Anchor channel placed in the formwork

the inside of the formwork (Fig. 2.10). Follow-
ing removal of the formwork and of the rigid
foam, a variety of components can be attached
with the aid of special T-headed bolts (Fig.
2.11).

Fig. 2.11 Installing a T-head bolt in a cast-in-place channel

Transfer of the load back into the concrete in the
case of anchor channels is generally achieved
by way of T-, I-shaped or headed anchors
welded (Fig. 2.9a) or forged to the channel (Fig.
2.9b, c) or special nuts welded to the channel
into which a bolt is screwed (Fig. 2.9d). How-
ever, there are also anchor channels available in
which the load is transferred into the base mate-
rial by way of loops of steel with tabs that are
passed through the back of the channel and
bent. This type of anchorage presents a problem
because the anchorage may become effective
only after a certain degree of slip of the channel.
In addition, it cannot be guaranteed that the
steel tabs are bent properly on site. In Germany
such anchor channels are not approved for use
in safety relevant applications.

The anchor channels described above may only
be loaded perpendicular to the axis of the chan-
nel because transferring forces along the length
of the channel is only achieved by way of fric-
tion between the T-headed bolt and the lip of the
rail, and the magnitude of this friction force is
uncertain. To transfer loads along the length of
the channel there are special channels with ser-
rated lips. The matching T-headed bolts also
exhibit serrations which engage with those of
the channel (Fig. 2.12). To guarantee an inter-
locking connection which transfers the loads,
these bolts have to be prestressed with a defined
torque.
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Fig. 2.12 Cast-in-place channel with serrated edges for
resisting shear loads along the length of the rail

2.2.3 Headed studs

Headed stud anchorages (Fig. 2.13) consist of a
steel plate with headed studs butt-welded on.
Long headed studs can be produced by welding
short studs together (Fig. 2.13). In such cases a
soft pad should be placed under the intermedi-
ate heads in order to prevent a mechanical inter-
lock (Fig. 2.14). However, instead of welding
short headed studs together, it is recommended
to use longer studs.

Headed studs with smooth shanks are usually
welded on using drawn arc stud welding.

Fig. 2.13 Steel embed plate with welded headed studs

het=hnt + hp2 — ko + 1

<
o
<
.
Soft <
pad secured
in position =
<

—

Fig. 2.14 Two headed studs welded together with a
soft pad placed beneath the head nearest the surface

Headed studs can also been made from ribbed
reinforcing bars and welded to the steel plate by
means of metal arc welding. The welding is not
usually carried out on site but rather under con-
trolled factory conditions. The fixture is nor-
mally welded to the cast-in steel plate.

2.2.4 Threaded sleeves

Threaded sleeves consist of a tube with an inter-
nal thread which is anchored back into the con-
crete. We distinguish between sockets for lifting
eyes and sleeve anchors (Fig. 2.3). Sockets for
lifting eyes have a flat section with a hole at one
end (Fig. 2.3a,b). They are anchored back into
the concrete by passing a steel rod or reinforc-
ing bar through the hole. In the case of sleeve
anchors, the flat section at one end includes a
hook (Fig. 2.3c). Curved anchors (Fig. 2.15)
comprise a bent ribbed reinforcing bar with a
threaded sleeve pressed on.

Deformed
— reinforcing bar

m Swaged

m threaded sleeve

Fig. 2.15 Hooked reinforcing bar with swaged
threaded sleeve (Eligehausen, Mallée, Rehm (1997))
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2.3 Drilled-in systems
2.3.1 Drilling techniques

Advances in drilling technology have con-
tributed significantly to the widespread use of
post-installed anchors. Rotary-impact drills
(rotary hammers) are most often used for
anchoring applications. Diamond core drills are
used less frequently, although recent advances
in weight reduction, slurry-capture, and dry cor-
ing have made these systems more attractive for
anchoring applications where existing rein-
forcement is expendable. In some cases, rock
drills are used for large anchorages.

An electro-pneumatic rotary-impact drill
employs a piston to generate the percussive
action of the drill bit. These drills operate at low
rotational speeds but with high impact energy.
The speed at which the drill advances is gener-
ally not dependent on the applied pressure.
Depending on the power rating of the drill,
holes with diameters up to 40 mm can be pro-
duced easily and economically with carbide
tipped bits. Drilling through reinforcing bars of
small diameter is possible, although bit life is
significantly reduced. Newer models have built-
in vacuum systems to capture the dust generated
during drilling, thus mitigating the contamina-
tion and inconvenience caused by the dust,
reducing the drilling time and extending the bit
life. Dust capture can also reduce health risks
for the drill operator.

Diamond core drills are employed for a variety
of applications. The cutting edges of the hollow
cylindrical bit are tipped with a diamond matrix.
The concrete is removed not through chiselling
action, but rather by abrasion. Diamond drilling
equipment is often secured to the component
being drilled and water is typically used to both
cool the bit and transport drilling slurry to the
surface. The rate of diamond grit loss during
drilling is crucial for proper functioning of the
bit and requires the correct pairing of bit type
and concrete aggregate hardness. Recently,
hand-held core drill rigs more suited to anchor-
ing applications and “dry” bits that do not
require water cooling have become widely avail-
able. It should be remembered when employing
diamond core drilling that reinforcing bars of
any diameter can be severed without difficulty

or noticeable changes in drill operation. There-
fore, particular attention should be paid to coor-
dinating the position of the drilled holes with
respect to the reinforcing steel in order to avoid
damaging structural reinforcement.

Many anchor systems are sensitive to deviations
of the as-drilled hole diameter outside of speci-
fied tolerances, and in turn on the dimension of
the carbide-tipped drill bit as measured across the
tip. Carbide drill bits used for anchoring applica-
tions should be checked that their dimensional
tolerances, particularly those relating to tip
dimensions and concentricity, conform to anchor
manufacturer requirements. Typically, national
standards such as those of the Deutsches Institut
fiir Bautechnik (2002) or the American National
Standards Institute (1994) are referenced and can
be used to confirm drill bit suitability. Drill bits
conforming to Deutsches Institut fiir Bautechnik
(2002) are marked with a special sign (Fig. 2.16).

W ©

——

Fig. 2.16 Special mark for drill bits confirming to
Deutsches Institut fiir Bautechnik (2002)

Use of diamond core drill bits for anchoring
applications should be verified with the anchor
manufacturer, since the actual hole diameter
associated with a core drill bit of correct nominal
diameter may not be within the tolerances neces-
sary for the anchor to function properly. Addi-
tionally, some anchor systems, notably bonded
anchors, may be sensitive to hole roughness.
“Matched tolerance” core bits are tested to verify
correct functioning of the anchor in holes drilled
with these bits.

2.3.2 Installation configurations

Three types of installation configuration may be
distinguished (Fig. 2.17):

— pre-positioned

— in-place

— stand-off
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Fig. 2.17 Anchor installation configurations
a) Pre-positioned installation

b) In-place installation

c¢) Stand-off installation

A pre-positioned installation (Fig. 2.17a)
involves drilling a hole, inserting the anchor
and subsequently placing and securing the item
to be fastened. The drilled hole in the base
material is typically larger than the clearance
hole in the component being fastened.

An in-place installation uses the element to be
fastened as a template for drilling the anchor
hole(s). Therefore, the diameter of the hole in
the component to be fastened must be at least as
large as the required diameter of the drilled hole
(Fig. 2.17b).

In a stand-off installation, the item to be fas-
tened is mounted at a distance from the surface
of the base material (Fig. 2.17c). It is necessary
in this type of installation to ensure that the fas-
tener is capable of delivering both tension and
compression loads to the base material. In the
case of post-installed mechanical anchors, it is
necessary to provide a bearing washer and nut
at the surface of the base material to receive
compression loads. This is also advisable,
although not required, for bonded anchors.

Pre-positioned or in-place installations require
that the useable fixing length /, is at least equal

Non-loadbearing
layer

het lfix

Fig. 2.18 Accounting for nonload-bearing layer in
determining the useable fastening length

to the thickness 7, of the item to be fastened. If
the base material is covered with a non-load-
bearing layer (e.g. plaster or insulation), then
the fixing length lﬁx must be selected so that it is
at least equal to the thickness of the non-load-
bearing layer plus the thickness of the item to be
fastened (Fig. 2.18).

Although the useable fixing length of an anchor
equipped with internal threads can be varied by
simply selecting a bolt of suitable length, it is a
set dimension for most other types of mechani-
cal anchors. The manufacturer’s specification
should be consulted to determine the maximum
possible useable fixing length of an individual
anchor. Note also that with in-place installation
the actual embedment length of fasteners with a
defined useable fixing length will be equal to
the minimum embedment plus the balance of
the fixing length not used by the thickness of
the item to be fastened and any surface coat-
ings, pads, etc.

2.3.3 Drilled-in anchor types
2.3.3.1 Mechanical expansion anchors

Mechanical expansion anchors can be divided
into two groups (Fig. 2.19):

— torque-controlled (Fig. 2.19a)
— displacement-controlled (Fig. 2.19b)

Torque-controlled expansion anchors may be
further classified as either sleeve- or bolt-type.
Sleeve-type anchors generally consist of a bolt
or threaded rod with nut, washer, spacer and
expansion sleeve, deformations to prevent spin-
ning of the anchor in the hole, and either one
expansion cone (Fig. 19a,) or two cones (Fig.
2.19a,). Bolt-type anchors typically consist of
a bolt, the end of which has been swaged or
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Fig. 2.19 Details and working principles of metal expansion anchors (Eligehausen, Mallée, Rehm (1997))

a) Torque-controlled expansion anchor
b) Displacement-controlled expansion anchor

machined into a conical shape, expansion seg-
ments nested in the recessed conical end of the
bolt, and a nut and washer (Fig. 2.19a,).

Torque-controlled expansion anchors are
installed by drilling a hole, removing drilling
dust and debris, inserting the anchor into the
hole and securing it by applying a specified
torque to the bolt head or nut with a torque
wrench (Fig. 2.20). Once the bolt or nut
achieves bearing against the base material, the
further application of torque draws the cone at
the embedded end of the anchor up into the
expansion sleeve (or expansion segments),
thereby expanding the expansion element(s)
against the sides of the drilled hole. The ensuing
frictional resistance places the bolt in tension.
The compression forces acting on the concrete
due to the dilation of the expansion elements are

known as expansion forces. If the concrete
around the anchor is continuous and undis-
rupted by cracking or a proximate edge, the
resulting stresses are distributed roughly sym-
metrically around the anchor perimeter. In the
past, torque-controlled anchors were occasion-
ally referred to as “force-controlled” expansion
anchors because the torque generates a tensile
force in the anchor. However, “torque-con-
trolled” is a better descriptor for the working
principle of the anchor since a prescribed torque
is used to set the anchor. Torque also serves as a
way of checking the installation of torque-con-
trolled expansion anchors. An anchor that was
not set correctly will rotate before achieving the
prescribed torque. Rotation is nominally pre-
vented by deformations in the anchor elements
contacting the sides of the hole. Oversized holes
or local defects in the concrete may reduce their

Fig. 2.20 Installation of a torque-controlled stud-type expansion anchor
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effectiveness and allow the anchor to spin,
thereby preventing attainment of the required
expansion force. Alternatively, the anchor may
attain the required torque but only after the
anchor has been drawn out of the hole to an
excessive degree. Either of these conditions is
an indication of improper set and could lead to
reduced anchor capacity.

Torque-controlled expansion anchors compen-
sate for minor deviations in the diameter and
roundness of the drilled hole by variations in the
extent to which the cone is drawn into the
expansion element (Fig. 2.21). This is known as
expansion reserve; it is determined by the
geometry of the anchor and is necessarily lim-
ited. For this reason, torque-controlled expan-
sion anchors should be installed with drill bits
conforming to the tolerances of recognised
national standards as discussed above. When
this condition is satisfied, normal deviations of
drilled hole geometry as caused by e.g., opera-
tor position, base material hardness, etc., should
have little effect on anchor function.

In the system shown in Fig. 2.19a,, the expan-
sion sleeve is expanded by cones both the top
and bottom of the sleeve. However, although
double-cone anchors can exhibit a higher load-
carrying capacity than single-cone anchors,
they require greater minimum edge distances
owing to the greater expansion forces.

The setting process of a torque-controlled
expansion anchor results in expansion forces
which in turn generate high stresses (Fig. 2.22)
and localised deformations in the concrete. The
degree of expansion and the magnitude of the

Fig. 2.21 Torque-controlled expansion anchors in
drilled holes with different diameters

Fig. 2.22 Stress contours in the anchorage zone of a
torque-controlled expansion anchor (Seghezzi (1983))

deformation of the hole wall both depend on the
force with which the cone is drawn into the
sleeve (or expansion segments) as well as on the
resistance of the concrete to deformation. The
deformation of the hole wall may be critical for
proper functioning of the anchor. Expansion
anchors set in high-strength concrete (concrete
compressive strengths > 65 N/mm?) typically
produce deformations of negligible magnitude.
Therefore, torque-controlled expansion anchors
developed for use in concrete of normal
strength may be unsuitable for applications in
high-strength concrete.

Torque-controlled expansion anchors transfer
external tensile forces to the base material via
friction and, to a limited extent, via mechanical
interlock in the region of the deformed concrete.
As the torque is introduced, it generates a pre-
stressing force in the bolt or stud which at the
same time clamps the item being fastened against
the surface of the base material. This prestressing
force diminishes after installing the anchor as a
result of several factors, including localised
relaxation of the concrete. If cracks occur in the
base material in the vicinity of the installed
anchor, then the prestressing force drops further.
As the anchor is loaded externally, most of the
load acts to relieve the prestressing, or clamping,
force in the anchorage. Loading beyond the point
where the residual prestressing force is com-
pletely balanced by the external load produces a
proportional increase in the force in the bolt, with
the result that the cone is drawn further into the
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sleeve (or segments) and the anchor is expanded
further (follow-up expansion). This follow-up
expansion generates the necessary additional
friction to resist an increasing imposed external
load. Follow-up expansion is only possible when
the frictional resistance between cone and expan-
sion sleeve (or segments) is less than the friction
force generated between the sleeve (or segments)
and the sides of the drilled hole. If this is not the
case, then the anchor exhibits uncontrolled slip
under tension loading, i.e. it is pulled partially or
completely out of the hole without any increase
in load beyond the onset of noticeable slip. To
increase the friction potential between the expan-
sion sleeve and the concrete, some expansion
anchors utilise ribs, knurling or other deforma-
tions.

Torque-controlled expansion anchors are typi-
cally available in a wide range of diameters,
from 6 mm to 24 mm. They are typically pro-
vided with zinc electroplating (coating thick-
ness = 5 pm) in order to prevent corrosion dur-
ing storage and transport. Sheradising or hot-
dip galvanising may be used to achieve a more
robust zinc coating thickness (in the range of
50pm). However care must be taken to prevent
uneven coating thickness on friction surfaces
and threaded parts. Where additional corrosion
protection is required, torque-controlled expan-
sion anchors may also be fabricated in stainless
steel, although care must be taken to avoid jam-
ming of threads and friction surfaces. Studs and
bolts may be fabricated from a variety of steels
depending on the production method used and
the desired mechanical properties after fabrica-
tion. In Europe, carbon steel anchor bolts are
typically fabricated to conform to the require-
ments of a Grade 8.8 steel according to ISO
898, Part 1 (1988). Stainless steel bolts gener-
ally reference to A4-70 (austinitic steel) as per
1SO 3506 (1979). For anchors fabricated in the
U.S., no single standard is universally specified.

Reference is often made, however, to ASTM
A510-03 (2003) or ASTM A108-03 (2003) for
the mechanical properties of carbon steel
anchor bolts. Stainless steels typically conform
to either AISI 303 (1995), AISI 304 (1995) or
AISI 316 (1995) with respect to chemical com-
position, whereby ASTM A276-04 (2004) or
ASTM A493-95 (2004) may be referenced for
the mechanical properties. When a thorough
understanding of the bolt properties is required,
the manufacturer should be consulted for
detailed information. Commercially available
torque-controlled expansion anchors are offered
in a wide array of configurations and designs
that vary with respect to the number of cones as
well as the shape, dimensions and number of
expansion sleeves and expansion segments.
Additionally, newer designs specifically autho-
rised for applications in cracked concrete may
employ special features, e.g. friction-reducing
coatings, to improve the follow-up expansion
behaviour of the anchor.

Displacement-controlled expansion anchors
usually consist of an expansion sleeve and a
conical expansion plug, whereby the sleeve is
internally threaded to accept a threaded element
(bolt, rod, etc.). They are set via the expansion
of the sleeve as controlled by the axial displace-
ment of the expansion plug within the sleeve. In
the common displacement controlled anchor
type as depicted in Fig. 2.19b,, known as a
drop-in anchor, this is achieved by driving the
expansion plug into the sleeve with a setting
tool and a hammer (Fig. 2.23). Alternatively, in
the type of displacement-controlled anchor
shown in Fig. 2.19b,, setting is achieved by dri-
ving the sleeve over the cone. Like torque-con-
trolled expansion anchors, displacement-con-
trolled expansion anchors transfer external ten-
sion loads into the base material via friction
and, in the zone of the localised deformation,
some degree of mechanical interlock.

Fig. 2.23 |Installation of a drop-in anchor of the type shown in Fig. 2.19b,
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In the anchor shown in Fig. 2.19b,, the magni-
tude of the expansion force depends on the
degree of sleeve expansion, the gap between
the anchor and the sides of the drilled hole, and
the deformation resistance of the concrete. The
initial expansion force generated by a fully-
installed displacement-controlled anchor of this
type is typically considerably greater than
that created by a torque-controlled expansion
anchor of similar size. This high initial expan-
sion force is substantially reduced through
relaxation of the concrete, however, and cannot
be renewed except by re-setting of the anchor.
In particular, the expansion force does not
increase with the introduction of an external
load, since the anchor has no follow-up expan-
sion capability. As such, its tension load-bearing
behaviour depends substantially on the depth of
the localised deformation into the concrete and
therefore significantly on the drilled hole toler-
ance. If the hole diameter is too small, the
expansion force generated during setting may
be so high that the concrete spalls or is split.
Additionally, if the concrete has a high com-
pressive strength (e.g. = 50 N/mm?), it may be
physically impossible to expand the anchor to
the required degree. Conversely, if the hole is
oversized, the expansion sleeve does not engage
the hole wall sufficiently (Fig. 2.24) and the
load-carrying capacity of the anchor is corre-
spondingly diminished.

Fig. 2.24 Drop-in anchors in drilled holes with different
diameters

Owing to their sensitivity with respect to hole
and installation tolerances, displacement-con-
trolled anchors require strict adherence to cor-
rect drill bit tolerances, as discussed previously
as well as on-site installation checks. For drop-
in anchors as depicted in Fig. 2.19b,, proper

installation is verified visually when the collar
of the setting tool contacts the sleeve of the
anchor, as shown in Fig. 2.23. Only in this way
can full expansion of the anchor be assured.

A significant amount of driving energy is
required to ensure complete expansion of drop-
in anchors. According to studies by Elige-
hausen, Graf, Meszaros, Lee (1995), full expan-
sion requires anywhere from 5 to 30 hammer-
blows (using a representative hammer size and
weight), depending on type and size of the
anchor, hole diameter and concrete strength. In
overhead installations, (e.g. in a slab soffit), the
required number of hammer blows increases
roughly 2 to 3 times. In many cases, this level
of effort is not achieved in practice. Elige-
hausen, Meszaros (1992) investigated the in-
situ condition of roughly 220 drop-in anchors
(M8-M12) of various manufactures installed on
several different building sites. The degree of
expansion was found to be approximately 30 %
to 70 % (on average 50 %) of full expansion,
which is relatively low. Inadequate expansion
has roughly the same effect as an oversized hole
(see Fig. 2.24) on drop-in anchor tension load
capacity.

In anchors of the type depicted in Fig. 2.19b,, the
maximum expansion occurs at the extreme end
of the sleeve and decreases along the anchor
length. The primary action of the setting process
is to chip away at the concrete and the expansion
force generated is less than that associated with
anchors of the type shown in Fig. 2.19b,.

One representative of the anchor type shown in
Fig. 2.19b, is the so-called self-drilling anchor.
Its anchor body is designed to serve as a drill bit
(it has a removable end for insertion into the drill
chuck adapter) with the intent that hole tolerance
is eliminated as a factor in the load-carrying
capacity of the anchor. Furthermore the required
hole depth is automatically ensured. After the
anchor has been used to drill the hole, it is
removed, the expansion plug is inserted into the
end of the sleeve, and the anchor placed back
into the hole and hammered over the expansion
plug with the rotary-impact drill set to hammer-
only mode until the drill chuck adapter touches
the concrete surface. This design places high
demands on the anchor materials and the manu-
facturing process. The anchor body must, on the
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one hand, possess sufficient hardness to facilitate
drilling, while at the same time remaining suffi-
ciently ductile to permit expansion.

With sleeve-down type anchors similar to the
one shown in Fig. 2.19b, the hole is drilled by
means of a rotary impact drill. During installa-
tion the sleeve is hammered onto the cone until
the upper rim of the sleeve sits flush with the
concrete surface. To ensure full anchor expan-
sion the proper drill hole depth is essential
which should be ensured by using a drill that
stops at the required depth (stop-drill).

The load-carrying capacity of deformation-
controlled self-drilling or sleeve-down type
anchors depends on achieving the required
expansion. As this cannot be verified visually
after installation, it is essential to check the dis-
tance between the rim of anchor sleeve and the
top of the expansion plug.

Displacement-controlled expansion anchors are
produced in the size range M6 to M20 and
are typically provided with zinc electroplating
(=5 um). Drop-in anchors manufactured from
stainless steel are available as well. The manu-
facturer information or approval documentation
should be consulted for details of the grade of
steel used in a particular anchor.

2.3.3.2 Undercut anchors

As with cast-in-place systems, undercut anchors
develop a mechanical interlock between anchor
and base material. To do this, a cylindrically
drilled hole is modified to create a notch, or
undercut, of a specific dimension at a defined
location either by means of a special drilling
apparatus (Fig. 2.25a, b), or by the undercutting
action of the anchor itself (Fig. 2.25¢, d). Fig.

Fig. 2.25 Undercut anchors

a) Reverse undercut

b) to d) Forward undercut

e) and f) Other interlocking systems

2.25 e and f illustrate two further variations of
undercut anchors. In terms of the shape of the
undercut, a distinction is made between those
that widen towards the surface (Fig. 2.25a) and
those that widen towards the bottom of the hole
(Fig. 2.25 b-d).

The anchor depicted in Fig. 2.25a consists of a
threaded rod with hex nut and washer, a cylin-
drical nut, three curved bearing segments, cone,
spacer sleeve, helical spring and a plastic ring

Fig. 2.26 Installation of an
undercut anchor of the type
shown in Fig. 2.25a (hole
cleaning step not shown)
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Fig. 2.27 Installation of an undercut anchor of the type

which secures the bearing segments prior to
installing the anchor. The installation sequence
is shown in Fig. 2.26. After drilling a cylindri-
cal hole, the undercut is created with the help of
a water-cooled undercutting tool with diamond
grit blades. Afterwards the anchor is inserted
into the hole and the bearing elements are
allowed to unfold into position at the level of
the undercut. Torquing the anchor brings the
bearing segments into contact with the undercut
surfaces. The tension load-bearing behaviour
depends largely on achieving the necessary
undercut. This has to be ensured through appro-
priate checks during the undercutting process.
In order to prevent over-torquing and conse-
quent shearing of the undercut surfaces, the
number of turns of the nut permitted to achieve
the required torque is limited.

The undercut anchor represented in Fig. 2.25b
typically consist of a threaded stud with a coni-
cal end (cone bolt), expansion sleeve, nut, and
washer. Internally threaded versions (not illus-
trated) accept bolts or threaded rods. One such
anchor employs the installation procedure
depicted in Fig. 2.27. First, the cylindrical hole
is drilled with a special stop-drill bit. When the
stop-drill bit limit has been reached, the under-
cut is created by gyroscopic rotation of the ham-
mer drill. The unique design of the stop-drill bit
defines the extent of the gyroscopic rotation and
thereby the resultant undercut. After cleaning
out the hole, the expansion sleeve is hammered
over the cone bolt with a setting tool.

The anchor systems represented by Fig. 2.25¢
typically consist of a cone bolt, an expansion
sleeve designed for undercutting, and either a
nut and washer or an internal thread in the
sleeve to accept bolts and threaded rods. Fig.
2.28 shows how such an anchor is installed. The
cylindrical hole is drilled using a stop-drill. The
undercut is generated using the expansion ele-

shown in Fig. 2.25b

ments of the anchor, which are typically
equipped with hardened drilling points. The
anchor is mounted in a rotary-impact drill and

Fig. 2.28 Installation of an undercut anchor of the type
shown in Fig. 2.25¢
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inserted into the pre-drilled hole. Use of rotary-
impact action permits the expansion elements to
simultaneously undercut the concrete and
widen to their fully-installed position. The cone
bolt provides at its end space for the drilling
dust which accumulates during formation of the
undercut. This process results in a precise
match between the undercut form and anchor
geometry.

Undercut anchors of the type described in Fig.
2.25d are similar to those of Fig. 2.25c with the
exception that the undercutting process is
accomplished with hammering action only (Fig.
2.29). Typically, the degree of undercutting
associated with these systems is smaller than
that achieved with the systems utilising both
rotary and hammering action to produce the
undercut.

The undercut anchors described in Fig. 2.25
b—d all require that the vertical hole depth be
controlled with a stop-drill bit. For all anchors
with a continuous sleeve (Fig. 2.25 b—d), it is
important to check that clearance exists over the
top of the sleeve in its final set position to
ensure that the sleeve is not placed in compres-

sion as the anchor is torqued or loaded in ten-
sion. The value of the clearance depends on the
anchor system and is on the order of a few mil-
limeters. Note also that if this gap is too large, it
could lead to diminished shear capacity. Typi-
cally, correct set of undercut anchors utilising a
cone bolt is checked by means of a mark on the
rod that becomes visible when the anchor is
fully expanded. Internally threaded anchor sys-
tems are checked via the position of the sleeve
relative to the surface of the concrete (Fig.
2.29).

The anchor shown in Fig. 2.25¢ consists of a
threaded bar equipped with an oblique barrel
nut, as well as a conventional hex nut and
washer. The installation process is depicted in
Fig. 2.30. First, a hole is drilled perpendicular to
the surface of the concrete with a special dia-
mond core drill. The same drill is then used to
drill a second hole at an angle of 45° to the first.
The drilling equipment is designed to ensure
that the two holes intersect. A special tool is
used to position the oblique barrel nut in the 45°
hole at the intersection with the vertical hole.
The anchor rod is then threaded into the barrel
nut.

Type E: External thread

NN Z
AN\
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Type I: Internal thread

Fig. 2.29

Type |
Installation check «

Installation of an undercut anchor of the type shown in Fig. 2.25d

Fig. 2.30

Installation of an undercut anchor of the type shown in Fig. 2.25e (water removal step not shown)
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Fig. 2.31 Installation of an undercut anchor of the type shown in Fig. 2.25f

A variant on this concept is shown in Fig. 2.25f,
whereby the anchor consists of a rod provided
with an inclined hole and threaded at one end, a
second (unthreaded) rod of smaller diameter,
and a nut and washer. The threaded rod is
inserted into a vertically drilled hole having a
defined depth. A second, inclined hole is then
drilled using the inclined hole in the threaded
rod as a guide (Fig. 2.31). The second rod is
then inserted into the inclined hole until it is
flush with the surface of the concrete, locking
the vertical rod in place.

Fig. 2.32 shows an undercut-type of anchor
(installed) designed for use in autoclaved aer-
ated concrete. It consists of a threaded bar with
conical nut, expansion sleeve, nut and washer.
The expansion sleeve is driven over the cone
with a special setting tool. In doing so, the
sleeve is expanded and penetrates into the soft
autoclaved aerated concrete.

.,Vw
uodd?qﬂv
Boe

Ny Visible
LS installation check
A= (coloured ring)

Fig. 2.32 Undercut expansion anchor for autoclaved
aerated concrete

Note that in each case, the anchor components,
stop-drills and, if required, undercut drills are
coordinated with each other and form a system.
Typically, the drills of the various manufactur-
ers cannot be used interchangeably.

These undercut anchors are available in a wide
range of diameters and embedment depths.
Anchors according to Fig. 2.25e are supplied

with an embedment depth up to 60 mm. All
anchors are typically provided with electroplate
galvanising and some are also available in stain-
less steels of various grades, with hot-dip gal-
vanising or sheradised zinc coating.

Unlike expansion anchors, undercut anchors
typically generate minimal or no expansion
forces during installation. As with all anchors,
prestressing (torquing) and loading do induce
hoop stresses in the concrete. Nevertheless,
these splitting forces are markedly less than
those associated with mechanical expansion
anchors.

2.3.3.3 Bonded anchors

A wide spectrum of bonded anchor systems are
currently available (Fig. 2.33). A distinction can
be made between so-called capsule anchors, in
which the constituent bonding materials are
contained in glass capsules or foil pouches, and
injection systems. The bonding materials may
consist of polymer resins, cementitious materi-
als, or a combination of the two.

a) Capsule anchor systems

Capsule anchor systems employ a threaded rod
equipped with a 45° chisel or wedge-shaped tip
and a hexagonal nut and washer in conjunction
with the glass capsule or foil pouch filled with
the constituent bonding materials. The required
embedment depth is marked on the threaded
bar. The capsule contains polymer resin, hard-
ener and quartz aggregate in a defined mix
ratio. Resins employed in capsule anchor sys-
tems include unsaturated polyester, vinylester
with and without styrene, and epoxy.

The capsule or pouch is placed in a hole from
which all drilling dust has been removed. Mul-
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tiple capsules may be used for longer embed-
ments. The threaded rod is driven through the
capsules until the embedment depth mark is
level with the surface of the base material using
both percussive and rotary action (Fig. 2.34).
This may be done either using a special instal-
lation tool or by locking a washer between two
hexagonal nuts, which are mounted in a rotary-
impact drill equipped with a chuck designed to
accept the hex nut assembly. When driving the
threaded rod into the hole, the glass capsule is
broken and fragmented, the resin, hardener,
aggregates and capsule fragments are mixed
with sufficient energy input to induce rapid cur-
ing, and the annular gap around the threaded
rod is filled with the polymer matrix. When a
foil pouch is used, the foil is likewise shredded
into small fragments which become part of the
hardened polymer matrix. If the anchor bar is
driven with hammering action alone, proper
mixing of the mortar is not ensured. Likewise,
the use of rock drills and impact wrenches to set

Unsaturated polyester

Vinylester

Epoxy

— Unsaturated polyester

—t— Vinylester

— Epoxy

— Cementitious

L Others

Fig. 2.33 Classification of bonded anchors
(after Comité Euro-International du Béton (CEB) (1994))

these anchors may result in incomplete bond-
ing. The quantity of polymer materials con-
tained in the capsule or pouch is such that, tak-
ing into account possible hole tolerances, a
small excess of bonding material will be
expelled from the top of the hole when the
required embedment depth has been reached
(Fig. 2.34). This visual check ensures that com-
plete bonding of the threaded bar has been
achieved.

Glass capsule systems are also available in
which the anchor rod is driven with hammering
action alone (so-called hammer-in capsules).
The installation of such a capsule is shown in
Fig. 2.35. However, the tension load-carrying
capacity is generally inferior to that achieved
with capsule anchor systems designed for
installation with a rotary-impact drill action. In
addition, the degree of hole cleanliness has a
great influence on the bond strength of hammer-
in capsule anchors (see section 6.1.1.3).

Fig. 2.34 Installation of a bonded anchor (standard glass capsule or foil pouch)
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Fig. 2.35 Installation of a bonded anchor (hammer-in capsule)

The rate of cure of the polymer resin depends
on the resin type as well as the ambient temper-
ature of the resin, the air, and the base material.
Therefore, the delay, or cure time, to be
observed between installing and loading the
anchor is temperature dependent. Under dry
conditions, the nominal cure time for unsatu-
rated polyester and vinylester resins at normal
temperatures (10-20°C) is 30 minutes. At a
temperature of —5°C, the time required to assure
full cure increases to five hours. These cure
times should be doubled when the drilled hole is
damp. For capsule anchor systems based on
these resins, the temperature of the base mater-
ial should generally not be lower than -5°C at
the time of installation. Note that an initial gel
time must also be observed for capsule anchors,
during which time the anchor rod should not be
manipulated, jarred, or otherwise disturbed.
Failure to adhere to the gel time may prevent
the bonding material from reaching full
strength.

Resin-containing capsules should be protected
against direct sunlight (UV) exposure and
should be stored in a cool place to prevent pre-
mature curing, as indicated by thickening, or
gelling, of the liquid resin. Capsules in which
the resin has gelled should not be used. A visual
check that the resin flows freely within the glass
capsule when warmed in the hand is sufficient
in most cases. For systems employing foil
pouches, the possible onset of gelling can usu-
ally be detected by manipulation of the pouch.
Some manufacturers provide expiration date
labelling on their products which is intended to
indicate a minimum shelf life for the product
assuming adherence to the storage conditions
printed on the product packaging.

Bonded anchors resist tension loads by adhe-
sion and micro-keying of the resin to the anchor

rod or dowel and to the sides of the drilled hole.
Therefore, the tension load capacity of the
installed anchor depends significantly on the
condition of the drilled hole wall prior to instal-
lation. When capsule anchors are installed with
rotary and percussive action, adhered concrete
dust is generally scoured away by the quartz
aggregate and, in the case of glass capsules, by
glass fragments. This material is subsequently
mixed into the resin matrix. In hammer-in sys-
tems, the scouring action is less efficient, and
the retained dust layer can considerably reduce
the bond strength of the anchor. Therefore,
when hammer-in capsules are employed, spe-
cial care should be taken to clean the drilled
hole by means of brushing and air jetting (Fig.
2.35). For other systems, it is generally suffi-
cient to air-jet the hole (Fig. 2.34).

While expansion forces are not generated upon
installation of capsule anchors, splitting tensile
stresses do occur — as with all anchorages —
upon prestressing and loading of the anchor.
These splitting tensile stresses are, however,
much lower than those associated with mechan-
ical expansion anchors.

Capsule anchors are commonly available for
anchor rod diameters M8 to M30 (1/4” to
1-1/4”) in carbon (zinc-plated) and stainless
steels. Hammer capsules are mainly used for
bonding-in starter bars.

Many commercially available adhesives con-
tain styrene, which in some countries is
regarded as hazardous to both humans and the
environment. Systems based on styrene-free
resin formulations are available.

b) Injection systems

Polymer resins for injection systems are typi-
cally supplied in either disposable cartridges or
in bulk form. In cartridge systems the resin and
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Fig. 2.36 Installation of a
bonded anchor with an injection
nozzle equipped with a mixing ele-
ment (adhesive mixed in injection
nozzle)

hardener are contained in separate chambers.
They are based on similar formulations as cap-
sule systems. In addition hybrid systems are
used which contain resin and cement as binding
materials. The injection of the components into
the drilled hole is accomplished with the aid of

a mechanical or pneumatic dispenser. Some
systems mix the resin and hardener in the car-
tridge before being injected. The disadvantage
of this method is that the contents of the car-
tridge must be used within a fraction of the cure
time of the reacted resin. Other systems are
designed to dispense resin and hardener in a
fixed mix ratio and these components are mixed
together in the mixing nozzle of the dispensing
system. This permits the contents of the car-
tridge to remain useable over a longer period of
time. The initial quantity of mixed resin deliv-
ered by the dispenser usually must be discarded
to ensure attainment of the proper mix ratio. If
the resin hardens in the nozzle (e.g. during a
pause in the work), then the cartridge can often
continue to be used following attachment of a
new mixing nozzle. The hole is typically filled
one-half to two-thirds with resin. When the
anchor rod is inserted into the hole, a small
amount of excess resin expelled from the hole
indicates that the annular space around the rod
has been completely filled.

It is important to ensure that the bonding mate-
rial is injected from the back of the hole to pre-
vent the entrainment of air bubbles. To ensure
this for deeper holes special injection equip-
ment might be needed. Cure time is typically
extended slightly compared to capsule systems
with the same resin in order to ensure sufficient
working time for injection. Epoxy resins require
considerably longer cure times than unsaturated
polyesters, vinylester resins with and without
styrene, and hybrid systems.

Bulk adhesives are typically mixed and deliv-
ered using a bulk adhesive mixer in accordance
with the specified mix ratio. Bulk mixers
require calibration and close monitoring to
ensure that the mix ratio is correctly main-
tained. While a mix ratio that is outside of spec-
ified tolerances may still result in hardening
of the adhesive components, the final bond
strength in-situ will likely be affected. As such,
an additional degree of uncertainty is associated
with the use of bulk mixers for anchoring appli-
cations. Bulk adhesives may also be mixed in
an open container, such as a bucket, with an
industrial paddle mixer. It may then be simply
poured into a drilled hole, or injected with a
hand dispenser. Owing to the uncertainties asso-
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ciated with the mix ratio and the introduction of
the adhesive into the drilled hole, this type of
installation is not suitable for many applica-
tions.

Cementitious mortars are delivered in bulk
form, mixed on the building site with a defined
quantity of water and usually poured into the
cleaned and wetted drill hole. The diameter of
the hole is larger than with resin based injection
systems. With respect to uncertainties in con-
nection with mixing and injection the above
remarks for bulk adhesives apply.

The tension load transfer mechanisms associ-
ated with injection anchors is, as for capsule
anchors, adhesion and micro-keying. However,
as in the case of hammer-in capsules, the bond
strength depends significantly on the degree to
which drilling dust has been removed from the
hole. Therefore, drilled holes for injection
anchors should be thoroughly cleaned out using
vacuum, air-jet blowing and wire brushing or
other methods. In the case of cementitious
materials, the hole must be wetted.

Injection systems are also employed for post-
installing reinforcing bars.

¢) Bonded anchors for cracked concrete
Conventional bonded anchors are less than
ideal for resisting tension loads in concrete that
is subject to cracking (see section 6). Special
bonded anchor systems have been developed,
however, that are particularly suited to these
conditions.

In the bonded undercut anchor system depicted
in Fig. 2.37, a hole is first drilled with a con-
ventional diamond core drill. The undercut is
produced in a second operation using a special
diamond-tipped, water-cooled drill bit (Fig.

? Resin with
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Fig. 2.37 Bonded undercut anchor (Eligehausen,
Mallée, Rehm (1997))

2.38). After flushing the hole with water, a glass
capsule containing polymer resin is inserted
into the hole and the anchor rod is driven
through the capsule using rotary action. The
capsule contains unsaturated polyester resin,
hardener, quartz aggregate and short steel fibres
for increasing the shear strength of the polymer
matrix in the region of the undercut.

The load-bearing behaviour and failure mode
exhibited by bonded undercut anchors in non-
cracked concrete are essentially the same as for
conventional bonded anchors, albeit with the
additional benefit of the undercut. However,
when a crack in the concrete intersects the
anchor location, the bond (adhesion, micro-key-
ing) between the concrete and the adhesive is
largely lost, although the bond between the
adhesive and the anchor rod is maintained.
External tensile loads are therefore mainly
transferred into the adhesive by bond in the
region of the undercut and subsequently into the
concrete via mechanical interlock.
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Fig. 2.38 Installation of a bonded undercut anchor shown in Fig. 2.37
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Fig. 2.39 Bonded expansion anchors

The load-bearing behaviour of this anchor sys-
tem depends to a substantial degree on the
proper formation of the undercut in the con-
crete. To confirm that the undercut has been
correctly formed, the undercutting tool scribes a
mark on the surface of the concrete. The anchor
should be loaded only after the check for this
mark has been made.

The bonded expansion anchor system described
in Fig. 2.39a employs a unique anchor rod
geometry with multiple conical surfaces. These
surfaces are coated with a bond-breaker coating
to prevent adhesion between the anchor rod and
the bonding material. In the system pictured
here, a screen tube is used to prevent damage to
the bond-breaker coating during the setting
process. In the systems shown in Fig. 2.39b, ¢
the surface of the multi-cone anchor rod is
smooth and hard and the bond-breaker consists
of a thin coating.

The anchors illustrated in Fig. 2.39a and b are
designed for use with adhesive capsules and
they are installed with rotary and percussive
drill action (Fig. 2.40). The system in Fig. 2.39b
is also designed for use with a cartridge injec-
tion adhesive. The system in Fig. 2.39c¢ is only
used for injection. With injection systems the
multi-cone anchor rod is installed by simply
pushing it into the adhesive-filled hole (Fig.
2.41). The rod is designed to permit the flow of
bonding material up and around the conical
bearing surfaces.

Fig. 2.40 Installation of a bonded expansion anchor (capsule type)

00 Qe

Fig. 2.41 Installation of a bonded expansion anchor (injection type)
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When a tensile force is applied to the anchor,
the cones are displaced upward relative to the
position of the hardened bonding material
matrix, which in turn behaves like an expansion
sleeve. This action generates expansion forces,
and the attendant frictional resistance between
the polymer matrix and the sides of the hole is
typically sufficient to transfer the external load
into the base material without relying on adhe-
sion. Nevertheless, the expansion forces gener-
ated by these systems are lower than those pro-
duced by conventional mechanical expansion
anchors.

2.3.3.4 Screw anchors

Screw anchors (Fig. 2.42) are typically hard-
ened to permit the thread to engage the base
material during installation. They are installed
in drilled holes. The thread pitches at the tip
may be provided with special cutting surfaces in
order to assist the process of cutting threads in
the wall of the drilled hole. They may be driven
by means of a special impact driver (Fig. 2.43)
or, in other systems, with a conventional drill
equipped with an adapter. The hole depth is typ-
ically set slightly longer than the screw embed-

Fig. 2.42 Different types of screw anchors
(Eligehausen, Kiienzlen (2002))

ment to provide space for the products of the
thread-cutting process. The diameter of the
drilled hole is matched to the geometry of the
screw so that the thread cuts into the concrete
and an external force can be transferred to the
concrete through this positive interlocking con-
nection. By requiring a minimum embedment
for each diameter, it can be ensured that the fail-
ure mode associated with over-driving of the
screw is twisting-off of the screw head, and not
partial or full stripping of the concrete threads.

The tension load-bearing behaviour of screw
anchors essentially depends on the tolerance of
the drilled hole. Therefore, the use of matched
tolerance drill bits is essential. This is typically
regulated in the approval for the product.

Concrete screws are available in an increasingly
wide range of diameters and are generally suit-
able for applications in non-cracked and
cracked concrete. In Germany, for example,
they are approved for ceiling hangers, as well as
for general applications in cracked concrete.

The heat treatment of steel as required to facili-
tate installation of screw anchors in concrete
may result in hydrogen embrittlement. This can
lead to premature fatigue or stress corrosion
failure. Consequently, some screw anchors are
manufactured using procedures to limit the
zone of hardened steel to the cutting tip of the
SCrew.

2.3.3.5 Ceiling hangers

There are many anchoring systems available on
the market today for suspended lightweight
ceilings. Many of the anchors used for this pur-
pose are conventional torque- or displacement-
controlled mechanical expansion anchors in the
sizes M6 and M8 (1/4” and 3/8”); these have
already been discussed in section 2.3.3.1. Screw
anchors may also be used (see section 2.3.3.4).

Fig. 2.43 Installation of a screw anchor (hole cleaning step not shown)
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Fig. 2.44 Typical ceiling hangers (Eligehausen,
Mallée, Rehm (1997))

Fig. 2.45

Only those systems which are designed
expressly for hanging ceilings will be described
in the following section.

Some typical ceiling hangers are depicted in
Fig. 2.44. The hanger shown in Fig. 2.44a con-
sists of a stud with a nail head at one end and a
cone at the other, as well as an expansion ele-
ment. This anchor as shown must be driven into
the drilled hole through the element being
anchored (Fig. 2.45). The expansion element,
which is made from spring steel, has a diameter
slightly larger than the diameter of the drilled
hole. It is compressed when driven into the hole
and generates an expansion force by spring
action. Loading the anchor causes follow-up
expansion. Other versions of this anchor are
equipped with either a threaded stud or an eye.

The system shown in Fig. 2.44b consists of two
opposing tapered wedges with an attached bear-

Installation of a ceiling hanger of the type shown in Fig. 2.44a

ing plate. This hanger is inserted into a drilled
hole through the fixture as far as the bearing
plate and subsequently expanded by driving in
the projecting wedge with a hammer (Fig.
2.46). Correct set is checked via the position of
the wedge after driving.

The anchor type represented in Fig. 2.44c con-
sists of an anchor rod with a swaged cone on
one end and an eye at the other wrapped with a
sheet metal expansion element. The hanger is
driven into a drilled hole until the base of the
eye, typically a flattened surface, bears on the
concrete. The anchor is expanded by pulling the
eye, either with a hammer claw or by hand (Fig.
2.47).

Ceiling hangers of the type depicted in Fig.
2.44d comprise a nail-like shaft sleeved and
slotted at one end and equipped with a conical
plug. They are expanded by driving the shank
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Fig. 2.46 Installation of a ceiling hanger
of the type shown in Fig. 2.44b
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Fig. 2.47 Installation of a ceiling hanger of the type
shown in Fig. 2.44c

over the conical plug, whereby the plug bears
against the base of the drilled hole (Fig. 2.48).
Correct installation is verified by the final posi-
tion of the anchor relative to the concrete sur-
face. Consequently, proper expansion depends
on maintaining the prescribed hole depth. This
is assured by using a stop-drill bit.

The degree of expansion associated with these
ceiling hangers is relatively small due to the
small diameters of the anchors themselves.
Inasmuch as their load-carrying capacity is
clearly influenced by the drilled hole tolerances,
it is particularly important that the holes are
drilled with matched-tolerance drill bits as dis-
cussed in section 2.3.1.

2.3.3.6 Plastic anchors

Plastic anchors can be classified according to
their suitability for normal-weight or auto-
claved aerated concrete applications.

Plastic anchors for use in normal-weight con-
crete consist of cylindrical sleeves moulded
from tough polymer materials (e.g. Nylon) and
matched-geometry screws. The plastic anchors
available commercially are distinguished not
only by the external geometry of the sleeve,
particularly the expansion part, but also by the
internal profile. Accordingly, the threads of the
matching screw are equipped with a specific
profile to match that of the anchor. The expan-
sion part of the sleeve is split and includes lugs
or other deformations to prevent it from rotating
during the screw installation. Fig. 2.49 shows
typical examples of plastic anchors approved in
Germany for anchoring light facade cladding.

As already mentioned, these approved systems
may only be used together with their associated

Fig. 2.48 |Installation of a ceiling hanger of the type
shown in Fig. 2.44d

special screws (supplied together with the plas-
tic sleeve) in order to assure the necessary
thread reach and adequate contact pressure
between the anchor sleeve and the sides of the
hole. Owing to their different thread profiles
and relatively large dimensional tolerances
(Plank (1977)), conventional wood screws may
not be used with these anchors.

The anchor sleeve is expanded by inserting the
screw (Fig. 2.50). As torque is applied to the
screw, it impresses and cuts a thread into the
plastic and at the same time expands the sleeve
against the sides of the hole. In concrete, such
anchors function by way of friction between the
sleeve and the sides of the hole. Because the
plastic is too soft to deform or interlock with the
base material, these anchors are sensitive to all
parameters that can act to reduce the contact
pressure, such as drilling the hole with an out of
tolerance drill bit.

To avoid brittle fracture of the plastic anchor
sleeve, it should not be subjected to tempera-
tures below 0°C during installation of the screw.
The screw should be installed to the edge of the

Fig. 2.49 Typical plastic anchors (screw as expansion
element)
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Fig. 2.50 Installation of a screw type plastic anchor

sleeve so that the tip of the screw just penetrates
the base of the sleeve (Fig. 2.50). As a guide to
assessing the quality of the anchorage, after the
screw has been fully inserted, neither the anchor
body nor the screw should rotate with the appli-
cation of normal screwdriver force.

A plastic anchor that has been removed from a
hole should not be re-used under any circum-
stances.

Some plastic anchors are designed to accept
a profiled nail instead of a screw. As these
anchors generate relatively small expansion
forces, their behaviour under load is particularly
influenced by inaccuracies during installation.
As a consequence, they are generally not per-
mitted in Germany for the anchorage of facade
support systems.

Plastic anchors are permitted in many countries
for the anchorage of facades and comparable

v\ o ]

a)

Fig. 2.51 Plastic anchors for fastenings in autoclaved
aerated concrete (Eligehausen, Mallée, Rehm (1997))

structural systems provided the anchors are
used in a redundant fashion. They are also used
for attaching thermal insulation composite sys-
tems.

Special anchors have been developed for
anchorages in autoclaved aerated concrete (Fig.
2.51).

Fig. 2.51a shows an anchor for autoclaved aer-
ated concrete consisting of a sleeve with helical
ribs plus a screw. The anchor is hammered into
a cylindrical hole (drilled without hammer
action) whose diameter matches that of the
cylindrical anchor shank. The sleeve is subse-
quently expanded by installing the screw (Fig.
2.52). The ribs serve to prevent the sleeve from
turning as it expands as well as to distribute the
load over a larger area of the substrate.

The anchor shown in Fig. 2.51b consists of a
plastic sleeve with guide ridges and external
ribs and a matching screw. This anchor is ham-
mered into a conventionally drilled hole and the
matching screw is installed (Fig. 2.53). It is
designed to develop a greater degree of expan-
sion than the conventional plastic anchors
shown in Fig. 2.49.

Correct installation of the autoclaved aerated
concrete anchors shown in Fig. 2.51a and b
requires that the length of the screw is matched
to the thickness of the fixture. The overall
length of the screw must be at least equal to the

Fig. 2.52 Installation of an anchor for autoclaved aerated concrete of the type shown in Fig. 2.51a
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Fig. 2.53 Installation of an anchor for autoclaved aerated concrete of the type shown in Fig. 2.51b
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Fig. 2.54 Installation of an anchor for autoclaved aerated concrete of the type shown in Fig. 2.51¢

length of the anchor sleeve plus the diameter of
the screw plus the thickness of the fixture.

The anchor shown in Fig. 2.51c consists of a
cone, an expansion sleeve, and a nut and
washer. A cylindrical hole is drilled and under-
cut with the help of a special drill operating
without percussive action (Fig. 2.54). After-
wards, the anchor is inserted and expanded by
tightening the nut, whereby the expansion
sleeve expands into the undercut.

The anchors depicted in Fig. 2.51 can generally
be used only for pre-positioned applications,

b)

Fig. 2.55 Plastic anchor for in-place installation in auto-
claved aerated concrete (Eligehausen, Mallée, Rehm
(1997))

a) Plastic anchor and punch for forming hole

b) Installed plastic anchor, hole formed with hammer drill

since the diameter of the anchor body is greater
than the hole in the part to be fastened. This is
disadvantageous for many applications. Sys-
tems have been developed for in-place installa-
tions in autoclaved aerated concrete. Tension
loads are transferred to the base material via a
combination of undercut and friction.

One system which is approved for use in Ger-
many employs a conventional plastic anchor
geometry as shown in Fig. 2.49. The hole in the
autoclaved aerated concrete is, however, not
produced with a standard drill but instead with
a special punch (Fig. 2.55a). This ensures a
close-tolerance hole and generally eliminates
inaccuracies in the geometry of the hole result-
ing, for instance, from unintended movement of
the drill.

Other systems make use of special plastic
sleeves. The anchors are installed in the con-
ventional manner as shown in Fig. 2.50. How-
ever, installation of the screw produces a greater
than normal expansion of the sleeve as shown in
Fig. 2.55b. The hole may therefore be drilled
with a standard rotary-impact drill set to rotary-
only action.

2.4 Direct installation

The term direct installation refers to driving
high strength steel fasteners (pins and studs)
directly into steel or concrete by means of an
explosive charge or compressed air. Complete
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Fig. 2.56 Direct installation
fasteners (Eligehausen, Mallée,
Rehm (1997))
a) a) Pin
b) b) Stud with thread

systems are available consisting of setting tools,
powder cartridges (for non-pneumatic or gas
systems) and pins for a variety of application-
specific configurations. The setting tools are
often referred to as powder- or, more generi-
cally, power-actuated tools.

Steel pins (Fig. 2.56a) are driven through the
component to be fastened. Fasteners configured
as studs (Fig. 2.56b) provide a projecting thread
onto which the component can be secured with
a nut. Both pins and studs are fabricated using
processes that result in a high-strength but at the
same time resilient steel.

Power-actuated fasteners find applications in
both concrete and steel base materials. Direct
installation applications in steel substrates are
not dealt with further in this volume.

In powder-actuated systems, pins and studs are
driven into the concrete with the energy
released by a black powder charge. Older
direct-acting tools operate much like a gun (Fig.
2.57a), with the energy from the explosive
charge imparted directly to the fastener as
kinetic energy. Owing to its relatively small
mass, the fastener achieves bullet-like velocities
at the point of impact with the base material.
These types of systems can present a hazard to
both the operator and surroundings if the pin is
not captured in the target base material. In con-
trast, modern indirect-acting tools are based on
the piston system (Fig. 2.57b) in which the
energy from the powder charge is transmitted to
a piston which then drives the fastener into the
base material. In these systems, the piston
retains approximately 95% of the total driving
energy (with its larger mass, the associated pis-
ton velocity is relatively low) and the kinetic
energy imparted to the pin is small. Since the
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Fig. 2.57 Operating principles of tools used for direct
installation (Seghezzi, 1984)

a) Direct-acting principle

b) Indirect-acting principle

piston is captured in the tool, driving of the pin
is displacement-controlled and therefore pre-
sents a greatly reduced hazard on the job site.
Gas tools function in a similar manner to pow-
der-actuated systems, whereby combustible gas
is substituted for the black powder charge. The
maximum energy output of these tools is less
than that associated with powder-actuated tools,
however, they offer some advantages for large
scale applications.

The capacity of power-actuated fasteners to
resist tension forces stems largely from friction.
Rapid driving of the fastener and the resulting
displacement of the base material gives rise not
only to high compressive stresses in the imme-
diate vicinity of the fastener, but compaction of
the concrete and to some extent destruction of
the concrete microstructure. Owing to the high
penetration speed of the fastener, a localised
temperature increase occurs at the friction face
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during driving, which results in improved adhe-
sion between the fastener and concrete.

Optimally, aggregates in the concrete are pene-
trated by the power-actuated fastener. However,
if the angle of incidence between aggregate and
fastener is unfavourable, harder aggregates may
cause the fastener to be deflected and/or bent
(Fig. 2.58a). In these cases the load-carrying
capacity of the fastener is reduced and may be
negligible (setting failure).

This disadvantage may be overcome by
installing the fasteners in pre-drilled pilot holes,
whereby the diameter of the hole is slightly
larger than the diameter of the fastener (Fig.
2.59). The shaft of the pin is lengthened to com-
pensate for the length of the drilled hole such
that the actual penetration of the fastener into
the base material remains unchanged. Installa-
tion failures are virtually eliminated with this
method, even in high strength concrete or con-
crete containing harder aggregates. Likewise,
damage to the concrete surface in the form of
spalling is avoided, even in cases where the fas-
tener bends during installation (Fig. 2.58b). In
addition, the increased embedment results in
increased pull-out values compared to conven-
tionally installed fasteners. Scatter of the failure
loads is similarly reduced. With pins and studs
with a diameter of about 4 mm a pre-drilled
hole depth of approximately 20 mm is adequate
to rule out installation failure (Bereiter (1986)).

Because power- and gas-actuated tools are not
dependent on an external power source, they
offer economy and flexibility combined with
relatively low environmental impact. Conven-
tional power-actuated fasteners (i.e. without
pre-drilling) are commonly used in the U.S.
for hanging lightweight suspended ceilings,
whereby care must be taken to ensure that set-
ting failures are detected. They may also be
used to attach thermal composite insulation sys-
tems to concrete walls. In these systems, the set-

Fig. 2.58 Bending of power-actuated fasteners due to
hard aggregate (Eligehausen, Mallée, Rehm (1997))

a) Without pilot hole

b) With pilot hole

Fig. 2.59 |Installation of a power-actuated fastener in a
pilot hole

ting adapter on the tool engages the specially
designed insulation retainer. Withdrawel of the
tool from the retainer serves to proof load the
fastener sufficiently to detect setting failures. In
the U.S., conventional power-actuated fasteners
are often used to hang sprinkler branch lines. In
Germany, power-actuated fasteners installed in
pre-drilled pilot holes are deemed suitable for a
variety of applications, including the suspen-
sion of lightweight ceilings. Stainless steel fas-
teners may be used as ceiling hangers in damp
interior environments and for anchoring facade
claddings to concrete walls. In addition, they
are approved for the attachment of metal deck-
ing to non-cantilever single-span reinforced
concrete beams.
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3 Principles

3.1 General

Fasteners transfer external loads into the base
material by means of mechanical interlock, fric-
tion, chemical bond (see Fig. 2.1), or some
combination of these mechanisms. In all cases,
application of external load induces tensile
stresses in the concrete. In many cases the
anchor fails because the tensile capacity of the
concrete is exceeded. Fig. 3.1 provides a char-
acteristic representation of concrete cone failure
associated with an undercut anchor loaded in
tension, while Fig. 3.2 shows the concrete fail-
ure associated with a near-edge anchor loaded
in shear toward the free edge. To understand
these failure modes better, an understanding of
the behaviour of concrete in tension and the
concrete fracture process is required. These
subjects are therefore presented in sections 3.2
and 3.3.

Both the load-displacement behaviour and ulti-
mate capacity of an anchor in concrete depend
greatly on whether the concrete in the vicinity
of the anchor is cracked or non-cracked. Causes
and types of cracks and the influence of anchors
on the formation of cracks in concrete are dealt
with in section 3.4. Section 3.5 provides a ratio-
nale for the utilisation of the local tensile
strength of the concrete in anchor design.

Fig. 3.1 Concrete cone failure of an undercut anchor
loaded in tension (Eligehausen (1984))

Fig. 3.2 Concrete cone failure of an anchor located
close to an edge and loaded in shear towards the edge

Load-displacement behaviour is also influenced
by the prestress in the anchor; this is covered in
section 3.6. Section 3.7 deals with the distribu-
tion of loads acting on a baseplate of a group of
anchors to the individual anchors of the group.

Each type of anchor described in section 2 has
an optimum range of application and may be
less suitable or in fact inappropriate for applica-
tions outside of that range. Therefore, in order
to choose the correct anchor for a given task and
to be able to design the anchor, detailed knowl-
edge regarding the load-bearing behaviour of
the various anchor systems is required. This
behaviour is influenced by a multitude of para-
meters, including the condition of the base
material (cracked or non-cracked), the direction
of the action (tension, shear, combined tension
and shear, or shear with lever arm — see Fig.
1.2), concrete strength, embedment depth, dis-
tance to neighbouring fasteners and to edges,
nature of the action (transitory, sustained or
fatigue load, seismic or shock load, see Table
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1.1) and amount and configuration of proximate
reinforcement. In addition, environmental fac-
tors such as corrosion, temperature extremes
and fire can affect anchor performance and
must be properly considered in anchor design.
The behaviour of the different types of fasteners
is discussed in section 4 to 9.

3.2 Behaviour of concrete in tension

Fig. 3.3b illustrates a typical load-deformation
curve for a concrete element subjected to axial
tension (Fig. 3.3a), measured in a deformation-
controlled test. The horizontal axis represents
the total deformation, measured over the gauge
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Fig. 3.3 Stress-strain curves for concrete loaded in

uni-axial tension, measured in a displacement-controlled

test (Reinhardt (1997))

a) Concrete member subjected to uni-axial tension

b) Stress-deformation curve measured over gauge
length |

c) Stress-strain curve preceding the crack process zone

d) Relationship between stress and crack opening

length /. The behaviour is virtually linear-elastic
up to ultimate load. However, just prior to
reaching the ultimate load a single crack forms
at the point where the concrete exhibits mini-
mum tensile strength. The crack continues to
widen until the element is completely tran-
sected by the crack at deformation J,, thereafter
the load that can be carried decreases continu-
ously. A great number of experimental studies
have shown that this non-linear behaviour of
concrete (post-cracking behaviour) can be
attributed to the formation of microcracks.
While Hillerborg (1983) assumes one discrete
crack, Bazant, Oh (1983) assume a system of
hairline cracks (the so-called crack process
zone). The deformations measured across the
crack are composed of a component in zone A
outside the crack process zone, together with
the crack opening in zone B. The deformation
component outside the crack process zone can
be assumed to be approximately linear elastic,
and the stress that can be accommodated
depends on the strain in the concrete (Fig. 3.3c).
The stress that can be transferred across the
crack depends solely on the width of the crack
(Fig. 3.3d).

The transfer of stress across a narrow crack can
be attributed to interlocking of the rough sur-
faces of the crack. For this reason, post-crack
behaviour is “more ductile” when the crack tra-
jectory is not straight but rather as irregular as
possible. This is shown in Fig. 3.4. In light-
weight concrete subjected to tensile stress the
aggregate fractures and the surface of the crack
is, compared to the fracture process in concrete
containing normal weight aggregate, relatively
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Fig. 3.4 Influence of crack path on the stress-deforma-

tion behaviour of concrete (Hordijk, Van Mier, Reinhardt
(1989))
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smooth. Therefore, the descending (strain soft-
ening) part of the load-deformation curve for
normal weight concrete is less steep than in the
case of lightweight concrete. Assuming that the
aggregate does not fracture, as the maximum
aggregate size increases the crack trajectory
becomes more irregular. Therefore, the stress-
deformation behaviour is also influenced by the
maximum aggregate size (Fig. 3.5).

The stress-deformation behaviour can be char-
acterised by the following parameters: the mod-
ulus of elasticity of the concrete E,, the concrete
tensile strength f,,, the shape of the strain soft-
ening portion of the load-deformation curve, the
displacement &, at which no more load can be
transferred across the crack, and the fracture
energy G, The fracture energy is defined as the
energy required to form a single crack.

The modulus of elasticity E, of concrete in ten-
sion corresponds roughly to the value measured
for concrete in uni-axial compression. The
ascending branch of the load-deformation curve
is straight until just before reaching the ultimate
load. Therefore, an assumption of ideal elastic
behaviour is justified, and Hooke’s law applies
up to ultimate load. It should be noted that, for
concrete having a constant concrete compres-
sive strength, the modulus of elasticity may
vary as a function of the concrete mix design.
The modulus increases with increasing modulus
of elasticity of the aggregate, decreasing vol-
ume of hydrated cement and decreasing
water/cement ratio. Further information on this
subject can be found in Wesche (1993).

(1991)

The axial tensile strength of concrete at 28 days
after storage in water or moist conditions can be
determined according to Heilmann (1969) as
follows:

fu =k f(,»zc/;oo G.D
where:

k=0.17 to 0.35, on average approximately 0.25

However, equation (3.1) overestimates the ten-
sile strength for concrete compressive strengths
foe > 60 N/mm? (Remmel (1994)). In order to
describe the tensile strength of concrete with
sufficient accuracy throughout the whole range
of concrete compressive strengths, it is fre-
(\J]Ently assumed that f., is proportional to
frc or VF, .

The concrete tensile strength is primarily influ-
enced by the adhesion between the hydrated
cement paste and the aggregate. Therefore, the
volume, shape, surface properties and maxi-
mum size of the aggregate all have an effect on
the tensile strength of the concrete. For the
same concrete mix, concretes with aggregate of
broken natural stone generally exhibit a tensile
strength approximately 20% higher than those
containing round gravel and sand. Within a lim-
ited range, the tensile strength increases with
the maximum aggregate size (Fig. 3.6).

The behaviour of concrete in the presence of a
tension strain gradient is mainly influenced by
the shape of the strain softening branch of the
load-deformation curve (Fig. 3.3b) or the stress-
crack width curve (Fig. 3.3d). A strain gradient
is present, for example, in a beam subjected to



3 Principles

4
A
IS 1
£ i ;
2 3
K /O
E o
=4 2
I - Mean value and
> scatter band
< 1
)
c
i)
0

2 4 8 16 32
Maximum aggregate size [mm]

Fig. 3.6 Influence of maximum aggregate size on the
uni-axial tensile strength of concrete (Wolinski, Hordijk,
Reinhardt, Cornelissen (1987))

bending and also in the load transfer zone of an
anchor. In the latter case the gradient can be
extreme. The form of the tensile stress-crack
width relationship depends on the concrete mix
and the geometry of the test specimen. The ten-
sile stress-crack width ratios measured by vari-
ous authors in axial tensile tests on concrete
with a compressive strength of approximately
30 N/mm? produced from natural aggregates
with a maximum aggregate size of 8 or 16 mm,
are shown in Fig. 3.7. They can be approxi-
mated by the following equation:

o)/ f,=e M (3.2)
where:
w = crack width [mm)]

f.. = tensile strength [N/mm?]
G; = fracture energy [N/mm?’]

The displacement §, at which load can no
longer be transferred across the crack is a mate-
rial constant. It ranges from 0.14 to 0.20 mm
depending on the concrete mix (Reinhardt

(1997)).

Crack propagation in concrete members
depends essentially on the fracture energy. This
lies roughly between 80 and 200 J/m? (N/m)
depending on concrete strength, maximum
aggregate size, and type of aggregate. It is influ-
enced by the same parameters that determine
the tensile strength. Fig. 3.8 applies to rounded
gravel concrete and illustrates the relationship
between the fracture energy and maximum
aggregate size (Fig. 3.8a) or concrete compres-
sive strength (Fig. 3.8b). In concrete with bro-
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Fig. 3.7 Tensile stress transferable across the crack as
a function of crack width (Eligehausen, Sawade (1985))
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a) maximum aggregate size (Wolinski, Hordijk, Reinhardt,
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b) concrete compressive strength (Remmel (1994))
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ken aggregate (crushed rock) the fracture
energy for concrete strengths f,. < 60 N/mm? can
be up to 50% higher because the irregular shape
of the crushed rock brings about a mechanical
interlock between the sides of the crack that is
significantly stronger than that associated with
round gravel aggregate. In high strength concrete
the type of aggregate (crushed or round) has less
influence on the fracture energy because the ten-
sile strength of the cement paste is sufficient to
fracture the aggregate.

The behaviour of concrete subjected to tension
in connection with a strain gradient which is
present in the load transfer zone of an anchor
can be described by the model of a fictitious
crack after Hillerborg (1983), modified by
Ingraffea, Gerstle (1984) (Fig. 3.9). At a critical
crack width w,, the crack boundary is stress
free, i.e. a discrete crack exists. This is followed
by a crack process zone exhibiting non-linear
material behaviour in which the tensile stress
depends on the width of the crack. Outside this
zone the concrete behaves linear-elastically and
the tensile stress depends on the strain in the
concrete. At maximum it is equal to the uni-
axial tensile strength. In observations with the
naked eye, the visible crack ends in the crack
process zone.

N

Non-linear Linear elastic
Stress free  material behaviour material behaviour
o = f(w) G =f(e)

fet

WC
Visible crack
Discrete crack  Crack process

zone

N

Fig. 3.9 Stress distribution in concrete at the crack tip
in the case of tension loading with a strain gradient (after
Hillerborg (1983) and Ingraffea, Gerstle (1984))

A similar model which assumes a crack band of
a certain width instead of one discrete crack has
been proposed by Bazant, Oh (1983).

The stress distribution in the crack process zone
depends on the relationship between transfer-
able tensile stress and crack width (Fig. 3.7), as
well as the distribution of the crack width over
the length of the crack process zone. In the case
of tension loading with a strain gradient, this
non-linear behaviour of the concrete at the
crack enables the redistribution of stress from
highly stressed to less highly stressed zones.
The ability of concrete to redistribute stress in
this way has positive implications for the load-
bearing behaviour of anchors in concrete.

3.3 Failure mechanisms of fastenings
3.3.1 Theoretical studies

Ballarini, Shah, Keer (1986) described in detail
the analytical and numerical studies carried out
before 1985, while those performed up to 1989
are outlined in Eligehausen, Sawade (1989).
Further information on this subject can be found
in Comité Euro-International du Béton (CEB)
(1994). The current state of findings is sum-
marised in this section.

Theoretical studies concerning the load-bearing
behaviour of fastenings were initially performed
under the assumption that the concrete behaves
elastically in compression and tension. However,
with this approach the principal compressive and
tensile stresses are, even under service loads,
considerably higher than the uni-axial compres-
sive and tensile strength of the concrete (Weyer-
héiuser (1977), Pusill-Wachtsmuth (1982)). The
reason for this is that owing to the relatively
small load transfer area, high deformation gradi-
ents and stresses occur locally and these lead to
microcracks in the concrete. Therefore, the load-
bearing behaviour of fastenings can only be
described with sufficient accuracy by taking into
account the non-linear behaviour of concrete.

Eligehausen, Clausnitzer (1983) investigated
the behaviour of expansion anchors with the
help of the finite element method. They
assumed a non-linear material behaviour for the
concrete and smeared cracks occurring in the
concrete over the width of the element. They
studied the influence of the assumption for the
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behaviour of concrete in tension as well as the
size of the element and the number of loading
increments to ultimate load.

Fig. 3.10 shows the calculated load-displace-
ment curves for an expansion anchor in tension
with 80 mm embedment depth. For comparison,
the curve measured in the test is also drawn.
Only the assumption for the behaviour of con-
crete in tension was varied, all other conditions
were kept constant. A cone-shaped failure of the
concrete occurred in both the test and the calcu-
lations. The calculated displacements are much
smaller than the measured values. This is prob-
ably due to the anchor slipping in the drilled
hole — an aspect that was ignored in the calcula-
tions. If we assume elastic — perfectly plastic
behaviour of the concrete in tension (curve 1),
then the calculated failure load is approximately
4.5 times the value applicable for elastic- brittle
concrete behaviour (curve 2). The failure load
observed in the test (curve 3) lies between these
values. The result shows that the concrete cone
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Fig. 3.10 Load-displacement curves for an anchor
loaded in tension — results from numerical analysis and
tests (Eligehausen, Clausnitzer (1983))

failure loads can only be calculated with suffi-
cient accuracy when the material behaviour of
concrete in tension is described realistically.

Eligehausen, Clausnitzer (1983) also discov-
ered that the size of the elements and the num-
ber of load increments had a considerable influ-
ence on the ultimate load. The ultimate load
increased as the elements became larger and the
number of load increments was reduced. This
outcome is not surprise. Cedolin, Bazant (1980)
showed that the use of so-called smeared cracks
in conjunction with a strength limit failure cri-
terion in the finite element method can lead to
incorrect results. According to Cedolin, Bazant
(1980) realistic results that are independent of
the mesh geometry can only be expected when
the crack propagation is described on the basis
of non-linear fracture mechanics.

Peier (1983) investigated the behaviour of
headed studs as well as expansion and bonded
anchors subjected to tension with the help of a
non-linear FEM program. Simulated was a pull-
out test with large spacing between fastener and
support. The behaviour of the concrete was rep-
resented with a 3D material model based on that
proposed by Ottosen (1981), whereby brittle
failure of concrete in tension was assumed.
When the tensile strength in a given element
was exceeded, a zero stress crack was initiated
in that element, smeared across the width of the
element. The assumed behaviour of concrete in
tension matched assumption 2 in Fig. 3.10.
Based on these investigations, Seghezzi (1986)
described the failure of torque-controlled
expansion anchors as follows (Fig. 3.11). A
hydrostatic pressure condition in the concrete is
established in a very small zone around the
expansion shell of the anchor. In this region the
concrete is severely crushed. A system of cir-
cumferential tension cracks runs from the load
transfer zone to the surface of the concrete. In
addition, radial cracks occur starting at the sur-
face. If the expansion sleeve is sufficiently large
and thick, then a concrete cone failure is the
result — when the circumferential tension cracks
reach almost to the surface of the concrete. But
if the expansion shell is too small and/or too
thin, then the concrete outside the pulverised
zone fails in compression and the anchor is
pulled out.
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Fig. 3.11 Failure mechanism of an expansion anchor,
derived from the numerical analysis of Peier (1983)
(Seghezzi (1986))

The failure mechanisms obtained numerically
correspond well with the behaviour observed in
tests. However in tests only a single conical cir-
cumferential crack is observed at failure. The
concrete cone failure loads calculated for headed
studs with large heads and expansion anchors
with sufficiently large expansion shells correlate
well with test results. However, it should be
noted that the calculated results are mesh depen-
dent and therefore cannot be generalised.

The studies described below make use of mate-
rial models which are based on non-linear or
linear fracture mechanics. Only those studies in
which the support spacing was taken as suffi-
ciently large to permit unrestrained formation of
the fracture surface are considered. The load-
bearing behaviour of headed studs with close
support spacing (e.g. as in the Lok Test) is not
described.

Elfgren, Broms, Cederwall, Gylltoft (1982) per-
formed numerical investigations into the behav-
iour of a headed stud with an embedment depth
h,; =300 mm subjected to tension loading in a
large concrete block. The load was applied in a
manner simulating displacement control. In the
study a discrete crack was assumed with the
crack direction pre-defined. Fig. 3.12 shows
details of the test specimen, the material model
selected for concrete in tension, as well as some
results. These calculations lead to the following
description of the failure mechanism. At low

loads circumferential tension cracks form in the
concrete starting at the head of the stud. The
lengths of microcracks (dotted line) and wider
discrete cracks (solid line) grow as the load
increases. Since the crack formation is conical,
incremental crack growth transects an ever
larger area as the length increases. For this rea-
son crack growth remains stable up to ultimate
load. As the load is increased until failure there
is a constant redistribution of the stresses in the
concrete, whereby the location of maximum
tensile stress at the crack tip is driven towards
the surface of the concrete. At ultimate load the
length of the crack is approximately 50% of the
total length of the final concrete cone. As the
deformation at ultimate load is exceeded, crack
formation becomes unstable and the final con-
crete cone forms. The ultimate load is deter-
mined by the capacity of the concrete to carry
tension stress. For a constant tensile strength (as
measured in a uni-axial test), the ultimate load
rises with increasing fracture energy G, (Elf-
gren, Ohlsson (1986)). The behaviour of the
anchorage does not alter significantly if instead
of a straight crack trajectory a curved one is
assumed (Elfgren, Ohlsson, Gylltoft (1989)).

The crack propagation behaviour and failure
mechanisms derived numerically in these inves-
tigations correlate well with the behaviour
observed in tests (see section 3.3.2). However,
the calculated failure load is approximately
50% higher than the value obtained from testing
of physical specimens. This might be due to the
fact that in the numerical studies a significant
portion of the resistance is obtained shear
stresses transmitted across the fracture surface.
In contrast, tests by Eligehausen, Sawade
(1989) indicate that these shear stresses have a
small influence on the ultimate load.

Sawade (1994) developed a model for describ-
ing the cracking process in concrete subjected
to tension in which crack propagation and crack
widening are considered as time-dependent
processes associated with energy dissipation. In
this formulation the specific surface energy is
considered as a function of the crack width.
Deformation zone, crack trajectory, crack width
and plastic deformation are regarded as
mechanical variables. Under monotonic load-
ing, crack propagation is conditioned on the lib-
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erated energy (sum of elastic deformation
energy and surface energy) assuming a mini-
mum.

Fig. 3.13 depicts this model as applied to a
headed stud loaded in tension in a large con-
crete block (Eligehausen, Sawade (1989)).
Only the formation of a circumferential tension
crack is considered (Fig. 3.13a). The concrete
in the direct vicinity of the crack is presumed
to act linear-elastically (Fig. 3.13b). Non-linear
material behaviour is assumed in the crack
(Fig. 3.13c). The calculations according to non-

linear fracture mechanics take the specific crack
formation energy to be a function of the crack
width (Fig. 3.13d). The length and shape of the
crack are determined iteratively as a function of
the applied load.

Linear fracture mechanics can be applied for
fasteners with large embedment depths. Here,
the crack widening energy corresponds to the
fracture energy G, irrespective of the width
of the crack (Fig. 3.13d). The resulting crack
length a related to the side length /, of the cone
envelope is illustrated in Fig. 3.14 as a function
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of the specific load. According to this figure,
crack growth remains stable up to ultimate load
and crack length at ultimate load is approxi-
mately 0.45 times the side length of the final
cone. According to Sawade (1994) the ultimate
load is given by:

N,=21-(E,-G)" - h (3.3)

According to equation (3.3) the ultimate load
depends not on the concrete tensile strength but
rather on the value (E, - Gf)°‘5, which describes

N/((Ec - G)®S - hy'9)
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Fig. 3.14 Relative tension load as a function of relative
crack length (Eligehausen, Sawade (1989))
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realistically the influence of the concrete mix
design on the ultimate load (Sawade (1994)).

If a constant angle between the crack and con-
crete surface is assumed, the cone envelope area
enlarges in proportion to the square of the
embedment depth. In contrast, the ultimate load
according to equation (3.3) is proportional to
hip. This so-called size effect can be attributed
to the fact that at ultimate load the tensile stress
taken as an average over the fracture surface is
not constant but instead decreases as the size of
the fracture area increases. The size effect
applies not only to concrete cone failures but
more generally to concrete subjected to tensile
strain gradients (e.g. for the bending strength of
non-reinforced concrete specimens and the
shear strength of slabs without shear reinforce-
ment.) The size effect was found by theoretical
arguments by Bazant (1984).

Ozbolt, Eligehausen (1990) conducted numeri-
cal investigations of the behaviour of headed
bolts in tension with embedment depth
h,=130 mm and diameter d = 22 mm in a large
radially symmetric concrete block. A so-called
non-local microplane model was employed as
the material model for the concrete. This model
is explained in Bazant, Ozbolt (1990) and is
very well suited to describing the behaviour of
concrete under any strain conditions. In the
numerical experiment, the displacement of the
anchor head is progressively increased. Headed
stud and concrete are connected solely via the
bearing surface of the head. At the surface of the
concrete only the nodes in the region of the sup-
port are fixed for all degrees of freedom.

Fig. 3.15 shows the calculated load-displace-
ment curve. The curve measured in the test by
Eligehausen, Sawade (1989) is included for
comparison. Although measured and calculated
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Fig. 3.16 Deformed finite element mesh at ultimate
load (Ozbolt, Eligehausen (1990))

ultimate loads coincide well, the measured dis-
placement at failure is considerably larger than
the calculated value. The major part of the
deformation is caused by the crushing of the
concrete below the head (Fig. 3.16) because the
small head diameter (d), = 35 mm) leads to very
high bearing stresses; at ultimate load about 10
times the uni-axial concrete compressive
strength. Apparently the stiffness response of
the concrete in the tri-axially stressed region of
the head is too high in the calculations.

According to the simulation, a circumferential
tension crack forms at the head of the stud at a
low load and extends towards the surface of the
concrete as the load increases. Radial cracks
occur at the concrete surface at relatively high
loads. Failure is brought about by the formation
of a concrete cone. The average angle between
the cone envelope and concrete surface is
approximately 35°.

5 stud loaded in tension (Ozbolt, Eligehausen
(1990))

Fig. 3.17 shows the relationship between the
crack and fracture cone area depending on the
load related to the ultimate load according to the
calculation and the tests by Eligehausen,
Sawade (1989). The circumferential tension
crack forms at about 30% of the ultimate load
and crack growth remains stable up to ultimate
load. As the deformation at ultimate load is
exceeded, we see unstable crack growth with
increasing deformations.

Ozbolt (1995) also undertook a numerical
investigation of the load-bearing behaviour of

N/Ny
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0.2 a Test
o Simulation
0 & ; 7 T T T
0 0.2 0.4 0.6

Fracture surface area/concrete cone surface

Fig. 3.17 Test result and simulation for the normalised
axial load as a function of relative crack area (Ozbolt,
Eligehausen (1990))
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headed studs subjected to tension load in a large
concrete block, whereby he employed an
improved “non-local microplane model”. Only
material parameters and embedment depth were
varied. Fig. 3.18 illustrates the influence of the
concrete tensile strength as well as the fracture
energy on the concrete cone failure load.
According to the figures, the concrete tensile
strength — at constant fracture energy — has only
a minimal influence on the concrete cone failure
load. In contrast, the concrete cone failure load
for a constant concrete tensile strength in-
creases roughly proportional to the square root
of the fracture energy. These results agree with
those obtained by Sawade (1994).

Ny / Ny (fst = 2.8 Nimm?)

14

1 hee=450 mm, Gf = 0.08 N/mm
1.2

e |

L P——
0.8

] @ Simulation
06 T T T T T T T

2.0 2.5 3.0 3.5 4.0
a) Tensile strength fo [N/mm?]

Ny / Ny (G¢=0.11 N/mm)

4 het=450 mm, fy = 2.8 N/mm’

- /
1.0

0.8

i @ Simulation
o64H—rr+ +

0.06 0.08 0.10 0.12 0.14 0.16
b) Fracture energy G; [N/mm]

Fig. 3.18 Normalised failure load as a function of (a)
concrete tensile strength and (b) concrete fracture energy
(Ozbolt (1995))

The embedment depth was varied from /4, =
50 mm to /= 2700 mm. The calculated con-
crete cone failure loads are plotted against
embedment depth in Fig. 3.19. The test results
are shown for comparison. Also drawn are the
failure loads to be expected according to Amer-
ican Concrete Institute 349 (1990), the size effect
law after Bazant (1984) and equation (3.6).

According to American Concrete Institute 349
(1990) the concrete cone failure load is given by
equation (3.4). It increases in proportion to /7,
for d/h, = constant and thus ignores the size
effect.

N, =096+ £ b2 (1+d, [ ) 34

Bazant (1984) assumes that the failure load can
be calculated according to plastic theory for
small component thicknesses and according to
linear fracture mechanics for thick components.
A continual transition is assumed between these
two limits. If we transfer this approach to the
concrete cone failure load of headed studs, then
the component thicknesses corresponds to the
embedment depth and we obtain equation (3.5):

N, =k f05%0 W (Ll 1) (3.5)

where k; and hJ; are constants

Evaluations of tests have produced values of
k; = 2.7 and h{; = 50 mm. According to equa-
tion (3.5) the failure load for large embedment
depths is roughly proportional to Al.

The following equation for calculating the con-
crete cone failure load, which can be regarded
as a simplification of equation (3.5), is proposed
in section 4.1.1.3:

N, =155 £ b (3.6)
In equations (3.4) to (3.6) f23, corresponds to
the factor (E, - G)" in equation (3.3). While
the latter factor describes the influence of the
concrete mix well, the factor f ., is better
suited to a design equation.

Fig. 3.19 shows that equation (3.5) provides the
best description of the numerical results but the
difference between equation (3.5) and equation
(3.6) is small. Both equations correlate with the
test results sufficiently accurately. In contrast,
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Fig. 3.19 Concrete cone failure load as a function of embedment depth — comparison of various
predictive equations with experiment and numerical simulation results (Ozbolt (1995))

a) h, <600 mm
b) h,< 3000 mm

equation (3.4) clearly overestimates the failure
loads as the embedment depth increases.

The principal strains calculated at ultimate load
and at the final load step for small embedment
(h, = 150 mm) and large embedment (%, =
1350 mm) are illustrated in Fig. 3.20. The dark

regions indicate zones of damage or circumfer-
ential tension cracks. The crack length at ulti-
mate load is approximately 40% of the side
length of the cone envelope for the small
embedment depth and approximately 25% for
the large embedment depth. The slope of the

1nauay]
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I

Fig. 3.20 Areas of equal principle

strain in concrete — headed studs with
h.;= 150 mm (left) and h,;= 1350 mm
(right) (Ozbolt (1995))

a) Ultimate load

b) Last step of numerical simulation
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concrete cone is virtually independent of the
embedment depth and measures approximately
35° from the horizontal. The size effect can thus
be attributed to a change in the distribution of
tensile stresses over the surface of the failure
cone and the reduction in the average tensile
stresses over the fracture surface as the embed-
ment depth increases.

The results obtained from studies by various
authors applying the principles of fracture
mechanics with different material models can
be summarised as follows. At service loads, cir-
cumferential tension cracks form in the con-
crete. These cracks propagate with increasing
load from the anchorage region towards the sur-
face of the concrete. Crack propagation remains
stable up to ultimate load. The length of the
crack at ultimate load for small embedment
depths is approximately 40 to 50 % of the side
length of the final cone and approaches a con-
stant value of approximately 25 % of the side
length for very large embedment depths. When
deformations exceed that at ultimate load, the
concrete failure cone forms completely as
deformations increase and pull-out resistance
decreases. The concrete cone failure load is pro-
portional to /. The very marked size effect
can be attributed to the high strain gradient in
the load transfer zone. The concrete cone failure
load is not influenced significantly by the con-
crete tensile strength but rather by the factor

919

i_ 150
[=e}

0|
S o
- |

250

350 Headed stud

Observation
surface l

(E. - G)°>. This factor can be replaced by f2°
with sufficient accuracy because both £, and G,
are approximately proportional to 2.

3.3.2 Experimental studies

Experimental studies are divided between tests to
clarify failure mechanisms and tests to determine
the ultimate load of headed anchors embedded in
large concrete blocks in which the formation of
the concrete failure cone is unrestrained.

Eligehausen, Sawade (1985) describe tests
on headed anchors with embedment depth
h,,= 80 mm. Test specimens are depicted in Fig.
3.21. The test specimen shown in Fig. 3.21a
was conceived to permit direct observation of
the crack formation process during anchor load-
ing. A restraining bar placed at the location of
the anchor head (not shown) prevented horizon-
tal translation of the anchor during loading. All
loading was displacement controlled. A fluores-
cent penetrating fluid of the type used to inspect
welds was sprayed on the exposed surface at
periodic intervals, rendering visible cracks with
a width > 0.001 mm under ultraviolet light and
magnification. In later tests the strains at the
surface of the concrete were measured with
strain gauges (gauge length = 20 mm). In addi-
tion, tests using acoustic emission analysis to
detect the onset of cracking were conducted
with the specimen shown in Fig. 3.21b.

Fig. 3.21 Geometry of test specimens devel-
oped for investigating crack propagation around a
headed stud anchorage (dimensions in [mm])
(Eligehausen, Sawade (1985))

a) Crack observation specimen

b) Tension test specimen
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All test specimens exhibited concrete cone frac-
tures at failure. Accounting for the diminished
fracture surface area, measured ultimate loads
obtained with the specimen shown in Fig. 3.21a
were approximately 65% of those measured
with the specimen shown in Fig. 3.21b. This
difference can be attributed, however, to the dis-
ruption of the rotationally-symmetric stress
field in the stepped specimen, a condition anal-
ogous to that of an anchor positioned in a full-
depth crack (see section 4.2.1.3).

Fig. 3.22 shows typical load-displacement
curves for the specimens shown in Fig. 3.21.
The displacement of the stud increases in nearly
linear fashion up to about 40% of the ultimate
load and thereafter non-linearly. Following the
peak load, the load gradually drops. There is no
significant difference in the load-displacement
behaviour of the two different test specimens.
At approximately 40% of ultimate load, a short
initial crack forms in the region of the head of

the stud. This crack increases in length slowly
and regularly as the load rises. Crack growth
accelerates at approximately 90% to 95% of the
ultimate load. At ultimate load, the crack has
not reached the surface of the specimen, and the
origin of the primary fracture at the head of the
stud is clearly visible without magnification.
Further displacement causes the crack to propa-
gate until the failure surface is fully formed.

In further tests, concrete strains measured per-
pendicular to the fracture plane (Fig. 3.23) con-
firm the visual observations. The concrete
strains increase in proportion to the load up to a
strain of approximately 0.01%; afterwards they
increase very rapidly. This confirms the forma-
tion of microcracks which increase in length as
the load increases. The microcracks intersect
the first strain gauge, positioned 15 mm from
the head of the stud along the fracture plane, at
approximately 50% of ultimate load. The sec-
ond strain gauge, positioned 35 mm from the

Fig. 3.23 Normalised load as a function
of concrete strain perpendicular to crack

N/Ny
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0.5 //
0 ‘
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0.20 (Eligehausen, Sawade (1985))
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head of the stud, is reached at roughly 70% of
the ultimate load.

The applied load, the sum of recorded acoustic
emission events and the amplitude of the
acoustic emissions are plotted against time in
Fig. 3.24 for loading cycles in the region of the
ultimate load. The first acoustic emission events
are registered at about 45% of the ultimate load.
In the subsequent loading cycles, acoustic emis-
sion events are first recorded again as the peak
load of the previous loading cycle is exceeded.
This suggests the formation of new micro-
cracks. At approximately 95% of ultimate, the
sum of acoustic emission events and the ampli-
tude of the acoustic emission events increase
rapidly. This clearly indicates the formation of a
discrete crack.

Further pull-out tests with headed studs having
embedment depths /,, = 130 mm to 520 mm
have been described by Eligehausen, Sawade
(1989). The displacement of the headed bolts
was increased continuously. The concrete
strains were measured with the aid of strain
gauges placed in three positions: vertical, cir-
cumferential, and parallel to the surface of the
anticipated failure cone. The strain gauges were
positioned in such a way that they lay either
parallel and adjacent to or perpendicular and
directly across the anticipated fracture surface,
which was known from prior tests. Fig. 3.25

Fig. 3.24 Results of acoustic emission analysis at

near maximum load, plotted against time (Eligehausen,
Sawade (1985))

a) Applied load as a function of the ultimate load N,
b) Sum of acoustic emission events
c) Amplitude of acoustic emission events

Y
S o
IRy

1: Gauge length = 60 mm
2: Gauge length = 120 mm

Fig. 3.25 Positions of strain gauges for measuring strains perpendicular to the crack

(dimensions in [mm]) (Eligehausen, Sawade (1989))
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shows the positioning of strain gauges perpen-
dicular to the anticipated fracture surface for
a headed anchor with an embedment depth
e =520 mm.

Fig. 3.26 illustrates the strains measured along
the fracture crack perpendicular to its average
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Fig. 3.26 Strain distribution perpendicular to the failure
cone surface along the cone envelope for two loading
stages (Eligehausen, Sawade (1989))
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Fig. 3.27 Tensile stress distribution perpendicular to
the failure cone surface, calculated from the strains
shown in Fig. 3.26 (Eligehausen, Sawade (1989))

slope for a loading at service and at ultimate
load level (N/N, = 0.3 and N/N,, = 0.9). The dia-
gram applies to embedment depth /,,= 520 mm.
It can be seen that the areas with high strains
and high strain gradient moves from the load
transfer point to the surface of the concrete as
the load increases. This can be attributed to
microcrack formation.

The tensile stresses perpendicular to the surface

of the crack are calculated from the measured

strains. It is assumed that the measured strains

are the sum of the elastic strain in the concrete

and the strain resulting from crack width (see

equation (3.7)).

e=¢,+(w/l,) 3.7)
ow)/E +w/l,

where:

& = measured strain

g, = elastic concrete strain

w = crack width

|~ = gauge length

m

The crack width w and the stress o{w) may be
derived using the crack opening function o(w)
given in equation (3.2).

Results for the example shown in Fig. 3.26 are
illustrated in Fig. 3.27. Plotted is the calculated
distribution of tensile stresses perpendicular to
the fracture plane along the envelope of the fail-
ure cone. The redistribution of tensile stresses, a
result of the formation of microcracks as the
load increases, is clearly shown. The crack
width equation applies to the ascending branch
of both curves in Fig. 3.27. The descending
branch is valid assuming elastic behaviour. The
length of the crack corresponds to the distance
between the head of the stud and the point at
which the concrete tensile strength is reached.
At 90% of ultimate load, the length of the crack
corresponds to about 30% of the side length of
the cone envelope.

Eligehausen, Sawade (1989) integrated the ver-
tical component of the tensile stresses acting
perpendicular to the fracture plane over the
fracture surface. At ultimate load the calculated
force deviates by a maximum of 15% from the
actual applied tension load. From this it is con-
cluded that shear stresses acting along the frac-
ture surface play a relatively minor role in
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Fig. 3.28 Average angle of failure cone measured with
respect to the surface of the member as a function of
embedment depth — tests by Eligehausen, Bouska, Cer-
venka, Pukl (1992) (taken from Fuchs, Eligehausen, Breen
(1995/2))

determining the ultimate capacity. Only a small
part of the applied tension load is transferred in
the crack process zone at greater embedment
depths. However, this component is quite large
at small embedment depths. This implies that
the behaviour of fasteners with small embed-
ment depths can be described using non-linear
fracture mechanics, whereas the behaviour of
fasteners with large embedment depths may be
approximated using linear fracture mechanics.

Eligehausen, Bouska, Cervenka, Pukl (1992)
carried out pull-out tests on headed studs with
embedment depths 4, = 50 mm, 150 mm, and
450 mm. The dimensions of the test specimens
were chosen in proportion to the embedment
depth. In the tests evaluated in Fig. 3.28 the
bearing area of the head was established such
that the bearing pressure beneath the head at
ultimate load was independent of the embed-
ment depth o= 14 - f,. After the tests the dimen-
sions of the concrete cones were measured
along eight sections. The angle of the failure
cone measured with respect to the horizontal
varied around the circumference and scattered
considerably.

Fig. 3.28 shows the average value of the mea-
sured angle in relation to the embedment depth.
It can be seen that this angle, which is approxi-
mately 35° on average, is only somewhat
dependent on the embedment depth. However,
according to the studies by Zhao (1993), the

embedment depth does have an influence on the
slope of the concrete failure cone, whereby the
angle increases with increasing embedment
depth.

The influence of the embedment depth on the
concrete failure load of headed studs was inves-
tigated systematically by Bode, Hanenkamp
(1985), Eligehausen, Sawade (1989) and Elige-
hausen, Bouska, Cervenka, Pukl (1992). The
results indicate — with sufficient accuracy — that
the failure loads increase in proportion to Al
(see section 4.1.1.3).

Sawade (1994) performed pull-out tests on
headed studs with an embedment depth
h,r= 250 mm. Maximum aggregate size (d,,,, =
2 mm to 32 mm) and concrete compressive
strength (£, ,o0 = 22 N/mm? to 72 N/mm?) were
varied. The modulus of elasticity of the con-
crete fluctuated between E,=20,500 N/mm?
and 37,000 N/mm?, and the fracture energy
between G = 0.03 N/mm and 0.15 N/mm. The
measured concrete cone failure loads are
shown in Fig. 3.29 as a function of the factor
(E, - G)". The failure loads according to equa-
tion (3.3) are included for comparison. It can be
seen that the measured failure loads coincide
reasonably well with the calculated values.

Sawade (1994) describes a pull-out test on
a headed stud anchored in optical glass
(h,; =50 mm). The tensile strength of the glass
is approximately 25 times higher than that of
concrete but the product of E, - G, corresponds

Fig. 3.29 Measured and calculated failure loads as a
function of the factor (E, - G;)0% (after Sawade (1994))
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Fig. 3.30 Circumferential tension crack in optical
glass in the load transfer zone of a headed stud
(Sawade (1994))

a) Test set-up (dimensions in [mm])

b) Photograph of test specimen at N = 0.93 N,

roughly to the value for concrete. A circumfer-
ential tension crack is observed which occurs
well before the ultimate load is reached. Its
length grows steadily and at ultimate load is
only a fraction of the length of the failure cone
(Fig. 3.30). If the failure load is assumed to be
proportional to the tensile strength of the glass,
the failure load would be on the order of
N, = 770 kN. The actual failure load of
N, = 19 kN corresponds roughly to the value
given by equation (3.3).

3.3.3 Conclusions drawn from theoretical
and experimental studies

According to the results of the theoretical and
experimental studies described above, the load-
bearing behaviour of a headed anchor embed-

ded in a large concrete block and subjected to
tension loading can be described as follows:

High circumferential tensile stresses (hoop
stresses) develop in the concrete in the load
transfer zone. These stresses result in micro-
crack formation at service load levels. With
increasing load, the microcracks propagate at
a stable rate up to ultimate load. This is attribut-
able to the disproportionate increase in the
volume of concrete mobilised in the fracture
process zone as the fracture crack lengthens,
and the redistribution of tensile stress across the
microcracks. Beyond peak load, crack growth
becomes unstable and the final failure cone
forms with rapidly increasing displacements
and decreasing tension capacity.

The angle of the failure cone varies around the
circumference and from test to test. It is on
average approximately 35° measured with
respect to a plane perpendicular to the anchor
axis. It tends to increase with increasing embed-
ment depth.

The concrete cone failure load can be predicted
using the size effect law of Bazant (1984) (see
equation (3.5)). Accordingly, the tensile stress
averaged over the fracture surface at ultimate
load decreases as the embedment depth
increases. This implies that the increase in fail-
ure load is less than proportional to the increase
in the failure surface, which varies with the
square of the embedment depth. We can assume
— with sufficient accuracy — that the concrete
cone failure load is proportional to 47 (equa-
tion (3.6)). This corresponds to the maximum
possible size effect as given by linear fracture
mechanics.

The concrete cone failure load is influenced by
the concrete mechanical properties E,. (modulus
of elasticity) and G, (fracture energy). In con-
trast, the influence of the concrete tensile
strength f,, is negligible. Given that modulus of
elasticity and fracture energy are related to the
compressive strength of concrete, it is assumed
in design equations that the failure load is pro-
portional to £.9° or f0 respectively. However, it
should be noted that for the same compressive
strength, modulus of elasticity and fracture
energy may also be influenced by the concrete
mix, in particular the type and maximum size of
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aggregate. This may explain why anchors tested
in concrete specimens having the same com-
pressive strength but varying mix designs
sometimes exhibit varying concrete cone failure
loads. Failure loads corresponding to concrete
cone fracture are seen to be clearly higher with
concrete containing large crushed coarse aggre-
gate than for concrete containing smooth aggre-
gate of smaller maximum aggregate size.

3.4 Cracked concrete

In the design of reinforced concrete flexural or
tension components, a cracked tension zone is
assumed because concrete possesses relatively
low tensile strength, which may be fully or
partly used by internal or restraint tensile
stresses not taken into account in the design.
Experience has shown that crack widths result-
ing from primarily quasi-permanent loads (dead
load plus a fraction of the live load) do not
exceed the value of wys, ~ 0.3 mm to 0.4 mm
(Schiefsl (1986), Bergmeister (1988), Elige-
hausen, Bozenhardt (1989)). These crack
widths are generally acknowledged as permissi-
ble. Wider cracks are to be expected under max-
imum permissible service loads, which accord-
ing to Eligehausen, Bozenhardt (1989) reach
Wysq, ~ 0.5 mm to 0.6 mm. Even wider individ-

ual cracks can occur under conditions of
restraint if no additional reinforcement has been
included to limit crack widths (Schiefl (1986)).

The causes of cracking, as well as type, appear-
ance and features of the various types of cracks
are described in detail in Comité Euro-Interna-
tional du Béton (CEB) (1981) and Deutscher
Betonverein (1991). Cracks can occur in one
direction (e.g. in beams, one-way-spanning
slabs or tension members, Fig. 3.31a, b), or in
two orthogonal directions (e.g. in two-way-
spanning slabs and flat slabs, Fig. 3.31c). They
may taper in width (flexural cracks, Fig. 3.31b)
or transect the section with more or less con-
stant width (cracks in tension members, Fig.
3.31a). Cracks may run inclined to the axis of
the component (shear or torsion cracks); they
may also occur parallel to reinforcement as a
result of transverse splitting stresses. Fasteners
can lie adjacent to or in cracks and in the most
unfavourable case may be positioned at the
junction of two intersecting cracks.

It has been observed that when cracks form in a
concrete member, there is a relatively high like-
lihood that they will intersect the anchor loca-
tion either directly or tangentially. This occurs
because higher tensile stresses exist around the
anchor as a result of (a) hoop stresses associated

Fig. 3.31 Crack types (taken from Comité
Euro-International du Béton (1994))

a) Tension crack

b) Flexural crack

¢) Intersecting crack
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with the prestressing and loading of the anchor,
(b) possible local flexural stresses resulting
from the concentrated load introduced by the
anchor, and (c) the stress concentrations caused
by the presence of the anchor hole (i.e. the dis-
continuity in the concrete continuum, notch
effect).

Tests have been performed to confirm these
observations experimentally (Eligehausen,
Lotze, Sawade (1986), Lotze (1987/2)). The
tests were carried out on slabs with a depth of
250 mm reinforced with ribbed reinforcing bars
or welded wire fabric. Transverse reinforcement
was placed at 250 mm centres. Torque-con-
trolled expansion and undercut anchors were
installed in the slab. The thread size was 12 mm
and the embedment depth /,=80 mm. The
loads on the anchors (prestressed only or loaded
with 1.3 times the permissible load) and the dis-
tance of the anchors from the transverse rein-
forcement (40 and 80 mm) were varied in the
tests. In addition some drilled holes were left
open without anchors. The anchors were
installed in the concrete and loaded prior to
loading of the slab. The slab was then loaded in
increments up to its permissible service load
calculated according to DIN 1045 (1988).

At roughly 40% of the slab permissible load,
flexural cracks began to form in the slab. As a
rule the cracks followed the transverse reinforc-
ing bars, however, they deviated from this path
sufficiently to intersect the anchor locations. At
100% of the slab permissible load, nearly all of
the anchors and a majority of the drilled hole
locations were intersected by cracks, regardless
of the distance of the anchor from the transverse
reinforcement and the way in which they were
loaded (Fig. 3.32). The cracks ran vertically
through the anchorage zone of the anchors (Fig.
3.33). The load-displacement curves recorded
for the anchors confirmed that the anchors were
located in the crack even as the crack began to
form. Similar results were recorded by Cannon
(1981), Bergmeister (1988) and Bensimhon,
Lugez, Combette (1989).

Anchors can also cause cracking in otherwise
non-cracked concrete (Mayer (1988)).

The load-bearing behaviour of an anchor can be
significantly influenced by the presence of a
crack passing through the anchor location (see
sections 4.2, 5.2, 6.2, 7.2, 8.2 and 9.3). As such,
cracking should be explicitly taken into account
when designing anchors. It should only be

Fig. 3.32 Crack pattern in a flexurally loaded slab at service load (dimensions in [mm])

(Lotze (1987/2))
a) Test set-up
b) Crack pattern and position of anchors and drill holes
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a) b)

Fig. 3.33 Path of a crack passing near an anchor (Lotze (1987/2))

a) Longitudinal section over member depth
b) Cross-section through anchor location

neglected when no cracks are expected in the
concrete.

As a practical matter cracked concrete should
be assumed for design in most cases because in
practice it is difficult to differentiate between
locations where the concrete will crack and
where it will not crack over the life of the
anchorage. Only through a careful statical
analysis can a determination of the theoretical
zones of cracking be made. Such an analysis
would recognise that components subjected
mainly to bending exhibit large zones of tensile
stress under various loading cases (Fig. 3.34),
and hence could be expected to develop flexural
cracking. However, even in vertical load-bear-
ing elements such as walls, the anchorages
themselves may introduce loads of sufficient

I TE TR EEEEEEEEEER)

magnitude to introduce local tensile stresses in
the concrete which may cause cracks, at least
transverse to the main load-bearing direction
(Fig. 3.35). Such an analysis must also account
for tensile stresses corresponding to restraint of
deformations as caused by shrinkage, temper-
ature fluctuation, support settlement, etc., the
magnitude of which may be very difficult to
estimate. In such cases the estimation of crack-
ing potential is made more complex. If it is only
shown that no tensile stresses from external
loads occur in the primary load-bearing direc-
tion of the component serving as base material,
i.e. tensile stresses resulting from restraint are
ignored (and in planar structures tensile stresses
from loads in the secondary load-bearing direc-
tion), then cracking cannot be ruled out.
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Fig. 3.34 Position of compression and tension zone in a two-span beam for

different load cases (Eligehausen, Mallée, Rehm (1997))
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Fig. 3.35 Tension and compression zones in a wall due
to a point load (Riemann (1981))

3.5 Why anchors may use the tensile
strength of concrete

Anchors designed for use in concrete employ
the local capacity of the concrete to carry tensile
stresses. In contrast, concrete tensile strength is
generally neglected in the flexural and tension
design of reinforced concrete elements,
whereby the tension forces are assumed to be
carried entirely by the reinforcement. This is in
part justified because tensile stresses in the con-
crete can also be induced by restraint of defor-
mations resulting from creep, shrinkage, ther-
mal movements and settlement of supports.
These stresses, the magnitude of which can

a) b)

exceed the tension capacity of the concrete,
generally act parallel to the stresses caused by
external loads (Fig. 3.36a), and they can in fact
result in component failure if reinforcement is
not provided to carry external loads.

A different geometry is present for anchorages
to concrete. The failure surface is inclined rela-
tive to the surface of the concrete and is gener-
ally rotationally symmetric about the anchor
axis (Fig. 3.36b). Thus the overlap of longitudi-
nal tensile stresses due to external restraint with
the parallel component of those generated along
the anchor failure plane occurs only over a
small part of the total failure surface. Based on
this simple geometric consideration, a maxi-
mum reduction in the anchor concrete cone fail-
ure load of 20% can be predicted when tensile
stresses in the region of the anchorage due to
restraint of deformations approach the concrete
tensile capacity (Eligehausen (1984)). This
reduction is in fact less than the decrease in ten-
sion capacity associated with an anchor suitable
for use in cracks (e.g. headed stud, undercut
anchor, specially designed expansion anchor or
bonded expansion anchor) situated in a crack. If
we therefore assume a cracked concrete section
when designing such an anchor, the influence of
tensile restraint stresses on the concrete cone
failure load is adequately accounted for.

In the design of reinforced concrete members
the capacity of the concrete to resist tensile
stresses is also explicitly taken into account in
situations where tensile restraint stresses are not
expected to exert a significant influence on the
load-bearing behaviour of the component. For
example, slabs and walls may be designed with-
out shear reinforcement if the shear stresses are

Fig. 3.36 Superimposition of stresses
due to load and restraint (Eligehausen,
Ozbolt (1991))

a) Beam

b) Anchorage



3.6 Prestressing of anchors

55

low, and transverse reinforcement may often be
omitted in the vicinity of anchorages and at
reinforcing bar splices.

Such considerations indicate that it is possible
to safely exploit the tensile capacity of the con-
crete when designing anchors, given that a suf-
ficiently conservative factor of safety is used.

3.6 Prestressing of anchors

Connections employing anchors are typically
prestressed, i.e. a clamping force is developed
in the connection which is balanced by a tension
force in the anchor bolt. Note that this does not
apply to cast-in-place embed plates equipped
with welded studs, nor does it generally apply
to cast-in-place anchor channels. In these cases,
the clamping force is developed between the
fixture and the embedded channel or plate
unless the channel or plate, is recessed below
the concrete surface. Cast-in-place headed studs
that are threaded to provide a bolted connection
may likewise be prestressed.

A pre-defined torque is typically applied to
anchor connections to induce the requisite
clamping or prestressing force. The amount of
prestressing force F'g, induced in the bolt or stud
for a given level of applied torque essentially
depends on the thread friction as well as the fric-
tion between nut and washer or washer and
adjoining component (fixture), and can vary
over a wide range. Provided the corresponding
friction parameters are known, the prestressing
force associated with a given torque 7 can be
calculated using equation (3.8) (Kellermann,
Klein (1955), VDI (1983)). The prestressing
force simultaneously induces a clamping force
between the fixture and the base material.

T

By =05 4, @, v +05-d, tan(d,) )
where:

T = torque

d, = flank diameter

d = head friction diameter

6 = thread friction angle

6, = head friction angle

o = thread flank angle

The first term in the denominator of equation
(3.8) describes the thread friction whereas the

Table 3.1 Friction coefficients for bolted connections
(VDI (1983))

Surface tan(3,) tan(§,)
Electrogalvanised, 0.12-0.20 |0.16-0.20
dry

Electrogalvanised, 0.10-0.18 |0.10-0.18
oiled

Stainless steel A2 0.26 -0.50 |0.35-0.50
Stainless steel A2, 0.12-0.23 |0.08-0.12
lubricated

second term defines the friction under the bolt
head or nut. Recommended values for thread
and bolt head friction are given in VDI (1983)
(Table 3.1).

Equation (3.8) can be simplified as follows:

7
Fy = Z 7 3.9
In equation (3.9) k is a constant which is more
or less independent of the thread diameter for
the same form and surface roughness of bolt
head and thread.

If the clamping action between the washer or
base plate and the base material is not impeded,
then the contact or clamping force Fy corre-
sponds to the force in the bolt F . The intro-
duction of an external tension force N acts both
to relieve the clamping force and increase the
bolt tension force, each according to the relative
stiffness of the corresponding load path (Fig.
3.37). As the stiffness of the base material in
compression is considerably greater than that of
the bolt, the degree to which the bolt tension

Fig. 3.37 Bolt- and clamping forces in an anchorage as
a function of the externally applied tension load (Rehm,
Eligehausen, Mallée (1988))
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force is increased is minimal as long as some
clamping force remains in the connection. If the
load increases beyond the clamping force, then
the fixture becomes loose and the tensile force
in the bolt increases in proportion to the exter-
nal tension force.

Note that in the case of sleeve-type expansion
anchors, clamping action may not occur if the
sleeve is allowed to come in contact with the
base plate or washer. This condition may arise if
the anchor sleeve projects beyond the concrete
surface and the hole in the fixture is not dimen-
sioned accordingly, or if the anchor is drawn up
and into contact with the fixture or the washer
respectively during application of the setting
torque. In these cases, the prestressing force
will be absorbed by the anchor internally, and
no clamping force will be induced in the con-
nection. Note that in this case, the application of
external load will result in immediate lift-off of
the connection and a larger increase in the bolt
tension force, since the stiffness of the com-
pression and tension load paths are nearly
equal. In cases where the fixture contacts both
the anchor sleeve and the base material, the
degree of clamping force induced depends on
the relative stiffness of the two load paths.
Some sleeve anchors are equipped with a col-
lapsible or otherwise compressible sleeve ele-
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ment between the steel sleeve and the expansion
sleeve in order to mitigate this condition.

The prestressing force and hence the clamping
force induced in the concrete decrease as a
result of levelling of irregularities in the
stressed thread pitches as well as creep and
relaxation of the highly stressed concrete adja-
cent to the expansion zone of the anchor. The
reduction in prestressing force in expansion and
undercut anchors is marginally influenced by its
initial value and the anchor load transfer mech-
anism, and depends largely on the free bolt
length (i.e. embedment depth) over which strain
is developed. While the greatest reduction in
prestress takes place within the first few min-
utes and hours, continuing relaxation over time
will cause the residual prestress in typical
expansion and undercut anchors in non-cracked
concrete to fall to about 40 to 50% of the origi-
nal value (Fig. 3.38). Re-torquing of the anchor
will precipitate a repetition of the relaxation
process, but the percentage loss of prestress
after each re-torquing is diminished (Fig. 3.39),
and therefore re-torquing can be used to raise
the level of residual prestressing force. Re-
torquing after a few hours, or preferably after a
few days, is very effective (Wagner-Grey
(1977/2) and Seghezzi (1986)). A torque-con-
trolled expansion anchor subjected to cracked

I
\ %
—
40
N} Type of anchor [Fy /N,
(D Undercut anchor |~ 0.3
20 @1 Torque controlled | ~ 0.3
@ expansion anchor| . g g
FL, = Initial value of prestressing force .
N, - Calculated concrete cone failulre load Fig. 3.38 Decrease of prestress-
ing force in anchors, plotted
0 100 200 300 400 8 P

against time (after Seghezzi (1986)

Time [days] and Burdette, Perry, Runk (1987))
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Fig. 3.39 Influence of re-torquing on the prestressing force in anchors (after Seghezzi (1986))

concrete conditions can generally be assumed
to lose any residual prestress as the anchor re-
expands to accommodate the crack. Similarly
the prestressing force of other anchor types (e.g.
undercut anchors, displacement-controlled
anchors and screw anchors) will be reduced sig-
nificantly by cracks because of displacement
increase to bridge the crack.

The prestressing force associated with an
applied torque can be calculated for bonded
anchors using equation (3.8) as well. Neverthe-
less, while the bolt prestress in expansion,
undercut and cast-in-place headed anchors is
constant between the nut and the expansion or
bearing surface, bonded anchors with hef ~10d
exhibit a variation in prestress force from a
maximum at the surface of the concrete to zero
at the end of the anchorage length. The distrib-
ution of the prestressing force is a function of
the bond stresses developed between the mortar
and the concrete. Therefore, for the same
embedment, bolt diameter and applied torque,
the effective elongation or strain induced in a
bonded anchor is less than that developed by the
anchor types mentioned above during setting.
At high stress levels, creep of the bonding mate-
rial must be expected as well. For these reasons,
the prestressing force in bonded anchors drops
faster, the percentage reduction is greater, and

the residual prestress level is less predictable
than in the case of expansion, undercut, and
cast-in-place anchors.

Plastic anchors are typically not prestressed
with a defined torque, but are rather tightened to
a snug fit condition. Therefore, the actual pre-
stressing force generated can vary widely.
Owing more to creep of the plastic parts than
the base material, this prestress also decreases
significantly over time.

In connections utilising anchors, serviceability
considerations stipulate that contact be main-
tained between the fixture and the base material
at service load levels. This is achieved only if
the applied installation torque is translated into
a clamping force in the connection and not in
the anchor sleeve as discussed above. In addi-
tion, the clamping force is directly dependent
on the magnitude of the applied torque. There-
fore, the installation should be checked for the
necessary clearances and the prescribed torque
must be applied with a calibrated torque wrench
in order to ensure the desired level of prestress.
Re-torquing of anchors is recommended to
increase the level of residual prestress force. In
general, for anchors located in cracked con-
crete, defined prestress levels can only be
assured by incorporating spring elements with
sufficient working range to accommodate the
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anchor displacement associated with crack
opening.

3.7 Loads on anchors

The forces acting on an anchor can generally be
determined using general principles of struc-
tural mechanics. In doing so, the displacement
of the anchor is usually assumed to be small
(i.e. negligible). The distribution of forces act-
ing on a fixture of an anchor group to the indi-
vidual anchors of the group can be calculated
either with elastic theory or with non-linear
methods.

3.7.1 Calculation according to elastic theory
3.7.1.1 Tension load

Calculation of anchor loads induced by tension
loads and bending moments acting on the fix-
ture per elastic theory involves the following
assumptions (Fig. 3.40b):

a) The fixture remains plane (flat) under the
influence of internal forces. In order to war-
rant this supposition, the fixture must be suf-
ficiently stiff and must be in contact with the
base material or grout bed over its full area

a) ] o B i

T, % T, $0

sly

c)

Fig. 3.40 Distribution of forces in an anchor group

subjected to tension force and bending moment

a) Anchor group

b) Anchor force distribution as predicted by elastic
theory

¢) Anchor force distribution as predicted by plastic
theory

before loading unless the anchors are con-
figured for a stand-off installation (i.e.
equipped with levelling nuts). A stiff fixture
may be assumed if under the design actions
the stresses in the fixture are smaller than the
design resistance of the fixture material. For
the definition of design actions and design
resistances see section 14.3.3.1. The stiff fix-
ture assumption corresponds to the Bernoulli
hypothesis in reinforced concrete design,
wherein plane cross-sections are assumed to
remain plane.

b) In the part of the fixture subjected to com-
pression, anchors do not act in either tension
or compression, unless they are configured
for a stand-off installation.

c) The stiffness of all anchors in a group are
identical. The anchor stiffness is directly
proportional to the area of the stressed cross-
section and the modulus of elasticity of the
steel. The stiffness of the concrete is charac-
terised by its elastic modulus and the
stressed area.

Consequently, the calculation of the tension
forces in the anchors corresponds to how one
determines the tension resultant in the reinforc-
ing bars of a reinforced concrete member. How-
ever, in contrast to strength design of reinforced
concrete members, we assume here that the
response of the concrete and steel elements
remains linear elastic.

The assumption of a rigid fixture is not always
assured with the thicknesses of fixtures often
encountered in practice. A non-rigid fixture,
depending on the anchor stiffness, leads to a
reduction in the lever arm of the internal forces.
However, the assumptions of negligible anchor
displacement and a triangular compressive
stresses block in the concrete below the fixture
are both conservative. Deformations in the con-
crete lead to larger rotations of the fixture. Fur-
thermore, the compression capacity of the con-
crete below the fixture exceeds the uni-axial
concrete compressive strength owing to the
localised tri-axial stress state. Both effects lead
to a reduced depth of the compression block and
hence to an increased internal lever arm. For
these reasons, elastic theory delivers suffi-
ciently accurate results in most practical cases.
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Fig. 3.41 |Increase in anchor forces associated with a
flexible fixture

This is confirmed by non-linear calculations
using finite elements (Mallée, Burkhardt
(1999)). In these investigations, realistic
assumptions were made about the displacement
behaviour of the anchors, the stress-strain
behaviour of the compressed concrete and the
flexural stiffness of the fixture.

In practice it is frequently assumed that the
internal lever arm corresponds to the centre-to-
centre spacing of the anchors even though the
anchors are not equipped with levelling nuts.
This assumption is generally conservative for a
uni-directional moment combined with tension
loading and for typical fixture toe dimensions
(one to two times the diameter of the hole in fix-
ture). Where larger fixture toe projections are
used in conjunction with predominantly tension
loading and a relatively flexible fixture, prying
of the fixture can occur, resulting in a signifi-
cant increase in the anchor tension forces (Fig.
3.41). In cases with an applied moment and com-
pression load with eccentricity e = M/N > —1
(primarily compressive loading), the assump-
tion of an internal lever arm corresponding to
the centre-to-centre anchor spacing may result
in underestimation of the anchor tension forces
since the actual lever arm is smaller (Mallée,
Burkhardt (1999)).

3.7.1.2 Shear loads

In calculating the distribution of shear loads
through a fixture to the anchors of a group posi-
tioned away from an edge, it is assumed that all
anchors exhibit the same shear stiffness. Addi-
tionally, it is generally assumed that all anchors
participate in accommodating the shear loads
(Fig. 3.42a). To comply with this condition,
however, the anchor holes cannot be oversized.
Deutsches Institut fiir Bautechnik (1993) and
European Organisation for Technical Ap-
provals (EOTA) (1997) provide permissible
diameters for clearance holes in components to
be connected with anchor bolts as given in
Table 3.2. In Comité Euro-International du
Béton (1997) permissible diameters for clear-
ance holes is d. < 1.2 d (bolt is assumed to bear
against fixture, pre-positioned installation) or
d.<12d,, (sleeve is assumed to bear against

nom

fixture, in-place installation).

ﬁv

Fig. 3.42 Distribution of shear forces in an anchor

group

a) Examples of connections in which all anchors
participate in resisting the shear load

b) Examples of shear load distributions associated with
oversized clearance holes

c) Distribution of the shear load to a group of two
anchors where the fixture is free to rotate

d) Examples of shear load distribution for anchor
groups with clearance holes in the fixture near a free
edge
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Table 3.2 Permissible diameter of clearance hole in fixture (after Deutsches Institut fiir Bautechnik (1993) and European

Organisation for Technical Approvals (EOTA) (1997))

Anchor diameter in region of fixture [mm]?

6 8 10 | 12 | 14 | 16 | 18 | 20 | 22 | 24 | 27 | 30
Maximum permissible
diameter d_, of clearance hole 7 9 12 | 14 | 16 | 18 | 20 | 22 | 24 | 26 | 30 | 33
in fixture [mm]

1) Corresponds to nominal diameter of anchor sleeve for in-place installation or nominal diameter of stud for pre-positioned

installation.

If the clearance holes are larger than the values
given in Table 3.2 or recommended by Comité
Euro-International du Béton (1997) and if the
anchors are positioned linearly and parallel to
the load direction, then the distribution of the
forces to the individual anchors is not uniform.
The distribution of the shear load depends on
the diameter of the clearance hole, the initial
position of the anchor in the hole (with or with-
out contact) and the deformation response of the
anchor. The distribution of the load under these
circumstances is difficult to estimate. For this
reason, the European Organisation for Techni-
cal Approvals (EOTA) (1997) proposes that the
total shear load in groups should be taken by the
most unfavourable anchors (e.g. anchors having
the least calculated resistance due to combined
loading). According to this proposal, for the
examples shown in Fig. 3.42b in a group of two
anchors the shear load is carried by one anchor
only, and in groups of four anchors by just two
anchors. This assumption simplifies the calcula-
tion but can lead to a very conservative design.

If a shear load applied to a group of two anchors
acts perpendicular to a line joining the two
anchors and the fixture is free to rotate, then the
shear load is resisted by both anchors (Fig.
3.42c¢). If the fixture is prevented from rotating,
then the anchor in contact with the fixture
resists the entire shear load. Note that in this
case the connecting element must be propor-
tioned to accommodate the resulting eccentric
moment (torsion).

According to the Deutsches Institut fiir
Bautechnik (1993) and European Committee for
Standardisation (CEN) (2004), when the holes
in the fixture are oversized, it may be assumed
that all anchors in the group participate in

resisting the load, whereby it must also be
assumed that the anchors are subjected to can-
tilever bending as a function of the rotational
freedom of the anchor in the fixture. This in turn
leads to a considerable reduction in the design
shear load that the anchor can resist.

The proposal according to European Organisa-
tion for Technical Approvals (EOTA) (1997) is
easy to handle in the applications shown in Fig.
3.42b. However, in more complicated cases,
e.g. groups with four anchors loaded by a shear
load acting not parallel to the lines connecting
the anchors with or without an additional tor-
sion moment or groups with more than four
anchors, it may be difficult to judge which
anchors are most unfavourable. Therefore the
authors recommend to use for all applications
the proposal of Deutsches Institut fiir Bautech-
nik (1993) and European Commiittee for Stan-
dardisation (CEN) (2004).

Fastenings near the edge of a component, with
a clearance hole in the fixture, which are sub-
jected to a shear load in the direction of the
edge, can give rise to a brittle fracture of the
concrete edge before all anchors participate in
resisting the shear load. Depending on the ratio
of the distance between the front and rear
anchors to the edge distance of the front anchors
the failure load is governed either by the front
or the rear anchors. This is discussed in detail in
section 4.1.2.4(b). For small ratios the front
anchors are decisive. This case is shown in Fig.
3.42d where it is assumed that the shear load is
carried only by those anchors nearest the edge.

In Fig. 3.42 it is assumed that the shear load acts
at the centre of gravity of the group of anchors.
When the shear load acts eccentrically, the
forces in the anchors should be calculated tak-
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ing into account equilibrium conditions based
on steel design principles.

3.7.2 Calculation according to non-linear
methods

A non-linear analysis of anchor load distribu-
tion requires realistic assumptions to be made
about the stress-strain behaviour of the con-
crete, the stiffness of the fixture and the load-
displacement behaviour of the anchors sub-
jected to tension and shear loads. Equilibrium
and compatibility conditions should be consid-
ered in the analysis. Such analyses are elaborate
and time-consuming and can only be carried out
with the help of numerical analysis techniques.
One such analysis procedure is described in Li,
Eligehausen (1994).

Plastic theory represents a simpler variant of
non-linear analysis. Plastic theory dictates that
only equilibrium conditions need be satisfied
whereas compatibility conditions are neglected.
The distribution of tension and shear loads to
the individual anchors of a group is therefore
arbitrary if equilibrium conditions are satisfied.
Combined bending and tension usually leads to
the assumption that all tension loaded anchors
resist equal loads and a rectangular compressive
stress block forms beneath the fixture (Fig.
3.40c). According to Cook, Klinger (1989) the
shear loads are initially assigned to the anchors
in the compression zone beneath the fixture. If
the load-carrying capacity of these anchors is
exceeded, then the tension loaded anchors are
engaged to share the shear load as well.

Plastic theory assumes that the fasteners exhibit
sufficient ductility under tension and shear
loads to enable load redistribution. This condi-
tion is met assuming the following holds true:
failure is controlled by ductile rupture of the
steel, small clearances between the anchors and
the fixture holes exist, and a constant anchor
bolt cross-section is present over the full
embedment depth. The requirements for an
anchor to be regarded as ‘sufficiently ductile’
are dealt with in section 14.4.13.

Detailed experimental and numerical investiga-
tions of the load-bearing behaviour of groups of
post-installed anchors subjected to combined
tension and shear and exhibiting steel failure

were conducted by Lotze, Klinger (1997). A
model described by Li, Eligehausen (1994) was
used for numerical analysis to determine the
load-carrying capacity with the influence of
hole clearance explicitly considered. Represen-
tative load-displacement curves for the individ-
ual anchors were employed for this analysis.
The calculated capacities show good agreement
with the measured values. For higher shear
loads and concrete grades above C20/25, the
plastic model of Cook, Klinger (1989) outlined
above predicted capacities approximately 10%
higher than those measured in the tests. While
no experimental investigations were conducted
with anchor groups in low-strength concrete
(C12/15), numerical analyses were performed.
The capacities predicted by the Cook, Klinger
(1989) model were approximately 25% higher
than the values predicted by the more detailed
Li, Eligehausen (1994) numerical model. This
apparent overestimation of the capacity when
using plastic theory can be attributed to the fact
that failure of the group is initiated via shear
fracture of the anchors on the compression side
of the connection. The deformation capability
of these anchors is less than that of the ten-
sioned anchors. Therefore at ultimate load of
the group the deformation capability of the ten-
sioned anchors cannot be fully exploited and the
shear load taken up by these anchors is less than
their capacity predicted by the usual interaction
equation. The authors therefore recommend that
elastic theory be used for the distribution of
shear loads to the anchors in the group, even
where failure of an individual anchor is gov-
erned by steel rupture. This approach is conser-
vative.

3.7.3 Calculation of loads on anchors
of anchor channels

3.7.3.1 Tension loads

The load transfer of anchor channels is different
from that of fastenings with cast-in-place or
post-installed anchors, because in general the
stiffness of a channel is less than that of a stiff
fixture assumed in section 3.7.1.1. The distribu-
tion of tension loads acting on the channel to the
anchors may be calculated using a beam on
elastic supports with a partial restraint of the
channel ends. The stiffness of the elastic sup-
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Fig. 3.43 Distribution of tension loads on anchors for an anchor channel with five anchors

(Grewin, Eligehausen (2003))

ports corresponds to the displacement of the
anchors which includes the displacements of
channel lips, anchors, and concrete. In Fig. 3.43
the calculated distribution of anchor forces is
shown for an anchor channel with 5 anchors
loaded over the middle anchor. The distribution
of anchor forces can be approximated by a tri-
angle with a peak at the applied load and an
influence length /; (Kraus (2003)). The influ-
ence length depends mainly on the anchor spac-
ing, the moment of inertia of the channel and on
the head size. Further minor influencing factors
are the concrete compression strength, the type
of steel (galvanised or stainless steel) and the
state of concrete (cracked or non-cracked)
(Grewin, Eligehausen (2003)). For sufficiently
large head sizes (head pressure p, < 6 -f,) the
influence length can be taken as:

[=11-1""5" > 5 [mm] (3.10)
where:
I = moment of inertia of the channel [mm?*]

s = anchor spacing [mm]

Distance of anchors from anchor A [mm]

Fig. 3.44 shows the influence length as a func-
tion of the anchor spacing for three different
sizes of channels. The influence length was
evaluated from the results of calculations using
a beam on elastic supports (Grewin, Elige-
hausen (2003)). Similar results were obtained in
non-linear finite element calculations on anchor
channels where failure was caused by concrete
cone break-out (Kraus (2003)). For comparison
the influence length according to equation
(3.10) is plotted as well. It can be seen that
equation (3.10) predicts the influence length
found in numerical analysis quite well. Equa-
tion (3.10) may also be used if failure is caused
by rupture of the anchors (Wiistner (2002)).

For an arbitrary position of the load N the forces
on the anchors can be calculated in accordance
with equation (3.11) (see example in Fig. 3.45).

Nanchor”i” :k Az N (311)
where:
k = 1/TA (3.11a)
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Fig. 3.44

A, ordinate of a triangle with a height 1 at
the position of the load N and the base
length 2-1; (I; according to equation
(3.10)) at the position of the anchor i

If several tension loads are acting on the chan-
nel a linear superimposition of the anchor forces
for all loads should be assumed. This approach
is supported by the results of more than 200
finite element calculations on anchor channels
with the failure mode concrete break-out
(Kraus (2003)).

If in the design the exact position of the load on
the channel is unknown the most unfavourable
loading position should be assumed for each
failure mode (e.g. load acting over an anchor for
the case of failure of an anchor by steel rupture
or concrete break-out and load acting between
anchors in case of bending failure of the chan-
nel).

3.7.3.2 Shear loads

According to Eligehausen, Potthoff, Grewin,
Lotze (2004) shear loads acting on the channel
are mainly transferred by compression stresses

Channel | Structural Eqn. [
Analysis 3.10
28/15 A | ———
50/30 o — ]
72/48 O |-----.
| |
400 500 600

Anchor spacing s [mm]

Influence length as a function of anchor spacing (Grewin, Eligehausen (2003))
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Fig. 3.45 Example for the calculation of anchor tension
forces according to the influence method for an anchor
channel with five anchors. The influence length is as-
sumed as I, = 1.5 - s (Kraus (2003))



64

3 Principles

between channel and concrete and to a smaller
extent by the anchors. However, the anchors are
stressed by tension forces due to the eccentric-
ity between the acting shear load and the resul-
tant of the stresses in the concrete. The anchor
tension forces are much higher than the anchor
shear forces.

In section 5.1.2.4 a model is described to cal-
culate the concrete edge capacity of channel
bars under shear loading towards the edge. It

assumes that shear forces acting on the channel
are transferred by bending of the channel to the
anchors and by the anchors into the concrete.
This approach simplifies the real behaviour.

It has been chosen to allow for a simple interac-
tion between tension and shear forces acting on
the channel. For reasons of simplicity it is pro-
posed to calculate the (fictitious) shear forces
on anchors using the same approach and the
same influence length as for tension loads.
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4 Behaviour of headed studs, undercut anchors and
metal expansion anchors in non-cracked and

cracked concrete

Headed studs, undercut anchors and metal
expansion anchors, regardless of their func-
tional differences (see section 2), exhibit many
similarities in load-bearing behaviour and they
are therefore addressed jointly in this section.

The equations given in this section describe the
mean failure load.

4.1 Non-cracked concrete
4.1.1 Tension load

To assess the load-bearing behaviour of an
anchor, we need to look at its load-displacement
behaviour, failure modes, and ultimate capacity.

4.1.1.1 Load-displacement behaviour and
modes of failure

Anchors typically exhibit four possible failure
modes when loaded in tension (Fig. 4.1). Each
of these four failure modes is characterised by a
unique load-displacement behaviour (Fig. 4.2).
The total displacement measured at the surface
of the concrete is made up of the displacement
of the anchor with respect to the surrounding
concrete (slip) plus the deformations in the base
material and the steel components of the anchor.

a) Pull-out and pull-through failure

Pull-out failure is characterised by the anchor
being pulled out of the drilled hole, whereby the
concrete in the immediate vicinity of the anchor
may or may not be damaged as well (Fig. 4.1a,).
For a displacement-controlled expansion
anchor this type of failure occurs when the
expansion force is insufficient to hold the
anchor at the installed embedment depth for the
load corresponding to concrete cone failure.
Curve a;, in Fig. 4.2 depicts representative
load-displacement relationship for a drop-in
anchor exhibiting pull-out failure. At the first
peak the static friction is exceeded, whereupon

the resistance drops and subsequent behaviour
is governed by sliding friction. Since the sur-
face of the drilled hole is typically uneven, the
load-displacement curve is also irregular. Pull-
out failure can also occur with torque-con-
trolled expansion anchors when follow-up
expansion of the anchor does not develop prop-
erly (see Fig. 4.2, curves a, , and a, ;). The ulti-
mate resistance that can be developed in these
cases depends on the degree of irregularity in
the surface of the drilled hole and cannot be pre-
dicted. As a consequence, this failure mode is
not permitted for torque-controlled expansion
anchors in some countries. In Europe, for exam-
ple, approval tests on such anchors must verify
that this failure mode will not occur (see section

b) Concrete cone failure

! i
| f}/jl A\\L!/y%r
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c) Splitting failure d) Steel failure

Fig. 4.1 Failure modes associated with tension loading
a) Pull-out and pull-through failure

b) Concrete cone failure

c) Splitting failure

d) Steel failure
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Fig. 4.2 Idealised load-displacement curves for tension-
loaded anchors exhibiting various failure modes
(after Fuchs, Eligehausen, Breen (1995))

14.2). Pull-out failure can occur with undercut
anchors and headed studs if the mechanical
interlock (bearing surface) is inadequate. The
load-displacement behaviour associated with
this case is represented by curve a, 4 in Fig. 4.2.

Pull-through (Fig. 4.1a,), whereby the cone is
pulled through the expansion sleeve, is a failure
mode unique to torque-controlled expansion
anchors that exhibit follow-up expansion. It is a
failure mode that is consistent with the correct
function of the anchor. The load-displacement
behaviour is similar to that exhibited by under-
cut anchors and headed studs failing by pull-out
(Fig. 4.2, curve a, ). The initial stiffness, ulti-
mate capacity, and displacement at ultimate
load depend substantially on the geometry and
construction of the anchor. The ultimate capac-
ity is, however, reduced compared with an
anchor of equal embedment failing by concrete
cone breakout.

b) Concrete cone failure

The concrete cone breakout failure mode is
characterised by the formation of a cone-shaped
fracture surface in the concrete (Fig. 4.1b,). The
full tensile capacity of the concrete is utilised.
Expansion anchors that develop sufficient

expansion force exhibit concrete cone breakout
provided they do not fail by pull-through or
steel rupture. Likewise, headed studs and
undercut anchors with an adequately large bear-
ing surface will generate concrete cone break-
out failures if the steel capacity is not exceeded.
A load-displacement curve characteristic of
concrete cone breakout failure is shown in Fig.
4.2, curve b. The load-displacement behaviour
is relatively non-ductile, but the deformations at
service load and at failure depend largely on the
anchor type (Fig. 4.3). In the tests represented
in Fig. 4.3, the installation prestressing force
was relaxed by loosening the nut or bolt prior to
loading. Fully expanded drop-in anchors exhibit
the smallest displacement of any expansion
anchor failing by concrete cone breakout (Fig.
4.3a) because the high expansion forces associ-
ated with these anchors prevent anchor slip.
Conversely, self-drilling anchors exhibit rela-
tively large displacements because the concrete
bearing pressures in the expansion zone are
very high. The displacement of torque-con-
trolled expansion anchors is increased by the
relative movement between the expansion cone
and anchor sleeve associated with follow-up
expansion. Undercut anchors and headed studs
transfer the tensile force into the base material
through bearing (mechanical interlock). Conse-
quently, for the same load, the amount of dis-
placement depends on the bearing contact area
and the initial fit between anchor and undercut
geometry (Fig. 4.3b).

If several closely spaced anchors are loaded
jointly in tension via a fixture, as in a baseplate
application, then an aggregated concrete cone
breakout may occur (Fig. 4.1b,). If an anchor is
installed near the edge of a concrete component
and loaded in tension to failure, the breakout
cone may involve the edge as shown in Fig.
4.1b,. Headed studs and undercut anchors
placed very close to an edge and loaded in ten-
sion may precipitate a local blow-out failure of
the concrete in the vicinity of the anchor head
(Fig. 4.1b,). In all of these cases the load-carry-
ing capacity of the anchor is diminished relative
to that associated with larger anchor spacing
and edge distances. The load-displacement
behaviour of anchors exhibiting these failure
modes generally corresponds to that of curve c
in Fig. 4.2, whereby the stiffness is unaffected,
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Fig. 4.3 Load-displacement curves for various
anchor types

a) Metal expansion anchors (Eligehausen,
Pusil-Wachtsmuth (1982))

b) Undercut anchors and headed studs

(Rehm, Eligehausen, Mallée (1988))

but the ultimate load is determined by the
anchor spacing and/or edge distance.

¢) Splitting failure

In general, anchor failure due to splitting of the
concrete occurs when the dimensions of the
concrete component are limited (Fig. 4.1c,), the
anchor is installed close to an edge (Fig. 4.1c,)
or a line of anchors are installed in close prox-
imity to each other (Fig. 4.1c;). The failure load
associated with splitting is reduced relative to
that corresponding to concrete cone failure, but
the load-displacement response is similar in
each case (Fig. 4.2, curve c).

d) Steel failure

Failure of the steel stud, bolt or sleeve (Fig.
4.1d) represents an upper limit on the achiev-
able load-carrying capacity of an anchor. A duc-
tile load-displacement curve results if the steel
is ductile and if sufficient bolt length is pro-
vided for the steel elongation to occur. A repre-
sentative load-displacement curve for a ductile
anchor failure is provided as curve d in Fig. 4.2.
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/
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!
!
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|
20 fN
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71
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—1
]
0 2 4 6 8 10
Displacement &y [mm]
Line| Type of anchor d a, e
[mm} { [mm] | [mm]
1 ] Headed anchor 22 6.5 80
2 | Undercut anchor 18 3.0 80

Note that this anchor has a larger embedment
depth (in order to assure steel failure and to pro-
vide the necessary bolt length) than the anchors
associated with curves a, b, and c.

As a consequence of the desire to maximise load
capacity for a given depth of embedment, most
anchor systems currently available exhibit con-
crete cone breakout when loaded in tension to
failure. Steel rupture rarely occurs and then only
in high-strength concrete. Pull-through failures
typically occur when torque-controlled expan-
sion anchors are equipped with smaller expan-
sion elements and a relatively small expansion
reserve (as, for example, in the case of wedge-
type anchors, see Fig. 2.19a;). Splitting of the
concrete during anchor installation can be
avoided by observing minimum anchor spacing,
edge distances and component dimensions.

Headed stud anchorages in general exhibit steel
failure, concrete cone failure or concrete split-
ting failure depending on steel grade, concrete
strength, embedment depth, thickness of com-
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ponent and spacing or edge distance. Pull-out
failure will occur only if the mechanical inter-
lock (bearing surface) is too small.

Anchors should be as stiff as possible in the ser-
viceability state in order to prevent loosening of
the fixture. On the other hand, visible displace-
ment of the anchor in the limit state is desirable
so that (a) imminent failure (overload) of the
anchor can be recognised and (b), in the case of
anchor groups, load redistribution to less highly
stressed anchors in the group can occur. For
anchors that typically exhibit concrete cone
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Fig. 4.4 Steel failure load for a tension-loaded anchor

group

a) Concentric tension load

b) Tension load and bending moment, distribution of
forces calculated according to elastic theory

c¢) Tension load and bending moment, distribution of
forces calculated according to plastic theory

breakout, or when splitting of the concrete is the
controlling failure mode, these two criteria can-
not necessarily be fulfilled. Some anchors
exhibit a more favourable behaviour than others
in this respect (Fig. 4.3). Where steel failure
controls, the ideal load-displacement behaviour
can only be guaranteed when the free bolt
length over which tensile strains are developed
is sufficiently large and the steel used is ductile.
In the pull-through failure mode, anchors may
behave in a pseudo-ductile fashion provided
they have an adequate expansion reserve. How-
ever, in all of these cases reduced anchor spac-
ing and edge distances can lead to concrete cone
failure with correspondingly brittle behaviour.

Owing to the unique load-displacement behav-
iour associated with individual anchors, only
anchors of one type and one size (diameter,
embedment) should be used in groups. Further-
more, excessive variations in the load-displace-
ment behaviour associated with the anchors
must be avoided if the ultimate capacity of the
group is to be maximised. For this reason, spe-
cific limits regarding variations in load-dis-
placement behaviour are included in Europe’s
approval procedure.

4.1.1.2 Failure load associated with steel
rupture

If anchor failure is characterised by rupture of
the steel, then the ultimate load N2, can be cal-

culated from the stressed cross-sectional area
and the tensile strength of the steel as follows:

Ny =41, @.1)

where:

A, = tensile cross-sectional area for threaded
parts or net cross-section of the headed
stud shaft

f, = measured tensile steel strength

Where headed studs are welded to an embedded
plate, the welded connection should be propor-
tioned to preclude failure of the weld prior to
reaching the stud ultimate strength as governed
by equation (4.1).

For anchor groups loaded with a tensile force
acting concentrically on a stiff fixture (Fig.
4.4a), the failure load of the group may be cal-
culated using equation (4.2):
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N, =n-N,, 42)
where:
n = number of anchors in group

If the tensile force acts eccentrically on a stiff
fixture, then the loads on the individual anchors
are generally calculated assuming elastic
behaviour (Fig. 4.4b), i.e. the anchor or stud
carrying the highest load determines the failure
load of the group. The failure load of the
anchors in tension for the example shown in
Fig. 4.4b is calculated using equation (4.3):

N, =2-Ny,-(1+2h) 4.3)
¥ ¥ a,
Given anchors with sufficient ductility (ade-
quate strained length and ductile steel), plastic
theory can be used for the analysis of eccentri-
cally loaded anchor groups. This approach dic-
tates that at ultimate all anchors in tension
develop the resistance given by equation (4.1)
(Cook, Klingner (1989)). For the example
shown in Fig. 4.4c, the failure load of anchors
in tension is calculated using equation (4.4):
0
N,,=4'N 4.4)

us

The necessary criteria for anchors to be consid-
ered ductile is dealt with in section 14.4.13.

The failure load of a group for a given eccen-
tricity e = M/N of the external action is calcu-
lated from the failure load of the anchors in ten-
sion either according to equation (4.3) or (4.4)
and the connection geometry.

The failure load associated with steel rupture is
not influenced by reinforcement in the concrete.

4.1.1.3 Failure load associated with
concrete cone breakout

a) General

The majority of mechanical and cast-in-place
anchor systems exhibit concrete cone breakout
at failure. The concrete breakout surfaces pro-
duced by mechanical anchor bolts and cast-in-
place headed studs are similar (Fig. 4.5a, b).
The slope of the fracture surface is not constant
as measured over the depth or the circumfer-
ence (Fig. 4.5¢c, d), and it varies from test to test.
The slope as measured from the horizontal and
averaged over the circumference lies between

a)

d)

Fig. 4.5 Concrete failure cones and sections through
concrete failure cones

a) Torque-controlled expansion anchor, hy = 130 mm

b) Headed stud, h,s = 520 mm

c) Headed studs h,; = 260 mm

d) Headed studs h,; = 520 mm

(a) after Rehm, Eligehausen, Mallée (1988),

(b—d) after Forschungs- und Materialpriifungsanstalt
Baden-Wiirttemberg (1985/1)
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30° and 40°, and is on average about 35° (Fig.
3.28). It tends to increase with increasing
embedment depth (Zhao (1993)). The slope of
the failure cone also depends on the stress con-
dition in the base material around the anchor-
age. Compressive or tensile stresses acting in
the concrete perpendicular to the direction of
the anchor load cause the slope of the failure
surface to be steeper or shallower, respectively.
Noting that the effective embedment depth, 7,
designates the distance between the surface of
the concrete and the end of the force transfer
zone (Figs. 4.7 and 4.8), the depth of the con-
crete breakout surface varies between 0.8 - /1, to
1.0 - h,; for mechanical expansion anchors. For
headed studs and undercut anchors the depth of
the failure surface tends to be equal to 4,

The literature contains numerous analytical
approaches, based on various assumptions, for
calculating the failure load associated with con-
crete cone breakout. In the approach according
to American Concrete Institute, ACI 349 (1990)
a 45° failure cone and a constant tensile stress
over the projected failure surface were selected
(Fig. 4.6a). The calculated failure loads corre-
late with the results of tests with a limited range
of embedment depths (Fig. 4.41). However, this
approach cannot be applied over the full range
of embedment depths because the size effect is
neglected (compare section 3.3.1, Fig. 3.19, and
Fig. 4.42) and the assumption of a constant ten-
sile stress over the failure surface deviates con-
siderably from the reality (see Fig. 3.27).

In Braestrup, Nielsen, Jensen, Bach (1976) yield
theory is employed to calculate the concrete cone
breakout load of headed studs. However, con-
crete in tension does not exhibit the elasto-plastic
behaviour assumed in this approach. Therefore,
an artificially low concrete tensile strength is
used to calibrate the calculated failure loads with
the test results considered.

A realistic analysis of the concrete cone break-
out load is only possible when the non-linear
behaviour of concrete in tension is taken into
account. Therefore, Pusill-Wachtsmuth (1982)
assumes that failure occurs when the tensile
stress in the concrete, calculated with the help
of elastic theory and averaged over the so-called
characteristic unit volume, equals the uniaxial
tensile strength. However, this method cannot

s 45°

a)

Fig. 4.6 Shape of concrete cone according to ACI 349

(1990)

a) Single anchor

b) Projected areas of a group of four anchors, large
spacing

c) Projected areas of a group of four anchors, small
spacing

be applied generally because the size of the
characteristic unit volume is not constant and
must be calibrated with test results. The failure
load associated with concrete cone breakout can
be realistically assessed with the help of non-
linear fracture mechanics. The corresponding
work in this area is described in section 3.3.1.
However, these numerical studies are relatively
time-consuming and elaborate, and the required
numerical analysis tools are not widely avail-
able. A more practical solution is to assess the
failure loads of anchors via empirically derived
equations that encompass theoretical models.
This approach has led to the development of the
CC (Concrete Capacity) Method (Fuchs, Elige-
hausen, Breen (1995/1) and (1995/2), Fuchs,
Eligehausen (1995)), which is described below.
In the US, this approach is termed CCD (Con-
crete Capacity Design) Method.

The CC-Method is based on the same mechan-
ical model as the k-Method, which is described
in detail in Rehm, Eligehausen, Mallée (1992).
The CC-Method visualises the k-factors in the
Kk-Method and is very user friendly.

b) Single anchors with large edge distance
subjected to axial tension loading

Figs 4.7 and 4.8 plot failure loads associated

with concrete cone breakout as a function of

anchor effective embedment depth. Repre-
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Fig. 4.7 Concrete cone failure loads of expansion
anchors and undercut anchors subjected to concentric
tension as a function of embedment depth (test results
after Fuchs, Eligehausen, Breen (1995))
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Fig. 4.8 Concrete cone failure loads of headed studs

subjected to concentric tension as a function of embed-

ment depth (test results after Eligehausen, Fuchs, Ick,
Mallée, Reuter, Schimmelpfennig, Schmal (1992) and
Eligehausen, Bouska, Cervenka, Pukl (1992))

sented are results of tests with expansion
anchors, undercut anchors with standard under-
cut dimensions, and headed studs, all conducted
with large spacing and edge distance. The tests
were conducted in concrete specimens of vary-
ing strength and as such, the measured failure
loads have been normalised via the concrete
tensile strength, assumed to be proportional
to f23,, to a concrete compressive strength
fee200= 25 N/mm?. Fig. 4.7 illustrates the results
of 519 test series and Fig. 4.8 represents 318
individual tests. The mean failure load may be
calculated as follows:

k
NS;‘ =k fc-(ifszoo ky - hjf ) hT3s (4.52)
of
=k-hy fooo N] (4.5b)
where:
k = 13.5 [N%3/mm?3] (expansion anchor)

(Eligehausen, Fuchs, Mayer (1987))
= 15.5 [N%5/mm°>] (headed stud)

(Eligehausen, Fuchs, Ick, Mallée,
Reuter, Schimmelpfennig, Schmal
(1992))

h, = embedment depth [mm]
(see Figs 4.7 and 4.8)

fec200 = concrete cube compressive strength
[N/mm?] at the time of the test

If in equation (4.5) the cylinder strength f, is
used instead of the cube strength f,.,,, We get
with f, = 0.85 - £, 50:

Ny, =K hy - £ N] 4.5¢)
where:
k* = 14.6 [N®/mm®?] (expansion anchor)

= 16.8 [N%5/mm?3] (headed stud)

In equation (4.5a) the factor k, - £23,, specifies
the concrete tensile capacity, k, - hZ; the surface
area of the concrete failure cone, and &; / h;the
size effect, whereby the largest possible size
effect predicted by linear fracture mechanics is
assumed. The size effect predicts that at ulti-
mate load the tensile stresses in the concrete
averaged over the fracture surface decrease as
the thickness of the component increases. It
applies not only to the anchorage problem but
more generally to concrete subjected to tensile
strain gradients, as exemplified by flexural
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stresses in non-reinforced beam sections,
punching shear and shear in beams and slabs
without shear reinforcement. The size effect
was verified with fracture mechanics in a gen-
eral sense by Bazant (1984), and for anchors by
Sawade, Eligehausen (1989), Eligehausen,
Ozbolt (1990) and Ozbolt (1995) (see section
3.3.1). Equation (4.5) is a simplification of
equation (3.5).

The failure load as given by equation (4.5)
depends solely on the concrete compressive
strength (as a placeholder for the concrete ten-
sile capacity) and the embedment depth. Test

Number of tests

results indicate that the diameter of the anchor
has no significant influence.

Evaluation of test results indicates that headed
studs produce failure loads approximately 15%
higher than those developed by expansion
anchors.

This is due to the favourable influence of the
head, which theoretically results in a larger frac-
ture surface for a given embedment depth, and
lower stresses in the concrete in the force trans-
fer zone. Undercut anchors that produce a suffi-
ciently large undercut area can match the con-
crete cone breakout failure loads of headed studs.

120 n = 519 test series with > 3 tests

Mo 006
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Fig. 4.9 Histogram of measured to calculated concrete cone failure loads for anchors

subjected to concentric tension
a) Expansion anchors, test data corresponding to Fig. 4.7
b) Headed studs, test data corresponding to Fig. 4.8
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Fig. 4.10 Ratio of measured to calculated concrete cone failure loads for anchors
subjected to concentric tension (test data corresponding to Fig. 4.7)

a) As a function of embedment depth
b) As a function of concrete compressive strength

The ratio N (test)/N,(calculation) exhibits a
normal distribution (Fig. 4.9). The average
value is X ~ 1.0, with coefficients of variation
v ~23% (expansion anchors) and v~ 18%
(headed studs). These values are greater than
the scatter associated with measurements of
concrete tensile strength. The increased scatter,
especially for the expansion anchor data base,

can be attributed to the fact that several differ-
ent anchor systems are represented in the tests.
In addition, the tests were conducted in speci-
mens made from a range of concrete mix
designs. In tests with one type of anchor in one
concrete type, the scatter of the failure loads
(v < 10%) corresponds roughly to that associ-
ated with the concrete tensile strength.
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Fig. 4.11 Ratio of measured to calculated concrete
cone failure load of headed studs (test data corres-
ponding to Fig. 4.8)

a) As a function of embedment depth

b) As a function of concrete compressive strength

The ratio of measured to calculated failure loads
for expansion anchors is plotted in Fig. 4.10 as
a function of the embedment depth (Fig. 4.10a)
and of the concrete compressive strength (Fig.
4.10b). Fig. 4.11 is valid for headed studs.
Analysis of the data reveals that the failure
loads are distributed roughly evenly above and

below a line corresponding to N (test)/N (cal-
culation) = 1, indicating that the influence of
these parameters on the concrete cone breakout
failure load is correctly assessed in equation

(4.5).

To date, the validity of equation (4.5) has been
experimentally verified for embedment depths
h,up to 525 mm. However, as equation (4.5) is
based on linear fracture mechanics and there-
fore takes into account the largest possible size
effect, it is equally well suited to larger embed-
ment depths (Fig. 3.19b).
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Equation (4.5) has been experimentally verified
for the concrete strength range 13 N/mm? < f,
< 60 N/mm?, i.e. for concrete grades C12/15 to
C60/75. Tests with undercut anchors are
described in Zeitler, Worner (1995), with con-
crete strengths ranging from f, = 30 N/mm? to
f. = 110 N/mm?. These test results indicate that
the concrete cone breakout failure load rises
roughly in proportion to f27. In studies by
Sawade (1994) and Ozbolt (1995) the concrete
cone breakout failure load was found to be pro-
portional to (E, - G)** (see Fig. 3.29). Accord-
ing to Remmel (1994) E, increases in proportion
to f%7 and G, is approximately constant for
f. 2 70 N/mm? (see Fig. 3.8b). Therefore, the
concrete compressive strength can be expected to
have less of an influence on the concrete cone
breakout failure load in high-strength concrete
than in low-strength concrete. This was con-
firmed in tests conducted by Primavera, Pinelli,
Kalajian (1997). Their results indicate that the
increase in concrete cone breakout failure loads
of headed studs and undercut anchors is less than
proportional to £7° as the concrete compressive
strength ranges from f. = 40 N/mm? to f, =
70 N/mm? The apparent differences in the
results of Zeitler, Wérner (1995) and Primavera,
Pinelli, Kalajian (1997) may be accounted for by
differences in concrete composition. However,
pending clarification of the relationship, it is rec-
ommended that the concrete cone breakout fail-
ure load be calculated using equation (4.5), but to
restrict its application to concrete grades < C 70.

Analysis of the existing data indicates that post-
installed anchors with the same embedment
depth in concrete of the same compressive
strength achieve similar concrete cone breakout
failure loads regardless of whether the load
is transferred to the base material by means
of friction (torque- or displacement-controlled
expansion anchors), mechanical interlock
(undercut anchors with standard bearing area)
or a combination of these two principles (self-
drilling anchors). Note that this applies only to
anchors installed in non-cracked concrete as
discussed in this section.

Equation (4.5) applies to expansion anchors for
which the expansion force is matched to the
design embedment depth in such a way that
concrete cone breakout precedes pull-out of the

anchor. For each diameter of a given anchor
type there is an associated embedment depth
corresponding to concrete cone breakout. Theo-
retically, if an expansion anchor is installed
deeper than the embedment associated with ful-
filment of this criterion, the failure load does
not increase further. Either the anchor slips in
the hole until a concrete cone failure takes place
at a correspondingly reduced embedment depth,
or, in the case of torque-controlled expansion
anchors, the cone may be pulled through the
sleeve (pull-through failure). In practice the
failure loads associated with deeper set anchors
are generally higher (Fig. 4.12) because the
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Fig. 4.12 Failure load as a function of embedment
depth for anchors installed at increasing embedments
and loaded in tension ((a) after Eligehausen, Pusill-
Wachtsmuth (1982), (b) after Eligehausen, Okelo (1996))
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expansion force, which may be affected by
varying concrete properties, hole tolerances and
local defects in the concrete, is rarely matched
precisely to the design embedment depth. For a
torque-controlled expansion anchor of a given
diameter, the limit on load-carrying capacity
with increasing embedment is represented by
pull-through (Fig. 4.12b) or steel rupture. How-
ever, additional embedment may be beneficial
because the displacements associated with peak
load are increased.

If the concrete bearing stress generated in the
load transfer zone of undercut or headed
anchors at peak load exceeds a limiting value,
the failure load will be reduced as a conse-
quence of increased displacement (and corre-
sponding reduction in the effective embedment
depth) as compared to the value predicted by
equation (4.5) (see section 4.1.1.5).

Local flaws in the concrete and abandoned bore
holes exert a minor influence on the concrete
cone breakout load, provided they are not
located in the direct vicinity of the load transfer
zone. As a rule, empty holes in the concrete
should be filled completely with cement grout
or a synthetic resin mortar if they are nearer
than twice the hole diameter to the anchor loca-
tion (Burdette, Sen, Ismen (1982)).

¢) Anchor groups with large edge distance
subjected to axial tension loading
Consideration of the overlap of failure surfaces
is a convenient way of measuring the effect of
spacing on ultimate capacity. The concrete cone
breakout load given by equation (4.5) assumes
that a sufficient volume of concrete is available
for each anchor to develop its full capacity. If,
however, anchors are grouped such that the
individual failure cones overlap or a common

|

Fig. 4.14 Concrete cone failure surface (idealised)
(after Fuchs, Eligehausen (1995))

failure cone develops (Fig. 4.13), the failure
load is reduced with respect to the sum of the
individual anchor maximum capacities as deter-
mined by concrete cone breakout.

For the purpose of evaluating the effect of anchor
spacing on group capacity, the slope of the con-
crete failure surface measured with respect to the
surface of the concrete may be taken as approxi-
mately 35°, defining a projected surface whose
diameter is approximately three times the
embedment depth (Fig. 4.14). This implies that
the distance between individual anchors or
headed studs should be at least s = 3 - i, to prev-
ent overlap of the individual failure surfaces
(Fig. 4.15a). If this condition is met, a group of n
anchors or headed studs subjected to a concentric

Fig. 4.13 Concrete cone failure of a group of four undercut anchors

(Rehm, Eligehausen, Mallée (1988)
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Fig. 4.15 Influence of anchor spacing on shape of con-
crete cone failure surface of a group with two anchors
loaded in tension (idealised) (after Fuchs, Eligehausen
(1995))

a) Large spacing, b) Small spacing

tension load should be able to carry n times the
failure load of one anchor calculated according
to equation (4.5). This assumes that the tension
load is distributed evenly to all anchors, e.g. via
a stiff fixture. If the spacing s of the anchors
within a group is s <3 - h,, (Fig. 4.15b), then the
concrete failure surfaces overlap and the failure
load is reduced.

The concrete cone failure load of multiple
anchors with a spacing s <3 - /. can be readily
calculated using the CC-Method (Fuchs, Elige-
hausen (1995), Fuchs, Eligehausen, Breen
(1995)) as follows:

A
N, =—-N,, [N] (4.6)

uc
¢ N

where:

Al = projected area of a single anchorage
with large spacing and edge distance
with the concrete cone idealised as a
pyramid of height h and base length
ey =3+ hyp (Fig. 4.14)

= 9h3 /

A.y = projected area of the concrete cone
for the anchorage under consideration,
limited by the overlap of the individ-
ual concrete cones of adjacent
anchors (s <) and the edges of the
component (¢ < c,,y). Fig. 4.16 pro-
vides examples for the calculation of
A('.N

S,y = spacing required to allow the forma-
tion of an unrestricted concrete cone,
i.e. development of the tension resis-
tance of one anchor according to
equation (4.5)
= 3. hz{f

¢,y = edge distance required to allow the
formation of an unrestricted shear
cone, i.e. development of the tension
resistance of one anchor according to
equation (4.5)
= 1.5 h,

N, as per equation (4.5b) or (4.5¢c)

The factor A, / A , takes into account the geo-
metrical influence of anchor spacing on the con-
crete cone breakout load. It is assumed that the
failure load increases in proportion to the area
Ay

The embedment depth in equations (4.5) and
(4.6) for anchorages with headed studs welded
to an embedded fixture is to be taken as the dis-
tance between the surface of the concrete and
the bearing surface of the head provided that the
fixture lies fully within the projection of the ide-
alised concrete cone (Fig. 4.17a). If this condi-
tion is not satisfied, then the embedment depth
should be taken as the distance between the
bearing surface of the head and the inside face
of the fixture (Fig. 4.17b).

Fig. 4.18 compares measured concrete cone
failure loads with calculated values using equa-
tion (4.6) for pairs of anchors. At a spacing
s =3+ h,the failure load of the pair corresponds
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Ac,N = (Scr,N+S) Scr,N
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1 — > i 08 SC"N1 Fig. 4.17 Definition of embedment depth for anchors

attached to a cast-in-place baseplate
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Fig. 4.16 Definition of projected area for groups of
anchors in tension and with large edge distance
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Fig. 4.18 Influence of anchor spacing on the concrete cone failure load of groups with two anchors subjected to
concentric tension (after Eligehausen, Fuchs, Mayer (1987))
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Fig. 4.19 Influence of anchor spacing on the concrete cone failure loads of groups with four anchors subjected to
concentric tension (test data from Eligehausen, Fuchs, Mayer (1987) (expansion anchors) and Eligehausen, Fuchs, Ick,
Mallée, Reuter, Schimmelpfennig, Schmal (1992) (headed studs))

to two times the failure load for one anchor. At
the theoretical limit state of s = 0, the concrete
cone corresponding to one anchor is developed
and the failure load for the group corresponds
to that for one anchor. According to the CC-
Method, a linear relationship is assumed
between these two limits. Fig. 4.18 indicates
that this approach is conservative.

Number of tests

n=_82
x= 0.96
v=21%

Fig. 4.19 compares the concrete cone failure
loads of square groups with four expansion
anchors or headed studs as a function of spacing
relative to the embedment depth. Fig. 4.20 gives
the frequency distribution of measured to calcu-
lated concrete cone failure loads for the tests in
Fig. 4.19, while Fig. 4.21 plots these ratios as
a function of the embedment depth /4. Taken

N, (test) / N, (calculation)

Fig. 4.20 Histogram of measured to calculated concrete cone failure loads of groups with
four expansion anchors and headed studs (test data corresponding to Fig. 4.19)
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Fig. 4.21 Measured to calculated concrete cone failure loads of groups with four anchors or headed studs in relation

to embedment depth (test data corresponding to Fig. 4.19)

together, Figs. 4.19 to 4.21 indicate that equa-
tion (4.6) describes the mean failure load with
sufficient accuracy for practical applications.

Fig. 4.22 illustrates the relationship between
measured and calculated failure loads for
groups of headed studs, arranged orthogonally,
with embedment depth hef = 185 mm, in rela-
tion to the spacing s, of the outer studs. The
number of studs in each group ranged from 4 up
to 36 and the spacing of the individual studs
was varied between 100 mm and 400 mm. Con-

centric tension was applied in a manner that
assured equal distribution of load to all anchors,
and all failures were characterised by concrete
cone breakout. That equation (4.6) is suffi-
ciently accurate to describe these cases is indi-
cated by Fig. 4.22.

Equation (4.6) also applies to fastenings with
any number of expansion anchors, undercut
anchors or headed studs. The individual spacing
within the group can be constant (Fig. 4.23a, b)
or may vary (Fig. 4.23c). Conditions which
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3
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0 100 200 300 400 500 600 700 800 900 1000
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Fuchs, Ick, Mallée, Reuter, Schim-

s, [mm} melpfennig, Schmal (1992))
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Fig. 4.23 Examples of group anchorages d)

must be fulfilled are as follows: (a) the fixture
must be sufficiently stiff in order to assure an
even distribution of applied concentric tensile
force to all anchors or headed studs and (b) the
spacing between all individual anchors must be
less than the characteristic value s, =3 - h,,. If
the distance s, or s, is larger than s, then a
common concrete cone will not be developed. If
as shown in Fig. 4.23d the distances s, , and s,,
are both greater than s, =3 - h,, the applica-
tion reduces to four independent groups with
four anchors whose failure loads must be calcu-
lated separately.

d) Anchors near an edge subjected to axial
tension loading

If anchors are positioned near a free edge, then

a complete concrete cone cannot form (Fig.

4.24). This reduces the failure load.

Fastenings near the edge of a component should
be positioned at a distance from the edge equal
to at least half the diameter of the failure cone
(¢ > 1.5h,y) (Fig. 4.252) in order to develop the
failure load predicted by either equation (4.5)

St
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Fig. 4.24 Concrete failure cone of a large headed stud
located near the edge and loaded in concentric tension
(Forschungs- und Materialpriifungsanstalt Baden-Wiirttem-
berg (1985/1))

for single anchors or equation (4.6) for anchor
groups. In theory, a smaller edge distance will
result in truncation of the concrete cone as
depicted in Fig. 4.25b with a corresponding
reduction in failure load. In the CC- Method the
concrete cone breakout load is calculated using
equation (4.7):
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A,
==y Ny IN] C%))

where:
Yy = 07+03-¢c/c,y<1.0 (4.7a)
Corn » A » A2 N2, see equations (4.5) and (4.6)

If more than one edge is involved (e.g. a fasten-
ing in a corner or in a narrow member), the
smallest edge distance c is used in equation
(4.7a).

The factor A, / A%  takes into account the geo-
metric influence of anchor spacing and edge
distance on the concrete cone failure load. At
c=1.5- hgf the full concrete cone is developed,
whereas at the limit condition of ¢ = 0 the con-
crete cone is theoretically reduced in volume by
50%. Examples of projected area A,y calcula-
tion for anchors proximate to an edge are shown
in Fig. 4.26.

The rotationally symmetric stress condition
produced in the concrete by a tension loaded
anchor away from an edge is disrupted when the
edge distance is reduced (Fig. 4.27). This leads
to a further reduction in the failure load as rep-
resented by the factor v,  in equation (4.7a). In
terms of the stress field generated in the con-

AV
: 73 1 E
=S 55| < o <
oita = DN
15hy 1 15y c<1.5hy
: }
a) b)

Fig. 4.25 Influence of edge distance on the shape of
the concrete cone failure surface for a single anchor
loaded in tension (idealised) (after Fuchs, Eligehausen
(1995))

a) Remote from an edge, b) Close to an edge

A= (Cont C) (2 Ccr,N)
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[ Agn= (Cornt €+ 8) (G N+ o+ S)
Cyy €S Cq = 1,5y
o
@ SW' SZ < S<:r‘N = 3'O hel
&
b)

Fig. 4.26 Projected area for near-edge anchorages
loaded in tension
a) Close to an edge, b) In a corner

Fig. 4.27 Distribution of forces in the concrete
anchorage zone of a headed stud
a) Remote from an edge, b) Close to an edge
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Fig. 4.28 Influence of edge distance on the concrete cone failure load under tension (tests according to Eligehausen,
Fuchs, Mayer (1987) (post-installed anchors) and Eligehausen, Fuchs, Ick, Mallée, Reuter, Schimmelpfennig, Schmal

(1992) (headed studs))

crete, tension loaded anchors positioned near a
free edge can be compared to anchors located in
cracks (see section 4.2.1.3). Comprehensive
analysis of test results by Eligehausen, Balogh
(1995) and the numerical analyses of Elige-
hausen, Ozbolt (1992) have demonstrated that
concrete cone breakout loads in cracked con-
crete are roughly 70% of the values developed
in non-cracked concrete. Therefore, y, , = 0.7 is
assigned to the limit case of ¢ = 0 (maximum
disruption of rotationally symmetric stress con-
dition), and ;= 1.0 for ¢ 2 1.5 - hef (no dis-
ruption of stress condition), with a linear rela-
tionship assumed between these two limits. For
anchors positioned in a corner or in a narrow
member, the determination of ¥/,  is simplified
by using the smallest edge distance.

Fig. 4.28 shows failure loads for single expan-
sion anchors and single headed studs divided by
the value predicted by equation (4.5), plotted as
a function of edge distance over embedment
depth. The frequency distribution is shown in
Fig. 4.29. All tests represented in these figures
resulted in concrete cone breakout. Equation
(4.7) (solid line in Fig. 4.28) predicts the con-
crete cone breakout load of anchors positioned
near an edge with sufficient accuracy. The ratio

of measured to calculated failure loads is, on
average, approximately 1.04 (Fig. 4.29). The
scatter of the test results is large (v = 26 %). Pre-
sumably this is due to different concrete mixes
used in the tests and variations in internal ten-
sile stresses resulting from shrinkage of the con-
crete.

It should be noted that minimum edge distances
must be maintained for cast-in-place headed
studs in order to ensure good concrete place-
ment. Minimum edge distances are required for
post-installed expansion and undercut anchors
to prevent splitting during anchor installation
(see section 4.1.1.6).

e) Anchor groups subjected to eccentric
tension loading or moment

The foregoing discussion has been limited to
anchor groups in which all anchors share the
applied load equally. In practice, however,
unsymmetrical actions also may occur, e.g.
bending moments or eccentric tension loads
acting on a fixture. Riemann (1985) offers a
method of estimating the failure load associated
with eccentric tension loads in cases where the
fixture may be assumed to be rigid. This
approach is described by way of example con-
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Fig. 4.29 Histogram of measured to calculated concrete cone failure loads for tension-loaded expansion anchors and
headed studs close to an edge (tests according to Fig. 4.28)

sidering a pair of anchors with edge distance
c2>21.5- hef (Fig. 4.30). In the figure, R is the
resultant of the forces in the anchors which are
caused by an external load.

Equation (4.6) applies to a concentric load (Fig.
4.30a). If the resultant tensile force R is applied
directly in line with the anchor (Fig. 4.30c)
and the projection of the fixture is neglected,
then the failure load of the group corresponds to

]
!
2z

_ Ac,N 0 AC_N
Nu,c ASN Nuc Nu,c - ASN '\Pec,N
_ 1
N 1426,/ 5,
a) b)

1o
: Nu,c

the value of a single anchor regardless of the
spacing. If the resultant tensile force is applied
at any other position within the group (Fig.
4.30b), then the failure load for the group may
be assumed to follow a hyperbolic progression
between the extreme cases a and c. Thus the
influence of the eccentricity of the resultant ten-
sile force on the failure load of a group can be
taken into account by multiplying the concrete

c)

Fig. 4.30 Accounting for the eccentricity of the external load in the CC-Method (after Riemann (1985))
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cone failure load derived from equation (4.7) by
an additional factor y,. , as follows:

A,
Nur = AON ' l//xN : l//eL'N : NI?L [N] (48)
N
where:
Veen = ! 1.0 (4.82)

—F <
1+2-ey /s,y
distance between the resultant tensile
force and the geometric centroid of
the tension-loaded anchors. Where
there is an eccentricity in two direc-
tions (see Fig. 4.33a), then equation
(4.8a) is used to calculate y,., for
each axis separately and the product
of both factors is used in equation
(4.8)

Serv > Aen s Aly s Wy » NO,, are according to
equations (4.5) to (4.7)

In equation (4.8a) it is the internal lever arm e,
of the resultant tensile force corresponding to
the tension-loaded anchors that applies. Note
that in the cases where a compressive force is
induced in the concrete via the fixture, the inter-
nal lever arm ey, differs from the external eccen-
tricity e of the tension load applied to the fix-
ture. This is illustrated in Fig. 4.31 for a line
anchorage.

A further case arises when some of the anchors
in the group are located in the compression zone
generated by the applied moment or eccentric

Fig. 4.31 Definition of inner and outer eccentricity for
a row of anchors (Fuchs, Eligehausen (1995))
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Fig. 4.32 Example for the eccentricity of tensile force
resultant corresponding to an external moment
(Eligehausen, Mallée, Rehm, (1997))

tension load. Then the eccentricity of the resul-
tant anchor tensile force is derived with respect
to the centre of gravity of the tension-loaded
anchors only (Fig. 4.32). The same applies if the
anchors are detailed such that they can resist
compression loads (i.e. with levelling nuts).

If there is an eccentricity about two axes and the
tensioned anchors do not form a rectangular
pattern, the eccentricities of the resultant tensile
force in both directions are derived with respect
to the centre of gravity of the tension-loaded

[ ] ;S N 5
- {Ej}%

1
[ Sy i S4
T
a) Area under compression

en,1
° ¢ N @
|
e —— 1 %s
S|
K,
Sy ‘ Sy
b) Sm

@ Tensioned fasteners

Fig. 4.33 Anchors a) subjected to an obliquely eccen-
tric tension load, and b) imaginary rectangular array for
purpose of determining tension resultant location
(Eligehausen, Mallée, Rehm (1997))
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Fig. 4.34 Influence of eccentricity of tensile force on
the concrete cone failure load for a pair of anchors
(after Riemann (1985))

anchors (Fig. 4.33a) and the area A_j is calcu-
lated for the tensioned anchors. In this applica-
tion, for reasons of simplicity, the group of ten-
sioned anchors may be resolved into a group
rectangular in shape, that means the centre of
gravity of the tensioned anchors may be
assumed in the centre of gravity of the resolved
group (Fig. 4.33b). Furthermore the area A is
calculated for all anchors of the resolved group.
This approach should represent a conservative
simplification.

Fig. 4.34 shows the concrete cone failure load
of a pair of anchors in relation to the eccentric-
ity of the tensile force as predicted by Riemann
(1985). In deriving the loads carried by the indi-
vidual anchors, the projection of the fixture was
neglected. For large anchor spacing (s 2 s,,),
the failure load of the group decreases with
increasing eccentricity down to 50% of the
value corresponding to a concentrically applied
load. The effect of the eccentricity lessens con-
siderably for decreased anchor spacing.

The expression for y,,.  as proposed in equation
(4.8a) was chosen based on the punching shear
analysis of eccentrically loaded flat slabs as
described in Moe (1961). Tests conducted by
Zhao (1993) indicate that it is conservative.
This is demonstrated by Fig. 4.35. It compares
predicted versus measured effects of the eccen-

Fig. 4.35 Ratio of failure loads for an eccentrically
loaded row of four headed studs to value for concentric
loading as a function of related internal eccentricity, com-
parison of measured and calculated values (after Zhao
(1993)

tricity of the tension-loaded anchor resultant on
the concrete cone failure load in the case of a
line anchorage of four headed studs welded to a
rigid fixture. The headed studs are located in
non-cracked concrete and the eccentricity ey
of the external tensile force is varied between
ey=0and ey, = 0.5 - 5, The tensile forces in the
individual anchors as required for derivation of
the internal lever arm ey, are calculated assum-
ing uniform anchor axial stiffness and elastic
behaviour. Further tests on square shaped
groups with four headed studs loaded eccentri-
cally with respect to both axes (Zhao (1993))
indicate that equation (4.8) provides conserva-
tive predictions of ultimate capacity for this
case as well.

Note that equation (4.8) is only valid if the flex-
ural stiffness of the fixture with respect to the
anchor axial stiffness is large, i.e. if the fixture
is rigid. Furthermore, it will provide accurate
predictions of ultimate capacity only if the
anchor load distribution is calculated according
to elastic theory.

When a fastening consisting of two anchors is
subjected to a bending moment, a couple is set
up consisting of a tensile force in the anchor and
a compressive force beneath the fixture. This is
shown in Fig. 4.36 for a fastening with headed
studs welded to the fixture. If the tensile force
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Fig. 4.36 Influence of an externally applied moment on

the concrete cone failure load of studs welded to an
anchor plate (after Zhao (1993))

in the anchor exceeds the concrete cone break-
out capacity, then a concrete cone failure will
result. In this situation, however, the concrete
cone failure load may be influenced by the adja-
cent compression stress block beneath the fix-
ture. This case was investigated by Zhao
(1993). If the distance between the resultant
tension and compressive forces is larger than
the radius of the theoretical concrete cone, i.e.
z2>21.5- hef, then the concrete cone failure load
should not be influenced by the compressive

force beneath the fixture (Fig. 4.36a). With a
smaller inner lever arm, however, the develop-
ment of the concrete cone is partially restrained
by the compressive force (Fig. 4.36b), thus
increasing the concrete cone failure load. The
smaller the distance between the resultant ten-
sile and compressive forces, the greater the
increase in the load required to precipitate con-
crete cone failure.

Figure 4.37 shows the ratio of experimentally or
numerically obtained failure loads of groups of
headed anchors loaded by normal force and
bending moment and the values calculated in
accordance with equation (4.8) — which neglects
the influence of the compression stresses beneath
the fixture — as a function of the internal lever
arm 7 related to the embedment depth. The lever
arm was calculated according to the theory of
elasticity assuming a stiff fixture. Zhao (1993)
tested groups with four headed anchors under
bending moment and shear force in one direc-
tion. Varga, Eligehausen (1995, 1996) performed
tests with groups with four and nine headed
anchors under tension force and bending moment
in one direction as well as tests on groups of four
anchors under tension force and bi-axial bending
moments. Bruckner, Eligehausen, Ozbolt (2001)
analysed numerically the behaviour of groups
with four anchors under bending moment in one
direction using the non-linear Finite Element
program MASA which is well suited to predict
concrete failure.
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"""" Bruckner et al. (2001)
2.25 X ) ) H
\ — I%llgehausen { Fichtner (2003)
2.00 +— \ \
.. \
1.75 SN e R
1.50 \ 2
(o2 IS . F \ .
1.25 Y L) 3
SR Y
1.00 3 2 -
*
0.75
0.00 0.50 1.00 1.50 2.00 2.50 3.00
z/hgs
Fig. 4.37 Influence of bending compression force under the baseplate on the concrete cone failure load as a function

of ratio internal lever arm to embedment depth (Eligehausen, Fichtner (2003))
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In literature three proposals are given to con-
sider the influence of compression stresses
beneath the fixture on the concrete cone failure
load. The results of these proposals are also
plotted in Fig. 4.37. Zhao (1993) assumes that
for groups with s 2 1.5 - h,, the influence of the
compression stresses is negligible while for
z/ h,= 0 the concrete cone failure load is infi-
nitely large. In Fig. 4.37 it is assumed that the
internal lever arm z coincides with the spacing
s. The proposal by Bruckner, Eligehausen,
Ozbolt (2001) describes the lower bound of the
test results while Eligehausen, Fichtner (2003)
predict the test results with sufficient accuracy
(Fysest | Foycare = 1.1 with a coefficient of varia-
tion v = 15%). Following the proposal of Elige-
hausen, Fichtner (2003) the concrete cone fail-
ure load can be calculated in accordance with
equation (4.9).

N, = ii;” Yoy Wen Wy Noo IN] (49)
cN

where:

Yy = 1.02 s forz/h,21.5

YN = T/hgf forz/h,<1.5

z = internal lever arm calculated in accor-

dance with the theory of elasticity

The results plotted in Fig. 4.37 are valid for fas-
tenings with large edge distances. For fasten-
ings close to an edge two cases should be dis-
tinguished which are plotted in Fig. 4.38. If the
compression force between baseplate and con-
crete is closer to the edge than the tensioned
anchors (Fig. 4.38a), the formation of the con-
crete cone is restrained by the compression
force and equation (4.9) is valid. However, if
the tensioned anchors are located closer to the
edge than the compression force (Fig. 4.38b),
the failure mechanism is dominated by the

Fig. 4.38 Anchorage with two anchors perpendicular
to the edge loaded by a bending moment

crack running towards the edge. Therefore the
influence of the concrete compression force on
the cone failure load may be much smaller than
in the applications discussed above and should
be neglected.

f) Influence of reinforcement near the
surface of the concrete

For simplicity, the presence of reinforcing steel
in the concrete has been neglected in sections
4.1.1.3ato 4.1.1.3e. While structural concrete is
typically reinforced, the presence of orthogonal
reinforcement near the surface of slabs and
walls does not typically increase the tension
capacity of anchors because its orientation per-
pendicular to the direction of the force does not
provide sufficient stiffness relative to that of the
concrete in diagonal tension. It can in some cir-
cumstances give rise to ductile post-cracking
behaviour if the concrete cone is sufficiently
engaged by the reinforcement, however, this
occurs only if the reinforcement is closely
spaced and is further engaged by stirrups
(Rehm, Pusill-Wachtsmuth (1979)).

Anchoring headed studs or expansion anchors
in the concrete cover zone or near the surface
reinforcement can in fact have a detrimental
effect on the concrete cone failure load. In such
cases the bond stresses (tensile hoop stresses)
associated with the reinforcing bars overlap
with the tensile stresses generated by the
anchorage. Furthermore, the presence of the
reinforcement may act as a discontinuity and
effectively reduce the volume of concrete avail-
able to transfer tensile forces precisely in a zone
where the concrete strength, particularly in
heavily reinforced sections, is often inferior.
These influences can be taken into account by
an additional factor, the so-called spall factor
(equation (4.10a)), developed by Eligehausen,
Fuchs, Lotze, Reuter (1989). Equation (4.10a)
was derived for anchors in cracked concrete
(see section 4.2.1.3) and is conservative for
anchors in non-cracked concrete.

N,, =2 N’ N
uc A() ‘Wlewe(?,N'wmlv/reN' ue [ ](410)
cN

where:
Yen = 0.5+h,/200<1.0 (closely

spaced reinforcing bars) (4.10a)
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V,.n = 1.0 (widely spaced rein-

forcing bars) (4.10b)

h(,f = embedment depth [mm]

Aoy Alys Viws Veenr Yr N,
equations (4.5) to (4.9)
For the purposes of this expression, the rein-
forcing bars are assumed to be widely spaced
when the tensile stresses in the concrete due to
the bond effect of the reinforcing bars and due
to the load introduced via the anchor are no
longer in superimposition. As a simplification it
may be assumed that this is the case for rein-
forcing bars at a spacing s = 100 mm for bar
diameters approximately equal to or less than
10 mm, or alternately s = 150 mm for bar diam-
eters greater than 10 mm.

9.are according to

g) Special cases

If the development of the concrete cone is con-
strained by the presence of three or more edges
with ¢,,,, < 1.5 b (c,,, = largest of the edge
distances), then equations (4.7) to (4.10) may be
used to conservatively predict the concrete cone
failure load (Eligehausen, Balogh, Fuchs,
Breen (1992)). This is illustrated with the case
of a single tension-loaded anchor embedded in
the end of a square concrete column (Fig.
4.39a). The projected area A,y is constant for
¢ < 1.5-h, and amounts to A, =(2-c)"
Hence, the failure load as predicted by equation
(4.7) becomes:

4.2

0.5 15
NWZ9 e [07+O3 157, ]k'fcczoo'hef =

of

This implies that the concrete cone failure load
is inversely proportional to hJ?. However, in
reality the failure load must be constant for all
embedment depths 4, > 1.5 - ¢ since the con-
crete fracture surface comprises the same area
regardless of the embedment. More accurate
results are obtained if in equation (4.5b) or
(4.5¢) respectively the embedment depth 7, is
replaced by

h;’f= max(cmax/l's; Smax/3) (411&)

and in equations (4.7a) and (4.8a) the values
S.v and ¢, are replaced by

uN =2 cu NT= 3 h;f (411b)

a)

b)

Fig. 4.39 Determination of the effective embedment

depth (taken from Fuchs, Eligehausen (1995))

a) For a single anchor in tension with three proximate
edges (Cpux < 1.5 hyp)

b) For a pair of anchors in tension with four proximate
edges (Cpux < 1.5 hyp)

1

05
hy

Furthermore when calculating A% and A, as
per Figs. 4.14, 4.16 and 4.26 the Values hy s P
and c,,  should be replaced by 7, 5., , and ¢, y.

Taking the example shown in Fig. 4.39a we
obtain a concrete cone failure load N, for A, =
¢/1.5 that is not dependent on the embedment
depth as follows:

4»-(,'2 C
N =——07+03 ——— |
ur 9~(c/1.5)2( 1.5-c/1.5)

k- fc‘?‘é()() (c/1,9"

=11k 250 (c/1.5)"
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The above method may also be applied to
anchor groups as shown in Fig. 4.39b.

h) Influence of hanger reinforcement
(hairpins and stirrups)

The provision of hanger reinforcement in the
form of stirrups or hairpins located directly
adjacent the anchor load-transfer zone and ade-
quately anchored in the anticipated failure cone,
as well as in the surrounding concrete (Fig.
4.40), can substantially increase the tension
failure load and provide increased ductility
(Rehm, Schlaich, Schdfer, Eligehausen (1985)).
Typically, tension hanger reinforcement is prac-
tical only for cast-in-place anchors, and it may
generally be more effective to simply increase
the embedment depth of the anchors by a suit-
able amount, thereby providing a more direct
load path.

Fig. 4.40 Group of anchors with hanger reinforcement
(stirrups) (Rehm, Eligehausen, Mallée (1992))

The load-bearing capacity of an anchorage sup-
plemented with hanger reinforcement results
from the anchorage in the concrete cone
achieved by means of bond and bearing of a
hook or bend. The hanger reinforcement is only
fully activated upon the development of the
concrete cone. Therefore it should be conserva-
tively assumed for design purposes that the
applied load is carried solely by the hanger rein-
forcement, i.e. the share of the load carried by
the concrete is ignored. The determination of
anchorage capacity follows from normal con-
siderations of reinforcement bond length. As an
example, the calculation of the anchorage force
for one leg of the hanger reinforcement accord-
ing to the Eurocode 2: ENV 1992-1-1:1991
(1992) is as follows:

Nu,h:”'ds'll'fhm/aaSAs.f;' [N] (412)

where:

d;, = nominal diameter of hanger reinforce-
ment [mm)]

[, = anchorage length measured from the

intersection of the concrete cone with
stirrup or hairpin (see Fig. 4.40),
fwm = average bond strength [N/mm?]
= 2'25 -.f;'trn
f..m = average concrete tensile strength,
= 0323
o, = factor to take into account influence of
hook
= 0.7
A, = cross-sectional area of one leg of hanger
reinforcement [mm]
f, = yield stress of hanger reinforcement
<500 N/mm?

According to Eurocode 2: ENV 1992-1-1:
1991(1992) the average bond strength may be
increased by a factor 1.5 if the edge distance of
the hanger reinforcement is ¢ >10-d, in all
directions. Equation (4.12) is valid for a hanger
reinforcement positioned close to the anchor.
The total ultimate tension capacity of the
anchorage is obtained by summing the individ-
ual capacities of the legs of the hanger rein-
forcement.

Tests employing headed studs with an embed-
ment depth hef > 150 mm, as described in
Ramm, Greiner (1991) and Eligehausen, Fuchs,
Ick, Mallée, Reuter, Schimmelpfennig, Schmal
(1992), indicate that equation (4.12) supplies a
sufficiently reliable estimate of ultimate tension
capacity (compare Fig. 5.14 in which results of
tests with anchor channels with an embedment
depth A2 65 mm are also evaluated). In the
tests with headed anchors the hanger reinforce-
ment was arranged as illustrated in Fig. 4.40. If
the hanger reinforcement also encloses the flex-
ural reinforcement, then an increase in tension
capacity of approximately 20% may be
expected (Ramm, Greiner (1991)). Tests with
anchor channels show that equation (4.12) may
be used for embedment depths as small as
h,;= 70 mm (compare Fig. 5.14).

i) Comparing the CC-method with other
approaches given in the literature

Figures 4.41 and 4.42 plot the mean concrete

cone failure load as predicted by equation (4.5)
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@ \-’ft:135‘\jf('£,[,[,-h:f

@ N, =64-125, hl'-"

@ N° =0.64- f_q[,[, (1+145 )
@ N’ =096/ 200

Fig. 4.41 Concrete cone failure load of expansion and
undercut anchors loaded in concentric tension as a func-
tion of embedment depth; comparison of various pro-
posals (curve 1 as predicted by equation (4.5), curve 2
according to Eligehausen, PusilllWachtsmuth (1982),
curve 3 according to PusilFWachtsmuth (1982), curve 4
according to American Concrete Institute, ACI 349-90
(1990))

for expansion anchors and headed studs, respec-
tively, together with various proposals de-
scribed in the literature. The scatter of measured
concrete cone failure loads is also provided
along with the plotted expressions for N.
The approach suggested by Eligehausen, Pusill-
Wachtsmuth (1982) for expansion anchors pre-
dicts failure loads that are nearly equivalent to
those given by equation (4.5) for normal con-
crete strengths (25 N/mm?) (compare curve 2
and curve 1 in Fig. 4.41), but predicts higher
capacities at higher concrete strengths due to
the use of the 2/3 exponent on the concrete
strength term. The proposal of Bode, Hanen-
kamp (1985), which was developed for headed

)] Nf_‘- =15.5- Y Jee.a00 hc]f‘

@ N =110- o -h-(1+d /)
@ N° =0.96\F. o -hj, (1+d/n,)
@ N:L =0.27- f;LEUlJ of '(l+d’{ha.r')

Fig. 4.42 Concrete cone failure load of headed studs
loaded in concentric tension as a function of embedment
depth; comparison of various proposals (curve 1 as pre-
dicted by equation (4.5), curve 2 according to Bode,
Hanenkamp (1985), curve 3 according to American Con-
crete Institute, ACl 349-90 (1990), curve 4 according to
Braestrup, Nielsen, Jensen, Bach (1976))

studs, predicts failure loads for all embedment
depths which are about 15% lower than those
given by equation (4.5) (compare curve 2 and
curve 1 in Fig. 4.42). This difference may well
be attributable to the different concrete mixes
used in the tests. In Braestrup, Nielsen, Jensen,
Bach (1976), Klingner, Mendonca (1982/2),
Pusill-Wachtsmuth (1982) and ACI 349-90
(1990) it is assumed that the concrete cone fail-
ure load increases with the square of the embed-
ment depth (h7;). However, regression analyses
indicate (and fracture mechanics considerations
dictate) that the increase in concrete cone break-
out capacity is more closely related to 4}, and
therefore the failure loads predicted by these
approaches agree with test results over only a
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relatively narrow range of embedment depths.
Failure loads for smaller and larger embedment
depths are under-predicted and over-predicted,
respectively. The range of embedment depths
where a good correlation between prediction
and tests is achieved for the individual propos-
als is shown in Figs. 4.41 and 4.42. The
approach provided by Braestrup, Nielsen,
Jensen, Bach (1976), although it has the advan-
tage of being units-independent, significantly
overestimates the influence of the concrete
compressive strength because the concrete cone
failure load is assumed to be proportional to f,
(see curve 4 in Fig. 4.42).

The measured concrete cone failure loads as-
sociated with the group tests represented in Fig.
4.22 are shown in Fig. 4.43 in relation to the
spacing s, of the outermost anchors. While con-
crete mix design and strength (f;,. 4o ~ 25 N/mm?)
as well as embedment depth (hef= 185 mm) were
kept constant, the number of studs in the group
ranged from 4 to 36, and the spacing of the outer
studs was varied. The groups were loaded con-
centrically, whereby a very stiff fixture was
utilised to ensure a roughly even distribution of
forces among the individual anchors. Single
studs were tested to establish baseline values.
Fig. 4.43 also plots the calculated failure loads
per equation (4.6) and American Concrete Insti-
tute, ACI 349-90 (1990). In both approaches the

failure load of a group is assumed to be propor-
tional to the area of the overlapping failure
cones. While in the CC-Method the calculation
of the projected failure surface is simple (see
Figs. 4.16 and 4.26) it is rather complicated with
the 45° cone method (Fig. 4.6b, c). A further sig-
nificant difference between the two methods is
the assumption of the characteristic spacing (s,,y
=3 h,(CC-Method) and s,y =2 - h,,(45° cone
method)). It is clear that equation (4.6) predicts
the concrete cone failure loads as derived by tests
with remarkable accuracy, while American Con-
crete Institute, ACI 349-90 (1990) clearly over-
predicts the capacity of the group as the spacing
s, increases. Since the failure loads for single
studs with embedment depth £, = 185 mm as
predicted by equation (4.6) and American Con-
crete Institute, ACI 349-90 (1990) are practically
identical, the likely explanation for the error is
that the failure cone assumed in American Con-
crete Institute, ACI 349-90 (1990) (a = 45°) is
too steep.

In Farrow, Klingner (1995), Farrow, Frigui,
Klingner (1996) and Klingner, Muratli, Shir-
vane (1998) the predictions by the 45° cone
method of American Concrete Institute, ACI
349-90 (1990) and the CC-Method for the con-
crete cone failure load were compared with the
results of a very large data base (more than
1600 tests). The data base comprises tests on

Fig. 4.43 Concrete cone failure load of groups of headed studs as a function of the spacing of the outermost studs
(tests according to Eligehausen, Fuchs, Ick, Mallée, Reuter, Schimmelpfennig, Schmal (1992))



4.1 Non-cracked concrete

93

headed studs and post-installed expansion and
undercut anchors with concrete cone failure
performed in Europe and the US. Tested were
single anchors with varying embedment depth
(hy=20 mm to h,= 525 mm) with and without
edge influence and groups with two or four
anchors with varying spacing without edge
influence. Furthermore the probability of failure
of fastenings under known loads and the proba-
bility for brittle concrete cone failure under
unknown loads of fastenings designed for steel
failure associated with the two methods were
calculated, using the load and understrength
factors of American Concrete Institute, ACI
349-90 (1990). Based on the evaluation the
authors found that the CC-Method predicts the
concrete cone capacity more accurately than the
45° cone method and they recommend the CC-
Method for use in design.

4.1.1.4 Failure load for local concrete side
blow-out failure

Tension-loaded headed studs provided with
small edge distances can generate local blow-
out failures in the vicinity of the head (Fig.
4.44). Expansion anchors do not generally
exhibit this type of failure since at the relevant
edge distances the installation torque required
to properly set the anchor will cause the con-
crete to split.

In a local concrete side blow-out failure, the
failure load is independent of the embedment

Fig. 4.44 Local side blow-out failure of a headed
stud loaded in tension with small edge distance
(Furche, Eligehausen (1991))

depth (Fig. 4.45). Side blow-out failure will
govern the concrete capacity of studs having
small edge distance (concrete cover) in combi-
nation with large embedment depth. Local con-
crete side blow-out failure is caused by the
quasi-hydrostatic pressure in the region of the
head of the stud which gives rise to a lateral
bursting force F), equal to o times the applied
tension load N (Fig. 4.46). The bursting force at
failure can be approximated using equation
(4.5) if the edge distance ¢, is substituted for
the embedment depth term, 4. The following
expression is thus obtained:

Ny, =$ 155 - ¢ £, Nl (4133)

The value o describes the ratio lateral bursting

force to tension force. It depends on the specific
concrete bearing pressure p / f,. 5y beneath the

Fig. 4.45 Failure load of single tension-loaded headed
studs with constant edge distance as a function of the
varied embedment depth (Furche, Eligehausen (1991))

Fig. 4.46 Local side blow-out failure of headed stud
near an edge (schematic) (Rehm, Eligehausen, Mallée
(1988))
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head since the lateral strain in the concrete
increases with the stress in the concrete beneath
the head. According to Furche, Eligehausen
(1991) o=0.11- (p/f,.,00)*°. This results in
0=0.2forp/f,.,0=3.50r aa=0.4forp/f. .0
=~ 13.

Substituting o= 0.11- (p/ f, 500>, where p =
NP, /A, in equation (4.13a), the following
expression is obtained for the concrete side
blow-out capacity:

N

ey =27- A [0 c, IN] (4.13b)

where:
A, = bearing area of head

= g (&2 - d)

4,
d

diameter of head [mm)]
shaft diameter [mm)]

While equation (4.13b) predicts that the failure
load will increase in proportion to the edge dis-
tance ¢, equation (4.13a) indicates that it is pro-
portional to ¢}~. The difference can be ascribed
to the fact that equation (4.13a) contains the
factor o, which increases with increasing pres-
sure beneath the head, i.e. with increasing edge
distance. According to equation (4.13b) the fail-
ure load increases in proportion to 2%, while
normally a rise in proportion to f23,, is
assumed. A comparison with test results shows
furthermore that equation (4.13b) underesti-
mates the influence of the bearing pressure
under the head. A regression analysis of test
data, assuming that the average failure load is
proportional to f%3,, leads to equation (4.14)
(Furche, Ellgehausen (1991)):

A S IN]

Based on a multiple regression analysis of
results of tests De Vries (1996) proposes equa-
tion (4.14b).

NS, =15¢ (4.14a)

—252. 0609 A}(:.577 vfc().671 [N] (4.14b)

ll,(})
Hofmann, Eligehausen (2002) performed exten-
sive non-linear numerical investigations with
single anchors at an edge and at a corner and
anchor rows at the edge. They propose as ratio
lateral bursting force and tension force o=

0.045 - p/f..200 < 0.5 with p =N/A,. Substitut-
ing this expression in equation (4. 13a) leads to:

—185.¢ 075 Aos f07s [N]

¢ 200 (4.14¢)

wb

In Fig. 4.47a results of tests by De Vries (1996)
are plotted as a function of the edge distance. In
the tests the concrete strength was varied
between  f, ,00 =24 N/mm?> and f,, ,0 =
29 N/mm?2. The bearing area was altered
between A, = 2,200 mm? and A, = 7,100 mm?.
Therefore the measured failure loads were nor-
malised to f..,4 =25 N/mm? and the bearing
area to A, = 5,000 mm? using equation (4.14c).
The figure demonstrates that equation (4.14c)
predicts the influence of the edge distance on
the failure load better than equation (4.14a).

Fig. 4.47 Comparison of measured blow-out failure

loads with predictions (after Hofmann, Eligehausen

(2003))

a) Failure loads as a function of the edge distance

b) Measured failure loads as a function of the calculated
values
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Fig. 4.470 plots predicted failure loads given by
equation (4.14c) against test results published in
Hasselwander, Jirsa, Breen (1987), Furche,
Eligehausen (1991), Varga, Eligehausen
(1995), Bashandy (1996) and DeVries (1996).
The agreement is acceptable.

The edge distance at which there is a transition
from a local side blow-out failure to a concrete
cone breakout failure depends on the bearing
area of the headed stud and the embedment
depth (Furche, Eligehausen (1991)). For single
studs at embedment depths A, < 300 mm the
valueis ¢; =03 - h, 10 0.5 - Ay

Equation (4.14c) applies to single anchors posi-
tioned near a free edge. If several closely
spaced headed anchors are positioned parallel
with the edge, then the side blow-out failure
cones can overlap and, at the corner of a mem-
ber, the failure surface may be truncated. In
such situations Furche, Eligehausen (1991)
propose that the failure load can be determined
in a manner analogous to that used by the CC-
Method for concrete cone breakout capacity.
With this approach the failure load correspond-
ing to a row of anchors parallel to the edge or an
anchor in the corner can be calculated using
equation (4.15). This is structured similarly to
equation (4.8):

A
N, ==y v, Ny, [N] (4.152)
AtrNb
where:
A%,, = projected area of the side blow-out
cone for a single stud
A.y, = projected area of cone for the group
of anchors. In this calculation the
effect of neighbouring anchors,
proximate corners and the member
thickness on the shear cone geome-
try are taken into account
Wy, = influence of corner distance c, on
the stress distribution in the concrete

= 07+ 03- —2-<10 (4.15b)
C('r Nb
= influence of eccentricity of the
applied tension load relative to the

geometrical centroid of the group

=1 <10 (4.15¢)

1+2- Y / S(,‘/‘,Nh

YeeNb

ey = eccentricity of resultant tensile force
on the anchors relative to their geo-
metrical centroid

S.,np = Characteristic spacing for local side
blow-out failure

C.yy = characteristic edge distance for local
side blow-out failure

Noeo according to equation (4.14c)

According to Furche, Eligehausen (1991) the
diameters of the side blow-out cones are rela-
tively large and measure approximately six
times the edge distance ¢, (Fig. 4.48). However,
if this value is applied as a characteristic spac-
ing sy, for full capacity, the failure loads of
single anchors at a corner and of anchor rows
parallel to the edge are underestimated. There-
fore Hofmann, Eligehausen (2002) propose
Sernb = 2 * Coonpy =4 - ¢, as characteristic dis-
tances. Examples for A?,, and A, ,, based on
this proposal are shown in Fig. 4.49.

According to equation (4.15) the failure load of
an anchor row with s = 0 is equal to the ultimate
load N9, of a single anchor. However, accord-
ing to the results of numerical analysis by Hof-
mann, Eligehausen (2002) in the above applica-
tion the failure load is N, ., = n%3 - N? . This
can be explained as follows. The bearing area of
n anchors parallel to the edge is n times the
bearing area of a single anchor. If the spacing
between the anchors is reduced to s = O the
bearing area of the fictitious anchor is n times
the bearing area of a single anchor. The failure

y [mm] y/c,
N V7 )
300 —. C,= 40 mm
o . —m-—e=60mm ||
7 o00fic~. N Tr—c=80 mm 4 I
B P ~ N A Sy,
[ N \ wam: .
;7 100 AN \ ' 2-4 \}\
L sl N ) i i A
T Ur 77 ot - n o e —
\ 100 200 300 x [mm]., 2774 wec
N e Ry, N
S B
a) b)

Fig. 4.48 Dimensions at concrete surface of concrete
cones associated with local side blow-out failure (after
Furche, Eligehausen (1991))

a) Absolute dimensions

b) Diameter as a function of edge distance
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Fig. 4.49 |Idealised cones (left hand side) and projected
surface areas A%y, or A_ y, (right hand side) for local blow-
out failure of headed studs (Hofmann, Eligehausen
(2003))

a) Single headed stud

b) Two studs near an edge

¢) Two studs in the corner

d) Two studs in a thin member

load is proportional to AJ?. Therefore the ulti-
mate capacity of n anchors with s = 0 is n% -
N? . If the spacing between the anchors is
increased to s,,y;, the ultimate capacity of the
anchor row is n-N{ , Between these two
extremes a linear relationship is proposed. Con-
sidering this behaviour an additional factor

¥, vy should be introduced to equation (4.15).

_ A(',Nh 0
uch — AU .WgNh‘v/SNb.Wr'c,Nb.Nu,cb [N](415d)
e Nb
where:
Veny = (1=n"%) -5/, 5, - + 0% (4.15¢)
n = number of anchors of an anchor
row parallel to the edge

N0, according to equation (4.14c)

S(');Nh = 2 : Ccr,Nb = 4'Cl

A%\ Ay, according to equation (4.15a)
Y Nb according to equation (4.15b)
Yoo Nb according to equation (4.15c)

In Fig. 4.50 the measured failure loads of tests by
Eligehausen, Varga (1995) and De Vries (1996)
on pairs of headed studs near the edge and on sin-
gle studs in the corner of a concrete member are
compared with the calculated values according to
equation (4.15d). Furthermore the results of
numerical analysis by Hofmann, Eligehausen
(2002) are plotted. Equation (4.15d) predicts the
failure loads with sufficient accuracy.

a)

b)

Fig. 4.50 Comparison of measured and numerically

obtained failure loads of groups of headed studs close

to an edge (Hofmann, Eligehausen (2002))

a) With the calculated values according to equation
(4.14c) as a function of related spacing

b) With the calculated values according to equation
(4.15d) as a function of related spacing
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Equation (4.15d) may also be used to predict
the local blow-out failure of undercut anchors.
However, the minimum edge distance to pre-
vent splitting of concrete during installation is
large enough to preclude a local side blow-out
failure.

Limited studies have shown that the failure load
associated with a local concrete side blow-out
failure can be increased by confining the con-
crete with closely spaced stirrups or spiral rein-
forcement (Hasselwander, Jirsa, Breen (1987),
Eligehausen, Varga (1995), De Vries (1996)).
Again, there are insufficient test results to sup-
port the development of a reliable predictive
equation for this condition.

4.1.1.5 Failure loads associated with
pull-out and pull-through failures

Setting and subsequent loading of an expansion
anchor induces local deformations in the con-
crete around the drilled hole (see section
2.3.3.1), giving rise to a radial expansion pres-
sure whose integration over the contact area is
used to derive the expansion force F,,. The fail-
ure load N, of the anchor for the pull-out fail-
ure mode is proportional to the expansion force:

Nu,p = ﬂ'Fm

According to Wagner-Grey (1977/1) the force
transfer coefficient 4 between expansion sleeve
and concrete is about 0.2 to 0.3 for torque-con-
trolled expansion anchors and about 0.35 for
displacement-controlled expansion anchors. A
later study by Mayer (1990) estimates the force
transfer coefficient for torque-controlled expan-
sion anchors to vary from u = 0.35 (high-
strength concrete) to u# = 0.6 (low-strength con-
crete).

Wagner-Grey (1977/1) proposes an approach
for calculating the expansion force and associ-
ated pull-out load for an expansion anchor. Lin-
ear-elastic, ideal-plastic material behaviour is
assumed for the concrete, and a failure criterion
based on Mohr-Coulomb is employed. To cal-
culate the expansion pressure or expansion
force resulting from a given expansion dis-
placement, equations are developed that may
either be solved by iteration or with the help of
diagrams developed for this purpose. The valid-
ity of this approach was checked in Rehm,

Fig. 4.51 Assumptions when calculating the pull-out

loads of drop-in anchors in non-cracked concrete (after

Lehmann (1993))

a) Indentation of anchor expansion elements in concrete
and resulting concrete bearing stress

b) Concrete bearing stress as a function of concrete
indentation

Pusill-Wachtsmuth (1978) via the evaluation of
approximately 900 tests using 11 different
expansion anchors. This study concludes, as did
the original study, that the Wagner-Grey
(1977/1) approach provides at best a rough
approximation of the pull-out load and that
additional investigations are necessary.

The pull-out loads of metal expansion anchors
were investigated in detail by Lehmann (1993).
Fig. 4.51 illustrates the assumptions applied in
the analysis using the example of a drop-in
anchor. The indentation in the concrete caused
by setting the anchor is determined from the
geometry of the expanded anchor and the diam-
eter of the drilled hole (Fig. 4.51a). The pres-



98 4 Behaviour of headed studs, undercut anchors and metal expansion anchors

sure developed in the concrete is shown in Fig.
4.51b in relation to the degree of incursion of
the expansion sleeve into the concrete; it was
developed for a concrete cube compressive
strength £, 54 = 30 N/mm?2. The curve shown in
Fig. 4.51b was derived from the results of tests
carried out by Lieberum (1987) in which con-
crete specimens were subjected to extreme con-
centrated loads. The expansion force F,, is
derived by integrating the pressure between
anchor and concrete around the circumference
and the length of the expansion zone. The load
transfer coefficient in the zone of concrete
deformation (idealised as a conical shape) was
taken to be u = 0.55 while the coefficient of fric-
tion in the cylindrical part of the contact zone
was taken as u = 0.20 (see Fig. 4.51a). These
coefficients were determined from tests in
which variously shaped steel elements were
pulled through holes drilled in concrete. The
same model is also applied to predict the pull-
out loads associated with torque-controlled
expansion anchors. It has been further extended
to include anchors in cracked concrete and pro-
vides a usable correlation between analysis and
test results. It is well suited to analytical studies
of the influence of installation parameters
(actual drill bit diameter, measured anchor
expansion displacement) on the pull-out load.

Torque-controlled expansion anchors that do
not exhibit concrete cone breakout at ultimate
should be designed such that failure of the
anchor is characterised by pull-through rather
than pull-out. Extraction of the entire anchor,
including the expansion elements, indicates
failure of the anchor to develop follow-up
expansion and therefore represents a less stable
and predictable behaviour, whereas pull-
through is an extension of the follow-up expan-

sion process (see section 2.3.3.1). It should be
noted that expansion anchors that exhibit reli-
able follow-up expansion may also fail by con-
crete cone breakout if sufficiently high expan-
sion forces are developed. Follow-up expansion
is achieved only if the frictional resistance
developed between the cone and sleeve is less
than the resistance developed between the
sleeve and the hole surface (Mayer (1990)). The
pull-through load can be predicted by multiply-
ing the expansion force F,. determined accord-
ing to Lehmann (1993) in relation to the anchor
geometry (see Fig. 4.51) with the load transfer
coefficient ., between cone and expansion
sleeve. This factor should be determined as
U, =tan(a+p) with a = angle of cone and
p = angle of friction between cone and expan-
sion sleeve.

Predictions for pull-out and pull-through loads
essentially depend on the assumptions made
concerning the normal force generated at the
load transfer zone, as well as the applicable
coefficients of load transfer (friction). These
material parameters exhibit relatively large
scatter, and further testing is necessary to ade-
quately assess the analytical results of Mayer
(1990) and Lehmann (1993).

Increasing bearing pressure below the contact
surface of a headed stud or undercut anchor
leads to a significant increase in anchor dis-
placement, which in turn can result in a reduc-
tion of the effective embedment depth and the
associated concrete cone breakout load as pre-
dicted by equation (4.5) (Fig. 4.52). These dis-
placements are attributable to the fact that the
concrete is crushed locally in the bearing area.
This can be seen at the head of the stud in Figs
4.5b and 4.44. Eligehausen, Fuchs, Ick, Mallée,

Fig. 4.52 Concrete breakout cones of
headed studs with heads of various diam-
eters (schematic) (after Furche (1994))



4.1 Non-cracked concrete

99

Load N [kN]

60

50+

401
An large
30+

20|

Ap small
10- "

0 } } t
0 10 20 30 40

a) Displacement 8y [mm]

Failure load N, [kN]

60
uncracked concrete 0 an=0.5mm
50 T foo,200 = 30 N/mm? A a,=1.0mm
d=12mm 0 an=2.0 mm
n
40 T ® g, =3.0mm
A a,=4.0mm
07 05
Ny = 0L'fcé,ZOO‘(hef' Su)1 5
20
o
10 E‘“I
0 + + +
0 10 20 30 40
b) Displacement §, at peak load [mm]

Fig. 4.53 Influence of head size on behaviour of

headed studs (after Furche (1994))

a) Load-displacement curves for two different head sizes
(schematic)

b) Ultimate loads of headed studs as a function of
displacement at failure

Reuter, Schimmelpfennig, Schmal (1992) esti-
mate the magnitude of the critical maximum
bearing pressure to ensure the concrete cone
breakout load as predicted by equation (4.5) to
be about 15 - ... ,oo. This value was derived from
tests on headed studs with an embedment depth
h,s= 185 mm.

The load-bearing behaviour of headed studs
exhibiting concrete cone and pull-out failure
modes was investigated in detail by Furche
(1994), whereby a smooth transition from con-
crete cone failure to pull-out failure was
assumed. The analytical correlation between

concrete pressure beneath the head and the dis-
placement J of the head was determined using a
physical model. This displacement reduces the
effective embedment depth and the associated
concrete cone breakout load for a headed
anchor as a function of the bearing stress or
bearing area. The derived expressions for the
failure load address both the concrete cone
breakout and pull-out failure modes as well as
the intervening transition range. Fig. 4.53a plots
typical load-displacement curves of two headed
studs having large and small bearing area. In
Fig. 4.53b the measured failure loads are shown
as a function of the displacement &, at peak load
together with the relation for the failure load
developed by Furche (1994). Fig. 4.53b reveals
a usable correlation between calculated and
measured ultimate loads. Expressed as a func-
tion of the concrete cube compressive strength,
the critical maximum bearing pressure corre-
sponding to concrete cone breakout as per equa-
tion (4.5) is, according to Furche (1994), about
10 - £, 200 for h,p =40 mm and 14 - . »q, for h,;
= 200 mm (Fig. 4.54). The latter value coin-
cides well with the limit derived by FElige-
hausen, Fuchs, Ick, Mallée, Reuter, Schimmel-
pfennig, Schmal (1992).

The pull-out failure load is not influenced by
the presence of orthogonal surface reinforce-
ment or by normally spaced stirrups, ties, etc.
An increase in the pull-out load is theoretically
possible if the concrete in the force transfer
zone is confined by means of closely spaced
spirals or hoops sufficient to restrict lateral

35 Pl 200 [F]
30 Pull-out
\ Concrete cone faiture with
20+ reduced effective embedment depth
10~ : uncracked concrete
~ Concrete cone failure ¢ 2 2
7 acc. to Eqn. (4.5) oc200=30 N/mmY
¢ A 7
0 40 80 120 160 20(

Embedment depth h,; [mm]

Fig. 4.54 Maximum average bearing pressure under
the head related to the concrete compressive strength
required to assure the concrete cone failure load in non-
cracked concrete predicted by equation (4.5), as a func-
tion of embedment depth (after Furche (1994))
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strains. However, such closely spaced rein-
forcement is generally not feasible in practice.

4.1.1.6 Failure load associated with
splitting of the concrete

The splitting failure mode can occur during
installation when applying a torque moment to
fasteners or during anchor loading (see section
4.1.1.1c). These two cases are addressed sepa-
rately.

a) Splitting during installation
Displacement-controlled and torque-controlled
expansion anchors as well as undercut anchors
generate a radial expansion pressure in the con-
crete during the installation process. This is also
valid for headed studs that are prestressed. Inte-
gration of the expansion pressure over the con-
tact area yields the expansion force F,, (Fig.
4.55, left). Integrating the pressures along one
axis only yields the splitting force F, (Fig. 4.55,
right) across that axis. In the case of displace-
ment-controlled expansion anchors, the magni-
tude of the splitting force depends on the expan-
sion displacement and the deformation resistance
of the concrete. For torque-controlled expansion
anchors, the magnitude of the applied torque, the
translation of the torque into axial tension (equa-
tion (3.8)) as well as the geometry and friction
characteristics of the anchor in the expansion
zone are all influencing factors. The splitting
forces associated with undercut anchors that are
installed in pre-drilled undercuts depend on the
magnitude of applied prestressing and the result-
ing concrete pressures in the region of the under-
cut. Undercut anchors that form the undercut
during anchor installation generate splitting
forces during the undercutting process.

Expansion

o _ oExpansion o
ST
. = o ~sleeve
N ) A

e o o osleeve
A D Q Q - -
Expansion force Fgy  Splitting force Fg,

Fig. 4.55 Definition of expansion force and splitting
force (after Mayer (1990))

Fig. 4.56 Splitting cracks which occurred during the
installation of a torque-controlled expansion anchor in the
corner of a concrete member (Rehm, Eligehausen, Mallée
(1988))

The ratio of the splitting force generated in the
concrete to the tensile force in the anchor bolt is
approximately 1.0 to 2.0 for torque-controlled
expansion anchors, 0.7 to 1.0 for undercut
anchors, and 0.5 for headed studs (Asmus

(1999)).

The splitting resistance depends on the concrete
strength, thickness of the member, edge or cor-
ner distance and, in the case of anchor groups,
the anchor spacing. If anchors are installed too
close to an edge, splitting may occur during
anchor installation (Fig. 4.56). The minimum
spacing, edge distance and component thick-
ness necessary to prevent splitting depend on
the type of anchor and type of construction — for
the reasons outlined above. They should be
determined experimentally and in some coun-
tries are specified in the product approval. They
may vary from product to product, even for
similar anchor systems. The following values
should be regarded as a guide. They are appli-
cable for a component thickness i > 24, and
concrete grades = C 20/25.

Minimum edge distance:

c ~1.0- h(,f undercut anchors,

~2.0- h, torque-controlled expansion
anchors with one expansion
cone,

~3.0- h, torque-controlled expansion
anchors with two opposing
expansion cones,

~3.0 h, drop-in anchors.

min
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Minimum spacing:

Ky ~1.0- h, torque-controlled expansion
anchors with one expansion

cone and undercut anchors,

min

~1.5 - h, torque-controlled expansion
anchors with two opposing
expansion cones,

~25 - h, drop-in anchors.

The minimum spacing and edge distance
required to prevent splitting during installation
are greatest for drop-in type anchors because
the expansion displacement generates very high
splitting forces. Due to their follow-up expan-
sion capability torque-controlled expansion
anchors need smaller expansion forces during
installation and therefore smaller minimum dis-
tances than drop-in anchors. Undercut anchors
require smaller minimum distances than do
torque-controlled expansion anchors because
the splitting forces during installation are con-
siderably lower due to the larger cone angle and
the increased bearing area.

Headed studs welded to fixtures are not pre-
stressed. Therefore, no splitting forces occur
during installation. It should be noted that a
minimum edge distance is required to protect
against corrosion and to ensure adequate place-
ment of the concrete. Minimum values of
¢c=25-d=250mmand s=5-d=50 mm are
recommended.

b) Splitting failure of loaded fasteners
Analytical studies to determine the failure load
associated with the splitting failure mode for
expansion anchors were conducted by Pusill-
Wachtsmuth (1982) and Weyerhduser (1984).
However, the simplifying assumptions employ-
ed, especially with regard to concrete behaviour,
do not permit a generalisation of the results.

The behaviour of headed studs that exhibit the
splitting failure mode when loaded in tension
was investigated by Pukl, Ozbolt, Schlottke,
Eligehausen (1993) with the aid of three-
dimensional computer models. The behaviour
of the concrete was simulated using a model
based on non-linear fracture mechanics. The
results of the calculations show that there is sta-
ble growth of the radial cracks before attain-
ment of peak load. As the edge distance is

increased, the splitting failure mode gradually
changes to a concrete cone breakout. This
analysis indicates that the splitting failure load
depends on the ratio of splitting force to tensile
force (a function of anchor geometry), on
anchor spacing, edge distance and component
thickness, as well as on concrete tensile
strength. In components with a minimum thick-
ness (h=h ot 30 mm), the transition from split-
ting failure to concrete cone breakout occurs at
an edge distance of ¢ =2 - h.

The load-bearing behaviour of expansion and
undercut anchors as well as headed studs that
exhibit splitting failure was investigated in
detail both numerically (using non-linear FEM)
and experimentally by Asmus (1999). It is
assumed that splitting failure, analogous to
other concentrated load problems, is influenced
by the magnitude of the bearing stress, the
anchor location relative to other loaded anchors
and free edges, and the concrete strength. The
stress in the concrete is assessed from the geo-
metrical dimensions, and the ratio of splitting
force to applied tension load is found to
increase with increasing bearing stress (com-
pare with section 4.1.1.4). Size effect is taken
into account in determining the resistance of the
concrete to splitting.

The equations derived by Asmus (1999) are well
suited to calculating the splitting failure load for
anchorages comprised of headed studs, under-
cut anchors and torque-controlled expansion
anchors near an edge or corner of a component
or in a narrow member. However, they are less
suitable for design purposes. Therefore, a sim-
plified approach is proposed below.

This simplified method for predicting the split-
ting failure load uses an equation similar to that
developed for the CC-Method, as shown below:

[ 0
Nu sp = AO r W,\',\'p : WeL' Sp ' l//re Sp ! Wh sp : Nu < [N]

P (4.16)
where:

h 2/3
= |=——| <

Vi (2 : hefj <10 (4.16a)
Yo N according to equation (4.10a)

or (4.10b)
N, according to equation (4.5)
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Fig. 4.57 Comparison of measured failure loads of

single anchors (h,; = 80 mm) close to the edge of a

concrete member with the calculated values for con-

crete cone failure and splitting (after Asmus (1999))

a) Undercut anchors, member thickness h = 1.5h

b) Undercut and torque-controlled expansion anchors,
member thickness h = 2 hy

Fig. 4.58 Measured failure loads of single undercut
anchors (h,; = 80 mm) in the corner of a concrete mem-
ber (h = 2 h,) compared to the calculated values for con-
crete cone failure and splitting failure (after Asmus
(1999))

Projected areas A, and A? are calculated in
accordance with the instructions given for equa-
tion (4.6) and the factors y, , and y, ., are
obtained with equations (4.7a) and (4.8a)
whereby in calculating the projected areas and
associated factors y,  , and y, ,, the values c,, y
and s, are replaced by ¢, and s, ;. The char-
acteristic edge distance and spacing c,,, and
S5p €nsure that the splitting failure load corre-
sponds to the concrete cone failure load. These

values are explained below.

Equation (4.16) is structured similarly to equa-
tion (4.10) for calculating the concrete cone
breakout load. In addition, the influence of a
thin component (2 <2 - h,;) on the splitting fail-
ure load is taken into account by the factor @, ..
As the splitting failure load cannot exceed the
concrete cone failure load, for anchorages
meeting the conditions s 2 s, ¢ 2 ¢, and
h 2 2- h, equation (4.16) reduces to equation
(4.10). The characteristic spacing and edge dis-
tance values s, =2 - ¢, as required to ensure
development of the full concrete cone breakout
load depend on the particular characteristics of
the anchor. The characteristic edge distance for
fastenings near the edge of a component in
components with a thickness & = 2 - h, is ap-

proximately:

C ~1.0-h, headed studs

crsp

~ 1.5 h, undercut anchors

~2.5 - h, torque-controlled expansion
anchors with one expansion
cone

~3.0-h, drop-in anchors, torque-
controlled expansion
anchors with two opposing
expansion cones

The above values should be increased by about
20% for anchors close to an edge on two sides
(narrow member or corner of a concrete ele-
ment).

Equation (4.16) should be regarded as a conser-
vative approximation to the real behaviour. The
splitting failure load is in part dependent on
other parameters which do not affect the con-
crete cone breakout load. However, it can safely
predict the splitting capacity of an anchor as
confirmed by Figs. 4.57 and 4.58, which apply
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to single anchors near the edge and in the cor-
ner of a component, respectively.

If the characteristic edge distance associated
with splitting failure for a given anchor is less
than or equal to the value associated with con-
crete cone breakout (¢, < ¢,,y) and the com-
ponent thickness ish 22 - &, then splitting does
not occur and equation (4.16) can be neglected

for all applications.

¢) The influence of reinforcement on the
splitting failure mode

Reinforcement parallel to the edge can be ef-
fective for accommodating splitting forces
although it will not prevent the occurrence of
splitting cracks. If reinforcement is designed to
carry the induced splitting forces, its role is to
prevent splitting cracks from widening exces-
sively. In the case of anchors that are designed
for use in cracked concrete, the concrete cone
breakout capacity or pull-out capacity associ-
ated with cracked concrete will be maintained
(see section 4.2.1) if sufficient crack control
reinforcing is present. Given a constant tension
load N applied to an anchor, the associated split-
ting force F, generated in the concrete will
depend on the relevant details of the anchor
construction. The following values can be taken
as first approximations:

F,=05-N headed studs

F,=0.8-N undercut anchors

F,=15-N torque-controlled expansion
anchors with one expansion cone

4.1.2 Shear

4.1.2.1 Load-displacement behaviour and
modes of failure

Fig. 4.59 depicts a typical load-displacement
curve for a preloaded (torqued) anchor loaded in
shear with no proximate edges. The correspond-
ing curve associated with tension loading for the
same anchor is provided for comparison. At the
steep start of the shear loading curve, the shear
force is transferred between the concrete and the
baseplate via friction as generated by the preload
in the anchor. When the externally applied shear
load exceeds the available friction resistance the
plate slips as required to engage the anchor in
bearing. The lateral deformation of the anchor as
it bears against the surface concrete generates a

Fig. 4.59 |dealised load-displacement curves
for anchors subjected to tension and shear
(Rehm, Eligehausen, Mallée (1988))

Fig. 4.60 Fracture pattern of an anchor remote from
an edge when subjected to shear (taken from Fuchs,
Eligehausen (1990))

corresponding catenary tensile force in the
anchor bolt. As the shear load increases the bear-
ing stress in the surface concrete increases until
of a shallow spall occurs (Fig. 4.60). The fracture
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Fig. 4.61 Expansion anchor before and after shear
load test (taken from Eligehausen, Pusill-Wachtsmuth
(1982))

of the surface concrete transfers the bearing
resultant to a location further from the point of
load application thus increasing the lever arm
and the associated flexural stress in the anchor
(Fig. 4.61). With sufficient embedment depth the
anchor may be capable of resisting additional
load until the failure of the anchor bolt (Fig.
4.60). Owing to the locally high bearing stresses,
the spalling of the concrete and the associated
bending deformation of the anchor, displace-
ments associated with shear loading at ultimate
are markedly greater than for axial loading (Fig.
4.59).

Anchor bolts with variable cross-sectional area
(e.g. of the type depicted in Fig. 2.19a;) may
fracture at the reduced cross-section due to the
catenary tensile force induced in the anchor.
Alternately, anchors with small embedment
depths may break out or be pulled out of the
concrete before reaching their steel capacity.

The load-displacement behaviour of a cast-in-
place headed stud subjected to shear is similar
to that of a post-installed anchors. Headed studs
that are welded to an embedded plate (e.g. shear
studs) lack the benefit of pretensioning; on the
other hand, the load path is direct (no annular
gap) and the embedded plate adds to the stiff-
ness of the fastening until the concrete in front
of the plate is spalled away. Shear studs also
produce concrete spalls at the point of bearing
because load eccentricity and the associated
catenary tension in the studs causes the base-
plate to lose contact with the concrete at near-
ultimate load levels. Fig. 4.62 provides an
example of such spalling, albeit in this case for

Fig. 4.62 Shell-shaped concrete spalling for a headed
stud remote from an edge when subjected to shear
(taken from Fuchs (1990))

Fig. 4.63 Failure modes for shear loading
(Eligehausen, Mallée, Rehm (1997))

a) Steel failure

b) Concrete edge failure

c) Concrete pry-out failure

d) Pull-out failure

a headed stud bolted to the not embedded base-
plate.

Possible failure modes associated with anchors
subjected to shear loading are illustrated in Fig.
4.63.

a) Steel failure

Anchors loaded in shear exhibit steel failure
when the edge distance and the embedment
depth are sufficiently large, whereby conical
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spalling of the surface concrete precedes steel
failure (Figs. 4.60, 4.62, and 4.63a). For a given
anchor, steel failure represents a limit on the
maximum shear capacity. Anchors made of duc-
tile steels can develop relatively large displace-
ments at failure.

b) Concrete edge failure

Anchors loaded in shear toward a proximate free
edge may fail by development of a semi-conical
fracture surface in the concrete originating at the
point of bearing and radiating to the free surface
(Fig. 4.63b,). A group of anchors loaded in shear
and proximate to an edge may develop a com-
mon conical fracture surface (Fig. 4.63b,), and
the development of the fracture surface is inter-
rupted by the presence of a corner (Fig. 4.63b,),
by the limited depth of the member (Fig. 4.63b,)
or by proximate edges parallel with the load
direction (Fig. 4.63bs). In these cases the failure
load associated with the anchor or one anchor of
the group is reduced compared to the application
shown in Fig. 4.63b,.

¢) Pry-out failure

Anchors and shear studs having limited embed-
ment and loaded in shear can exhibit sufficient
rotation to produce a pry-out fracture whereby
the primary fracture surface develops ‘behind’
the point of load application (Fig. 4.63c,).
Anchor groups may develop a common pry-out
fracture surface. (Fig. 4.63c,). This failure mode
does not depend on the presence of free edges.

d) Pull-out failure

Pull-out failure under shear loading is generally
associated with expansion anchors that cannot
develop sufficient frictional resistance to
accommodate the catenary tension force gener-
ated in the anchor bolt as a result of lateral
deformation. This failure mode is rarely
observed and is not dealt with in any further
detail here.

As in the case of anchors loaded in tension and
failing by concrete cone breakout or by split-
ting, concrete edge breakout and pry-out fail-
ures under shear load represent the maximum
capacity of the concrete to transmit tensile
stresses. Anchor lateral displacements associ-
ated with concrete edge breakout and with pry-
out failure are dependent on edge distance and
anchor embedment, nevertheless, they are gen-

erally significantly smaller than those corre-
sponding to steel failure.

4.1.2.2 Failure load associated with steel
rupture

a) Shear load without lever arm

In addition to shear stresses and catenary tension
stresses, anchors subjected to shear loads also
experience secondary bending stresses. The
influence of bending stresses on the failure load
associated with anchor steel rupture is generally
negligible for cast-in-place embedded plates with
welded shear studs and for baseplates secured
with pretensioned anchors. Thin grout layers
(<3 mm), e.g. as required to smooth out the con-
crete surface, will generally not contribute sig-
nificantly to these bending stresses. However, in
instances where thicker grout pads are used, e.g.
to permit baseplate levelling, spalling of the
grout in front of the leading anchors may result in
the shear load being transferred primarily via
bending in the anchors as opposed to shear in the
grout pad. According to Bouwman, Gresnigt,
Romeijn (1989) grout pads with a thickness of
less than 20 mm do not have a negative effect on
the shear strength of column connections.

At present, there is no generally acknowledged
theoretical approach to calculate the steel fail-
ure load associated with the complex interac-
tion of shear, tension and bending stresses
developed in a shear-loaded anchor. It is fre-
quently assumed that failure occurs when the
bending stresses in the anchor exceed the tensile
strength of the steel. This leads to solutions
based on the classical indeterminate problem of
a beam on an elastic or elasto-plastic foundation
(Friberg (1940), Basler, Witta (1967), Wieden-
roth (1971), Cziesielski, Friedmann (1983)).
Rasmussen (1963) and Vintzeléou, Tassios
(1987) assume a distribution of concrete bear-
ing stress and the onset of full plastic moment in
the anchor bolt at a defined distance from the
surface of the concrete to determine the associ-
ated bolt failure load.

The failure loads predicted by Friberg (1940)
and Wiedenroth (1971) average roughly 50% of
measured values (Fuchs (1990)). Although fail-
ure loads predicted by other approaches coin-
cide, on average, reasonably well with mea-
sured loads, the coefficient of variation associ-
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ated with the ratio of measured to calculated
failure loads is quite high (v = 30% to 40%).
Thus a simple and straightforward approach
based on the relation V, = oA, f, appears
more reasonable. Using regression analysis,
Fuchs, Eligehausen (1986/1) have established
the coefficient o = V (test)/V (calculation) asso-
ciated with approximately 220 test series. A vari-
ety of post-installed anchor systems are repre-
sented in this database for which all tests resulted
in steel failure. Taking f, as the nominal steel
strength, a mean value ¢ = 0.68 results. How-
ever, steel strengths associated with the test spec-
imens, while generally not recorded, likely
exceeded nominal values. Past experience indi-
cates that the actual steel strength is 1.1 times to
1.2 times the nominal value, resulting in a mean
value o= 0.6.

Tests with welded shear studs produce a higher
coefficient ¢. This is attributable to the
strengthening of the cross-section provided by
the weld metal and the reduced bending
moment associated with the fixity of the stud
and resulting double curvature. When the mea-
sured steel strength is taken for f,, a value o =
0.7 was found by Klingner, Mendonca (1982/3)
and Roik (1982) and o = 1.0 by Anderson,
Meinheit (2000).

The following equation is proposed for calcu-
lating the mean shear capacity of the steel bolt:

V,.,=a-A-f,

us

4.17)

where:

a = 0.6 for anchors

a = 0.7 for headed studs welded to the
baseplate

measured tensile steel strength

fa

Strictly speaking, equation (4.17) is valid only
for the conditions present in the tests used for the
evaluation, i.e. single headed studs with shank
diameter d < 22 mm and measured steel strength
£, <500 N/mm? and single post-installed anchors
with bolt size less than M20 and measured steel
strength f, < 1000 N/mm?. Furthermore, the
embedment depth must be sufficient to preclude
pry-out failure of the anchor (section 4.1.2.3).

The Huber-Hencky-Mises yield condition pre-
dicts a value for o associated with shear yield of
1/3 = 0.57. Valtinat (1982) specifies a value of

a = 0.625 for machine bolts as derived from
tests. According to Schmidt, Knoblauch (1988)
the coefficient o is dependant on the steel
strength of the bolt and can be taken as ¢t = 0.68
for ISO Grade 4.6 bolts and ¢ = 0.60 for ISO
Grade 10.9 bolts. Klingner, Mendonca (1982/3)
recommend a value of or = 0.675 for shear studs,
whereas for headed studs welded to baseplates
Roik (1982) proposes ¢ = 0.70 and Anderson,
Meinheit (2000) recommend ¢ = 1.0. For under-
cut anchors Cook, Klingner (1989) recommend
that o be taken as 0.60. Thus the coefficients pro-
posed in equation (4.17) are — with the exception
of the proposal of Anderson, Meinheit (2000) —
generally in accordance with published results.

Ollgaard, Slutter, Fisher (1971) and Roik
(1982) identify concrete spalling as a failure cri-
terion in addition to pure steel failure. Ollgaard,
Slutter, Fisher (1971) propose equation (4.18)
for the average shear failure load of studs
welded to baseplates when concrete spalling
occurs. Nevertheless, for standard concrete and
steel strengths and sufficiently large embed-
ment depths, Klingner, Mendonca (1982/3),
Meinheit, Heidbrink (1985) and Fuchs (1990)
all report failure loads in accordance with equa-
tion (4.17) for specimens exhibiting spalling
prior to steel rupture.

‘/u,rp = 05 As ! VEL' ' f(

For group anchorages where a shear force acts
concentrically on the baseplate, the failure load
is theoretically n times the value given by equa-
tion (4.17) for a single anchor, where »n is the
number of anchors. However, for anchorages
comprises of anchors arranged linearly in the
direction of applied shear load, uniform load
distribution at ultimate load levels occurs only
if there is no play between the anchors and the
holes in the baseplate, or if the anchors are
welded to the baseplate. If, however, the
anchors have play or are not welded to the base-
plate, then the random positioning of the
anchors within the hole clearance will result in
uneven load sharing. Similarly, the anchors will
experience different displacement demands at
ultimate load depending on hole clearances and
the relative anchor positions. Nevertheless, the
effect of the unevenly distributed load on the
steel failure load for fastenings with up to three

(4.18)
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anchors in a row collinear with the load direc-
tion may be marginal (Fuchs, Eligehausen
(1990)) if the anchors have sufficient plastic
deformation capacity and are installed with
standard hole clearances as specified in Table
3.2, (e.g. 2 mm for M12). This has also been
confirmed experimentally via tests on rein-
forced concrete corbels connected to columns
with HSFG bolts (Eibl, Schiirmann (1982)). A
clear reduction in the failure load resulted only:
(a) if the anchors possessed insufficient plastic
deformational capacity and/or (b) they were
installed with significantly greater hole toler-
ances than the maximum values given in Table
3.2, or (c) the anchorage consisted of more than
three anchors in a row collinear with the load
direction. In such cases it is recommended to
reduce the coefficient o in equation (4.17) by
20% (Fuchs, Eligehausen (1990)). The result-
ing coefficient o = 0.5 is also recommended in
Cook, Klingner (1989) for group anchorages.

b) Shear load with lever arm

In stand-off installations (e.g. facade anchors),
anchors are clearly subjected to cantilever
bending. Flexural failure of the steel rod gener-
ally defines the capacity of such anchorages
provided the distance to the edge of the compo-
nent is sufficiently large.

The average bending moment in a bolt at failure
MY, can be calculated using equation (4.19a)
(Scheer, Peil, Nélle (1987)). It corresponds to
the plastic bending moment at failure:

M) =17-W,-f, (4.192)

where:

W, = section modulus for the threaded part
calculated based on the net tensile area

1y = measured steel yield stress

The 5% fractile of the bending moment corre-
sponding to rupture is approximately 90% of
the average value. It is calculated using equa-
tion (4.19b):

M, o, =15-W,-f, (4.19b)
In deriving equation (4.19a) a 10° rotation of
the threaded stud was defined as the failure cri-
terion. The angle of rotation corresponds to the
angle between the non-deformed axis of the bolt
and a line joining the point of fixation with the
point at which the load is applied in the
deformed state.

Fig. 4.64 shows the bending moments at failure
as measured in tests compared to the theoretical
5% fractile of the bending moments at failure as
predicted by equation (4.19b). This diagram

Fig. 4.64 Ratio of measured ultimate and calculated characteristic bending moments as a function of bolt diameter

(after Scheer, Peil, Nolle (1987))
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Fig. 4.65 Definition of shear load lever arm for stand-
off installation (after Comité Euro-International du Béton
(1995))

applies to cases in which the point of fixity was
located in the bolt shank. It shows that equation
(4.19b) produces sufficiently accurate results.

Extensive tests on specimens subjected to bend-
ing reveal that equation (4.19) is also valid for
post-installed anchors (Varga, Eligehausen
(1994)). However, when calculating the acting
bending moment an adjustment to the lever arm
l according to equation (4.20) is required for the
application shown in Fig. 4.65a to account for
local spalling caused during the drilling
process. If additional rotational restraint is pro-
vided as shown in Fig. 4.65b, the effect of
spalling on the ultimate capacity may be
neglected.

=€ +a (4.20)

where:

e, = distance between shear load and surface
of concrete

a; = 0.5-d (Fig. 4.65a)
0 (Fig. 4.65b)

According to Scheer, Peil, Nélle (1987) the
average bending moment at failure decreases if
tensile forces are applied simultaneously (equa-
tion (4.21)).

M, :MSA_ (I-N/N) (4.21)
where:

MY, according to equation (4.19a)

N = tensile force

N, = failure load according to equation (4.1)

Fig. 4.66 shows the bending moments at failure
measured in tests compared to the values calcu-
lated using equation (4.19b) in relation to the
relative tensile load. The diagram shows that
equation (4.21) describes the test results with
sufficient accuracy.

According to Scheer, Peil, Nélle (1987) the
influence of a shear force on the bending
moment at failure does not need to be consid-
ered for related load eccentricities e,/d = 1. This
condition normally exists for fastenings with

Fig. 4.66 Ratio of measured ultimate and calculated characteristic bending moments at failure as a function of the

applied related tensile force (after Scheer, Peil, Nélle (1987))
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Fig. 4.67 Anchor with and without full fixity provided by
the attachment (after Comité Euro-International du Béton
(1995))

a) oy =10

b) oy = 2.0

post-installed anchors, because when determin-
ing the lever arm /, the point of fixity is assumed
to be a distance of 0.5d behind the face of the
concrete and, in addition, 0.5 times the thick-
ness of the fixture is included (Fig. 4.65a).
Therefore, the shear failure load for a stand-off
installation can be calculated from the bending
moment at failure according to equation (4.21),
the lever arm of the shear load and the structural
system (equation (4.22)):

V,,=ay, M, /1 4.22)

where:
a,, = 1.0 when rotation of the baseplate and/or
anchor is not restrained (Fig. 4.67a)
= 2.0 when the anchor is restrained from
rotation at the baseplate (Fig. 4.67b)
M according to equation (4.21)

u,s

l according to equation (4.20)

The coefficient ¢, depends on the degree of
rotational fixity of the anchor where it joins the
baseplate. A conservative figure should be cho-
sen. If it is assumed that the anchor is restrained
by the baseplate as shown in Fig. 4.67b, then
the baseplate must have sufficient stiffness to
resist the induced moment without significant
deformation.

4.1.2.3 Failure load associated with pry-out

The load-bearing mechanism of a single headed
stud anchorage subjected to a shear load is illus-
trated schematically in Fig. 4.68 (Zhao (1993)).
The applied shear load gives rise to bearing
stresses in the concrete. With increasing load
the surface concrete is crushed or spalled, shift-
ing the centroid of resistance V), to a location
deeper in the concrete. Also with increasing
load and stud elongation, the baseplate rotates
and loses contact with the concrete on the
loaded side. These two mechanisms act to fur-
ther increase the eccentricity between the
applied shear load V and the stress resultant V,
in the concrete. The moment resulting from this
eccentricity generates a compressive force C
between baseplate and concrete and a tensile
force N in the stud. If the tensile force in the
stud exceeds the tensile capacity associated
with the maximum fracture surface that can be
activated by the stud, a fracture surface origi-
nating at the head of the stud and projecting in
conical fashion behind the stud forms (Fig.
4.69). This is defined as a pry-out failure.

The tensile force in the stud or anchor depends
on a number of factors, including the size of the
baseplate. In the tests carried out by Zhao
(1993) the clear distance of the shear studs from
the edge of the baseplate corresponds more or
less with the limits of constructibility. The ten-
sile force in the studs at ultimate as measured
with the aid of strain gauges is on average about
35% of the applied shear load. According to
investigations by Fuchs (1990) using a non-lin-
ear finite element program, the tensile force
developed in post-installed anchors at ultimate
is approximately 40% of the applied shear load.
The fracture surface area is approximately 60%
to 70% of the area corresponding to a concen-
tric tension load applied to an anchor with the

Fig. 4.68 Load-bearing mechanism of headed stud
anchorage subjected to shear loading (schematic)
(after Zhao (1993))
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Fig. 4.69 Typical failure body of a stud anchorage far
from an edge loaded in shear (after Zhao (1993))

Top: Photo (taken from above)

Bottom: Cross-section of failure body (schematic)

same embedment. Owing to the compressive
force C, the failure surface originates at the toe
of the baseplate. The slope of the fracture sur-
face is also characteristically shallower than
that measured for a typical concrete cone break-
out resulting from tension loading. Assuming
that the distribution of the tensile stresses over
the fracture surface is similar for shear and ten-
sion loads and ignoring the positive influence of
the compressive force C on the concrete cone
failure load, then the failure load of a single
anchor corresponding to pry-out Vfw can be
taken as:

0 R,
Vu,cp = N/V (4233)
where:
R = resistance associated with concrete

cone breakout = 0.6 N9 to 0.7 NJ,

N/V = ratio of the tension force in the anchor
to the applied shear force 0.35

Substituting:
0.6-N° 100.7-N°
0 uc uc 0 0
eep = ‘0‘35 . =17-N, t02.0-N,,

(4.23b)

Fig. 4.70 Typical failure body of a group of four headed
studs far from an edge loaded in shear (after Elige-
hausen, Lehr (1993))

Top: Photo (taken from above)

Bottom: Cross-section of failure body (schematic)

This may be simplified as follows:

0 0
Vi =k "Ny, (4.23¢)
where:
k=120
N, is determined in accordance with
equation (4.5)

Tests by Eligehausen, Lehr (1993) indicate
that the coefficient k, is dependent on the
embedment depth and may be less than 2.0 for
h,s < 60 mm. These tests also show that pry-out
failure occurs in anchor groups (Fig. 4.70),
whereby the failure load can be approximated
with the same approach used for single anchors.

The general case then becomes:

Vi =k N, 4.24)
where:

k;  =2.0for h,,2 60 mm
k;  <2.0for h,< 60 mm

N,. according to equation (4.10)

u,c

Here, the concrete cone failure load is calcu-
lated for the anchors that resist the shear loads.
If the shear load is applied concentrically with
respect to the anchorage centroid, then calcula-
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Fig. 4.71 Ratio of measured shear failure load and calculated tension concrete cone failure load as a function

of embedment depth (Eligehausen, Graf, Fuchs (1997))

tion of the projected area A,y includes all
anchors in the group and the eccentricity factor
¥,y in equation (4.8a) is taken as 1. If the shear
load is applied eccentrically with respect to the
anchorage centroid but still within the boundary
of the anchor group, then again all anchors in
the group are considered when calculating the
projected area Ay, but for calculating v, ,, the
eccentricity e, is taken relative to the centroid
of the shear-resisting anchors only. Due to the
complex nature of the shear load distribution to
the anchors in the group, no approach is cur-
rently available for calculating the pry-out fail-
ure load associated with a shear load applied
outside of the geometric boundary of the anchor
group.

Fig. 4.71 shows the relationship of failure loads
as measured in tests (concentric shear acting on
fastenings with large edge distance) to the cal-
culated concrete cone failure loads for tension
calculated per equation (4.6) as a function of the
embedment depth. All data points represent pry-
out failures. It is apparent that the ratio
V (test)/N,, . is scattered about the value k; = 2.0
for h, 2 60 mm, but that the value of k; can

clearly be lower for h,, = 40 mm. For headed
stud anchorages with A, 2 60 mm at an edge,
loaded towards the edge, with special reinforce-
ment to carry the shear load, a coefficient
k, = 1.5 is indicated from tests conducted by
Ramm, Greiner (1991).

The embedment depth required to preclude pry-
out failure, or rather to assure failure of the
steel, depends on the steel strength, the diame-
ter of the anchor, and the concrete strength. For
groups, the anchor spacing is relevant as well.
Therefore, the required embedment depth can
vary substantially. Pry-out failure is often criti-
cal for the design of fastenings remote from an
edge.

In theory, equation (4.24) applies also to fasten-
ings located near the edge of a component that
are subjected to shear loads parallel to or
directed away from the edge. In calculating N,
the presence of the near-edge condition is
accounted for in determining the projected area
A,y and the factor y, , as per equation (4.7a).
Further experimental studies are required to
confirm this approach.
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4.1.2.4 Concrete edge failure for a shear
load perpendicular to the edge

Anchorages close to an edge subjected to a
shear load perpendicular to the edge may fail
via fracture of the concrete before the load-car-
rying capacity of the steel is reached. Figures
3.2 and 4.72 show the resulting failure bodies of
single anchors loaded perpendicular to the edge.
Experimental investigations show that the frac-
ture crack presents an angle with respect to the
edge of 35° on average and develops to a depth
at the face of the edge equal to approximately
1.3 times to 1.5 times the edge distance (Stich-
ting Bouwresearch (1971), Fuchs, Eligehausen
(1986/2)).

The load-bearing behaviour of such fasteners
depends on the behaviour of the concrete in ten-
sion. Development of a satisfactory analytical
procedure to predict the concrete cone breakout
load of fasteners loaded in shear remains quite
complex for the reasons explained in section
4.1.1.3a. It is therefore necessary to employ
empirical methods to determine the load-carry-
ing capacity of shear-loaded fasteners near an
edge, whereby rational engineering models
should be considered. The application of the
CC-Method as described below fulfils this con-
dition.

a) Concentric shear load acting on a single

anchor adjacent to the edge of a member
Fuchs (1984) proposes an equation for predict-
ing the average concrete failure load of a single
anchor subjected to a shear load applied per-
pendicular to the edge of a member. This is
based on the evaluation of approximately 80

Fig. 4.72 Concrete edge failure of a shear-loaded
anchor close to an edge (taken from Fuchs, Eligehausen
(1986))

tests on post-installed anchors and headed studs
with d <25 mm. The applicability of this equa-
tion is confirmed in Zhao, Fuchs, Eligehausen
(1989) on the basis of a some additional 160
tests on various types of anchors whereby the
influence of the anchor geometry is also estab-
lished. In addition, Eligehausen, Mallée, Rehm
(1997) performed a further analysis of a data-
base of shear tests on anchors conducted since
1989. The combined test results are represented
by equation (4.25):

0.2
l,
VMOL‘ =0.9: Vdnom .\/ f;,‘c200 ’ [#j '(’.]ll5 [N]

4.25)
where:

d,,, = outside diameter of a post-installed
anchor, or shank diameter d of a head-
ed stud [mm]
25 mm
edge distance, measured from the lon-
gitudinal axis of the anchor (see Fig.
4.73b) [mm]
Zf = effective load transfer length [mm)]
= h, for anchors with constant flexural
stiffness over the length of the anchor
= length of the embedded distance
sleeve for post-installed anchors with
a non-uniform flexural stiffness (i.e.
sleeve-type anchors)
Ifd,,, < 8

Equation (4.25) indicates that the concrete fail-
ure load of a near-edge shear loaded anchor is
strongly influenced by the edge distance since it
is this parameter — analogous to the embedment
depth for a tension loaded anchor — that deter-
mines the size of the fracture surface (Fig.
4.73). Nevertheless, the failure load is propor-
tional to ¢}, whereby the area of the fracture
surface is proportional to ¢?. This is likewise
attributable to the size effect discussed in sec-
tion 3.3.1 (Fuchs (1990)). The ultimate load is
further influenced by the tension capacity of the
concrete, assumed to be proportional to £23,
and on the distribution of bearing stresses along
the anchor length, which in turn depends both
on the bearing stiffness of the concrete and the
flexural stiffness of the anchor. The diameter
and effective load transfer length terms are used
to account for the bearing stress distribution.

A

¢
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Fig. 4.73 Comparison of concrete failure bodies
(Fuchs, Eligehausen (1995))

a) Concentric tension load (cross-section)

b) Shear load towards the edge (seen from above)
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Fig. 4.74 Influence of edge distance on the concrete
cone breakout load associated with shear towards a free
edge (Eligehausen, Mallée, Rehm (1997))

Failure loads for post-installed anchors and
headed studs exhibiting concrete edge failures
under shear loading perpendicular to the edge
are plotted as a function of the edge distance in
Fig. 4.74. The failure loads measured in the
tests were normalised with the aid of the rela-
tionships given in equation (4.25) to an outside
diameter d,,,, = 18 mm, an embedment depth
h, = 80 mm and a concrete strength f93,, =
25 N/mm?, A friction-reducing surface was used
in all tests in order to minimise the friction
between concrete and loading plate. The results
of the tests are scattered about the calculated
values according to equation (4.25). The ratio of

measured to calculated failure load exhibits a
normal distribution and is on average 0.95 with
a coefficient of variation of 17 % (Fuchs, Elige-
hausen, Breen (1995/1)). This degree of scatter
is somewhat larger than that generally associ-
ated with the concrete tensile strength. This can
be attributed to the variety of tested systems
(post-installed anchors and headed studs), and
the different concrete mix designs represented
in the database. Moreover, tensile stresses
resulting from shrinkage of the concrete may
further influence the failure load, leading to
increased scatter.

Extensive experimental and numerical research
on headed studs and post-installed bonded
anchors described in Eligehausen, Hofmann
(2003) reveals that equation (4.25) overesti-
mates the influence of the anchor diameter, spe-
cially for anchors with a diameter d > 25 mm. A
more accurate approach for the average con-
crete edge failure load is given by equation
(4.26).

V"O‘f =3.0-d,, ll: ’ fz(:;(m " IN] (4.26)
where:
05
l
¢

B

0.2
0.1- (dnom j
G

as defined in equation (4.25)

lf’ dn()m
According to equation (4.26) the influence of
the anchor diameter and of the value /;on the
concrete edge failure load depends on the edge
distance. For anchors with a constant /, the fail-
ure load is approximately proportional to d%!3
for a small edge distance and there is almost no
influence of the anchor diameter for a large
edge distance. Likewise for an anchor with a
constant diameter and a small edge distance the
failure load is approximately proportional to
1797, while for large edge distances the influ-
ence of /; is negligible.

Figs. 4.75 and 4.76 show that the influence of
anchor diameter d,,, and the effective load

transfer length /, on the concrete edge failure
load are correctly taken into account by equa-
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Fig. 4.75 Ratio of measured concrete edge failure
loads and values calculated according to equation (4.26)
(Hofmann (2004))

a) As a function of anchor diameter

b) As a function of the effective load transfer length

tion (4.26). In the tests d,,, was varied between
8 mm and 50 mm an /, between 60 mm and
450 mm (Fig. 4.75). The numerical analysis
covered diameters from 8 mm to 190 mm and
effective load transfer lengths from 60 mm to

900 mm (Fig. 4.76).

For standard applications (diameter up to 20
mm and edge distance up to 200 mm) the fail-
ure loads predicted by equation (4.25) or (4.26)
are almost identical. Only for larger anchor
diameters and/or larger distances, equation
(4.25) predicts significantly higher failure loads
than equation (4.26).

a)

b)

Fig. 4.76 Ratio of concrete edge failure loads obtained
numerically and values calculated according to equation
(4.26) (Hofmann (2004))

a) As a function of anchor diameter

b) As a function of embedment depth

b) Concentric shear load acting on a group
of anchors adjacent to an edge

In theory, the failure load predicted by equation
(4.25) or (4.26) will be reached only if the frac-
ture surface can fully develop as shown
schematically in Fig. 4.63b, or Fig. 4.77a.
Assuming a failure surface angle of 35°, this
condition is met only if the distance(s) to the
adjacent loaded anchor(s) is s 2 3 - ¢, and the
member thickness is 72 = 1.5 - ¢;. Anchor groups
with spacing s < 3¢, form a common concrete
fracture surface (Figs. 4.63b, and 4.78) and
hence develop a lower failure load than would
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Fig. 4.77 Anchor loaded in shear towards an edge
(after Fuchs, Eligehausen (1995))

a) ldealised shape of typical concrete failure body

b) Projected area for same anchor per the CC-Method

Fig. 4.78 Concrete failure body of a pair of shear-

loaded anchors close to an edge (taken from Fuchs,
Eligehausen (1986,/2))

be predicted based on the individual anchor
capacities. The failure load can be evaluated
with the CC-Method in a manner similar to that
used for fastenings loaded in tension, i.e. by
means of projected areas. Equation (4.27)
applies generally to anchors in members having
a thickness h = 1.5 - ¢;:

A(' V 0
VM' = AOY ’ Vu < [N]

cV

4.27)

where:

AP, = projected area of the fully developed
failure surface for a single anchor ide-
alised as a half-pyramid with height ¢,
and base lengths 1.5 - ¢, and 3 - ¢, (Fig.
4.77b)

o 17 IIEE A, =(2-1.5¢c, +s,)-1.5¢,
=2 //4/ ov h 21.5¢c
= gt oo
o s, £3.0c,
1.5¢, :11.5c,
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b)

- 7 e A, =2-15¢c.-h
Ve o h<1.5¢c,
1.5¢,{1.5¢,

/ A

i % A., =(2-15¢,+8)-h
< I L '/////A” h <1.5¢,
£ s, 3.0¢,

1.5¢,1 s, |1.5¢,

d)

Fig. 4.79 Projected areas for various shear-loaded
anchor configurations

a) Pair of anchors close to an edge

b) Single anchor in the corner of a concrete member
¢) Single anchor in a thin concrete member

d) Pair of anchors in a thin concrete member

45-¢?

projected area of the failure surface for
the anchorage as defined by the over-
lap of individual idealised failure sur-
faces of adjacent anchors (s < 3-¢;)
(see Fig. 4.79a for example of calcula-
tion of A_ )

AL‘,V

Vo, according to equation (4.26)

The factor A, /A, takes into account the influ-
ence of anchor spacing on the concrete breakout
shear load in a manner directly analogous to the
tension loading case. In the case of two anchors
with a spacing s = 3 - ¢, the equation predicts a
failure load equal to twice the failure load asso-
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Fig. 4.80 Influence of spacing on the concrete edge
failure load of pairs of anchors subjected to shear (tests
according to Fuchs, Eligehausen (1986,/2))

ciated with a single anchor having the same
edge distance. At the limit condition s = 0, the
failure load reduces to the capacity of a single
anchor. A linear interpolation between these two
extremes is assumed, as given by equation
(4.27). Fig. 4.80 indicates that this approach is
sufficiently conservative.

Anchor groups with more than two anchors in a
row have not been tested extensively, however,
for anchorages that do not exhibit slip between
the anchor and the baseplate (e.g. welded shear
studs), equation (4.27) should be applicable.

Stichting Bouwresearch (1971) similarly identi-
fies s = 3 - ¢, as the spacing required to avoid
shear cone overlap. While American Concrete
Institute, ACI 349-90 (1990) proposes s =2 - ¢,
as the critical spacing, analysis by Fuchs, Elige-
hausen, Breen (1995/1) demonstrates that this
can lead to unconservative predictions. A non-
linear relationship between the shear capacity of
groups located near the edge of a member and
the anchor spacing as a function of edge distance
is assumed in Uéda, Stitmannaithum, Matu-
pagout (1991). Assuming a linear correlation as
given by the CC-Method leads to s = 4 - ¢;.

Equation (4.27) is applicable only if the individ-
ual anchor spacings of anchors in a group are s <
3 - ¢,. If this is not the case, then the shear cones
of neighbouring anchors do not overlap and
equation (4.25) or (4.26) applies to each anchor.

A few special aspects should be noted with
respect to anchor groups loaded in shear where
the anchors are arranged perpendicular to a
proximate edge. A distinction should be made
here between anchors installed through a base-
plate and welded shear studs.

When anchors are installed through a baseplate,
some degree of hole clearance is typically pre-
sent around the anchor. Consider a pair of
anchors located perpendicular to a free edge,
as shown in Fig. 4.81 (Fuchs, Eligehausen
(1995)). If the shear load is initially resisted by

\Y
Crack 2
Crack 1
a) \
Crack 2
Crack 1
b) \Y
Crack 2
Crack 1

d)

Fig. 4.81 Fracture patterns of shear-loaded anchor-

ages with hole clearance close to an edge (after Fuchs,

Eligehausen (1995))

a) Two anchors perpendicular to the edge with large
spacing

b) Two anchors perpendicular to the edge with small
spacing

c) Four anchors with large spacing

d) Test of four anchors with large spacing — photo of
crack pattern
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Fig. 4.82 Load-displacement curve for a pair of shear-
loaded anchors oriented perpendicular to the edge (after
Fuchs, Eligehausen (1986))

the near-edge anchor alone, it will generate a
concrete breakout (crack 1 in Fig. 4.81a). Fol-
lowing displacement sufficient to bring the rear
anchor into a bearing condition, that anchor will
then resist the entire shear load. Due to its larger
concrete breakout capacity, the rear anchor gov-
erns the ultimate capacity of the group, all other
factors being equal (see crack 2 in Fig. 4.81a).
The progression of load distribution is readily
seen in Fig. 4.82 (Fuchs, Eligehausen
(1986/2)), which shows the load-displacement
curve measured in a deformation-controlled test
on a pair of anchors positioned perpendicular to
the edge. A hole clearance of 2 mm was pro-
vided for the anchor furthest from the edge. Fol-
lowing formation of a concrete breakout frac-
ture at the near-edge anchor, the shear resis-
tance of the group decreases with increasing
displacement up to 2 mm, at which point the
anchor furthest from the edge engages the base-
plate. The ultimate capacity of the group is
reached upon formation of a concrete breakout
fracture originating at the rear anchor. This
capacity has been experimentally shown to cor-
respond to the ultimate load of a single anchor
having the same edge distance as the rear
anchor, which implies that for the anchor spac-
ing in this case (s = 120 mm), the ultimate

capacity of the group is not influenced by the
concrete breakout fracture generated by the
near-edge anchor. The shear load fracture pat-
tern associated with a four-anchor group with a
relatively large spacing between the front and
rear anchors is shown schematically in Fig.
4.81c. The experimental result is shown in Fig.
4.81d. In this case the shear capacity at failure
is governed by the anchors furthest from the
edge. Therefore, equation (4.28) applies:
Vie =V (er)) (4.28)
Theoretically, if a small relative spacing is pro-
vided between the front and rear anchors (Fig.
4.81b), crack 2 may merge with crack 1. In this
case, the capacity of the group would be only
slightly increased over that associated with the
formation of crack 1. This failure mode has not
been verified experimentally to date. The mini-
mum spacing s, perpendicular to the edge at
which cracks 1 and 2 are more or less parallel to
each other may depend on the edge distance
associated with the near-edge anchor(s). Tests
on groups of anchors carried out by Elige-
hausen, Fuchs (1988) with ¢, | = 80 mm to 120
mm confirmed that a distance of s; = 120 mm is
sufficient to assure parallel crack formation.
Tests conducted by Wong, Donahey, Lloyd
(1988) on shear stud assemblies (edge distances
and spacing ¢, = s; = 60 mm) also generated
parallel cracks. Parallel cracks where also found
in tests with post-installed bonded anchors with
¢;; =140 mm and s, = 70 mm by Eligehausen,
Hofmann (2003). It may be conservatively
assumed that calculation of the concrete edge
failure load using equation (4.28) is justified for
a spacing s, = ¢, . If the spacing s, is less than
¢y, it should be assumed that the near edge
anchors govern the concrete edge failure load.
That is:

Vie=V,c(cp) (valid fors, <c )

uc

(4.29)

The formation of crack 1 has implications for
the behaviour of the anchorage at service load
levels. This should be taken into account in the
design of the anchorage (section 14).

Welded shear stud connections (see Fig. 4.83)
tend to distribute shear loads evenly to the in-
dividual studs, regardless of location, up to a
load corresponding to V=2-V, (c;;) where
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Fig. 4.83 Fracture patterns of shear-loaded headed

studs close to an edge (Hofmann (2004))

a) Two anchors perpendicular to the edge with large
spacing

b) Group of four anchors with large spacing

V,.(cy ) is equal to the capacity of the near-edge
stud(s) according to equation (4.27). With
increasing load the stiffness of the near-edge
stud(s) decreases and the load is re-distributed to
the rear stud(s) (Anderson, Meinheit (2000/1),
Eligehausen, Hofmann (2003)). According to the
experimental investigations of Anderson, Mein-
heit (2000/1) this re-distribution of load takes
place without the formation of a crack from the
front studs. However, according to the numerical
investigations of Eligehausen, Hofmann (2003) a
crack will form at the front anchors before reach-
ing the failure load if the spacing s, is larger than
= 1.5 - ¢, ,. If the spacing between front and rear
stud(s) is sufficiently large, the failure crack is
formed from the rear stud(s) (crack 1 in Fig.

1 Co y i C2,1 " C2p2
N
T -t
Cq I C1
L b
b)

a)

Fig. 4.84 Fracture pattern of a single shear-loaded
anchor (Rehm, Eligehausen, Mallée (1992))

a) In the corner of a concrete member

b) In a narrow concrete member (schematic)

4.83), which defines the ultimate load of the
group (V,. = V,.(c;»). The concrete breakout

capacity of the group may therefore be predicted
with equation (4.30) as follows:

v, =max{2-V, (¢, ).V, (c,,)} (4.30)

uc

¢) Concentric shear load acting on anchors
in a corner or in a narrow member

In the case of shear-loaded anchors positioned
in the corner of a component or in a narrow
component, development of the concrete frac-
ture surface may be restricted (Fig. 4.84) if the
distance to the edge parallel to the load direction
is ¢, < 1.5 - ¢,. The critical value ¢, = 1.5 - ¢, cor-
responds to a fracture angle of 35°.

At the limit condition of ¢, = 0 (refer to Fig.
4.84a) the volume of the theoretical shear cone
associated with a shear-loaded anchor in a cor-
ner is reduced by 50%. In addition, the stress
distribution — which is at edges symmetric in
the direction of the load — is disrupted by the
presence of the corner, leading to further capac-
ity reduction. This may be taken into account
with a reduction factor in a manner similar to
that adopted for tension loads:

Ay
Vur = AO" ' W.\',V ! ‘/HO,( [N] (431)
cV
where:
v,y = 07+03-¢,/(1.5-¢))<1.0 (4.31a)
¢, = distance to the edge that is parallel to

the direction of load
Ay, AL, VO are evaluated as for equation (4.27)
(Fig. 4.79b illustrates the calculation of A_.;)

Equation (4.31) may also be applied to shear-
loaded anchors located in stem walls or other
narrow members (see Fig. 4.84b). Note that the
smaller of the edge distances ¢, ; and ¢, , should
be inserted into equation (4.31a) in lieu of c,.

The accuracy of equation (4.31) was checked
with shear tests on single anchors located in the
corner of a component with ¢, =c,. These
resulted in adequate correlation between pre-
dicted and tested failure loads (Fuchs (1990)). As
shown in Fig. 4.85, equation (4.31) also supplies
sufficiently accurate predictions for single
anchors positioned symmetrically in narrow
members. Tests involving unequal edge distances
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Fig. 4.85 Ratio of ultimate loads measured in tests
with cast-in-place dowel bars in thin members and values
calculated according to equation (4.26) as a function of
the ratio corner distance to edge distance (tests after
Paschen, Schénhoff (1983))

(€5, #¢,,) are not available, but it is expected that
the CC-Method should supply conservative
results if the differences are not too large.

d) Concentric shear load acting on anchors

in a member with limited thickness
The failure load predicted by equation (4.31) is
valid only if the member thickness is sufficient
to permit the formation of the complete fracture
surface. A shear loaded anchor located in a thin
member generates a fracture surface that is
truncated by the lower edge of the component
(Fig. 4.63b,). In this case, the failure load associ-
ated with concrete fracture will increase roughly
linearly with the edge distance (Fig. 4.86). The
minimum member thickness required to permit
formation of a complete fracture surface is
roughly 1.3 times to 1.5 times the edge distance
in the loading direction. In the CC-Method the
value is takenas A= 1.5 - ¢,.

Equation (4.31) predicts that the failure load will
be proportional to the projected area and hence
directly proportional to the thickness of the com-
ponent where shear-loaded anchors are located in
members with 2 < 1.5 - ¢, (see calculation of A,
in Fig. 4.79c and d). However, this is not con-
firmed by shear tests in thin members (Zhao,
Fuchs, Eligehausen (1989), whereby the failure
load is shown to be less than proportional to the

Vu [kN]

Fig. 4.86 Measured shear failure loads (concrete edge
failure) as a function of edge distance for different mem-
ber thickness (tests according to Zhao, Fuchs, Elige-
hausen (1989))

member thickness. This is taken into account by
the factor , ;, (Zhao, Eligehausen (1992/2)):

Ay
Vie = AO" Wy Yoy 'Vuof (4.32)
cV
where:
Wy = (15-¢/)'A21.0 (4.32a)

A, A2, i, ,, V. are evaluated as for equation
(4.31)

Fig. 4.87 shows the ratio of the failure load of
single anchors in tests to the value calculated

Fig. 4.87 Influence of member thickness on the shear
failure load (concrete edge failure) (after Hofmann (2004))
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according to equation (4.26) as a function of the
ratio member thickness to edge distance (Hof-
mann (2004)). The full line is valid for equation
(4.32) with y,,,, according to equation (4.32a).
It can be seen that equation (4.32a) is still con-
servative. Therefore in Eligehausen, Fuchs,
Hofmann (2004) the factor v, according to
equation (4.32b) is proposed which predicts the
average failure loads with sufficient accuracy.

Viy = (15-¢/)* 21.0 (4.32b)

e) Eccentric shear load acting on multiple
anchors adjacent to an edge

The effect of an eccentricity of the shear load
(Fig. 4.88) on the concrete breakout load V, . of
an anchor group located near an edge can be
assessed in a manner similar to that proposed by
Riemann (1985) for the tension case by formu-
lating the reduction factor w,., as follows
(equation (4.33)):

A

V=== Wy Wiy Vo Vi, (4.33)
Ay
where:
1
V= 152076 ) ! 433
Ve = T42.¢, /G0 (4.33a)
e, = eccentricity of resultant applied shear

load relative to the centroid of the
anchors resisting shear in the direction
of the edge of the member

Ay A% Wy Wy, V0. are evaluated as for
equation (4.32)

C,

t

Fig. 4.88 Shear stud anchorage at the edge of a con-
crete member subjected to an eccentric shear load
(taken from Eligehausen, Mallée, Rehm (1997))

In the case of a row of welded shear studs
arrayed parallel to the edge, the distribution of a
shear load applied perpendicular to the edge to
the individual studs of the group should be cal-
culated according to elastic theory, whereby the
same stiffness is assumed for all studs. For
bolted anchor connections with the attendant
hole clearance variations, this geometry
becomes more problematic since the distribution
of the shear load to the individual anchors is not
easily definable. Equation (4.33) applies only to
pairs of (non-welded) anchors parallel to an
edge. For larger groups of non-welded anchors,
conservative assumptions should be made
regarding the distribution of loads to the indi-
vidual anchors.

Equation (4.33) applies only when all of the
anchors arrayed parallel to the edge are loaded
in the direction of the edge (Fig. 4.89a). If how-
ever the applied torque M is sufficiently large,
the direction of shear resistance may be
reversed for one or more of the anchors in the
group (Fig. 4.89b). According to the results of
tests by Mallée (2002) with ratios s/c 21 failure
of the group is governed by the anchor resisting
a shear load in the direction of the edge and the
ultimate capacity is not influenced by the
reverse-loaded anchor. Non-linear numerical
investigations by Hofmann (2004) show that
this is also valid for ratios s/c < 1.

e

:

!

a)

‘ MT

AN
i Ve

b)

Fig. 4.89 Anchor group close to an edge loaded by
shear load and torsion moment

a) Both anchors loaded in shear acting towards the edge
b) Shear loads on anchors acting in different directions
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f) Special cases

Equation (4.33) provides conservative predic-
tions for anchor groups positioned in narrow
members with max. ¢, < 1.5¢; (max. ¢, = larger
of the two edge distances to the edges oriented
parallel to the load direction) and with limited
member thickness h < 1.5-¢, (Eligehausen,
Balogh, Fuchs, Breen (1992)). This is illus-
trated for the case of a single shear-loaded
anchor in the centre of a narrow member of lim-
ited thickness in Fig. 4.90.

For ¢, < 1.5-¢, and h < 1.5 - ¢|, the existing
projected area A,y is constant and becomes
A.v=2-c,h. Hence, the failure load accord-
ing to equation (4.33) is given by:

13
_2-c,h [ 1.5-¢, 15
V= 4.5.012 (0.7+0.3 1.5_61) [ 7 k-c,

where:

k=09- V dnom : (lf /dnom)o.2 : v f('(‘ 200

Note that the above equation predicts that the
concrete breakout failure load decreases as the
edge distance ¢, increases, which is not consis-
tent with observed behaviour because the fail-
ure area is constant. This anomaly may be cor-
rected by substituting the value ¢;, defined as
the larger of max. ¢,/1.5 or h/1.5, for the edge
distance ¢, in equations (4.25) or (4.26),
(4.31a), (4.32a) and (4.33a), as well in the
determination of A%, per Fig. 4.77. Furthermore
the area A, is taken as the cross-section of the
concrete member. For the example in Fig. 4.90
with % = ¢,, this approach results in a prediction
for the concrete breakout failure load that is

o

A

cv

Fig. 4.90 Single anchor in a thin, narrow concrete
member

D

ot ~
/7 [

Example

s =100 mm, ¢y =200 mm, h = 120 mm

Co1 = 150 mm, Copo = 100 mm

c1’ = max (150/1.5; 120/1.5; 100/3) = 100 mm

Fig. 4.91 Determination of effective edge distance for
a pair of anchors loaded in shear towards the edge in a
thin, narrow concrete member (Fuchs, Eligehausen
(1995))

independent of the edge distance ¢, and reduces
to the value V. associated with an edge dis-
tance ¢; = ¢,/1.5.
Vo= 2:¢,¢,

" 45-(c, /1.5

[07+0315«%/L$J
_(LS(Q/L@

)

1/3
)‘k(Q/Lﬁm

=1-1-1-k-(c, /1.5
=k-(e)"

This approach is also valid for anchor groups
(see Fig. 4.91). It results in

¢ = max(max. ¢,/1.5; h/1.5; max. s/3)

g) Anchors subjected to a shear load and
overturning moment near an edge
In a stand-off installation (e.g. a baseplate ele-
vated with levelling nuts off the surface of the
concrete), shear loading induces secondary
overturning moments in the connection (Fig.
4.92a). The resolution of this secondary
moment in the anchor results in an additional
shear component towards the edge as shown in
Fig. 4.92c. The net effect is to reduce the capac-
ity of the anchorage as governed by concrete
breakout. This situation was investigated by
Paschen, Schonhoff (1983) in limited experi-
ments with single shear connectors. They pre-
dict the shear force V, (M) corresponding to

u,c
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V=M/z

a) b) c)

Fig. 4.92 Anchor close to an edge subjected to a
shear load with lever arm

concrete breakout in the case of single anchors
near the edge subjected to shear and moment as:

Vi M=y vV, (4.34)

where:

v,y = (110-¢)/90<1.0 (4.34a)
> 0.3

e = distance between shear load and

concrete surface [mm]
v, according to equation (4.32a)
V0. according to equation (4.25)

Equation (4.34) is a first approximation that
does not account for the effect of such parame-
ters as anchor embedment and diameter on the
magnitude of the secondary forces induced in
the anchor. This type of application, which
occurs frequently in the anchorage of facade
elements, requires further investigation.

h) The influence of hanger reinforcement on
shear capacity
The shear capacity of anchorages located near
the edge of a member can be increased through
the use of hanger reinforcement. This is illus-
trated in Fig. 4.93, which shows load-displace-
ment curves from deformation-controlled shear
tests on headed studs (shank diameter d =
22 mm) with an edge distance of approximately
75 mm. Curve 1 applies to the case where no
hanger reinforcement is present. Curve 2 repre-
sents a case with one edge bar (d; = 12 mm)
restrained by stirrups (d, = 12 mm) at a spacing
of 150 mm. Curves 3 and 4 address the case of
a hairpin (d; = 12 mm) near the surface of the
concrete. In curve 3, the hairpin is placed with a
clearance of 30 mm from the stud. Curve 4
shows the case where the hairpin is placed in

Load V [kN]

150 | T 200= 30 N/mm2
d=22mm
dg= 12 mm

125 I 1 Iso—

100 /
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Fig. 4.93 Effect of reinforcement on the load-displace-
ment behaviour of single anchors close to an edge
loaded in shear (curves 1 to 3 from Forschungs- und
Materialpriifungsanstalt (1985/2), curve 4 from Ramm,
Greiner (1991))

contact with the stud at the concrete surface.
Clearly, the initial stiffness of the anchorage is
not influenced substantially by the presence of
hanger reinforcement, but ultimate capacity can
be increased dramatically depending on the
extent and arrangement of the reinforcement.

When the edge reinforcement is anchored by
widely spaced stirrups (curve 2), the effect on
anchor capacity is relatively small since the
reinforcement is inadequately anchored beyond
the fracture plane. The addition of a hairpin not
in contact with the stud increases the capacity
considerably but the ultimate load is still not
maximised since the concrete between the stud
and the hairpin failed in bearing at approxi-
mately 60% of the stud shear capacity, or 65%
of the hairpin tension capacity. Placement of the
hairpin in contact with the stud and directly
below the base plate results in development of
the full strength of the stud following yielding
of the hairpin. Note that positioning the hairpin
close to the surface, while maximising the shear
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resistance of the anchor, may require special
consideration of the bar exposure from a corro-
sion standpoint.

The effectiveness of orthogonal edge reinforce-
ment that is designed to accommodate anchor
shear loads can be improved by providing
anchorage for the anchor stirrups beyond the
concrete breakout fracture surface (Fig. 4.94
a—c) adequate to accommodate the node forces.
The behaviour of nodes in strut-and-tie models
is discussed in Schlaich, Schéfer (1989). The
effectiveness of hanger reinforcement can be
improved by reducing the stirrup spacing (Fig.
4.94b) or, for a given stirrup spacing, by
increasing the anchor edge distance (Fig.
4.94c). Welded reinforcing bar assemblies also
provide superior performance, as do welded
wire meshes with small bar spacing (s ~ 50 mm)
(Paschen, Schonhoff (1983)).

\
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Fig. 4.94 Models of anchorages with anchor reinforce-

ment close to an edge

a) to c¢) Strut-and-tie models (Rehm, Eligehausen, Mallée
(1988))

d) Model for calculating the tensile force in the hanger
reinforcement (Lotze (1998))

Lotze (1998) provides a method for estimating
the force acting on the anchor reinforcement
based on consideration of a reinforced concrete
section subjected to a tensile force and a bend-
ing moment (Fig. 4.94d). The tensile force cor-
responds to the applied shear load and the bend-
ing moment corresponds to the shear load mul-
tiplied by the distance to the level of the
reinforcement. This additional bending moment
increases the tensile stress in the reinforcement
beyond that corresponding to the applied shear
load.

The force to be carried by one leg of the hanger
reinforcement (stirrups) can be estimated from
the anchorage in the shear cone by way of
development length and the effect of the hook
or of welded transverse bars using equation
(4.35) (analogous to equation (4.12)).

Vuu =T ds ’ ll : fbm /aa < As ! f) [N] (435)
where:
d;, = diameter of stirrup
l, = anchorage length measured from the
intersection of the concrete break-out
body with stirrup (see Fig. 4.94c)
fom = average bond strength [N/mm?]
=225 -f.n
f.m = average concrete tensile strength
= 03128
o, = factor to take into account influence of
hook or welded transverse bars
= 0.7
A, = cross-sectional area of one stirrup leg
[mm?]
f, = yield strength of stirrup [N/mm?]

Equation (4.35) applies for edge distance
¢, 250 mm (Sippel, Eligehausen (2003)).

The shear capacity of the anchorage is derived
by summing the capacities for all stirrup legs as
predicted by equation (4.35), whereby only
those stirrup legs near the surface should be
included. The edge reinforcement should also
be checked for the tensile force corresponding
to the strut-and-tie model used to establish the
forces in the stirrups (Fig. 4.94c).

Equation (4.35) also applies to welded reinforc-
ing assemblies because the anchorage provided
by the weld to the edge bar is at least equal to
that provided by a hook.
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Hairpins are highly effective when the anchor
and the hairpin are placed in direct contact with
one another at the apex of the hairpin bend (Fig.
4.93, curve 4) (Klingner, Mendonca, Malik
(1982/1), Paschen, Schonhoff (1983), Ramm,
Greiner (1991)). If the hairpin is positioned
away from the surface of the concrete, larger
deformations of the stud are required to activate
the hairpin. According to the limited experi-
mental investigations of Ramm, Greiner (1991)
the failure load associated with this geometry
decreases as much as 30%, depending on the
edge distance, if the hairpin is positioned at a
depth of 50 mm rather than with normal con-
crete cover. A U-shaped or V-shaped hairpin
formed from deformed bar (d, < 12 mm, steel
yield strength 420 N/mm?) can, according to
Paschen, Schénhoff (1983), develop a load cor-
responding to bar yield if minimum cover for
the hairpin is observed, if the hairpin directly
engages the anchor, and if the hairpin is fully
anchored on the opposing side of the shear load.
The edge distance must be at least ¢, = 3d, or
50 mm. In shear tests with welded shear stud
assemblies as described by Ramm, Greiner
(1991), hairpins made from deformed bars with
a yield strength of 500 N/mm? having diameters
up to 16 mm developed stresses in excess of
yield. The hairpins were positioned below the
baseplate with the minimum concrete cover and
directly engaged the welded shear studs.

The force that can be carried by a hairpin in
conjunction with a welded shear stud assembly
can be calculated using equation (4.36):

Vis=2-m-A-f, [N] (4.36)
where:
n, = effectiveness factor for hairpin
A, = cross-sectional area of one leg of hairpin
[mm?],
f, = yield strength of hairpin [N/mm?]

The effectiveness factor depends on the position
of the hairpin relative to the concrete surface
and relative to the stud locations. If the hairpin
is positioned beneath the baseplate with the min-
imum concrete cover and directly engages the
shear studs, 1, = 1.0. A gap between studs and
hairpin of only a few centimetres, in conjunction
with a hairpin location below the concrete sur-

face can result in a reduction of the effectiveness
factor to a value as small as 17, = 0.5.

Fig. 4.95 illustrates various hairpin layouts for
welded shear stud assemblies. The hairpins
should directly engage the studs and be posi-
tioned with the minimum concrete cover to the
concrete surface. They may also be sloped to
provide additional cover for the balance of the
hairpin. Hairpin bend diameters should conform
to the applicable requirements for reinforcing
assemblies and development of the hairpins in
the balance of the concrete should be adequate
to fully develop the hairpin. It may be desirable
to provide hairpin reinforcement for each row
of studs as shown in Fig. 4.95c. Note that when
calculating the force developed by angled hair-

c)

Fig. 4.95 Suitable hanger reinforcement detailing
for shear-loaded headed studs close to an edge
(Ramm (1993))
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pins of this type, the value of V,

u,s

(4.36) must be multiplied by cos o

in equation

Hanger reinforcement not in contact with the
anchors as represented by curves 2 and 3 in Fig.
4.93, and as shown in Fig. 4.94, becomes effec-
tive only after the formation of cracks in the
concrete. As shown by Sippel, Eligehausen
(2003) at service load level the crack width will
not exceed the allowable values (w, = 0.3 mm)

Failure load V. [kN]

150 T
feo200 =25 N/mm? /
dnom =20 mm @%,
Nef/dnom =7 @
/
® 1Y
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of test results
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Fig. 4.96 Concrete edge failure loads for shear-loaded
single anchors close to an edge as a function of edge dis-
tance; comparison of various proposals for a concrete
member thickness (curve 1 corresponding to equation
(4.25), curve 2 after Paschen, Schonhoff (1983), curve 3
after American Concrete Institute, ACl 349-90 (1990),
curve 4 after Shaikh, Whayong (1985))

fec.200 T

if the resistance of the hanger reinforcement is
calculated according to equation (4.35). In con-
trast, hairpins positioned to directly engage the
shear-loaded anchors near the concrete surface
are generally sufficiently stiff to develop resis-
tance well before the formation of cracks in the
concrete. Visible cracks may be expected only
after service load levels have been exceeded
(Ramm, Greiner (1991)).

i) Comparing the CC-Method with other
approaches in the literature

Fig. 4.96 compares predictions of mean failure
load for a single anchor in non-reinforced con-
crete as calculated using equation (4.25) (curve
1) or equation (4.26) (curve 2) as well as a num-
ber of other relations found in the literature. A
representation of test results in the form of a scat-
ter band is also depicted. The mean failure load
predictions for edge distances ¢; < 200 mm,
while markedly different in some instances, all
lie within the relatively wide scatter band of the
test results. The failure loads predicted by equa-
tions (4.25) and (4.26) are almost equal. For
larger edge distances American Concrete Insti-
tute, ACI 349-90 (1990) (curve 4) overestimates
the influence of the edge distance on the concrete
breakout load because the size effect is
neglected. In addition, for smaller edge dis-
tances the scatter associated with the ratio
V (test)|V (calculation) is large (Fuchs, Elige-
hausen, Breen (1995/2)). This also applies to the
proposal of Paschen, Schonhoff (1983) (curve 3).
According to Shaikh, Whayong (1985) the con-
crete edge failure load is proportional to c¢|?
(curve 5), as in the CC-Method, however, the
influences of anchor diameter and embedment
depth are neglected.

4.1.2.5 Concrete edge breakout load
associated with shear loads
oriented at an angle o < 90°
to the edge

The treatment of shear loading of near-edge
anchorages has thus far been concerned only
with shear loads oriented perpendicular to the
edge (Fig. 4.97a). If a near-edge anchorage is
subjected to a shear force acting parallel to the
free edge (Fig. 4.97b), a splitting force acting
perpendicular to the edge is generated. Accord-
ing to Stichting Bouwresearch (1971) and
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Fig. 4.97 Shear concrete failure loads for single
anchors (after Riemann (1990))

a) Loaded perpendicular to the edge

b) Loaded parallel to the edge

c) Loaded in an oblique angle to the edge

Fuchs (1990) this splitting force is roughly 50%
of the applied shear load. This implies that for a
constant edge distance, the shear capacity asso-
ciated with concrete edge breakout for shear
loading parallel to the edge is about twice as
large as the capacity associated with shear load-
ing perpendicular to the edge.

Riemann (1990) proposed an equation to calcu-
late the failure load for cases where the angle of
the shear load with respect to the free edge is
between 90° and 0° (Fig. 4.97c). This approach
assumes a linear interaction equation (4.37a).

V' .cosa | V.-sina _

u u 1 (4.37a)
u,perpendicular Vu parallel
where (see Fig. 4.97¢):
Ve = failure load in the case of shear
applied at angle o to the edge
a = angle of the shear load
Vi perpendicutar = Tailure load in the case of shear
perpendicular to the edge
= according to equation (4.25)
or (4.26)
Vparatiet = failure load in the case of shear

parallel to the edge
=2.V0,

One obtains:

0
Voo Ve (4.37b)
ue cosor+0.5-sino
= l//Dt,V ' Vuo,/; (437C)
ith = ; >1
with Yoy = S0 +05-sinr (4.37d)

Generalising this approach for single anchors
and groups of anchors near an edge or in a cor-
ner, the concrete edge breakout load is given by:

Ve = ;‘;'V Voy Yoy Veew Vay Vi (38)
eV
where (see Fig. 4.98):
l//oc,V =10
for 0°<a< 55° (4.38a)
1
= cosa+0.5-sina
for 55°< o< 90° (4.38b)
=20
for 90° < o < 180° (4.38¢)

Equation (4.37d) yields a factor y,, > 0.9 for
a < 55°. However, as the concrete edge break-
out loads associated with shear load orienta-
tions corresponding to small angles o are not
measurably less than that for a load applied
perpendicular to the edge, a default value of
W, = 1.0 is used for the angle range 0° to 55°.
Beyond 55°, as the angle « increases, the coef-
ficient y,, increases to ¥, =2.0. For angles
90° < ¢ < 180° it is conservatively assumed that
the concrete edge breakout load is at least as
large as that associated with a load applied par-
allel to the edge.

For the case shown in Fig. 4.98c (load perpen-
dicular to edge and acting towards the interior
of the member) equation (4.38) provides only a
rough estimate of the capacity because the fail-
ure mechanism is similar to that of the pry-out
failure mode with the resultant shear cone trun-
cated by the edge of the component. Tests car-
ried out by Mesureur (1995) indicate, however,
that equation (4.38) provides conservative pre-
dictions for small edge distances. Pry-out fail-
ure can be critical for larger edge distances (sec-
tion 4.1.2.3) independent of the angle of the
shear load.
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o <55°:

Yoy =10

55° < a0 <90°:

1

You=————
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Fig. 4.98 Factor y,, for different angles between
shear load and edge

According to research performed by Hofmann
(2004), the ratio concrete break-out load of an
anchor loaded in shear parallel to the edge to the
value valid for loading perpendicular to the
edge is not constant, but depends on the con-
crete pressure generated by the anchor. For
headed anchors loaded in tension the splitting
force is approximately linearly proportional to
the ratio pressure under the head and concrete
compressive strength. Assuming a) a linear rela-
tionship between splitting force generated by an
anchor loaded in shear parallel to the edge and
the anchor pressure on the concrete and b) the
size of the compressed concrete area as propor-
tional to the square of the anchor diameter, Hof-
mann (2004) deduced equation (4.39):

0 0 0

uc,parallel — ll/]mra]lel * Vuc perpendicular (439)
where:

) 0.5

0o 4| dVf (4.39)

ll/paralllel - VO
uc perpendicular

0 . .

Ve perpendicutar @ccording to equation (4.26)

Equation (4.39) can be generalised to groups
parallel to the edge (equation (4.40)).

‘/14 « ,parallel = V/parallel ' ‘/u,(',perpendicular (440)
where:
s 0.5
n-d-f.
Vowat = 4k, | = S (4.40a)
u ¢ ,perpendicular
ky = 1.00 for fastenings without hole
clearance
= (.75 for fastenings with hole clear-
ance
n = number of anchors loaded in shear,
Ve perpendicutar  2€C0Tding to equation (4.33)

Equation (4.40a) takes into account that in case
of a group of n anchors without hole clearance
parallel to the edge and loaded parallel to the
edge each anchor takes only 1/n-times the
applied shear load. Therefore the splitting force
generated by each anchor is 1/n-times of the
value for a fastening with one anchor loaded by
the same shear load. For fastenings with hole
clearance loaded parallel to the edge it is gener-
ally assumed that all anchors share equally the
applied shear load. However, in reality the dis-
tribution of the shear load to the different
anchors is not uniform. This is taken into
account by a reduction factor k, = 0.75.

According to Hofmann (2004) the linear inter-
action equation (4.37a) is conservative. A more
accurate prediction of test results is given by a
quadratic interaction equation.

o B o . 2
V, -cosor + V, -sino -1 (4.41)
Vv Vv

u perpendicular u,parallel

The failure surface associated with group
anchorages located in the corner of a member
and loaded in shear at an angle to the corner is
difficult to estimate. Therefore, it is advisable to
check both failure modes depicted in Fig. 4.99.
The notations of the edge distances and spacing
are such that ¢, and s, are measured in the direc-
tion of the failing edge. The lower resistance
calculated for the two failure modes controls the
capacity of the connection. Fig. 4.99 is valid for
fastenings with a ratio s,/c; 2 1. For fastenings
with post-installed anchors with hole clearance
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Fig. 4.99 Example of a shearloaded anchorage without hole clearance in the corner of a member

a) Assumption: Failure of left edge
b) Assumption: Failure of bottom edge

and a ratio s,/c; < 1 it should be assumed that
the failure crack starts from the front anchors.

4.1.3 Combined tension and shear
(oblique loading)

4.1.3.1 Load-displacement behaviour and
modes of failure

The load-bearing behaviour of anchors sub-
jected to oblique loading lies somewhere
between the response to concentric tension and
the response to shear loading, and is dependent
on the angle of load. All failure modes associ-
ated with tension and shear are possible. There-
fore the following combined failure modes may
occur:

a) steel rupture under tension and shear loads,

b) concrete failure due to tension and steel fail-
ure caused by shear,

c) concrete failure under tension and shear
load,

d) steel rupture due to tension and concrete fail-
ure due to shear.

Concrete failure modes associated with tension
loads include concrete cone or localised break-
out, pull-out/pull-through, as well as splitting.
Concrete failure modes associated with shear
include concrete edge breakout and pry-out.

Failure combination (a) is characterised by rup-
ture of the steel regardless of the angle at which
the load is applied. This type of failure is asso-

ciated with larger embedment depths and edge
distances. Failure combination (b) is associated
with anchors having average embedment depth
and large edge distance. As the angle of load
increases, the failure mode transitions from
concrete to steel failure, whereby the angle at
which this transition takes place is primarily
influenced by the diameter and embedment
depth of the anchor, as well as the concrete and
steel strength. In failure combination (c) con-
crete failure occurs for any angle of load appli-
cation. This type of failure can be expected with
anchors near an edge or those with small
embedment depths remote from an edge. Fail-
ure combination (d) is theoretically associated
with small diameter anchors having a large
embedment depth positioned near an edge,
however, this failure mode has not been
observed experimentally.

Bode, Hanenkamp (1985) investigated the load-
bearing behaviour of headed studs (d = 22 mm)
with a large edge distance subjected to com-
bined tension and shear. The embedment depth
was h,,= 90 mm. The anchors were so propor-
tioned that shear loading alone induced steel
failure and direct tension precipitated concrete
cone breakout. For the combined tension and
shear load test, a defined tension load was first
applied and the shear load was subsequently
increased until the anchor failed. The angle of
load application was thus continuously varied
during the test. Fig. 4.100 depicts shear load-
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Fig. 4.100 Shear load as a function of shear displace-
ments for headed bolts subjected simultaneously to vari-
ous levels of tension loading (after Bode, Hanenkamp
(1985))

lateral displacement curves resulting from these
tests. It can be seen that lateral displacement
and shear load at failure decrease as the tension
component of the load is increased.

The load-bearing behaviour of torque-con-
trolled expansion anchors and undercut anchors
subjected to combined tension and shear was
studied in detail by Lotze, Klingner (1997).
Tests included single sleeve anchors in pre-
positioned and in-place configurations (see
section 2.3.2) in concrete slabs of strength
freo00= 40 N/mm?. In the pre-positioned instal-
lations the shear load was carried solely by the
threaded bolt, whereas in the in-place installa-
tions the shear sleeve participated in resisting
the shear load. The angle of application of the
load was varied from o = 0° (tension load) to
o =90° (shear load) and was kept constant dur-
ing each test. Figs. 4.101 to 4.103 depict aver-
age load-displacement curves approximated by
mathematical functions. The figures contain a)
the tension load component as a function of the
displacement in the tension direction, and b) the
shear load component as a function of the lat-
eral displacement. All curves represent undercut
anchors with bolt diameter 5/8 inch (=16 mm).

Figs 4.101 and 4.103 are derived from anchors
in pre-positioned installations and Fig. 4.102
represents anchors in in-place installations. For
the tests represented in Figs. 4.101 and 4.102
the embedment depth is h,, = 178 mm and the
edge distance is large. Consequently, these tests
resulted in steel rupture regardless of load
angle. In contrast, the tests represented in Fig.
4.103 reflect a reduced embedment depth of
h(,f =89 mm and an edge distance ¢ = 140 mm,
chosen so that a concrete failure occurred in all
tests.

The tests reveal that the tension component of
the failure load decreases as the shear load
increases, or conversely, that the shear compo-
nent of failure load decreases as the tension load
increases. This result is obtained irrespective of
the failure mode.

Steel tension failures were accompanied by
large plastic deformations. Ultimate tension dis-
placements declined noticeably as the shear
component was increased (Figs. 4.101a and
4.102a). The undercut anchors installed in a
pre-positioned configuration (i.e. without par-
ticipation of the sleeve in resisting shear)
achieved a failure load under shear which was
approximately 60% of the value applicable for
tension and the displacements at ultimate load
were considerably smaller than those associated
with un-iaxial tension (Fig. 4.101). As the ten-
sion component of the load was increased, the
shear stiffness of the anchor declined, whereby
significant reductions were associated with load
application angles o < 45°. The decline in shear
stiffness can be attributed to the decline in the
longitudinal stiffness of the anchor rod upon
approaching or exceeding tension yield. When
the anchors were installed with the in-place
configuration (shear sleeve engaged), the load-
bearing behaviour under tension did not differ
significantly from that of the pre-positioned
installation (compare Figs. 4.102a and 4.101a).
However, as might be expected, failure loads
and displacements associated with shear load-
ing were significantly increased (compare Figs.
4.102b and 4.101b). Again, the shear stiffness
was reduced considerably as the tension com-
ponent of the load was increased, and an almost
plastic behaviour was observed for & = 45° and
o =60°.
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Fig. 4.101 Load-displacement behaviour of undercut anchors subjected to combined tension and
shear in the case of steel failure — pre-positioned installation of anchors (Lotze, Klingner (1997))

a) Tension component as a function of displacement in axial direction

b) Shear component as a function of displacement transverse to axis

Tests with small diameter pre-positioned
anchors in higher strength concrete (f,, 50
50 N/mm?) resulted in relatively brittle failures
even in the case of steel failure.

Anchors failing by concrete cone breakout
exhibited more brittle behaviour than those pro-
ducing steel failure (compare Fig. 4.103 with
Figs. 4.101 and 4.102). The shear stiffness of
the anchors was influenced only slightly by the
angle of load application because the axial
stresses in the anchor rod remained well below
steel yield. With anchors exhibiting concrete
failure in tension and steel failure under shear a

load-displacement behaviour similar to the one
shown in Fig. 4.103 may be expected, whereby
lateral displacements will increase.

The displacement behaviour of sleeve anchors
as observed by Lotze, Klingner (1997) applies,
in principle, to cast-in-place headed anchors as
well.

The observed load-displacement behaviour
associated with combined tension and shear
tests affects the distribution of forces to individ-
ual anchors in group anchorages subjected to
eccentric tension loads or combined bending
moment and shear load.
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In the case of steel failure, the shear stiffness
depends on the magnitude of the tension load.
Therefore, as the failure limit is approached,
redistribution of shear load from the highly
(tensile) stressed anchors to those with lower
tensile stress (as in the case of eccentric tension)
or those without tensile stress (as in the case of
bending) will occur. In the case of welded shear
studs possessing adequate ductility, the force
distribution to individual studs can be deter-
mined using plastic theory, provided equilib-
rium conditions are maintained. With post-
installed anchors, hole tolerances must be
accounted for in the distribution of shear loads.
With increasing shear loads, failure is charac-
terised by shearing of the compression side
anchors. If the tension side anchors are installed
with typical hole tolerances, their shear dis-

dy [mm]

ment transverse to axis

placement at failure of the anchorage (as pre-
cipitated by shear failure of the compression-
side anchors) may be less than the displacement
of the compression side anchors by an amount
equivalent to the hole tolerance. The shear
capacity of the tension-side anchors is in this
case not fully utilised. Therefore, in cases
involving hole tolerances (i.e. non-welded
anchorages), the distribution of shear forces
should be calculated assuming elastic behav-
iour, even where steel failure is anticipated.
This approach is always conservative.

In the case of an anchor or headed stud exhibit-
ing concrete failure, the shear stiffness of the
anchor is more or less independent of the load
angle. Therefore, in group anchorages involving
anchors failing by concrete cone breakout, there
is no significant redistribution of shear loads
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Fig. 4.103 Load-displacement behaviour of undercut anchors subjected to combined tension and shear in the case of
concrete edge failure — pre-positioned installation of anchors; tension component as a function of displacement in axial
direction and shear component as a function of displacement transverse to axis (Lotze, Klingner (1997))

and the shear forces on the individual anchors
should likewise be calculated assuming elastic
behaviour.

4.1.3.2 Failure load

To determine the failure load of anchors sub-
jected to combined tension and shear, tests on
bolts, headed studs and post-installed anchors,
in which the angle of application of the load is
varied systematically between ¢ = 0° (concen-
tric tension) and o = 90° (shear load) are rele-
vant. Most of these types of investigations have
been conducted on single anchors, but results
for groups of two and four anchors are also
available. Zhao, Eligehausen (1992/1) provide
an evaluation of over 400 such tests.

In Figs. 4.104 to 4.106 test results are repre-
sented in the form of interaction diagrams seg-
regated by failure mode. Fig. 4.104 represents
anchor tests in which steel rupture occurred
irrespective of the angle of application of the
load, whereas Fig. 4.105 represents test speci-
mens exhibiting concrete failure under concen-
tric tension load and steel failure when loaded
in shear. Figs. 4.106a and 4.106b depict tests
that resulted exclusively in concrete failure. In
each case, the ratio N/N,, is plotted as a function
of the relationship V/V,, where N and V are the
tension and shear components of the measured
failure load under inclined loading, and N, and

V, are the average failure loads under concentric
tension and straight shear, respectively, for the
corresponding test series. (In some cases the nor-
malising failure loads N, and V,, were not deter-
mined by tests, but were instead calculated using
the equations given in sections 4.1.1 and 4.1.2.)

Plotted in each figure 4.104 to 4.106 is the tri-
linear interaction relationship proposed by
Bode, Hanenkamp (1985) as follows:

NIN,=1.0 (4.42a)

VIV, =10 (4.42b)

NIN,+VIV,=12 (4.42¢)

where:

N = tension component of failure load under
combined tension and shear

V = shear component of failure load under
combined tension and shear

N, = mean tension failure load

V, = mean shear failure load

Also plotted in each figure 4.104 to 4.106 is the
interaction curve given by equation (4.43) with
a best-fit k-value as determined by regression
analysis:

(NIN )k + (VIV} = 1.0 (4.43)

Equation (4.43) with k = 2 corresponds to a cir-
cle in the interaction diagram, with k = 1 to a
straight line.
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Fig. 4.104 |Interaction diagram of threaded bolts, headed studs and post-installed anchors in the case of steel failure
(Zhao, Eligehausen (1992/1))
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Fig. 4.104 indicates that a circular interaction
relationship (equation (4.43) with £ = 2) most
accurately predicts the steel failure load under
combined tension and shear. Lotze, Klingner
(1997) derived an exponent k = 1.75 from tests
on torque-controlled expansion and undercut
anchors. For the common case of anchors that
exhibit concrete failure under concentric ten-
sion and steel failure under straight shear, the
test results are approximated equally well by a
tri-linear interaction equation (4.42) and by
equation (4.43) with k = 1.5 (Fig. 4.105). The
same equations provide equally reasonable pre-
dictions for anchors remote from the edge that
exhibit concrete failure regardless of the direc-
tion of the load (Fig. 4.106a). Equation (4.43)
with k& = 1.2 supplies reasonable results for
near-edge anchors that exhibit concrete failure
(Fig. 4.106b).

Fig. 4.107 (Zhao, Eligehausen (1992/1)) offers
an explanation for the unfavourable behaviour
associated with near-edge anchors subjected to
oblique loading where the shear component of
the load is directed towards the edge. Fracture
patterns associated with concentric tension and
with straight shear loading are shown. For a sin-
gle anchor loaded in tension (Fig. 4.107a), con-
crete fracture is initiated at approximately 25 to
40% of the ultimate load, depending on the
embedment depth. Cracking progresses steadily
up to ultimate load at which point the crack
length is approximately 30 to 50% of the sub-
sequent concrete cone side length (Ozbolt
(1995)). With increasing deformation the resis-

—— Failure crack corresponding to pure shear
———= Failure crack corresponding to pure tension

Fig. 4.107 Crack pattern associated with anchors
close to an edge subjected to oblique loading towards the
edge (schematic) (Zhao, Eligehausen (1992/1))

tance decreases and the concrete cone is fully
developed. The crack formation process associ-
ated with shear loading is, in principle, similar
to the tension load case, whereby the extent of
fracture at ultimate load is approximately 40 to
70% of the shear cone side length, depending
on the edge distance (Fuchs (1990)). If an
anchor having embedment depth and edge dis-
tance such that N, = V, is subjected to an
oblique load (45°), cracking associated with
both load directions is initiated well before
attainment of the inclined tension failure load.
This lowers the tension capacity of the concrete
and hence the failure load associated with
oblique loading. With groups of two anchors
oriented perpendicular to the edge or groups of
four anchors, the shear component may cause
the formation of crack 1 (Fig. 4.107b) at a rela-
tively low load level (compare section
4.1.2.4b). The crack reduces the tension capac-
ity of the near-edge anchor(s). This explains the
lower failure loads under combined tension and
shear associated with anchors in groups com-
pared to single anchors.

Grouping all failure modes together (Fig.
4.108a), the mean failure load corresponding to
oblique load is reasonably predicted by the tri-
linear interaction equation (4.42) or the ellipti-
cal interaction equation (4.43) with k = 1.5. Test
values for which steel failure occurred regard-
less of the direction of load lie in the upper part
of the scatter band while data points represent-
ing concrete failure of near-edge anchors lie in
the lower extreme. If the test results are nor-
malised with the 5% fractile of the tension and
shear capacities rather than the mean capacities
(Fig. 4.108b), then all test values lie beyond the
interaction curve (Zhao, Eligehausen (1992/1)).

The form of interaction relationship given by
equation (4.43) is commonly found in the liter-
ature, albeit with varying recommendations for
k. In American Concrete Institute, ACI 349-90
(1990) and Cook, Klingner (1989) k= 1.0 is rec-
ommended, whereas in McMackin, Slutter,
Fisher (1973), Meinheit, Heidbrink (1985) and
Johnson, Lew (1990) k = 5/3 is proposed, and in
Shaik, Whayong (1985) k is given as 2.0. Using
k = 1.0 provides conservative results for all fail-
ure combinations. The use of £ = 2.0 provides
unconservative predictions for all cases except
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Fig. 4.108 Interaction diagram for threaded bolts, headed studs and post-installed anchors independent of failure mode
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a) Test results related to the mean values for N, and V,

b) Test results related to the characteristic values for N, 5, and V,, 5y,
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steel failure under tension and shear. The expo-
nent k = 5/3 provides reasonable predictions for
the common case where anchor capacity is gov-
erned by concrete failure and steel rupture in
tension and shear, respectively.

The foregoing discussion is valid for anchors
subjected to combined tension and shear loads
without hanger reinforcement. Near-edge
anchors provided with hanger reinforcement to
take up the shear loading generate a complete
shear cone well before attainment of the failure
load. This shear cone is restrained by the hang-
er reinforcement (compare cracks 1 and 2 in
Fig. 4.107b). If the anchorage is simultaneously
subjected to a tension load component, the frac-
tured concrete must likewise carry this load.
This case has not been investigated experimen-
tally, however, it is likely that the tension capac-
ity associated with this geometry is relatively
low. It is suggested to use conservative predic-
tions that can be obtained from equation (4.43)
with k set to 2/3. The interaction curves given
by equation (4.43) for k = 2/3 and k = 1.5 are
shown in Fig. 4.109.

An anchor remote from an edge and provided
with hanger reinforcement (Fig. 4.110) devel-
ops a concrete breakout fracture (crack 1) that is
restrained by the hanger reinforcement well
before the ultimate tension load is reached.
Application of a simultaneous shear load causes
the formation of crack 2, which overlaps with
crack 1 on the lee side of the anchorage. There-
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Fig. 4.109 Proposed interaction diagram for anchors
with and without hanger reinforcement for one loading
direction (Eligehausen, Mallée, Rehm (1997))

@

Fig. 4.110 Crack pattern for an anchorage with hanger
reinforcement with large edge distance subjected to
obligue loading (schematic)

fore, the hanger reinforcement must be able to
accommodate forces resulting from both the
tension and shear loads on this side. This geom-
etry has not been investigated experimentally.
Based on the above reasoning, it is anticipated
that the shear capacity associated with this case
is relatively low. Conservatively the use of
equation (4.43) with k = 2/3 is recommended.

4.1.4 Bending of the baseplate

It is common in practice that a bending moment
is applied to the baseplate via a rigidly attached
(generally welded) structural member. For the
typical connection shown in Fig. (4.111a), this
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Fig. 4.111 Anchorage subjected to bending moment

and shear force

a) Cross-section

b) Forces acting on baseplate, shear force taken up by
friction force
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moment generates tensile forces in the anchors,
as well as a compressive reaction beneath the
baseplate (Fig. 4.111b). The position of the
compression force depends on the stiffness of
the plate. If the baseplate flexural stiffness is
sufficiently large relative to the anchor axial
stiffness (rigid baseplate), to be taken as rigid,
elastic theory may be used to establish the loca-
tion of the compression resultant. In the case of
non-rigid baseplates, the compressive resultant
may be assumed to lie at the edge of the welded
structural member that is responsible for the
imposed moment. If, as is generally the case, a
shear force is applied in conjunction with a suf-
ficiently large bending moment, the shear is
resisted entirely by the friction force associated
with the compression resultant, i.e. the anchors
are not loaded in shear. The friction force R is
given by:

R=u-C (4.44)
where (see Fig. 4.111b):
C = resultant compressive force
= M/z-N-alz
M = applied bending moment
z = lever arm of internal forces (distance

between resultant tension and compres-
sion force)

a = distance between normal force N and
resultant tension force

N = applied axial force

u = friction coefficient

According to Cook, Klingner (1989) the aver-
age value of the friction coefficient for base-
plates in direct contact with the concrete may be
taken as # = 0.43, whereby u is not significantly
affected by either the concrete surface proper-
ties or the magnitude of the compressive stress
beneath the baseplate. According to Roik (1982)
the friction coefficient depends on the surface
roughness of the steel plate but is not dependent
on the concrete strength. Values for the mean
coefficient of friction ranging from u = 0.46
(painted baseplate) to u = 0.77 (baseplate with
mill finish) are given. In Eurocode 3: EN 1993
1-1 (2002) a value 4 = 0.2 is recommended for
baseplates on normal grout.

If the applied shear force exceeds the friction
force as given by equation (4.44), movement of
the baseplate will engage the anchors to resist

the balance of the applied shear. The distribu-
tion of the shear force to the individual anchors
depends on the anchor stiffness and hole toler-
ances in the baseplate. If the anchors are welded
to the baseplate and are dimensioned to gener-
ate concrete cone failure under tension loading,
it may be reasonably assumed that a concentric
applied shear load will be distributed evenly to
all anchors. For anchors that exhibit ductile
behaviour (ductile steel failure), Cook, Klingner
(1989) provide the following model for distrib-
uting the applied loads.

The distribution of the tensile forces carried by
the individual anchors of the group can be
determined irrespective of the magnitude of the
applied shear load according to plastic theory.
If the friction force as predicted by equation
(4.44) is exceeded, anchors located in the com-
pression zone under the anchor plate can resist
an ultimate load corresponding to equation
(4.17). Only when the applied shear force is
greater than the sum of the frictional resistance
given by equation (4.44) plus the shear capacity
of the anchors in the compression zone under
the anchor plate as given by equation (4.17) are
the tension-loaded anchors assumed to partici-
pate in resisting the applied shear forces. Their
load-bearing capacity can be determined using
equation (4.43) with k£ = 2. The conditions under
which anchors can be regarded as sufficiently
ductile are discussed in section 14.4.13.

According to Lotze, Klingner (1997) the above
approach may not be conservative for anchor-
ages with hole clearance in the baseplate or for
fastenings where the tensioned anchors fail due
to pull-out or concrete cone break-out.

4.1.5 Sustained loads

Anchorages must be capable of safely resisting
applied loads for many years. Therefore, their
long-term behaviour is of interest.

Fig. 4.112a compares the characteristic load-
displacement behaviour of a torque-controlled
expansion anchor subjected to a monotonically
increasing tension load to that of the same
anchor subjected to a sustained load at an inter-
mediate load level before being loaded to fail-
ure. The displacements due to creep of the con-
crete in the expansion zone increase under sus-
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Fig. 4.112 Effect of long-term loading on the displace-
ment behaviour of a torque-controlled expansion anchor
under concentric tension (after Seghezzi (1983))

tained loads. However, this process abates
rapidly (Fig. 4.112b) and the rate of displace-
ment declines after a relatively short time (Fig.
4.112c¢).

Under the usual safety requirements (see sec-
tion 14), the permissible sustained load for post-
installed anchors and headed studs is approxi-
mately 25 to 35% of the average short-term fail-
ure load. Sustained loads of this magnitude do
not bring about anchor failure and cause only a
slight increase in displacements. Likewise, as
shown in Fig. 4.112a, they do not reduce the
attainable failure load associated with subse-
quent monotonic tension loading.

4.1.6 Fatigue loading

Like a static sustained load, frequently recur-
ring loads of varying magnitude on the anchor
have the effect of causing additional displace-
ments. If the maximum load remains low (e.g.
<25% of the short-term failure load) and
fatigue failure of the steel components is
excluded, then the behaviour is similar to that
shown in Fig. 4.112a. As the maximum load and
the amplitude of the variable portion of the load
increases, not only fatigue failure of the steel
parts, but also of the base material (concrete),
must be considered.

When estimating the fatigue strength of the base
material, it should be remembered that hairline
cracks — initiating at the head of the stud or in
the force transfer zone of the post-installed
anchor — form in the concrete even at service
load levels (section 3.3). However, due to the
conical failure surface the area to be cracked
increases with increasing crack length. There-
fore, for a constant tension load, the stresses at
the crack tip decrease as the crack surface
extends, and consequently crack propagation
remains stable (Elfgren, Broms, Cederwall,
Gylltoft (1982)). It is therefore to be expected
that the fatigue strength associated with con-
crete cone failure is at least equal to the fatigue
strength of concrete subjected to uni-axial ten-
sion. This premise was confirmed in tests with
single headed studs and groups with four studs
(Usami, Abe, Matsuzaki (1980/1) and (1983),
Lotze (1987/1)). The curve describing the rela-
tive capacity as a function of load cycles (S-n,,,,
curve) associated with concrete cone failure is
similar to those for concrete in tension, concrete
in compression, and for the bond strength of
ribbed reinforcing bars (Fig. 4.113). This sug-
gests that fatigue failure of the base material
(concrete cone failure) may be avoided over
several million load cycles if the maximum load
is maintained at less than about 50% of the
average static failure load. If fatigue failure
does not occur during cycling, the ultimate
resistance and associated displacement of the
anchorage are little influenced by the preceding
load cycles.

With sufficient embedment, shear studs welded
to steel plates experience fatigue fractures at the
weld seam. The stress range associated with the
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Fig. 4.113 Comparison of Sn,,, curves corresponding
to concrete cone failure with S-n curves for other failure
modes (after Lotze (1987/1))

Curve 1: concrete cone breakout (after Lotze (1987/1))
Curve 2: bond failure (after Rehm, Eligehausen (1977))
Curve 3: concrete under uni-axial tension

(after Cornelissen, Reinhardt (1984))

Curve 4: concrete under uni-axial compression

(after Klausen (1978))

cross-section of the shank for n,,, =2 - 10 load
cycles is on average about 2 - 0, = 0, — Omin

> 100 N/mm?2 (Usami, Abe, Matsuzaki (1980/1)
and (1983)).

The fatigue strength of headed stud anchorages
subjected to shear loads is less than that for ten-
sion loads. Fig. 4.114 plots the shear stress
range against the number of cycles at failure for
welded shear stud specimens. The tests were

206 = Omax — Omin [N/mmz]
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Fig. 4.114 Sn, curves for shear stud anchorages
subjected to shear loading (after Naithani, Gupta, Gudh
(1988))
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Fig. 4.115 Setup for testing headed studs in shear
(schematic)
a) Single shear, b) Double shear

carried out on single headed studs in specimens
representative of welded stud anchorages (sin-
gle shear, see Fig. 4.115a) (Naithani, Gupta,
Gudh (1988)). The fatigue strength is on aver-
age about 2-7, =17, —7,,= 50 N/mm? for
N,y = 2+ 100 load cycles. The 5% fractile is
2 - 1, = 30 N/mm?. Tests on specimens in dou-
ble shear (Fig. 4.115b) result in fatigue
strengths approximately 20% higher (Slutter,
Fisher (1966)).

Generally, fasteners in anchorages subjected to
alternating tension loads or reversing bending
moments experience pulsating tension loads
since the compressive forces are transferred to
the base material directly via contact between
the baseplate and concrete. Stand-off installa-
tions represent an exception in that the anchors
must resist tension and compression loads. For
the case of alternating shear loading which
exceeds the friction force between the baseplate
and the concrete the anchors are subjected to
alternating shear loads.

Tension fatigue failures of post-installed
anchors can occur in the bolt or sleeve, depend-
ing on the design of the anchor. The known val-
ues for screws (Wiegand, Iligner (1962), lligner,
Beelich (1966), Wellinger, Dietmann (1968),
Wiegand (1974), Thomala (1978)) can be taken
as a guide to the fatigue strength of bolts of
post-installed anchors (Fuchs (1985/1), Illigner
(1985)). S-n,,, curves for screws (with rolled
threads) in tension as proposed by various
authors are shown in Fig. 4.116. This diagram is
valid for pulsating loads and represents the 5%-
fractiles of the test results. According to Fig.
4.116, the fatigue strength for n,,, =2 - 10° load

cycl
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Fig. 4.116 Sn,, curves for screws subjected to axial

tension — 5%-ractiles of test results (after Lacher (1986))

a) M20, grade 10.9, carbon steel (after Lacher (1986))

b) M20, grade 10.9, hot-dip galvanised carbon steel
(after Lacher (1986))

¢) M20, grade 10.9, carbon steel (after Bouwman
(1979))

d) SIA 161 (1979), hot-dip galvanised carbon steel

e) Eurocode 3: EN 1993-1-1 (2002), hot-dip galvanised
carbon steel

ax — Omin = 40 to 80 N/mm?2.
It is less for larger bolt diameters and lower bolt
strengths. As the European steelwork standard
Eurocode 3: EN 1993-1-1 (2002) ignores the
influence of bolt diameter and grade, it specifies
the lowest fatigue strength (Fig. 4.116, line e).
Cut threads provide a fatigue strength that is
less than that given in Fig. 4.116. Under bend-
ing loads the fatigue strength should not be less
than that expected for tension loads (Lacher
(1986)).

cyclesis 2 - 04 = 0,

As in the case of pre-tensioned high strength
bolts, it is the effective load beyond the level of
prestress that is relevant to the fatigue resistance
of the post-installed anchors. For constant load
amplitude AN,, the amplitude AF of the tension
force in the anchor is critical for fatigue failure.
This force increases as the prestress declines
(Fig. 4.117). Of course in the absence of any pre-
stressing force, the connection is loose.

If the shear load exceeds the friction force
between baseplate and the concrete, the shear
force must be resisted by the anchors. In this
case shear loads generate high local stresses.
Anchors that employ a threaded bolt or sleeve at
the surface of the concrete are especially at risk
owing to the resulting notch effect. Therefore
the fatigue strength of anchors loaded in shear is
much lower than that under tension. This is con-
firmed by tests on undercut anchors, torque-
controlled expansion anchors and bonded
anchors (Henzel, Storck (1990), Storck (1990),
Block (2001), Block, Dreier (2002)). According
to Block (2001) the fatigue strength of post-
installed bonded anchors in the case of shear
loading is about 35% of the value valid for ten-
sion (Fig. 4.118).

For fastenings with hole clearance, a movement
of the baseplate corresponding to the annular
gap between the anchor(s) and the baseplate
will occur for shear forces larger than the fric-
tion force. In the case of alternating shear, the
baseplate slides back and forth.

To avoid premature fatigue failure of the
anchors and sliding of the baseplate, a perma-

Force in bolt Force in bolt Force in bolt
L AF
Fsv1 ! , s AF I

Lo E s | [AFs=AN,
A['/ | S,v2 . |

A d —
T 1 T T ]
14N ! 1AN, {ANA | External load

E External load

b) Fsva2 < Fsv1

g External load

a) Fsy = Fsvi

Fig. 4.117

c)Fsyv=0

Influence of the degree of prestressing on the amplitude of the tensile force in the bolt for a constant

amplitude of the external load (Rehm, Eligehausen, Mallée (1988))
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Fig. 4.118 Load amplitude as a function of number of load cycles n.,,, (Block (2001)).

Tests on post-installed anchors under

a) Pulsating tension and reversed shear loading, b) Reversed shear loading

nently effective prestressing force should be
present sufficient to ensure that the shear load is
carried not by the anchors but rather by friction
between baseplate and concrete (Lotze (1989/1
and 1993), Storck (1990)).

In general it is difficult to achieve a perma-
nently effective level of defined prestress in
anchor connections since the actual prestressing
force generated upon application of the pre-
scribed torque varies substantially, the prestress
dissipates over time (see Fig. 3.38) and, finally,
prestress can be lost altogether if the concrete
cracks (i.e. if a crack passes through the anchor
location). A nominal prestress can be assured if
the connection is retightened at regular inter-
vals. When doing so, care must be taken that the
steel components are not loaded beyond their
yield stress. The residual prestress at any given
time can be established with a lift-off test, or
with a load-indicator washer. However, some
degree of uncertainty about the effective pre-
stress will always remain.

In a group of anchors loaded by concentric ten-
sion or shear loads it is generally assumed that
the loads are equally distributed to all anchors.
For shear loads this assumption is only valid if
a hole clearance is avoided by special measures.
Even then, under tension or shear loads the
amplitudes of the forces in the bolts may vary
up to about 30 % from the average value owing

to differences in effective stiffness from anchor
to anchor (Lotze (1993), Block (2001), Block,
Dreier (2002)). This in turn leads to a reduction
in the number of load cycles which can be
accommodated compared to single anchors.

In Germany two torque-controlled bonded
anchors and one undercut anchor are approved
for use under tension and shear fatigue loading.
These anchors maintain a permanent prestress-
ing force because they are stiff and their
strained length is sufficiently long. Furthermore
an annular gap is avoided by special devices.

4.2 Cracked concrete

As discussed in section 3.4, crack formation in
reinforced concrete members should be antici-
pated at service load levels whereby it is highly
probable that anchor locations will be inter-
sected by cracks. It is therefore necessary to
assess the effect of cracking on anchor perfor-
mance.

A variety of test specimens have been devel-
oped to investigate the influence of cracking on
the load-bearing behaviour of anchors. These
include reinforced one-way slabs loaded in
flexure, reinforced tension members, and spe-
cial specimens designed to generate cracks in
two directions (intersecting cracks). Fig. 4.119
shows a reinforced tension member designed to
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produce parallel cracks of roughly constant
width through the depth of the member
mounted in a tension testing bed. Also shown is
the anchor loading hydraulic actuator elevated
on a tripod frame. This testing bed is designed
to also accommodate so-called intersecting
crack specimens which produce an orthogonal
crack pattern. Typically, post-installed anchors
are positioned in pre-defined hairline cracks
generated by loading and unloading of the ten-
sion specimen. The tendency of the drill holes
to act as crack attractors ensures that the cracks
pass through the anchor locations. In the case of
cast-in-place bolts and studs, sheet metal crack
inducers are incorporated to initiate cracks that
are in-line with the anchor positions. In tests to
assess the effect of crack width on anchor ten-
sion capacity, the cracks are opened to the pre-
scribed width by loading the test specimen (usu-
ally via the reinforcing bars), and the anchors
are then loaded monotonically to failure. Dur-
ing the test, the tensile load applied to the ten-
sion member is kept constant, allowing the
crack width to increase slightly as the load on
the anchor is increased. Variations on this test
include subjecting the anchor to pulsating loads
while the crack width is held constant, and
cycling the crack width between two prescribed
values while the anchor load is maintained at a
constant level. Subjecting the anchor to a pul-
sating tension load simulates varying anchor
loads which may occur in practice and also can

Fig. 4.119 Test set-up for testing
anchors installed in cracks in tension
test members (Rehm, Eligehausen,
Mallée (1988))

be regarded as an accelerated test to assess the
effect of sustained loads. Cycling the crack
width simulates the effect of varying structure
loads (and hence crack widths) on anchor
behaviour over time.

4.2.1 Tension

4.2.1.1 Load-displacement behaviour and
modes of failure

Fig. 4.120 depicts load-displacement curves
from tension tests on headed studs (shank dia-
meter d = 12 mm, head diameter d, = 18 mm,
embedment depth 4, = 80 mm) conducted in
cracked and non-cracked concrete. All tests
resulted in concrete cone breakout failure. The
load-displacement curves associated with
headed studs in cracks are flatter, peak loads are
reduced and the displacements corresponding to
peak load are increased when compared with
tests on studs in non-cracked concrete. Under-
cut anchors exhibit a load-displacement behav-
iour that is similar to headed studs in cracked
and non-cracked concrete, but the stiffness is
influenced by the size of the undercut.

Schematic load-displacement curves for tests in
non-cracked and cracked concrete conditions
associated with a torque-controlled expansion
anchor that is suitable for applications in
cracked concrete are shown in Fig. 4.121a.
Anchor failure is characterised by concrete cone
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Fig. 4.120 Load-displacement curves of headed studs
tested in tension in cracked and non-cracked concrete
(tests by Furche, Dieterle (1986))
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Fig. 4.121 Schematic load-displacement curves of

torque-controlled expansion anchors tested in tension in

cracked and non-cracked concrete (after Rehm, Lehmann

(1982))

a) Anchors suitable for use in cracked concrete

b) Anchors not suitable for use in cracked concrete
(inadequate or non-existent follow-up expansion)

breakout in both cracked and non-cracked con-
crete. The effect of cracking on the load-dis-
placement behaviour and peak load is similar to
that observed for headed studs. Torque-con-
trolled expansion anchors that are not suitable
for applications in cracked concrete can exhibit
so-called uncontrolled slip when loaded in ten-
sion in cracks, since such anchors may not
develop follow-up expansion (necessary to re-
establish anchorage in the crack) or do so only
after significant displacement (Fig. 4.121b).
Figs. 4.122 and 4.123 illustrate measured load-
displacement curves for torque-controlled
expansion anchors in cracked and non-cracked
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Fig. 4.123 Load-displacement curves of torque-con-
trolled expansion anchors (M12, h,s = 60 mm) developed
for applications in non-cracked concrete tested in tension
in cracked and non-cracked concrete (after Dieterle,
Bozenhardt, Hirth, Opitz (1990))

concrete. The anchors represented in Fig. 4.122
are suitable for cracked concrete, whereby those
shown in Fig. 4.123 are not. The load-displace-
ment curves in Fig. 4.122 are characterised by
uniform load development and stiffness in both

lL.oad N

Drop-in anchor

Uncracked concrete

@ Anchor fully
expanded

® Anchor partially
expanded

Cracked concrete

Displacement &,

Fig. 4.124 Schematic load-displacement curves for
drop-in anchors tested in tension in cracked and non-
cracked concrete (Eligehausen (1991))

the cracked and non-cracked concrete condi-
tion. In contrast, the load-displacement curves
shown in Fig. 4.123 are uniform only in the
non-cracked concrete case. In cracks, these
anchors exhibit large scatter in both peak load
and slip, making their behaviour unpredictable.

Load-displacement curves for drop-in anchors
in cracked and non-cracked concrete are shown
schematically in Fig. 4.124. The load-displace-
ment curves of fully expanded anchors are flat-
ter in cracked concrete and exhibit greater scat-
ter than in non-cracked concrete (Fig. 4.125). In
addition, the peak load is substantially reduced.
Drop-in anchors that are not fully expanded
during installation (a common condition)
exhibit even greater scatter in peak load, load-
displacement behaviour, and stiffness in
cracked concrete than fully expanded anchors
(Fig. 4.126).

In general, the same modes of failure are
observed with anchors in cracks as in non-
cracked concrete (see Fig. 4.1). Displacement-
controlled expansion anchors and torque-con-
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Fig. 4.125 Load-displacement curves for fully ex-
panded drop-in anchors (M12, 60 mm) tested in tension
in cracked and non-cracked concrete (after Dieterle,
Opitz (1988))
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Fig. 4.126 Load-displacement curves for fully and par-
tially expanded drop-in anchors (M12, h, = 60 mm)
tested in tension in cracked concrete (after Meszaros,
Eligehausen (1992))

trolled expansion anchors that cannot develop
follow-up expansion or have insufficient expan-
sion reserve (compare section 4.2.1.5) fail in
cracked concrete by means of pull-out even
though they may exhibit concrete cone breakout
failure in non-cracked concrete.

4.2.1.2 Failure load corresponding to
steel failure

The failure load associated with anchors whose
peak load is limited by rupture of the steel parts
is not influenced by cracks in the concrete as
long as the steel failure load continues to gov-
ern the capacity. Therefore, section 4.1.1.2
applies.

4.2.1.3 Failure load associated with
concrete cone breakout

Ultimate loads for headed studs and undercut
anchors tested in cracks normalised to the pre-
dicted mean capacity in non-cracked concrete are
plotted in Fig. 4.127 as a function of the crack
opening Aw (Aw = difference between the crack
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Fig. 4.127 Effect of crack width on the concrete cone
failure load of undercut anchors and headed studs sub-
jected to concentric tension (N, . (non-cracked concrete)
according to equation (4.5b)) (after Eligehausen, Balogh
(1995))

width at the start of the anchor loading and
before installation of the anchor). The tests in
cracked concrete were carried out in reinforced
tension test members and all tests resulted in con-
crete cone breakout failure. As the results of
comparative tests in the same test specimen in
the non-cracked state are not available in all
cases, the concrete cone failure load in the non-
cracked concrete are calculated using equation
(4.5b). An assessment of only those test series in
which tests were carried out in the same test
specimen in the cracked and non-cracked states
leads to roughly the same result as shown in Fig.
4.127, albeit with a smaller data population.

For crack widths Aw = 0.3 mm to 0.4 mm, fail-
ure loads of headed studs and undercut anchors
range from 0.5 to 1.0 (on average 0.75) times
the value in non-cracked concrete. According to
Zhang (1997), with a crack width Aw = 0.3 mm,
the average reduction in the failure loads of
headed studs is only about 10 %. However, in
these tests the anchors were not positioned
directly in the crack in all cases. Nevertheless,
the results of Zhang (1997) fall within the range
of scatter of the tests assessed in Fig. 4.127. For
headed studs and undercut anchors, the failure
loads decrease only slightly as the crack width
increases beyond the values given above. At
Aw = 1.0 mm the concrete cone breakout load is
still approximately 0.70 times the value in non-
cracked concrete.
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Eligehausen, Ozbolt (1992) performed a three-
dimensional non-linear FE analysis in which a
pull-out test on a headed stud in cracked con-
crete (w < 0.3 mm) was simulated. The “non-
local microplane model” (Bazant, Ozbolt
(1990)), which is based on non-linear fracture
mechanics and is suitable for investigations of
concrete behaviour, was used as the material
model for the concrete. The simulation predicts
that the concrete cone breakout load corre-
sponding to a crack width w = 0.1 mm is
approximately 0.7 times the value in non-
cracked concrete and remains constant for crack
widths up to w = 0.3 mm.

Headed studs and undercut anchors transfer the
applied tensile force to the concrete by means of
mechanical interlock (bearing). The reduced
failure loads for headed studs and undercut
anchors in cracked concrete must therefore be
attributed to the disruption of the stress field
associated with the crack (Rehm, Eligehausen,
Mallée (1988)). In non-cracked concrete, a ten-
sion-loaded headed anchor generates a rotation-
ally symmetric stress pattern around the anchor.
Equilibrium is provided by the hoop (tangen-
tial) stresses in the concrete (Fig. 4.128a). If the
anchor is located in a crack of sufficient width,
these tensile stresses can no longer be trans-
ferred across the crack plane. The crack changes
the way in which the forces are resolved in the
concrete and effectively reduces the surface
area available to transfer the tensile forces into
the concrete mass (Fig. 4.128b). This model
postulates the development of two independent
concrete cones that are tangential to one another
at the crack plane. In reality there is no signifi-
cant difference in the overall shape of the frac-
ture surface resulting from the cracked and
non-cracked states, with the exception that the
concrete breakout cone in cracked concrete
is bisected by the crack. The model depicted
in Fig. 4.128 should be regarded as a useful
approximation.

The stress distribution from the non-linear FE
analysis of Eligehausen, Ozbolt (1992) provides
a better basis for explaining the reduction in the
concrete cone breakout load of headed studs
and undercut anchors installed in cracks. The
analysis predicts that the shape of the concrete
failure surface is roughly the same in cracked

Fig. 4.128 Distribution of forces in the concrete
anchorage zone of a headed stud loaded in tension
(after Rehm, Eligehausen, Mallée (1988))

a) Non-cracked concrete

b) Cracked concrete

and non-cracked concrete, which as stated
above is in agreement with test results. The
model predicts that only a small fraction of the
load is transferred in the direction of the crack
(Fig. 4.129) because the stiffness of the con-
crete in this direction is much lower than it is
perpendicular to the crack. The distribution of
the tangential stresses at the fracture surface is

Crack plane

Tangential
tension force
Distribution of
internal forces

Fig. 4.129 Load transfer mechanism of headed studs
in cracked concrete (after Eligehausen, Ozbolt (1992))
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altered by shear stresses in such a way that there
are no tensile stresses perpendicular to the
crack.

Fig. 4.130 re-plots the failure loads represented
in Fig. 4.127 as a function of embedment depth.
The failure loads of the undercut anchors in the
database are normalised by the factor 15.5/
13.5 = 1.15 (see equation (4.5b)) so that they
can be plotted together with the data for headed
studs. As the tests were carried out in test spec-
imens with different concrete strengths, all
measured failure loads are further normalised
with f%3,, to a cube compressive strength
fe200 = 30 N/mm?, Finally, to account for varia-
tions in the crack widths used in the tests, the
measured values are normalised to a crack
width w = 0.3 mm with the aid of the regression
curve shown in Fig. 4.127. Figure 4.130 indi-
cates that the concrete cone breakout load asso-
ciated with headed studs and undercut anchors
in cracked concrete is proportional to h},f’-S. This
agrees with the behaviour in non-cracked con-
crete (section 4.1.1.3) and can be ascribed to the
size effect.

In the case of a metal expansion anchor, widen-
ing of a crack in the concrete passing through
the anchor location acts to reduce the expansion
force. This is depicted in Fig. 4.131, which
applies to an expansion anchor located at the

Failure load Ny [kN]
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© Headed studs (n = 43) a
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Fig. 4.130 Concrete cone failure load of undercut
anchors and headed studs in cracked concrete as a func-
tion of embedment depth - test data corresponding to
Fig. 4.127 (Eligehausen, Balogh (1995))

Expanded anchor
Unexpanded anchor
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Expansion force
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Fig. 4.131 Effect of opening two intersecting cracks
on the expansion force of a torque-controlled expansion
anchor exhibiting good follow-up expansion (Eligehausen,
Fuchs, Mayer (1987))

junction of two intersecting cracks. It plots the
expansion force as a function of the indentation
of the expansion shell in the concrete. This
indentation is called expansion displacement.
Line 1 represents the pre-tensioning and, if
applicable, loading of the anchor in the non-
cracked state. The opening of the crack to width
w brings about a theoretical reduction in the
existing indentation of the expansion sleeve in
the concrete equal to w/N2. This leads to an
unloading of the concrete and a reduction of the
expansion force. As the unloading curve (line 2)
is much steeper than the loading curve (line 1)
even a small crack opening brings about an
immediate loss of expansion stress. The unload-
ing effect associated with cracking is particu-
larly acute in high-strength concrete because of
the reduced expansion displacement. Torque-
controlled expansion anchors designed for
applications in cracked concrete exhibit follow-
up expansion in response to external tension
loads which causes the expansion elements to
be pressed further into the concrete, thus re-
establishing the expansion force (line 3). If the
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Fig. 4.132 Effect of cracks running in one direction
and orthogonal intersecting cracks on the effective inden-
tation of the expansion elements into the concrete
(schematic) (Eligehausen, Lehmann (1984))

expansion elements are sufficiently robust to
prevent pull-through failure, properly designed
torque-controlled expansion anchors can
develop concrete cone breakout capacity in
cracks.

The deformation of the concrete produced by an
expansion anchor (expansion displacement)
positioned in the junction of two intersecting
cracks and the associated expansion force are
reduced evenly over the full circumference of
the anchor as the crack opens (Fig. 4.132b). In
contrast, where the anchor is positioned in a
crack running in one direction, crack opening
produces a non-uniform decrease in the expan-
sion displacement. It decreases perpendicular to
the crack direction by the value w/2 but is
unchanged in the direction of the crack (Fig.
4.132a). Therefore, the influence of orthogonal
intersecting cracks on the load-bearing behav-
iour of expansion anchors is much more severe
than that associated with cracks running in one
direction.

Fig. 4.133 shows the reduction in the concrete
cone failure load of torque-controlled expan-
sion anchors well-designed for use in cracked
concrete as a function of the crack width open-
ing Aw. The tests were carried out with rein-
forced tension members. The concrete cone
breakout failure load in non-cracked concrete
used to establish the reduction in capacity was
calculated using equation (4.5b). For crack
widths Aw = 0.3 mm to 0.4 mm, the capacity is

N,{cracked concrete)/N, (uncracked concrete) [-]
1.0

0.8 o
\n“ a
D. ﬁu o

06 g Bt
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02— n=222tests |

0 0.2 04 0.6 0.8 1.0 1.2
Crack width Aw [mm)]

Fig. 4.133 Effect of cracking on the concrete cone fail-
ure loads of tensiondoaded torque-controlled expansion
anchors exhibiting good follow-up expansion (N, . (non-
cracked concrete) according to equation (4.5b))
(Eligehausen, Balogh (1995))
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Fig. 4.134 Concrete cone failure load of torque-con-
trolled expansion anchors exhibiting good follow-up
expansion as a function of embedment depth - test data
corresponding to Fig. 4.133 (Eligehausen, Balogh
(1995))

about 0.4 to 0.85, on average 0.7 of that in non-
cracked concrete. Cannon (1981) and Usami,
Abe, Nagano, Kowada, Kobayashi, Kodama,
Koike (1988) report reductions of the same
order of magnitude. Unlike bearing anchors
(headed studs and undercut anchors) expansion
anchors display a marked sensitivity to crack
width. In part, the decrease in concrete cone
breakout capacity reflects the increased degree
of follow-up expansion required to compensate
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Fig. 4.135 Histograms of measured to
calculated concrete cone failure loads
(Eligehausen, Balogh (1995))
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for wider crack widths, which in turn acts to
reduce the effective embedment depth. The
extent to which torque-controlled expansion
anchors are sensitive to crack opening is highly
dependent on the anchor design.

Fig. 4.134 re-plots the failure loads represented
in Fig. 4.133 as a function of embedment depth.
The measured failure loads were normalised
with £%3, to a concrete compressive strength
fre200 = 30 N/mm? and via the regression curve
shown in Fig. 4.133 to a constant crack width
Aw = 0.3 mm. Again, the increase in concrete

a) Undercut anchors and headed studs
b) Torque-controlled expansion anchors
exhibiting good follow-up expansion

14 15

cone breakout capacity with increasing embed-
ment is shown to be unchanged from the non-
cracked concrete case, this is, proportional to
hl?.

of

The mean concrete cone breakout capacity for
a single anchor positioned in a crack running in
one direction and of a constant width over the
member thickness w = 0.3 mm is given by:

N° (cracked concrele):l//w-Nf . (non—cracked concrete)

(4.45)
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where:

y,, = 0.75 for bearing-type anchors (headed
studs and undercut anchors)

v, = 0.68 for torque-controlled expansion
anchors exhibiting robust follow-
up expansion in cracks

NO according to equation (4.5b)

u,c

Histograms plotting the ratio of measured con-
crete cone breakout loads to the values pre-
dicted by equation (4.45) are presented in Fig.
4.135. The measured values are normalised to a
crack width Aw = 0.3 mm via the regression
curves developed in Figs. 4.127 and 4.133. Fig.
4.135a represents the test data for headed studs
and undercut anchors whereas Fig. 4.135b plots
data from tests with torque-controlled expan-
sion anchors showing good performance in
cracked concrete. In both cases the ratio of mea-
sured to predicted values shows a normal dis-
tribution. The mean value is approximately 1.0
and the coefficient of variation is roughly 16%.
This degree of scatter is not greater than that
associated with tests in non-cracked concrete.

In those special cases where anchors may be
positioned at the intersection of two orthogonal
cracks, it is recommended to take an additional
reduction in concrete cone breakout capacity of
approximately 20% beyond the reduction pre-
dicted by equation (4.45) to account for the
additional disruption to the stress state in the
concrete.

The test record indicates that the concrete cone
breakout capacity of torque-controlled expansion
anchors in cracked concrete (w = 0.3 mm) is
approximately 10 % lower than that of undercut
anchors, whereas no such difference has been
established for the concrete cone breakout capac-
ities in non-cracked concrete (section 4.1.1.3).
Again, this additional reduction can be attributed
to the fact that a torque-controlled expansion
anchor in a crack experiences a greater degree of
follow-up expansion than in non-cracked con-
crete and this movement of the anchor acts to
reduce the effective embedment depth.

In reinforced concrete members subjected to
flexural loading, the width of the flexural cracks
decreases as the distance from the extreme ten-
sion fibre (or tension reinforcement) increases. In
such cases the anchor failure load is also influ-

Ny (cracked concrete) / N, (uncracked concrete)
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Fig. 4.136 Ratio of concrete cone failure loads in
cracked to values valid for non-cracked concrete as a
function of embedment depth to component thickness
(taken from Eligehausen, Fuchs, Ick, Mallée, Reuter,
Schimmelpfennig, Schmal (1992))

enced by the ratio of the anchor embedment
depth to the member depth. The influence of this
parameter on the concrete cone failure load is
investigated in Eligehausen, Fuchs, Ick, Mallée,
Reuter, Schimmelpfennig, Schmal (1992). Tests
were carried out on headed studs with an embed-
ment depth /1, = 185 mm in beams of varying
depth. The crack width at the beam soffit where
the anchors were positioned was held at w = 0.25
mm to 0.50 mm. The results of these tests are
presented in Fig. 4.136, whereby the ratios of
measured concrete cone breakout loads to the
values calculated for non-cracked concrete per
equation (4.5b) are plotted as a function of the
embedment depth /,, divided by the beam depth
h. For hej-< 0.5 - h, the measured failure loads are
on average 60% of the calculated concrete cone
breakout loads in non-cracked concrete, i.e. in
the lower end of the scatter band shown in Fig.
4.127. The failure loads associated with embed-
ment depth h,, = 0.8k are approximately 15%
higher than for anchorages with A, < 0.5 A.
Assuming that the mean crack width over the
embedment depth may be taken as a predictor of
the decrease in failure load, some reduction in
capacity as compared to the non-cracked state
should be expected even for anchorages with
embedment sufficient to reach past the neutral
axis into the compression zone.
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All things being equal, the concrete cone break-
out load associated with bearing anchors and
expansion anchors that demonstrate good per-
formance in cracked concrete is nearly indepen-
dent of whether the anchors are located in or
directly adjacent to the crack since in either case
the distribution of stresses in the concrete is dis-
rupted by the crack. Additionally, the failure
surface may be truncated by the crack (Rehm,
Lehmann (1982)).

If a group of anchors is located in the tension
zone of a reinforced concrete member, it is
unlikely that all of the anchors in the group will
be positioned in cracks. Fig. 4.137 shows the
concrete cone failure loads for groups of four
anchors in relation to the number of anchors in
the group that are located in cracks. The tests
were carried out in reinforced tension test mem-
bers (crack width Aw = 0.4 mm). Expansion and
undercut anchors demonstrating good perfor-
mance in cracks were used for the tests. The
tension loading mechanism was constructed in
such a manner as to allow for free rotation of
the baseplate. Failure in all cases was charac-
terised by concrete cone breakout. Control tests
were performed with groups of anchors in non-
cracked concrete and these established the max-
imum capacity for the group. In conformance
with theoretical predictions (Mayer, Elige-
hausen (1984)), the concrete cone failure load
associated with a group of four anchors in
cracked concrete was not influenced to any
great extent by the orientation of the group
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Fig. 4.137 Effect of the number of anchors positioned
in cracks on the failure load of groups with four anchors
loaded in concentric tension (Mayer, Eligehausen (1984))

within the crack pattern. The lowest failure
loads were recorded for cases in which three of
the anchors in the group were located in cracks;
these were on average approximately 30 %
lower than for groups tested in non-cracked
concrete. The results indicate that the concrete
cone failure load of a group of anchors in
cracked concrete is reduced by roughly the
same percentage as is applicable to single
anchors. According to Mayer, Eligehausen
(1984) this assumption may also be made for
rigid anchor plates unable to rotate.

Single anchors and anchor groups positioned in
cracked concrete with small edge distances
and/or subjected to eccentric tension have not
been tested to date. It is reasonable to assume,
however, that in these cases the concrete cone
failure load is influenced by cracking to the
same extent as for single anchors and groups
subjected to concentric tension loading with a
large edge distance. Accordingly, the concrete
cone failure load in cracked concrete can be
expressed by equation (4.46):

N, (cracked concrete)=y -N,  (uncracked concrete)

uc
(4.46)
where:
y,, according to equation (4.45)
N, . according to equation (4.9)

u,c
Anchors that exhibit a continuous increase in

load-displacement in both cracked and non-
cracked concrete (curves a, and a, in Fig. 4.138)
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Fig. 4.138 Effect of anchor load-displacement behav-
iour on the failure loads of groups with four anchors sub-
jected to concentric tension (Mayer, Eligehausen (1984))
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were used for the tests evaluated in Fig. 4.137.
However, as shown in Fig. 4.123 expansion
anchors located in cracks may experience sig-
nificant slip prior to re-establishing resistance
to the applied load via follow-up expansion or,
if they fail to re-expand, they may simply be
pulled out without an increase in the load. This
behaviour is depicted in Fig. 4.138, curves b
and c. The influence of this type of anchor
behaviour on the failure load of a group of four
anchors was analysed theoretically in Mayer,
Eligehausen (1984). The baseplate was either
assumed as hinged so that it could rotate or as
rotationally stiff. The calculation of the failure
load of the group is shown in Fig. 4.139b for
hinged and in Fig. 4.139c¢ for rotationally stiff
baseplates. Assuming that all of the anchors
located in cracks exhibit load-displacement
behaviour as represented by curves a, and a,,
and that the anchor spacing in the group is ade-
quate to allow full development of the concrete
cone breakout capacity for each anchor, the ulti-
mate load of the group is approximately four
times the capacity of a single anchor in a crack.
If, however, anchor 2 and/or anchor 4 exhibit
behaviour conforming to curve b, the failure
load drops by approximately 1/3. The drop in
the load is larger still if one of the anchors
located in a crack fails to develop further capac-
ity, i.e. exhibits the behaviour depicted by curve
c in Fig. 4.138.

These studies demonstrate that anchors that are
to be used in cracked concrete must satisfy very
specific conditions in terms of their load-dis-
placement behaviour. Their suitability can be
assessed in special tests (see sectionl4.2).
Current investigations indicate that only bear-
ing-type anchors (headed studs and headed
anchors, as well as undercut and bonded under-
cut anchors and concrete screws) and well-
designed torque-controlled expansion and
bonded expansion anchors can be regarded as
suitable for applications in cracked concrete.

In addition to the influence of cracks, the super-
imposition of tensile stresses from various load-
ing cases is also of interest for anchorages in
cracked concrete. It is well known that high ten-
sile stresses occur in the concrete surrounding
overlap splices of reinforcing bars. If anchors
are positioned in these zones, the tensile

Fig. 4.139 Calculation of the failure load of a group

with four anchors from the load-displacement curves

(Mayer, Eligehausen (1984))

a) Baseplate with anchors (anchor 1 in non-cracked con-
crete, anchors 2 to 4 in a crack)

b) Baseplate is able to rotate

c) Baseplate is unable to rotate

stresses generated by the anchor are superim-
posed locally with those of the overlap splice.
According to theoretical and experimental stud-
ies (Eligehausen (1984)) this stress superimpo-
sition can result in a reduction of up to 30 % in
the concrete cone breakout load of anchors
located near the splice ends of large (d, =
28 mm) reinforcing bars or welded steel fabric
reinforcement as compared to the capacity of
anchors in non-cracked and otherwise unloaded
concrete. The reduction decreases with increas-
ing anchor embedment depth. It is of a sim-
ilar order of magnitude to the reduction in the
concrete cone failure load due to cracks
(Fig. 4.127). Therefore, for the capacity of
anchors in the zone of reinforcing bar splices,
the position of the anchors relative to cracks in
the concrete is decisive.

A further unfavourable condition is created
when headed studs or post-installed anchors are
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terminated within the concrete cover or just at
the level of a dense layer of reinforcement in a
reinforced concrete member. As with an overlap
splice condition, the bond stresses associated
with the reinforcing bars are superimposed on
the tensile stresses generated by the anchors.
Additionally, the closely spaced reinforcement
disrupts the transfer of the force from the
anchor into the member. Aggravating this con-
dition is the fact that the concrete strength in the
concrete cover is often lower and the concrete is
of poorer quality than that in the middle of the
member cross-section. The cone failure load to
be expected in such conditions was investigated

[mm]

Fig. 4.140 Anchorage in the concrete cover of heavily
reinforced beams (tests by Fuchs (1985/2))

Fig. 4.141 Failure pattern of a group with four anchors
embedded in the concrete cover of a heavily reinforced
beam. The anchors were put into their original place after
the test (Fuchs (1985/2))

with single anchors and anchor groups placed in
cracks (Fuchs (1985/2)). Undercut and sleeve-
type torque-controlled expansion anchors were
employed in the tests. The anchors were tested
in loaded reinforced concrete beams with flex-
ural reinforcement consisting of deformed bars
(d;, = 28 mm) placed with a clear spacing of
about 30 mm. A concrete cover of 45 mm was
chosen so that the selected anchors with embed-
ments /,,=40 mm to 60 mm were terminated in
the concrete cover or just at the level of the rein-
forcing bars (Fig. 4.140). Failure of the anchor
groups was characterised by peeling away of
the concrete cover (Fig. 4.141).

The failure loads were, on average, approxi-
mately 30 % lower than could have been
expected in cracked concrete with widely
spaced reinforcement. A similar reduction is to
be expected with headed studs.

If, on the other hand, post-installed anchors or
headed studs are anchored behind closely
spaced tension reinforcement that is enclosed
by stirrups, then higher concrete cone failure
loads are achieved than for widely spaced rein-
forcement near the surface.

The concrete cone failure load is increased by
including anchor reinforcement in the form of
stirrups or links directly adjacent to the fasten-
ing. This situation has not been investigated
experimentally in cracked concrete. However, it
can be assumed that the anchor reinforcement
has a beneficial effect similar to anchors in non-
cracked concrete and the capacity of the anchor
can be calculated according to equation (4.12)
(see section 4.1.1.3h).

4.2.1.4 Failure load associated with local
blow-out failure

Headed studs with large embedment depth and
small edge distance may fail in non-cracked
concrete via a local concrete side blow-out fail-
ure (see section 4.1.1.4). The behaviour of such
anchors in cracks has not been investigated to
date. Owing to the similarity between local side
blow-out and cone-shaped concrete breakout
failures, it is to be expected that the failure load
for a local side blow-out failure would be
reduced by cracking to a similar extent as for a
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cone-shaped concrete failure. Consequently, the
ultimate load for a local blow-out failure is:

N, , (cracked concrete)=y, -N, , (non—cracked concrete)
where: (4.46)
vy, = 0.75
N, ., 1s according to equation (4.15a)

The resistance to side blow-out type failure can
be improved by confining the concrete locally
with stirrups or spiral reinforcing (compare sec-
tion 4.1.1.4). However, this application has not
been investigated experimentally to date in
cracked concrete.

4.2.1.5 Failure load associated with
pull-out/pull-through failure

The expansion force and hence the pull-out
resistance of an expansion anchor positioned in
a crack is substantially reduced as the crack
widens (line 2 in Fig. 4.131). The follow-up
expansion mechanism of torque-controlled
expansion anchors designed for applications
in non-cracked concrete may be inadequate
for cracked concrete conditions. Under tension
loading, the pull-out failure load of such
anchors may scatter considerably and be unpre-
dictable (Fig. 4.123). In contrast, torque-con-
trolled expansion anchors suitable for use in
cracks demonstrate reliable follow-up expan-
sion and have sufficient expansion displace-
ment to bridge typical crack widths. The failure
mode of these anchors in a crack depends on the
crack width and the geometry of the expansion
elements responsible for the extent of available
expansion displacement. If the crack width is
not excessive and/or the expansion elements are
of sufficient thickness to preclude a pull-
through failure, the behaviour of the anchor will
be characterised by concrete cone breakout and
section 4.2.1.3 applies. If the anchor is located
in a wider crack such that the effective expan-
sion displacement is too small and hence the
expansion force is not sufficient to develop a
concrete cone failure, the cone may be pulled
through the expansion sleeve. The correspond-
ing failure load is reduced in comparison to the
value to be expected for a concrete cone break-
out. Pull-through failure can also occur in
cracks of normal width if the anchor is equipped

with thinner expansion elements. Anchors fail-
ing by pull-through in cracked concrete show a
normal scatter of the ultimate load which is pre-
dictable. Lehmann (1993) offers equations for
calculating the pull-through load of torque-con-
trolled expansion anchors in cracked concrete.
However, it is recommended that these calcu-
lated values be verified with tests. In general the
failure load associated with anchors that exhibit
pull-through failure in both cracked and non-
cracked concrete is reduced by about 30% for
cracks having a width w = 0.3 mm. With increas-
ing crack width the reduction of the failure load
is more significant than shown in Fig. 4.133.

Drop-in anchors (Fig. 2.19b,) that generate con-
crete cone break-out in non-cracked concrete
when loaded in tension to failure usually exhibit
pull-out failures when anchored in cracks
because the expansion force is reduced as the
crack opens (see line 2 in Fig. 4.131). Since the
construction of drop-in anchors does not permit
follow-up expansion, this lost expansion force
cannot be restored. The capacity of such
anchors is thus influenced by cracks to a much

Ny (cracked concrete) / Ny ¢ (uncracked concrete)
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Fig. 4.142 Effect of crack width on the failure loads of
fully expanded drop-in anchors loaded in concentric ten-
sion (N, . (non-cracked concrete) according to equation
(4.5b))
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Fig. 4.143 Failure loads of M12 drop-in anchors as a
function of the degree of expansion (Meszaros, Elige-
hausen (1992))

greater degree than, for example, anchors that
develop mechanical interlock. This is shown by
a comparison of Fig. 4.142, which pertains to a
fully expanded drop-in anchor, with Fig. 4.127.
At a crack width Aw = 0.3 mm, the pull-out load
is reduced by approximately 50% compared to
the concrete cone breakout capacity in non-
cracked concrete.

In order to expand drop-in anchors fully, signif-
icant impact energy is required (see section
2.3.3.1). This fact implies that drop-in anchors
are often under-expanded in practice. Accord-

Related concrete pressure p / fec 200

ing to investigations by Eligehausen, Meszaros
(1992) the average expansion of drop-in
anchors M8 to M12 in practice was about 50%.
Under-expanded drop-in anchors subjected to
tension loading in cracks generate failure loads
that are again significantly reduced compared to
fully expanded drop-in anchors (Fig. 4.143). At
50% expansion, the pull-out load of a M12
drop-in anchor is on average only about 40% of
the value applicable for full expansion in cracks
and hence only about 20% of the failure load
in non-cracked concrete. The influence of the
degree of expansion on the pull-out load is even
greater for smaller diameter anchors.

The pull-out load of drop-in anchors in cracked
concrete can be assessed according to Lehmann
(1993). The calculated pull-out loads agree rea-
sonably well with the measured values at full
expansion. However, the influence of the
degree of expansion on the ultimate load is
overestimated in the calculation. The probable
explanation for this is that the actual shape of
the drilled hole as created by a hammer drill
with a carbide cutting edge deviates from the
circular shape assumed in Lehmann (1993).

In the case of bearing-type anchors (headed
studs and undercut anchors), the displacements
in cracked and non-cracked concrete increase in
proportion to p?, where p is the bearing pressure

35
30 F Cracked concrete
foe.200 = 30 N/mm?, w = 0.3 mm
25 +
Pull-out failure

20 |
15 1 Concrete cone failure with reduced depth\
10 +

St Concrete cone failure

0 1 .

0 40 80 120

160 200

Embedment depth [mm]

Fig. 4.144 Maximum average bearing pressure under the head related to the concrete compressive strength required
to assure the concrete cone failure load in cracked concrete predicted by equation (4.45), as a function of embedment

depth (after Furche (1994))
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at the head (p = N/ A,) (Furche (1994)). For a
pressure beyond a critical value, the effective
embedment depth and hence the concrete cone
failure load will be reduced. The maximum
bearing pressure beneath the head of a headed
stud required to assure full concrete cone break-
out capacity in accordance with equation (4.45)
is illustrated in Fig. 4.144 in relation to the
embedment depth. Expressed in terms of the
cube compressive strength, the critical pressure
ranges from p =7 f, (= 8.3 f,) for h,,=40 mm
to p = 101,50 (= 11.9 ) for =200 mm, i.e.
about 70 % of the value in non-cracked concrete
(see Fig. 4.54). At higher concrete pressures, a
concrete cone breakout at a reduced depth takes
place. The associated ultimate load can be cal-
culated according to Furche (1994).

4.2.1.6 Failure load associated with
splitting of the concrete

The splitting forces generated by expansion
anchors may cause the concrete cross-section to
split (see section 4.1.1.6). In reinforced con-
crete such forces are resisted by reinforcement
near the surface (see Fig. 4.145a for the case of
an anchorage in a narrow member), edge rein-
forcement (anchorage near the edge of a mem-
ber — Fig. 4.145b) or corner reinforcement (Fig.
4.145c — anchorage in the corner of a member).
The influence of a splitting crack on the ulti-
mate load of an anchor corresponds to that of
tension cracks produced by external loads or
member restraint. Therefore, the reinforcement
should be proportioned to resist the splitting

EEET i

a) b) c)

Fig. 4.145 Restricting the width of splitting cracks by
means of reinforcement

a) Fastening in narrow concrete member

b) Fastening at edge of concrete member

c¢) Fastening in corner of concrete member

forces that are generated by the anchor (see sec-
tion 4.1.1.6c) and to limit the crack width to
w = 0.3 mm. In the case of anchors suitable for
cracked concrete conditions, the presence of
such reinforcement will allow the anchor to
develop its capacity in cracked concrete.
Depending on anchor type, concrete strength,
embedment depth and edge distance, either the
full steel capacity or the concrete capacity as
governed by concrete cone breakout or pull-
through in cracked concrete is reached. In the
case of anchors that exhibit poor performance in
cracks, the onset of splitting cracks generally
defines the ultimate load. This load corresponds
to the value associated with the splitting failure
mode in non-cracked concrete (see section
4.1.1.6).

4.2.2 Shear

4.2.2.1 Load-displacement behaviour and
modes of failure

The load-displacement behaviour of anchors
subjected to shear in cracked concrete depends
on the direction of the load in relation to the
crack trajectory. If the shear load acts perpen-
dicular to the crack, then the load-displacement
behaviour does not differ significantly from the
behaviour in non-cracked concrete. If the shear
load acts parallel to the crack, however, the
load-displacement curves may be flattened.
This is illustrated in Fig. 4.146, which repre-
sents tests resulting in steel failure.

Anchors subjected to shear fail either by rupture
of the steel, pry-out failure or concrete edge
breakout, depending on the edge distance and
embedment depth (Fig. 4.63).

Even anchors that exhibit inferior performance
when loaded in tension in cracks are usually
adequate to resist shear loads in cracked con-
crete (Fuchs, Eligehausen (1989)).

4.2.2.2 Failure load associated with steel
failure

As in the case of non-cracked concrete, the ulti-
mate shear capacity of expansion anchors or
headed studs in cracks with no proximate edges
and sufficient embedment depth will be gov-
erned by steel rupture. The influence of cracks
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Fig. 4.146 Load-displacement behaviour of headed studs in cracked and non-cracked concrete —

shear load in direction of crack

on the failure load is relatively minor (< 10%)
(Fuchs, Eligehausen (1989)).

4.2.2.3 Failure load associated with
pry-out failure

A concrete pry-out failure can occur under var-
ious conditions (compare sections 4.1.2.1c and
4.1.2.3). To date, this failure mode has not been
investigated in experiments with cracked con-
crete. Inasmuch as the concrete breakout body
on the side opposite the applied load direction
resembles one half of the concrete cone gener-
ated in a tension test (compare Fig. 4.69 with
Fig. 4.5), it may be conservatively assumed that
the failure load associated with pry-out failure
is influenced by cracks to the same degree as is
the case for concrete cone breakout failure
resulting from tension loads. Therefore:

V.. (cracked concrete)=y -V, (uncracked concrete)

4.47)
where:

v, =0.75 for bearing-type anchors (e.g.
headed studs and undercut anchors)

for torque-controlled expansion
anchors that exhibit good behav-
iour in cracked concrete

¥, ~ 0.68

Ve (uncracked concrete) may be evaluated
as per equation (4.24)

4.2.2.4 Failure load associated with
concrete edge breakout

Concrete edge failure occurs with anchorages
near the edge of a member and loaded with a
shear component acting towards the free edge.
Fig. 4.147 shows the reduction in the failure
loads associated with anchors in cracks, relative
to their capacity in non-cracked concrete, as a
function of the crack width. The tests in cracked
and non-cracked concrete were performed on
test specimens produced with the same concrete
mix. For comparison purposes, the mean curve
valid for headed studs and undercut anchors
subjected to concentric tension is also shown.
The failure loads for anchors in cracks with
crack widths Aw > 0.4 mm are approx. 25%
lower than the values measured in non-cracked
concrete. This reduction was also established in
Vintzeleou, Eligehausen (1991). Consequently,
the reduction in the concrete edge failure load is
of the same order of magnitude as that of the
concrete cone failure load associated with con-
centric tension in cracked concrete.

Less of a reduction is to be expected when edge
reinforcement is present to restrain the concrete
breakout. According to tests carried out by
Fuchs, Eligehausen (1989), the increase in
shear capacity associated with the inclusion of
straight edge reinforcement with 12 mm diame-
ter bars, which were not enclosed by stirrups,
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Fig. 4.147 |Influence of crack width on the concrete
edge failure load of expansion and undercut anchors sub-
jected to shear loads towards the edge (after Fuchs,
Eligehausen (1989))

can be as much as 15 to 20% for small edge dis-
tances. These tests were conducted with torque-
controlled expansion, undercut and bonded
anchors, however, the results also apply to
headed studs.

4.2.3 Combined tension and shear

4.2.3.1 Load-displacement behaviour and
modes of failure

The load-bearing behaviour of torque- and dis-
placement-controlled expansion anchors as well
as undercut anchors when subjected to combined
tension and shear loads in cracked concrete (Aw
= 0.4 mm) was investigated by Dieterle, Bozen-
hardt, Hirth, Opitz (1990). The angle of applica-
tion of the load was varied systematically from o
= (° (tension load) to & = 90° (shear load), but
was kept constant during loading.

The load-displacement behaviour observed in
cracked concrete for anchors demonstrating
good performance in cracks was generally com-
parable with that observed in non-cracked con-

crete. The same failure modes were observed in
cracked concrete as in non-cracked concrete
(section 4.1.3.1). The load-displacement behav-
iour associated with anchors that are unsuitable
to transfer tension loads in cracked concrete is
unpredictable in the case of oblique loading
where the primary component is tension.

4.2.3.2 Failure load

Fig. 4.148 shows failure loads for M10 sleeve-
type torque-controlled expansion anchors suit-
able for use in cracked concrete that were
installed in cracks of width Aw = 0.4 mm and
subjected to oblique loading. The results for
M10 undercut anchors are shown in Fig. 4.149.
The interaction equations (4.42) and (4.43),
with k = 1.5, are plotted in the two figures as
well, using the average measured failure loads
in tension and shear for N, and V, in equations
(4.42) and (4.43). The tests were carried out in
tension test members with a concrete cube com-
pressive strength . ,o, = 37 N/mm?. Failure was
characterised by concrete cone breakout (when
the load was primarily tension) or steel rupture.
The results indicate that the failure loads in
cracked concrete of anchors exhibiting good

N [kN]
30
b []
L
[ L] «®
»
L[]
L
L
20 | - .
Eqn.(4.42) -~ Eqn.(4.43)
with k=15
-3
10
® Concrete cone failure R
* Steel failure
o Steel failure with secondary
concrete cone failure
1
0 10 20 30

vV [kN]

Fig. 4.148 Interaction diagram for M10 torque-con-
trolled expansion anchors (sleeve type) exhibiting good
follow-up expansion in cracked concrete (Aw = 0.4 mm,
f, = 31 N/mm?) (after Dieterle, Bozenhardt, Hirth, Opitz
(1990))
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Fig. 4.149 Interaction diagram for M10 undercut

anchors in cracked concrete (after Dieterle, Bozenhardt,
Hirth, Opitz (1990))

performance in cracks can be described by the
same interaction equations as those used for
non-cracked concrete. This would also apply to
headed studs and other bearing anchors.

N [kN]

Expansion anchors that do not function cor-
rectly in cracked concrete when subjected to
tension, e.g. experience pull-out at greatly
reduced load, exhibit a different type of behav-
iour under oblique loading (Fig. 4.150). In this
case the scatter associated with the measured
failure loads for primarily tension loading is
quite large. Consequently, the interaction equa-
tions (4.42) and (4.43) are inappropriate for
predicting the capacity of such anchors sub-
jected to oblique loading.

4.2.4 Sustained loads

In principal, post-installed anchors or headed
studs positioned in cracks of a constant width
respond to sustained loads in a manner compa-
rable to their behaviour in non-cracked concrete
(see section 4.1.5). In the absence of a failure
during the sustained load, long-term loading
does not have any significant influence on the
mode of failure, the peak load and the displace-
ment at peak load as measured in a subsequent
test to failure.

In practice, however, the width of a crack is not
usually constant because the loading on the
member in which the anchor is located — as
viewed over longer periods of time — varies. If
anchors are positioned in cracks and subjected

30

20

Torque controlled
expansion anchor
(stud type) M12

h, =70 mm Aw=0.4 mm
f~31 N/mm?

/ test results
/ A

Lower limit of

| oe

P

Fig. 4.150

30 40 50

V [kN]

Pull-out failure
Concrete cone failure
Steel failure

Pull-out with secandary
concrete cone failure

Steel failure with secondary
concrete cone failure

Interaction diagram for M12 torque-controlled expansion anchors (stud-type) exhibiting poor follow-up expan-
sion in cracked concrete (after Dieterle, Bozenhardt, Hirth, Opitz (1990))
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to a constant tension load, anchor displacement
increases due to the fluctuating crack width
over time. The magnitude of this increase in the
displacement mainly depends on the anchor
system, the range of crack width fluctuation, the
magnitude of the tension load and the number
of crack width cycles. In the case of headed
studs and undercut anchors subjected to a con-
stant tension load, the size of the undercut or the
magnitude of the concrete pressure in the load
transfer zone also play a significant role
(Furche (1994)) (Fig. 4.151). The increase in
the displacement of torque-controlled expan-
sion anchors that are suitable for applications in
cracked concrete is also dependent on the mag-
nitude of the tension load applied to the anchor,

and w= 0.1 mm as a function of the
static tension load

i.e. on the concrete pressures in the expansion
zone. This is shown in Fig. 4.152, which is rep-
resentative of the behaviour of a wedge-type
anchor. Anchors that exhibit poor performance
in cracks can experience pull-out failure after
only a few cycles (Rehm, Lehmann (1982),
Eligehausen, Asmus (1991)). This particularly
applies to groups loaded by a stiff baseplate
(Cannon (1981)) because the anchors exhibit
markedly different displacement behaviour and
hence their share of the tension load applied to
the group is very uneven. If displacements are
small during the cycling of the crack width,
then the failure behaviour and the failure load,
as measured in a subsequent tension test, are not
significantly influenced.
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4.2.5 Fatigue loading

It is necessary to distinguish between the fol-
lowing cases in the context of fatigue loading:

a) The member in which the anchor is located
is loaded by fatigue loading and the anchor is
statically loaded.

b) The member in which the anchor is located
is loaded statically and the anchor is sub-
jected to fatigue loading.

¢) Both the member in which the anchor is
located and the anchor are subjected to
fatigue loading.

In case a), members subjected to repetitive
loads may experience several millions of crack
cycles (crack opening and closing). If the
anchor is placed under constant tension, then
the displacements increase as a result of the
crack cycling (Fig. 4.151). If the structural
member is subject primarily to static loading,
no more than n,, = 1,000 crack cycles, with a
clear variation in crack width (Aw =w,_, —w_ ..
= (0.2 mm), should be expected. For the case
where the load is not primarily static, although
well over 1,000 crack cycles may occur, the dif-
ference in crack widths is generally small, with
< 0.2 mm. Therefore, we can often assume that
anchors whose suitability for cracked concrete
has been verified, as described in section 14.2
will also exhibit satisfactory load-bearing
behaviour in structural members subjected to
repetitive loads (Mesureur (1995/1)).

In case b) the anchor is located in a crack of
constant width and subjected to fatigue loading.
In this case the load-bearing behaviour of the
anchor is influenced in a manner similar to that
described for non-cracked concrete (section
4.1.6). If a fatigue failure does not occur, repet-
itive loading of the anchor does not have any
significant influence on the ultimate load
behaviour and the peak load as measured in a
subsequent test to failure (Fig. 4.153).

A particularly critical design condition exists
when both the member in which the anchor is
located, as well as the anchor itself, are repeti-
tively loaded (case c). To date this case has not
been investigated experimentally.

Load N [kN]

20
Torque controlled

expansion anchor M10
h,=65 mm Iy
w=0.7 mm i

15

o ina /
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r After load cycles

+ 10° load cycles

5 10 15

Displacement &, [mm]

Fig. 4.153 Influence of a cycling load on the load-dis-
placement behaviour of a M10 torque-controlled expan-
sion anchor subjected to concentric tension (Rehm,
Lehmann (1982))

When an anchorage is subjected to fatigue load-
ing (e.g. anchors for crane rails or elevator
guide rails) or is anchored in a component sub-
jected to repetitive loads (e.g. in bridge decks or
structural slabs carrying traffic), the anchor dis-
placement will increase. If this happens, the
prestressing force will be reduced. Lotze (1993)
proposes a method for determining the residual
prestressing force to be expected depending on
the stiffness of the anchors. Often the prestress-
ing force will be completely eliminated and the
anchorage will be loosened. To avoid this a per-
manently effective prestressing force should be
provided (Storck (1990), Lotze (1993)), e.g. by
using spring elements. In Germany two torque-
controlled bonded anchors and one undercut
anchor are approved for use under tension and
shear fatigue loading in cracked and non-
cracked concrete. These anchors maintain a per-
manent prestressing force without spring ele-
ments because they are stiff and their strained
length is sufficiently long. Furthermore an
annular gap is avoided by special devices.



Anchorage in Concrete Construction, First edition
by R. Eligehausen, R. Mallée and J. F. Silva

© 2006 Ernst & Sohn GmbH & Co. KG. Published 2006 Ernst & Sohn GmbH & Co. KG.

5 Behaviour of cast-in anchor channels in non-cracked

and cracked concrete

This chapter addresses the behaviour of cast-in
anchor channel systems. Only those anchor
channel configurations shown in Fig. 2.9 are
included for discussion. In this section the anchor
channels are denoted by the width and height of
the channel. This notation is used in Europe.

5.1 Non-cracked concrete
5.1.1 Tension

5.1.1.1 Load-displacement behaviour
and modes of failure

The following failure modes have been
observed for anchor channels in response to ten-
sion loading:

— bolt failure (Fig. 5.1a)

— distortion of channel flanges followed by
extraction of bolt (Figs. 5.1b and 5.3)

— channel bending failure (Figs. 5.1c and 5.4)

— separation of the anchor element from the
back of channel (not shown)

— fracture of the anchor element (Fig. 5.1d)

— concrete breakout or splitting failure
(Fig. 5.1e)

Typically, anchor channel systems currently
available on the market preclude pull-out fail-
ure of the anchor element by providing a suffi-
ciently large anchor head.

Fig. 5.2 provides load-displacement curves for
short channel segments (50/30 profile[JS2])
equipped with two anchors tested in tension to
failure. A concentrated load was applied mid-
way between the anchors. Failure was charac-
terised by flexural yielding of the channel fol-
lowed by distortion of the channel flanges or
rupture of the connection between anchor and
channel. Fig. 5.3 illustrates one such failure
whereby the channel distortion is clearly visi-
ble. Fig. 5.4 shows the large displacements
associated with flexural failure of the channel.

Fig. 5.1 Failure modes of
anchor channels

A ductile behaviour is associated with such fail-
ure. In cases where failure is precipitated by
concrete breakout before reaching the bending
strength of the anchor channel, e.g. when the
tension load is applied at or near one of the
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Fig. 5.2 Load-displacement curves of channels with
two anchors; failure was caused by flexural yielding of the
channel followed by distortion of the channel flanges or
rupture of the connection between anchor and channel
(Wohlfahrt (1996))

Fig. 5.3 Photo of an anchor channel after test; failure
by distortion of anchor flanges (Wohlfahrt (1996))

anchors, the load-displacement behaviour is
very similar to that of tension-loaded headed
studs (cf. Fig. 4.3b). Failure in such cases is rel-
atively sudden (non-ductile).

5.1.1.2 Failure load associated with steel
failure

The ultimate load associated with tension fail-
ure of the steel bolt or anchor may be deter-
mined with equation (4.1). The failure load cor-
responding to rupture of the weld between the

Fig. 5.4 Photo of an anchor channel after test; failure
by bending of channel and distortion of anchor flanges
(Forschungs- und Materialpriifungsanstalt Baden-Wiirttem-
berg (1995/1))

Fig. 5.5 Behaviour of anchor channels loaded in bend-
ing (schematic) (Wohlfahrt (1996))

anchor and the channel web may be assessed
using ordinary structural steel design principles.
In contrast, the ultimate load associated with
distortion of the channel flanges is quite diffi-
cult to establish without testing. The flanges are
to some degree supported by the surrounding
concrete and therefore exhibit a different load-
bearing behaviour compared to a free-standing
channel. Similarly, the failure load correspond-
ing to separation of an anchor element that is
swaged onto or pressed into the back of the
channel can only be determined through testing.

An extensive treatment of the flexural load-
bearing behaviour of anchor channels may be
found in Wohlfahrt (1996). Consider a short
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segment of anchor channel with two anchors
loaded midway between the two anchors. The
load is transferred to the anchors via channel
flexure. Compression developed at the toe of
the channel where it projects beyond the anchor
provides some degree of fixity (Fig. 5.5a). This
fixity decreases as the load increases owing to
displacement of the anchor. When the yield
moment of the channel is reached, a plastic hinge
forms in the centre of the span. Subsequent load-
ing is resisted via cable tension in the channel
segments balanced by shear and tension forces in
the anchors (Fig. 5.5b). The ultimate load associ-
ated with this condition can be approximated
with equation (5.1) (Wohlfahrt (1996)):

Nu,\'sz-Mu,\'/l (51)
where:
M, = yield moment of anchor channel

= sz 'fyk
W, = plastic section modulus of the channel
/ = anchor spacing
k, = 8 for profiles < 38/17

= 6 for profiles > 40/22

In small profiles, at ultimate most of the load is
carried via this cable mechanism. This is taken
into account in the analysis by assuming full
fixity. Tests on larger profiles show that exces-

N, (anchor channel) [
N, (headed stud)

sive distortion of the channel flanges limits the
capacity of the system, and thus the cable mech-
anism plays a smaller role in resisting the load.
This is accounted for with an assumption of
50% restraint at the supports.

5.1.1.3 Failure load associated with
concrete cone breakout

If the anchors are short, or if they are closely
spaced or positioned near a free edge, a cone-
shaped concrete breakout may limit the tension
capacity of the anchor. For this type of failure
the load-bearing behaviour of channels with
two anchors or of channels with more than two
anchors and equal load on each anchor mimics
that of headed studs. According to Wohlfahrt
(1996) the failure load can be determined using
the CC-Method as it applies to headed studs
(see section 4.1.1.3). However according to
Kraus (2003) some modifications to the CC-
Method are necessary.

The presence of the channel profile in the
breakout cone may influence the load-carrying
capacity depending on the ratio of the height of
the channel to embedment depth. This can be
seen from Fig. 5.6 which is based on numerical
calculations. For anchor channels used in
Europe this influence on the average concrete
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Fig. 5.6 Concrete cone failure load of an anchor channel related to value valid for a headed stud as a function of the
ratio of the height of channel to embedment depth; results of numerical analysis (Kraus (2003))
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cone failure load of a single anchor may be con-
sidered in accordance with equation (5.2)
(Kraus (2003)).

0 1.5 0.5
Nug' = 155 ' hef ' f;'(',ZOO : ac'h,N (52)

where:

Oy = (hy/180)"1 <1 (5.2a)

According to equation (5.2) the concrete cone
failure load of a single anchor without edge and
spacing effects varies between 80% (small
channels with hef = 40 mm) and 100% (large
channels with /> 180 mm) of the capacity of
one headed stud.

According to analytical and experimental stud-
ies, a channel with two anchors that receives a
concentrated tension load applied just directly
over one of the anchors will not exhibit any sig-
nificant redistribution of load to the unloaded
anchor up to ultimate (Wohlfahrt (1996)). This
is shown in Fig. 5.7, in which the failure loads
of channel segments equipped with two anchors
and loaded directly over one anchor are plotted
as a function of the anchor embedment depth.
The curve represents the calculated concrete
cone breakout load for a single anchor accord-
ing to equation (5.2). The measured failure
loads correlate rather well with the prediction.

Failure load N [kN]
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Fig. 5.7 Concrete cone failure load of channels with
two anchors and loaded directly above one anchor as a
function of embedment depth (Wohifahrt (1996))
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Fig. 5.8 Example of an anchor channel with different
tension loads on each anchor (Kraus (2003))

Channels with more than two anchors and
loaded in the span behave like continuous
beams on springs, whereby the stiffness of the
springs corresponds to the load-displacement
curve of the anchor. The anchors carry different
loads and the CC-Method does not apply.

Kraus (2003) proposes a method to calculate the
forces on the anchors (see section 3.7.3) and the
resistance of one anchor of such an application
(Fig. 5.8). The concrete cone capacity of the
anchor in question is influenced by the distance
of and the load on neighbouring anchors. This is
taken into account by multiplying the basic con-
crete cone capacity N9 . with the factor o .

u,c

N, =0, Ny, (5.3)
where:
o, = 1 (5.3a)

l+2(l_si/stil'N)l.5'Ni/NI
5 f
=2-C,p=(5.6-26-h,/180)-h, 23-h,

(5.3b)

S('r N cr N

N, tension force of a neighbouring anchor

N, tension force of the anchor which resis-
tance is determined

N? according to equation (5.2)

u,c

According to Kraus (2003) the characteristic
spacing depends on the embedment depth. It
varies linearly between s,y = 5-h, (h, =
40 mm) and s,y = 3 - h,; (h,r> 180 mm).

For the example shown in Fig. 5.8 the factor
0, y amounts to:
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1

Oy = 15 5 5
1+ =s5,/5,,) " Ny /Ny +(I=55/5,,) " Ny /Ny +(1=5s,/5,) "N,/ N,

The factor o, replaces the ratio A, / A2, and
the factor v,y in equation (4.9). For channels
with two anchors the factor ¢ ,, and the product
(A.y/A%Y) - v,y give practically the same
results.

Equation (5.3) is valid for anchor channels with
an edge distance ¢ 2 ¢,y in all directions. For
applications ¢ < c_,y, €. g. close to an edge or in
a corner, equation (5.4) is proposed based on
Kraus (2003).

0
Nuc =Nzu"asN 'aeN 'a('JV 'l//reN (54)
where:

N,. = average failure load of one anchor of

an anchor channel

05
oy = ( < ) <1.0 (5.4a)
CoarN
c = edge distance of the channel (Fig. 5.9a)
0.5
oy = ( 9 ) <10 (5.4b)
CorN
¢, = corner distance of the anchor for which
the resistance is calculated (Fig. 5.10a,
b)
NJ., o according to equation (5.3)

V., v according to equation (4.10a, b)

With anchor channels located parallel to an
edge (Fig. 5.9a) a crack below the channel in
the longitudinal direction occurs during loading
(Kraus (2003)). Due to this crack the activated

C2 < cr,N
— 1 C2 < Ccr,N 1
2 2

a) b)

e T

Cy Cis

c i
a) b)

Fig. 5.9 Anchor channel bar at an edge (a) or in a
narrow member (b)

concrete area on the opposing side of the edge
is limited to the edge distance ¢ (Fig. 5.11). In
contrast to that for headed studs, the character-
istic edge distance c,y may be taken (Fig. 4.26).
With channel bars in a narrow concrete member
with different edge distances ¢, ; and ¢, , (Fig.
5.9b) the lower value of ¢, and ¢, should be
inserted in equation (5.4a).

The influence of a corner is taken into account
by the factor ¢, . If a channel bar is influenced
by two corners (Fig. 5.10c) the minimum value
of ¢, and ¢,, should be inserted in equation
(5.4b).

Fig. 5.12 shows the failure loads measured in
tests with anchor channels (profile 50/30, hef =
85 mm, s = 300 mm) at an edge as a function of
the related edge distance normalised to a con-
crete strength f, = 20 N/mm?2. For comparison
the values calculated according to equation
(5.4) are plotted as well. Fig. 5.13 shows the
failure loads measured in tests with different

C21 < Cern 1
2
Co2 = Cern 3

C  Cp=min (Cyy; Cop)

Fig. 5.10 Anchor channel in a corner (a, b) or in a narrow member (c)

a) Corner distance if resistance of anchor 1 is calculated
b) Corner distance if resistance of anchor 2 is calculated

c¢) Corner distances if resistance of anchor 2 is calculated
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Fig. 5.11 Activated concrete area of anchor channels
close to an edge (Kraus (2003))

anchor channels as a function of the calculated
values. Both figures show a good agreement
between test results and predictions.

The tension load-bearing behaviour of anchor
channels is improved by anchor reinforcement
specially designed for that purpose (Elige-
hausen (1995/1)). The reinforcement may be
designed according to the procedure developed
for headed studs (section 4.1.1.3h). This can be
seen from Fig. 5.14 which shows the ratio of
measured and calculated failure load as a func-
tion of the embedment depth for tests with
anchor channels and headed studs.

5.1.1.4 Failure load associated with local
concrete side blow-out failure

The equations for calculating the failure load
for a local concrete blow-out failure as given in
section 4.1.1.4 for headed studs may also be
applied to anchor channel. Minimum edge dis-
tances should be specified to prevent local con-
crete blow-out failures. These limits should be
evaluated from the results of tests.

5.1.1.5 Failure load associated with
pull-out failure

The discussion provided in section 4.1.1.5
regarding pull-out as it pertains to headed studs
generally applies to the anchor channel situa-
tion as well. Typically, however, the bearing
contact area (head diameter) of the anchors of
anchor channels is sufficiently large to preclude
pull-out failure.

N, [kN]
250 -
f. = 20 N/mm?
200 + 50/30 Channel é{ -
X . i -
150 .
{.\? Eqn. (5.4)
100 o
50
(" PE—
00 1.0 2.0 3.0 4.0 50
c/hy [-]

Fig. 5.12 Failure load of anchor channels (profile 50/30, h, = 85 mm, s = 300 mm) normalised to f, = 20 N/mm? as

a function of the related edge distance (Kraus (2003))
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N, (test)

N, (Egn. 5.4)

Fig. 5.13 Measured failure loads of anchor channels as a function of calculated values (Kraus (2003))

N, (test)/N, (eqn. (4.12)) [-]
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5.1.1.6 Failure load associated with
splitting of the concrete

The discussion provided in section 4.1.1.6
regarding splitting as it pertains to headed studs
generally applies to anchor channels as well. It
should be noted, however, that if the channel is
cast flush with the surface of the concrete, tight-
ening the T-head bolt will not induce compres-
sion in the concrete since the fixture is tightened

Fig. 5.14 Measured to calculated failure
loads as a function of embedment depth.
Tests with anchor channels and headed
studs with hanger reinforcement in the form
of stirrups or loops (Sippel, Eligehausen
(2003))

300

directly against the channel flanges. However,
if the surface of the concrete is uneven and/or
the channel is recessed due to installation inac-
curacies, tightening the bolts will induce split-
ting forces in the concrete as the fixture is
clamped against the concrete surface. As with
side blow-out, minimum edge distances are
required to prevent splitting of the concrete due
to torquing of the bolts.
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5.1.2 Shear

5.1.2.1 Load-displacement behaviour and
modes of failure

As a rule, shear loads should be restricted to
those occurring perpendicular to the anchor
channel longitudinal axis. The transfer of shear
loads along the length of the channel may be
accommodated when using specially designed
systems with serrated edges (Fig. 2.12) that pro-
vide for interlock of the T-headed bolt and the
channel flange.

The following failure modes have been
observed for anchor channels in response to
shear loading:
— bolt failure

— distortion of channel flanges followed by
bolt extraction

concrete edge breakout failure
pry-out failure

Failures resulting from bolt rupture and from
channel flange distortion are typically associ-
ated with large displacements and ductile
behaviour. Concrete edge breakout and pry-out
are brittle failure modes, and displacements at
failure depend mainly on edge distance (con-
crete edge breakout) or embedment depth (pry-
out failure).

5.1.2.2 Failure load associated with steel
failure

The ultimate load associated with shear failure
of the steel bolt or anchor may be determined
with equation (4.17). The shear failure load
associated with channel flange distortion and
subsequent bolt extraction must be established
through testing. It is typically equal to or greater
than the tension capacity associated with this
failure mode.

5.1.2.3 Failure load associated with
pry-out failure

The equations given in section 4.1.2.3 for cal-
culating the failure load associated with pry-out
failure also apply to anchor channels (Elige-
hausen (1995/1)). The modifications regarding
tension loading (see section 5.1.1.3) should be
taken into account.

5.1.2.4 Failure load associated with
concrete edge failure

The behaviour of anchor channels loaded
towards the free edge is discussed in detail in
Wohlfahrt (1996) and Eligehausen, Potthoff,
Grewin, Lotze (2004), based on numerical and
experimental investigations.

According to Wohlfahrt (1996) the shear load is
initially transferred into the concrete via the
channel and the anchors. Owing to the edge dis-
tance from the front face of the channel closer
to the edge, which is smaller than the edge dis-
tance of the anchor, a local concrete failure
starting at the front edge of the channel fre-
quently occurs before the ultimate load is
reached. Thereafter, the entire load is trans-
ferred to the concrete via the anchors. The ulti-
mate load for a channel with one anchor can
then be determined using equation (4.25) (for
headed studs), whereby the diameter of the
anchor is used for d,,,,. However, early separa-
tion of the back face of the channel from the
concrete leads to a disruption in the concrete
stress state.

As a consequence, the concrete between the
anchors of a channel with multiple anchors
experiences higher stresses than would be the
case for headed studs installed at the same spac-
ing. Thus the spacing s,,, required to achieve
the maximum capacity of the concrete (two
times the capacity of a single anchor for chan-
nels equipped with two anchors) is substantially
greater than the value assumed for headed
studs. Wohlfahrt (1996) proposes s, = 5-c,.
Fig. 5.15 shows the fracture pattern of an

Fig. 5.15 Photo of an anchor channel after test; con-
crete edge failure. Spacing of anchors equal to 5 times
the edge distance (Forschungs- und Materialpriifungs-
anstalt Baden-Wiirttemberg (1995/2))
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Fig. 5.16 Photo of an anchor channel after test; con-
crete edge failure. Shear load applied between anchors
(Forschungs- und Materialpriifungsanstalt Baden-Wiirttem-
berg (1995/2))

anchor channel with an anchor spacing corre-
sponding to five times the edge distance. The
common shear cone is readily visible. Also in
the case of anchor channels equipped with two
anchors whereby the shear load is applied as a
concentrated load in the centre between the
anchors, a common breakout body occurs (Fig.
5.16). In anchor channels with two anchors
where the load is applied at one anchor, there is
no significant redistribution of the load to the
other anchor. Furthermore, for the same reasons
discussed above, the component thickness to
guarantee the maximum concrete edge failure
load must be about 4 > 2.5 - ¢, for anchor chan-
nels, while for headed studs /2 = 1.5 - ¢, is suffi-
cient.

Based on these studies, Wohlfahrt (1996) pro-
poses to determine the concrete edge failure
load of a channel — analogous to equation (4.33)
— as follows:

A, 0
Vie = A_()y'l//s,v Voiy Veey Ve (5.5)
cV
where:
ASV = projected area of the concrete breakout

failure surface for a single anchor, ide-
alised as a half pyramid of height ¢,
and base dimensions 4 = 2.5 - ¢, and
S,y = 5 - ¢, (compare Fig. 4.77 which
is valid for headed studs)
= 125-¢

A.y = projected area of the concrete breakout
surface of the group of anchors — lim-
ited by overlap of individual breakout
cones of adjacent anchors (s <5 - ¢y),

as well as by proximate edges of the
concrete member parallel to the load-
ing direction (¢, < 2.5- ¢;) and the
thickness of the member (h < 2.5 - ¢,)
(compare Fig. 4.79 which is valid for

headed studs)
Yy = 07+03-¢,/(25-¢)<1.0 (5.52)
¢, = edge distance parallel to loading direc-

tion (the smaller value of ¢, is to be
used in equation (5.5a) for anchorages
with two edges parallel to the loading
direction (e.g. in a narrow component)

v,y = (25 /W) >1.0 (5.5b)
1
= —F——F——~ 5.5
Yeev 1+2- e, /(5 Cl) (5.5¢)
e, = eccentricity of resultant shear load of

anchor related to geometrical centre of
gravity of anchors loaded in shear
(compare Fig. 4.88)

Vo, according to equation (4.25), with
edge distance, diameter and embed-
ment depth related to the anchor(s)

Figs. 5.17 to 5.20 illustrate comparisons
between test results (Wohlfahrt (1996)) and
equation (5.5). All the tests were carried out on
anchor channel segments with two anchors in
non-cracked concrete.

Vu [kN]
0

T
foe.200 = 25 N/mm?

d=15.9 mm /

80

60

40

o~ CC-Method
/ Eqn. (5.5)

20 /

0 50 100 150 200

Edge distance ¢ [mm]
Fig. 5.17 Concrete edge failure load of anchor chan-

nels with two anchors as a function of edge distance
(Wohlfahrt (1996))
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 (4.25)) (Wohifahrt (1996))
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Fig. 5.17 represents failure loads of anchor
channels 50/30 as a function of edge distance.
The failure loads measured in tests were nor-
malised via .,y 1O f.200=25 N/mmZ The

diameter of the anchor is d = 15.9 mm and the
spacing s = 100 mm.

Fig. 5.18 illustrates shear ultimate loads of
channel segments related to V2, for a single
anchor as predicted by equation (4.25) and plot-
ted as a function of anchor spacing over anchor

edge distance. Ultimate loads from tests in
which the component thickness was less than
2.5 - ¢; have been adjusted for the influence of
the component thickness with equation (5.5b).

Fig. 5.19 illustrates measured failure loads of
channel segments related to V2, for a single
anchor as predicted by equation (4.25) and plot-
ted as a function of component thickness over
edge distance.
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Fig. 5.20 Measured concrete edge failure load of
anchor channels with two anchors over the values calcu-
lated in accordance with equation (5.5) (Wohlfahrt (1996))

Fig. 5.20 shows the measured failure loads as a
function of the value calculated according to
equation (5.5). The diagonal line represents an
optimum correlation between analysis and test
results. Figs 5.17 to 5.20 confirm the good cor-
relation between predicted and measured failure
loads. For n = 108 tests the mean ratio of calcu-
lated to measured failure loads is 1.0 with a
coefficient of variation v = 13%. This is valid
for anchor channels equipped with two anchors.

However, further research by Eligehausen,
Potthoff, Grewin, Lotze (2004) show that equa-
tion (5.5) predicts failure loads that are rather
conservative for an anchor channel equipped
with more than two anchors, especially if the
anchor channel is located in a deep member and
provided with a large edge distance. Further-
more, the influence of arbitrary loading on
channels with more than two anchors can not be
taken into account by equation (5.5). Therefore
Eligehausen, Potthoff, Grewin, Lotze (2004)
propose a modified model which is analogous
to the model by Kraus (2003) for tension load-
ing (compare section 5.1.1.3).

In contrast to Wohlfahrt (1996), Eligehausen,
Potthoff, Grewin, Lotze (2004) show that also at
failure the shear load is transferred mainly by
the channel and only to a smaller extend by the

anchors into the concrete. However, due to the
eccentricity between the applied shear load and
the resultant of the shear resistance in the con-
crete, the anchors are highly stressed in tension.
The ultimate load of a channel segment with
one anchor depends on the size of the channel
and anchor and is given by:

Ve =l T 66

where:

o, = channel factor depending on dimensions
of profile and anchor

5 for channels < 38/17

6 for channels 50/30

7 for channels 72/48

The above given numerical values for the factor
o, are valid for anchor channels with thickness
of the flanges and with anchor diameters as
used in Germany.

The model by Eligehausen, Potthoff, Grewin,
Lotze (2004) described below (equation (5.7))
for the calculation of the concrete edge capacity
of anchor channels under shear loading towards
the edge assumes that shear forces are trans-
ferred by bending of the channel to the anchors
and from the anchors into the concrete. This
approach simplifies the real behaviour. It has
been chosen to allow for a simple interaction
between tension and shear forces acting on the
channel. Equation (5.7) gives the failure load of
one anchor of an anchor channel.

0
vu,c = ‘/u,(' ) as,V : ah,\/ ) a(',V (57)
where:
V.. = average failure load of one anchor of
an anchor channel
Vo, according to equation (5.6)
oy factor taking into account the influence

of distance to and load on neighbour-
ing anchors

1

oy = - (5.7a)
1+ 3 [1=5 75,0V, 1 V]
= :
Sgy = 4-¢c+2-b, (5.7b)
b,, = width of anchor channel
V; = calculated shear load on neighbouring

anchor i (compare Fig. 5.21)
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Fig. 5.21 Example of an anchor channel with different calculated shear loads on the anchors

(Eligehausen, Potthoff, Grewin, Lotze (2004))

V, = calculated shear load on anchor 1
which resistance is determined

0,y factor taking into account the influence
of member thickness

oy = (h/h,)"R<1 (5.7¢)

hyy = 2-¢c,+2-h, (5.7d)

h,, = height of anchor channel

oy factor taking into account the influence
of a corner

oy = (/¢ )< 1 (5.7e)

Cov = 055,y (5.7f)

The factor o, replaces the ratio A, /A%, and
the factor v, in equation (5.5). For channels
with two anchors the factor ¢ ;, and the product
(A., /1AL - y,., give practically the same
results. The factor ¢, gives identical results as
the product (A, /A%) - v, , in equation (5.5).
The factor «,,, was chosen in analogy with
equation (5.4).

In Figs. 5.22 to 5.27 the ratios failure loads
measured in tests to values calculated according
to equation (5.7) are plotted. Figs. 5.22 to 5.24

Fig. 5.22 Ratio of the measured concrete edge failure load to the value calculated according to equation (5.7) as
a function of edge distance; anchor channels with two anchors (Eligehausen, Potthoff, Grewin, Lotze (2004))
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Fig. 5.23 Ratio of the measured concrete edge failure load to the value calculated according to equation (5.7) as
a function of anchor spacing; anchor channels with two anchors (Eligehausen, Potthoff, Grewin, Lotze (2004))

Fig. 5.24 Ratio of the measured concrete edge failure load to the value calculated according to equation (5.7) as
a function of member thickness; anchor channels with two anchors (Eligehausen, Potthoff, Grewin, Lotze (2004))
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Fig. 5.25 Ratio of the measured concrete edge failure load to the value calculated according to equation (5.7) as
a function of edge distance; anchor channels with four anchors (Eligehausen, Potthoff, Grewin, Lotze (2004))

V, (test)/ V, (Eqn.(5.7))

1.6
14 B A
g A
L .E _____ = ; -
°
1.0 i o 3
]
0.8
06 ) Symbol Channel s [mm]
L 3817 200
* * * * . +* 50/30 300
0.4 (] (] L] . ry 72748 700
n=16
0.2 x=1.19
— — average value of all results v=15.1 %
0

0 50 100 150 200 250 300 350 400 450
s[mm]

Fig. 5.26 Ratio of the measured concrete edge failure load to the value calculated according to equation (5.7) as
a function of anchor spacing; anchor channels with four anchors (Eligehausen, Potthoff, Grewin, Lotze (2004))
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Fig. 5.27 Ratio of the measured concrete edge failure load to the value calculated according to equation (5.7) as
a function of member thickness; anchor channels with four anchors (Eligehausen, Potthoff, Grewin, Lotze (2004))

Fig. 5.28 Anchor channel close to an edge with suit-
able hanger reinforcement in the form of stirrups to take
up shear load

are valid for anchor channels with two anchors
while Figs. 5.25 to 5.27 apply to anchor chan-
nels with four anchors. The figures show that
equation (5.7) is slightly conservative but
the influence of the geometric parameters edge
distance, anchor spacing and component thick-
ness is taken into account with sufficient
accuracy. Further numerical studies on anchor
channels with up to 25 anchors and different
loads on the anchors show that equation (5.7)
works sufficiently well also for these applica-
tions.

The failure load of an anchor channel located at
the edge of a member and resisting a shear load
towards the edge can be increased by hanger
reinforcement, e. g. in the form of stirrups (Fig.
5.28). With a larger edge distance, the existing
reinforcement near the surface can serve as
hanger reinforcement. The shear capacity pro-
vided by the hanger reinforcement can be cal-
culated in accordance with section 4.1.2.4h,
equation (4.35) (Sippel, Eligehausen (2003)).
This can be seen from Fig. 5.29 which shows
the ratio of measured failure loads to calculated
values as a function of the edge distance for
anchor channels close to an edge with hanger
reinforcement in the form of stirrups (Fig. 5.28)
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V, (test)/V, (Eqgn. (4.35)) []
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Fig. 5.29 Measured to calculated failure loads as a function of edge distance. Tests with anchor channels with hanger
reinforcement in the form of stirrups or welded wire mesh (Sippel, Eligehausen (2003))

or welded wire mesh. For small edge distances
the calculated values are rather conservative.
Note, however, that for close edge distances the
calculated failure load is very sensitive to the
position of the anchor channel with respect to
the hanger reinforcement. In practice the actual
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Fig. 5.30 Interaction diagram for anchor channels with-
out hanger reinforcement under combined tension and
shear loads (Wohlfahrt (1996))

anchorage length /, of the hanger reinforcement
in the concrete breakout body may be smaller
than the value assumed in the calculation due to
tolerances in the position of the anchor channel
or hanger reinforcement.

A hairpin that directly engages the anchors is
less effective with anchor channels than when
used with headed studs because the hairpin
must be positioned below the channel and is
therefore relatively far from the concrete sur-
face. In addition, with the exception of T-
anchors welded perpendicular to the channel
axis, the connection between channel web and
anchor is generally not of sufficient rigidity.
Therefore equation (4.36) in section 4.1.2.4(h)
may be used only with a rather low effective-
ness factor (1, < 0.5).

5.1.3 Combined tension and shear

The behaviour of anchor channels subjected
to combined tension and shear loads was in-
vestigated by Oluokon, Burdette (1993) and
Wohlfahrt (1996). In the tests by Oluokon, Bur-
dette (1993), a constant shear load was imposed
and an increasing tension load was applied up to
failure. Wohlfahrt (1996) maintained the angle
of the applied resultant force constant during
the tests (a0 = 30°, 45°, and 60°). Tests with pure
shear and with concentric tension were also car-
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Fig. 5.31 |Interaction diagram for anchor channels
close to an edge with hanger reinforcement to take up
shear loads under combined tension and shear loads
(Grewin, Potthoff, Eligehausen (2002))

ried out in both studies for comparison. Fig.
5.30 plots values of the tension component of
the failure load related to the tension failure
load as a function of the shear component of the
failure load related to the shear failure load.
Each symbol represents the result of one test by
Wohlfahrt (1996) and the average of at least
three tests by Oluokon, Burdette (1993). The
figure shows that the test results can be
described with sufficient accuracy by the tri-lin-
ear interaction described by equations (4.42) or
by the exponential function given in equation
(4.43) with k£ = 1.5. Tests described in Grewin,
Potthoff, Eligehausen (2002) indicate that for
anchor channels with a hanger reinforcement to
take up the shear load and no hanger rein-
forcement for the tension load, a linear interac-
tion (equation (4.43) with k = 1) applies (Fig.
5.31).

5.1.4 Sustained and fatigue loading

Sustained loads lead to an increase of displace-
ments. The discussion of this subject relating to
headed studs in section 4.1.5 applies here as
well.

In the case of fatigue tension loads, it is usually
the connection between anchor and channel that
fails first if the T-head bolt is of sufficient diam-
eter. The fatigue strength should be established
by testing for the specific geometry in question.
It is dependent on the shape and method of
manufacture (hot rolled, cold formed) of the
channel profile, as well as the details of the con-
nection between the anchor and the channel.

As far as the authors are aware, tests on anchor
channels with fatigue shear loads have not been
conducted to date. Alternating shear loads
require a permanently effective prestress in
order to avoid slippage of the attached fixture.

5.2 Cracked concrete

Cracks in the concrete have the same influence
on the load-displacement behaviour of cast-in
anchor channels subjected to tension and shear
loading as they do on the performance of
headed studs. They have only a small effect on
the failure load in the case of steel failure (bolt
rupture, channel failure). However, cracks
affect significantly the concrete cone breakout
and the pull-out capacity under tension and the
concrete edge or pry-out capacity associated
with shear loading. According to Wohlfahrt
(1996) the cracking factor for concrete cone
failure under tension as determined from a lim-
ited number of tests is y,, = 0.74. This corre-
sponds to the value applicable for headed studs
(see section 4.2.1.3). In the case of concrete
edge breakout under shear, the cracking factor
increases slightly with the edge distance. At an
edge distance ¢ < 150 mm it is y,, = 0.7, which
corresponds to the value for headed studs and
expansion anchors (see section 4.2.2.4). There-
fore the concrete cone capacity in tension, the
pry-out failure load and the concrete edge
capacity under shear towards the edge in
cracked concrete should be calculated by multi-
plying the equations given in sections 5.1.1.3
and 5.1.2.4 by 0.7.

To the authors’ knowledge, tests with combined
tension and shear in cracked concrete have not
been carried out to date. However, it may con-
servatively be assumed that the interaction
equations (4.42) and (4.43) with k = 1.5 also
apply to anchor channels.
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6 Behaviour of bonded anchors in non-cracked

and cracked concrete

Sections 6.1 and 6.2 address the behaviour of
conventional bonded anchor systems with d/
d < 1.5 installed in cylindrical drilled holes. The
mortar consists of aggregates and binder in the
form of unsaturated polyester, vinylester,
vinylester with cement (hybrid systems) or
epoxy. The behaviour of bonded undercut and
bonded expansion anchors is discussed in sec-
tion 6.3.

6.1 Non-cracked concrete
6.1.1 Tension load

6.1.1.1 Load-displacement behaviour
and modes of failure

In principle, bonded anchors exhibit the same
basic failure modes as expansion and undercut
anchors (see Fig. 4.1). Fig. 6.1 depicts the typi-
cal failure modes associated with single anchors
loaded in tension. At small embedment depths
(hef = 3-d to 5-d) concrete failure is charac-
terised by a cone-shaped concrete breakout
originating at the base of the anchor (Fig. 6.1a).
The slope of the cone envelope with respect to
the surface of the concrete member is approxi-

mately 35°, i.e. the same as for headed studs,
undercut anchors, and expansion anchors. For
greater embedment depths, the concrete failure
mode usually transitions to a mixed-mode
(bond/concrete breakout) type of failure. A con-
crete cone with a depth of approximately 2 - d
to 3 - d forms at the top end of the anchor and
the bond fails over the balance of the embed-
ment depth. Bond failure occurs either at the
boundary between concrete and mortar (Fig.
6.1b) or at the boundary between the mortar and
anchor rod (Fig. 6.1c). Often a failure between
concrete and mortar occurs in the upper part of
the embedment, with the failure of the bond
between mortar and anchor rod confined to the
deeper end (Fig. 6.1d). Fig. 6.2 provides a photo
of a bonded anchor that has failed in this way.
For large embedment depths the bond resistance
developed over the length of the anchor can
exceed the rupture strength of the steel rod,
leading to steel failure (Fig. 6.1e). The mini-
mum embedment depth of a single anchor with-
out edge or spacing effects required to ensure
failure of the steel rod depends on the grade of
steel, the concrete mechanical properties and
the properties of the mortar. In cases of anchor

A

Pull-out failure

a) Concrete

cone failure b) Failure

mortar / concrete

c) Failure threaded
rod / mortar

d) Mixed failure e) Steel failure

Fig. 6.1 Failure modes of bonded anchors under tension load (Cook, Kunz, Fuchs, Konz (1998))
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Fig. 6.2 Photo of a bonded anchor Fig. 6.3 Failure modes of groups with bonded anchors M12 with
after tension test (Eligehausen, constant embedment depth, h,; = 12d, for different spacings
Mallée, Rehm (1984)) (Lehr, Eligehausen (1998))

Fig. 6.4 Failure modes of groups with
bonded anchors M8 with constant ratio of
spacing to embedment depth for different
embedment depths (Lehr, Eligehausen
(1998))
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groups or anchorages close to an edge, the
geometry of the anchorage is also important.
Anchorages close to an edge or in a corner can
precipitate splitting of the concrete (see Fig.
4.1c).

Failure modes of anchor groups observed in
tests are shown in Figs. 6.3 and 6.4. Anchor
groups with a small anchor spacing generate a
common concrete cone breakout in response to
tension loading (Figs. 6.3a and 6.4a), whereas
anchor groups with large anchor spacing gener-
ally exhibit mixed mode failure of the individ-
ual anchors (Fig. 6.3b). In numerical analysis at
intermediate spacing, cracks were observed that
initiate at the end of the anchors and propagate
towards each other and connect at peak load (L,
Eligehausen, Ozbolt, Lehr (2002)). Final failure
was caused by mixed mode failure of the indi-
vidual anchors. A similar transition between
failure modes is seen when, for a constant spac-
ing-to-embedment depth ratio, the embedment
depth is increased (Fig. 6.4). Group anchorages
near an edge can split the concrete.

Schematic load-displacement curves for non-
prestressed, single bonded anchors loaded in
tension and exhibiting pull-out failure are plot-
ted in Fig. 6.5. The load-displacement behav-
iour essentially depends on the stiffness and
adhesion of the mortar. Given a stiff mortar hav-
ing good adhesion, bonded anchors can exhibit
an approximately elastic behaviour nearly up to
failure (Fig. 6.5a). Post-peak behaviour is
dependent on which interface has experienced
bond failure. If bond is lost between the con-
crete and mortar (Fig. 6.1b), the anchor rod with
mortar is pulled through the non-uniform sur-
face of the drilled hole and frictional resistance
is generated. If this frictional resistance is lower
than the adhesion strength, then the load that
can be resisted shows steady decline as the dis-
placement increases (Fig. 6.5a). If the adhesion
strength is less than the frictional resistance
generated between mortar and hole, the ultimate
load is attained at relatively large displace-
ments. However, the ultimate load associated
with frictional resistance typically exhibits a
relatively large degree of scatter. The ratio of
adhesion resistance to ultimate load can be rel-
atively high (Fig. 6.5b) or, as in the case of less
robust systems, quite low (Fig. 6.5¢).

Load

:

Load

:

Load

:

Load

-

d)

Displacement

Fig. 6.5 Load-displacement curves of single bonded

anchors (schematic) (Meszaros (1999))

a) Failure between mortar and wall of drilled hole (bond
force between mortar and concrete higher than friction
force)

b) Failure between mortar and wall of drilled hole (bond
force between mortar and concrete lower than friction
force)

c) Failure between mortar and wall of drilled hole (bond
force between mortar and concrete significantly lower
than friction force)

d) Failure between mortar and rod

If, on the other hand, bond failure takes place
between mortar and anchor rod (Fig. 6.1c¢),
resistance will drop rapidly with increasing dis-
placement (Fig. 6.5d) since the mortar projec-
tions into the anchor rod deformations (gener-
ally, threads) are sheared off at small displace-
ments followed by extraction of the anchor rod.
After shearing off the mortar between the
threads, the surface of the mortar is relatively
smooth and therefore frictional resistance tends
to be small. The load-displacement behaviour
represented by Fig. 6.5a is clearly more
favourable than that of Fig. 6.5d, most impor-
tantly because it allows for redistribution of
loads in group anchorages.
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80 Load [kN]

60

B -
TN
]

a—

0 5 10 15 20 25
Displacement [mm]

Fig. 6.6 Load-displacement curves of capsule type
bonded anchors M12, h, = 110 mm, f, = 25 N/mm?,
well-cleaned drill hole, dry concrete (Meszaros,
Eligehausen (1996/1))
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Fig. 6.7 Load-displacement curves of injection type
bonded anchors M12, h, = 110 mm, f, = 25 N/mm?,
well-cleaned drill hole, dry concrete (Meszaros,
Eligehausen (1998))

Figs. 6.6 to 6.8 provide load-displacement
curves derived from tests with various bonded
anchor systems (diameter 12 mm, embedment
depth i1,,= 110 mm). All holes were drilled with
a hammer drill. This drilling technique results
in a relatively rough hole surface, which in
addition presents a uneven geometry in the lon-
gitudinal direction and so deviates from the
straight cylindrical form. These curves are valid
for anchors installed in thoroughly cleaned
holes in dry concrete. Typically, a bonded

Load [kN]

80

60 -

40

20

20 25
Displacement [mm]

Fig. 6.8 Load-displacement curves of injection type
bonded anchors M12, h, = 110 mm, f. = 25 N/mm?,
well-cleaned drill hole, dry concrete (Meszaros,
Eligehausen (1996/1))

anchor system will consistently exhibit one of
the methods of behaviour described above
(Figs. 6.7 and 6.8). However, it is also possible
for varying load-displacement relationships to
occur in a single test series (Fig. 6.6).

6.1.1.2 Failure load associated with steel
failure

Section 4.1.1.2 applies.

6.1.1.3 Failure load associated with
concrete breakout/pull-out failure

The distribution of the bond stresses over the
embedment depth depends on the magnitude of
the load, the stiffness of the mortar, and the
embedment depth. At peak load the bond
stresses are distributed unevenly over the
embedment depth, however, for simplicity, a
uniform distribution is typically assumed.
According to Cook, Kunz, Fuchs, Konz (1998),
a constant bond stress over the embedment
depth and a bond strength not dependent on the
embedment depth may be assumed for embed-
ment depths 4.5 < &,,/d < 25. This is shown in
Fig. 6.9, in which the quotients from measured
failure loads and those calculated using equa-
tion (6.4) are plotted against the ratio of embed-
ment depth to anchor rod diameter for eight dif-
ferent products and a total of 888 individual
results. In equation (6.4) product-specific bond
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Fig. 6.9 Ratio between measured failure loads and val-
ues calculated according to equation (6.4) as a function
of the ratio between embedment depth and anchor diam-
eter (Cook, Kunz, Fuchs, Konz (1998))

strengths are assumed that are constant for all
embedment depths. In the tests, edge distance
(¢ 2 h,y) and the support spacing were chosen to
allow the formation of a complete concrete cone
breakout. Cartridge and injection systems were
investigated in conjunction with various types
of mortar. The holes were drilled in dry concrete
and carefully cleaned with brushes and com-
pressed air. Pull-out failure was observed in all
tests. An earlier less comprehensive test pro-
gram described in Lang (1979) revealed that

bond strength decreases at embedment depths
hy>9d.

Strictly speaking, any measure of bond strength
should be related to the fracture surface area
generated during the test. However, it is often
not possible to predict the failure surface asso-
ciated with the anchor ultimate capacity, partic-
ularly in the case of mixed-mode failures. Addi-
tionally, the failure mode can vary within a test
series or with variations in concrete mix design.
Alternatively, it is always reasonable to relate
the bond strength to the anchor rod diameter.
According to the studies by Cook, Kunz, Fuchs,
Konz (1998) this approach is valid for bonded
anchors with a small annular clearance. The
ratio d,/d for the investigated systems typically
fell in the range of 1.1 to 1.3 with individual
cases as high as 1.8. The following discussion
applies to bonded anchors with d,/d < 1.5,
whereby the specified bond strengths have been
determined using the anchor rod diameter.

Bond strength is primarily a function of mortar
type. Cook, Bishop, Hagedoorn, Sikes, Richard-
son, Adams, De Zee (1994) conducted in excess
of 1,000 tension tests on 20 different products.
Close support spacing was employed in the tests
(so-called confined tests) to force bond failure.
Fig. 6.10 shows the mean bond strengths
recorded for the various types of mortar investi-
gated. The threaded anchor rods used in the

1y [N/mm?]
30 T ‘ .
d =159 mm 1 | ‘

25 |-{he=64d | - ‘
204 |- .
15 +
10 =

5 — | | .

o i |

A B CDEFGH I J
Type of mortar

K LMNOZ®PQRST

Fig. 6.10 Average bond strength in concrete with f, = 45 N/mm? for different mortar types
(Cook, Bishop, Hagedoorn, Sikes, Richardson, Adams, De Zee (1994))
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tests had a diameter of 5/8 in. (= 16 mm) and
were embedded with A, = 6.4-d in dry and
carefully cleaned-out holes (i.e. under ideal
conditions). Although three products exhibited
very low bond strengths, in 11 cases the mean
bond strength fell in the range of 10 N/mm? to
20 N/mm?. Six products had a bond strength
exceeding 20 N/mm?. Clearly, bond strength is
highly dependent on product type and bond val-
ues derived for one product cannot be assumed
to apply to others.

According to Cook, Kunz, Fuchs, Konz (1998)
bond strengths for the majority of mortar prod-
ucts currently on the market do not vary signif-
icantly with anchor rod diameter. However,
some mortars do exhibit diameter sensitivity in
the form of clearly lower bond strengths at spe-
cific diameters (Fig. 6.11).

Higher concrete compressive strengths can lead
to improved bond strength only if bond failure
occurs at the boundary between mortar and the
sides of the hole. However, for most products

Ty [N/mm?]

25

20

15

10

=

16
a) Diameter of threaded rod [mm]

b) Diameter of threaded rod [mm]

Fig. 6.11 Average bond strength in concrete with
f, = 25 N/mm? for different anchor diameters

this influence is minimal because the sides of
the hole become smoother as the concrete
strength increases. Furthermore, at higher con-
crete strengths often the bond between mortar
and anchor rod fails. The effect of the concrete
compressive strength on the bond strength also
varies by product. Bond strength can be either
independent of concrete compressive strength
or increase in proportion to f%, where o < 0.5
(Cook, Kunz, Fuchs, Konz (1998)). As a rule,
bond strengths established in testing with con-
crete compressive strength f. = 20 N/mm?
should be valid for concretes up to strength
class C50/60 according to Eurocode 2: EN
1992-1-1 (2003). In very high strength con-
cretes, the bond strength can drop as a conse-
quence of increased hole smoothness.

The bond strengths given in Fig. 6.10 are appli-
cable to anchors installed under the following
conditions: (1) dry, sound concrete, (2) holes pro-
duced with hammer drills and subsequently
brush cleaned and blown out with compressed
air, (3) room temperature of approximately 20 °C
at the time of installation, and (4) installation oth-
erwise in accordance with manufacturer instruc-
tions. Incorrect installation can measurably affect
these values. For example, capsule anchor sys-
tems designed to be installed with hammering
and rotation action of the drill exhibit very low
ultimate tension capacity when installed with
hammering action alone because the mortar is
not mixed thoroughly. A low anchor capacity will
also occur with injection systems if the correct
mix of the mortar is not ensured (bulk systems)
or if the hole is not filled completely with mortar.

Failure to remove drilling dust and concrete
fragments that collect in the bottom of holes
drilled vertically downward may hinder instal-
lation of the anchor rod to the specified embed-
ment. Over-driving a capsule anchor in an
attempt to force the rod through such material
will typically cause expulsion of mortar from
the hole, leading to gaps in the mortar coverage
over the length of the anchor rod. It may also
interfere with the initial gel of the resin and has
been shown to cause a drop in the tension
capacity of the anchor of up to 80 % (Rehm
(1985/2)).

Regardless of the direction in which the anchor
is installed (vertically upwards/downwards,
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Fig. 6.12 Load-displacement curves of bonded
anchors M12, h, = 110 mm, f, = 25 N/mm?, anchored
in well-cleaned and uncleaned drill holes (anchor type not
sensitive to hole cleaning) (Meszaros, Eligehausen
(1996/1))

horizontally), inadequate cleaning of the drilled
hole allows for the retention of dust on the sides
of the hole. Figs. 6.12 and 6.13 show the in-
fluence of cleaning (i.e., dust removal) on
the load-displacement behaviour of anchors
installed in dry concrete. Both figures compare
load-displacement curves for thorough cleaning
of the drilled hole by use of a stiff brush and
blowing with a hand pump to those derived
from anchors installed without cleaning the
hole. In the latter case the holes drilled verti-
cally downwards were drilled deeper than
required in order to create a space in which the
dust from drilling could collect. In imitation of
typical practice, the hammer drill was retracted
three times at roughly equal intervals during the
drilling process to facilitate transport of the
drilling dust out of the hole (and to prevent jam-
ming of the drill bit). Depending on the mortar
system, hole cleaning can have merely a minor
effect (Fig. 6.12) or a more pronounced effect
(Fig. 6.13) on the load-displacement behaviour
and the ultimate load. Capsule anchor systems
that are installed by chucking the anchor rod
into the hammer drill and driving the rod
through the capsule with both hammering and
drilling action are generally among the least
sensitive types of bonded anchor systems in this
regard. This may be attributed to the drilling
action which, in combination with the quartz

Displacement [mm)]

Fig. 6.13 Load-displacement curves of bonded
anchors M12, h,; = 110 mm, f, = 25 N/mm?, anchored
in well-cleaned and uncleaned drill holes (anchor type sen-
sitive to hole cleaning) (Meszaros, Eligehausen (1996/1))

aggregate contained in the resin capsule, serves
to scour the dust from the hole wall. The reduc-
tion in tension capacity for such systems
installed in un-cleaned holes is usually less than
20 %. With injection systems, whereby the mor-
tar is pre-mixed in the injection nozzle, the
reduction in tension capacity associated with
inadequate hole cleaning depends on the adhe-
sion of the resin type used, and can range from
less than 20% to as much as 50% (Eligehausen,

Tu/ty (cleaning method 1)

1.2
10 L — -4& Dry concrete|
0.8 -

Injection

~ F system
- ~ - ‘-—_T A
0.6 ==
.. B
0.4 R aERET 4
C
0.2
0.0
0 1 2 3 4
Method of hole cleaning
Method of
hole cleaning
1 2 x blowing, 2 x brushing, 2 x blowing
2 1 x blowing, 1 x brushing, 1 x blowing
3 2 x blowing
4 No cleaning (drilling machine retracted 3 times)

Fig. 6.14 |Influence of intensity of hole cleaning on the
bond strength of injection anchors M12 in dry concrete
(Meszaros, Eligehausen (1998))
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Fig. 6.15 Load-displacement curves of bonded
anchors M12, h, = 110 mm, anchored in dry and wet
concrete with f, = 25 N/mm?, drill holes cleaned thor-
oughly (anchor type not sensitive to moisture in concrete)
(Meszaros, Eligehausen (1996/2))
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Fig. 6.16 Load-displacement curves of bonded
anchors M12, h, = 110 mm, anchored in dry and wet
concrete with f, = 25 N/mm2, drill holes cleaned thor-
oughly (anchor type sensitive to moisture in concrete)
(Meszaros, Eligehausen (1996/2))

Meszaros (1996)). It is important with injection
systems that the hole is mechanically cleaned
with a suitably stiff brush and subsequently
blown clean. Compressed air alone is generally
not adequate to remove the dust from the sides
of the hole. Fig. 6.14 shows the influence of the
degree of hole cleaning on the bond strength
attainable for three different injection system
types. Capsule anchor systems in which the
anchor rod is hammered but not spun into the
hole should exhibit a sensitivity to hole cleaning
that is on a par with injection systems using a
similar resin.

The installation of bonded anchors in wet con-
crete can lead to reduced tension capacity. In
this respect, wet concrete refers to fully hard-
ened concrete that is water saturated. In tests
this condition may be achieved by submerging
the concrete specimen in water for a sufficiently
long time and removing it from the water imme-
diately prior to installing the anchors. Effective
cleaning of the hole is particularly difficult in
wet concrete because the drilling dust tends to
adhere to the sides of the hole. In addition,
depending on the type of mortar, the water film
on the sides of the hole can have an
unfavourable effect on bond development dur-
ing curing of the resin. Figs. 6.15 and 6.16
allow for the comparison of load-displacement
curves corresponding to anchors installed in dry
and wet concrete. In all tests, the holes were
carefully brushed and blown out after drilling.
The load-bearing behaviour in wet concrete
depends on the resin system used. Tested sys-
tems employing unsaturated polyester resin and
vinyl ester resin containing styrene exhibited a
relatively small drop (< 20%) in tension capac-
ity (Fig. 6.15), whereas other systems (e.g.
styrene-free vinylester, epoxy) experienced a
greater reduction (Fig. 6.16). If, in addition, the
drilled hole is not thoroughly cleaned, the bond
strength can fall even further depending on the
type of resin and intensity of hole cleaning. This
can be seen from Fig. 6.17 which is valid for
injection systems.

The bond strength may also be reduced if there
is standing water in the hole during installation,
regardless of the degree of cleaning effort. Even
if the concrete is otherwise dry, the resulting
bond strengths may be approximately equal to
those of an anchor installed in wet (saturated)
concrete.

The bond strengths associated with bonded
anchors installed in wet concrete or in water-
filled holes are highly product-dependent and
should therefore be determined for each anchor
system via testing.

The foregoing discussion applies to bonded
anchors installed in holes drilled with carbide-
tipped hammer drills. In practice, however, both
wet- and dry-process diamond core drills are
increasingly employed on jobsites for anchor
installation. In particular, water-assisted core
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Fig. 6.17 |Influence of intensity of hole
cleaning on the bond strength of injection
anchors M12 in wet concrete (Meszaros,
Eligehausen (1998))

drilling produces a clean, smooth, geometri-
cally regular cylindrical hole. Even after excess
water has been evacuated from the hole, the
sides of the hole are coated with drilling slurry
and tend to remain wet for some time. The bond
strength which can be developed under these
conditions is highly dependent on the resin
type. If a sufficient time interval is allowed fol-
lowing drilling to allow the hole to dry out com-
pletely and if the hole is then thoroughly
cleaned, high-adhesion resin types can be

Bond stress [N/mm?]

expected to achieve about the same bond
strengths as measured in hammer-drilled holes.
However, probably owing to the smoothness of
the hole surface, significantly reduced bond
strengths are typically recorded for low-adhe-
sion resin systems as seen in a limited number
of tests conducted at the University of Stuttgart
(Fig. 6.18). The effect of diamond core drilling
on the load-bearing behaviour of bonded anchor
systems is again highly product-dependent and
must be checked on a product by product basis.

16 [Compressed air drilling, I, = 10 d; C 20/25 |
14 _——
12 4 Hammer drilling, , = 10 dg; C 20/25 N
10 . | ! |
3 ]Cast-in rebar, |, = 10 d;; C 20/25 |
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2
0 T T T T
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Fig. 6.18 Bond stress-displacement curves of injection type bonded anchors with a diameter d; = 20 mm anchored
in holes made by hammer and diamond drilling (Spieth, Eligehausen (2002))
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Fig. 6.19 Influence of temperature in the concrete

on bond strength

a) Unsaturated polyester (Sell 1973/1)

b) Vinylester (after different references)

c) Different mortar types (Cook, Kunz, Fuchs, Konz
(1998))

In the following discussion, bond strength at
increased temperature refers to the bond
strength of an anchor installed at room temper-
ature and fully cured prior to increasing the con-
crete temperature. The bond strength of poly-
mer-based bonded anchor systems decreases
as the concrete temperature increases (Sell
(1973/1), Rehm (1988), Eligehausen, Varga

(1996), Cook, Kunz, Fuchs, Konz (1998)). The
relationship between concrete temperature and
bond strength is highly product dependent (Fig.
6.19). As the glass transition temperature is
reached, the bond strength drops precipitously.
The bond strength of a bonded anchor utilising
unsaturated polyester resin in concrete having a
temperature of 80 °C is only about 70% of the
value recorded in tests at 20 °C (Sell (1973/1)).
The same reduction has been found for
vinylester mortar at the same temperature, how-
ever, at higher temperatures strength loss is not
as severe as with polyester resins (Rehm (1988),
Eligehausen, Varga (1996)). The bond strength
loss associated with temperature increase is
usually much greater for bonded anchors based
on epoxy resins. However, the formulation of
the resin has a notable influence on this behav-
iour, and as such a general statement in this
respect is not possible.

Numerous equations have been proposed in the
literature for calculating the concrete-related
failure loads of bonded anchors having large
spacing and edge distance. A comprehensive
treatment of this subject may be found in Kunz,
Cook, Fuchs, Spieth (1998) whereby various
approaches are described and evaluated, only a
few of the proposed methods are discussed here.

Eligehausen, Mallée, Rehm (1984) evaluated
the results of numerous tests on M8 to M30 cap-
sule systems with a mortar based on an unsatu-
rated polyester resin (Fig. 6.20). The embed-
ment depth was approximately nine times the
anchor rod diameter. As the concrete compres-
sive strength of the test specimens varied from
feeao0 ~ 15 N/mm? to f,. oy ~ 40 N/mm?, the
measured failure loads were normalised to
feen00 = 25 N/mm? using the square root of the
compressive strength. Equation (6.1) predicts
the measured failure loads with reasonable
accuracy. It is valid only for the range of appli-
cations covered by the tests:

Ny =0.851 - \[Foe 00 (6.1)

The mean ratio of prediction to test is 1.0, with
a coefficient of variation v = 14 %. Within the
tested ranges, neither anchor diameter nor con-
crete compressive strength appears to have had
any significant influence on the ultimate capac-

1ty.
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Fig. 6.20 Failure loads of bonded anchors (capsule
system on the basis of unsaturated polyester resin) under
tension loading as a function of embedment depth (Elige-
hausen, Mallée, Rehm (1984))

Eligehausen, Mallée, Rehm (1984) charac-
terised the anchor failure as concrete cone
breakout. According to Cook (1993) bonded
anchors fail primarily by pull-out at the embed-
ment depths (h,, = 9d) investigated by Elige-
hausen, Mallée, Rehm (1984). Assuming a uni-
form distribution of bond stress over the embed-
ment length, the bond strength at a concrete
strength of f,. o, =25 N/mm? is 7, = 12 N/mm?.
As noted by Eligehausen, Mallée, Rehm (1984),
testing by Kobarg (1982) indicates that at
embedment depths £, > 9 - d the failure load
does not increase as rapidly as predicted by
equation (6.1) but rather proportional to 7.
This implies that the bond strength 7, remains
roughly constant for /1,,>9 - d.

Cook, Doerr, Klingner (1993) calculated the
failure loads of bonded anchors assuming elas-
tic bond behaviour. After the formation of a
concrete cone near the surface, the bond
stresses are redistributed over the remaining
embedment length. It is assumed that pull-out
takes place when the maximum bond stress,
which occurs at the loaded end of the bonded
length, equals the bond strength.

Cook (1993) proposes an approach for calculat-
ing the failure loads of bonded anchors that
combines the concrete cone and bond capacity.
If the embedment depth #,, is smaller than the
depth A, of the concrete cone near the surface as
given by equation (6.2), then the failure load is
calculated using equation (6.1), at larger
embedment depths, equation (6.3) is used. This
equation consists of two parts: the first part
specifies the capacity of the shallow concrete
cone, the second that of the bond:

T, 7md

Ny =085 ] [foo oo +7-d-(hy—h)7,(6.3)

h

Cook, Kunz, Fuchs, Konz (1998) propose to
assume a constant bond strength along the
embedment depth. The failure load is thus given
by equation (6.4):

Ny =nd h; T, (6.4)

Equation (6.4) is sufficiently accurate for embed-
ment depths 4.5 < he/d <20 (Fig. 6.9), diameters
d < 50 mm and bond areas ©-d - h, < 55,000
mm?, independent of type of failure (pull-out,
mixed concrete and pull-out, concrete cone).

The bond strength 7, is product-specific. It is
influenced by the state of the concrete (dry,
water saturated), the manner in which the hole
is drilled (hammer drill, diamond core drill), the
degree to which the hole is cleaned out, and the
temperature of the base material. Therefore, the
ultimate bond strength must be determined with
product- and application-specific testing.

Fig. 6.21 shows failure loads measured in tests
on bonded anchors as a function of their embed-
ment depth. While in Fig. 6.20 the various
embedment depths were associated with multi-
ple anchor rod diameters, in Fig. 6.21 the rod
diameter (d = 3/8 inch = 9.5 mm) was held con-
stant for all embedment depths. Failure loads
corresponding to equations (6.1), (6.3) and (6.4)
are plotted as well as those predicted by the
elastic bond model of Cook, Doerr, Klingner
(1993). It can be seen that equation (6.1) coin-
cides well with the test results for hi,f = 9d, but
underestimates the capacity for smaller embed-
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Fig. 6.21 Comparison of different proposals for calculating the failure load of single bonded anchors (d = 9.5 mm) with

test results (Kunz, Cook, Fuchs, Spieth (1998))

ments and overestimates the capacity at embed-
ments greater than 94. This is not surprising
given that equation (6.1) was developed solely
on the basis of tests with bonded anchors hav-
ing an /1,,~9 - d. Both the elastic bond model of
Cook, Doerr, Klingner (1993) and equation
(6.3) underestimate the failure loads at all tested
embedments. In contrast, the constant bond
stress equation (6.4) predicts failure loads that
agree reasonably well with the test results.

Bonded anchor groups may fail by pull-out of
the individual anchors (Figs. 6.3b and 6.4c).
Despite the lack of visible overlapping failure
surfaces, testing indicates that for an anchor
spacing less than a critical value the failure load
of a group of four anchors is less than four times
the pull-out load of a single anchor. Numerical
analyses using the MASA non-linear FEM pro-
gram (Ozbolt (1998)) were carried out to shed
light on this behaviour (Li, Eligehausen, Ozbolt,
Lehr (2002)). This analysis indicates that the
reduced pull-out load of multiple anchors com-
pared to the value applicable for a single anchor
with large spacing can be attributed to changes
in the bond stress distribution around the
anchor. Single anchors exhibit a uniform bond
stress distribution in the circumferential direc-
tion. Closely spaced anchors, on the other hand,
develop a bond stress distribution that is cir-
cumferentially skewed, with higher bond
stresses on the outward facing surfaces and
lower bond stresses on the inward facing sides.

According to Pukl, Ozbolt, Eligehausen (1998)
and Schou, Christiansen, Andersen (1998) this
is attributable to tensile stresses in the concrete
between the anchors of the group which serve to
effectively reduce the bond stresses that can be
accommodated. In addition, Li, Eligehausen,
Ozbolt, Lehr (2002) report that a horizontal
crack, which develops at the base of the anchor
group, is responsible for the uneven distribution
of the bond stresses around the anchors at ulti-
mate load.

As the anchor spacing is reduced the failure
mode transitions to concrete cone breakout
(Figs. 6.3a and 6.4a,b) and the failure load is
further reduced.

Bonded anchors positioned at the edge of a
member can also fail via pull-out or concrete
cone breakout, whereby failure loads associated
with edge distances less than a characteristic
value are reduced when compared with anchors
placed well away from the edge.

Irrespective of the failure mode, tension failure
loads associated with bonded anchor groups or
single anchors positioned near an edge can be
approximated similar to the CC-Method (see
section 4.1.1.3) (Lehr, Eligehausen (1998)),
however, with some modifications.

4 0
w= AUN 'WSN 'l//et‘,N ’ Nu [N]
<N

(6.5)
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where:

NO is calculated according to equation
6.4)

A.y = existing area of fastening projected
onto surface of concrete limited by the
overlap of individual projected areas
of neighbouring anchors (s < s,,,) as
well as by edges (¢ < c¢,,y)

Aly = sk

Y,y = 07+03- <1.0 (6.5a)

C('rN
Y.y = ;< 1.0 (6.5b)
N T 142-ey /s,y '
ey = eccentricity of tensile force resultant

associated with tension-loaded an-
chors from their geometrical centroid
S, = Ccharacteristic spacing
C.y = characteristic edge distance
The ultimate load of a single anchor N9 not
influenced by adjacent anchors or edges is cal-
culated according to the uniform bond model
(equation (6.4)). Note that with this equation the
failure load for different types of failures (pull-
out, mixed concrete and pull-out, concrete
cone) is approximated.

The projected area calculation for bonded
anchors may be made in the same manner as for

Pull-out failure

Failure surface

Concrete cone failure

b)

Fig. 6.22 Failure of a pair of bonded anchors (s =
a) Pull-out failure, b) Concrete cone failure

the concrete cone breakout of headed anchors
(see Figs 4.16 and 4.26) but with the character-
istic spacing and edge distance s,y = 2 - ..y =
3 - h,replaced by different values.

Lehr, Eligehausen (1998) assume s,y = 2,y =
2h, and Kunz, Cook, Fuchs, Spieth (1998) rec-
ommend s,y =2 ¢,y =175 h,. Cook, Konz
(1998) also propose s,y = 1.75 - h but for the
influence of the edge they assume that the fail-
ure load decreases linearly from for ¢ = 10-d
to N9 for ¢ = 0.

According to the above proposals the character-
istic spacing of bonded anchors depends — as for
headed studs — on the embedment depth. Based
on the results of numerical and experimental
investigations, Lehr (2003) assumes that the
characteristic spacing depends on the anchor
diameter. He proposes s,y = 2+ ¢,y = 16 -d.
According to the results of numerical investiga-
tions of Li, Eligehausen (2001) the characteris-
tic spacing is additionally influenced by the
bond strength. Based on results with 415 tests
with anchor groups Eligehausen, Appl, Lehr,
Meszaros, Fuchs (2005) propose s,y =2 - C..y =
20-d- (7, /10)%3.

According to equation (6.5) the failure load of a
fastening with n = 2 or n = 4 anchors with a spac-
ing s = d corresponds approximately to the value

Pull-out failure

Failure surface

YyN= Vn

Concrete cone failure

Yon =1

d) (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))
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valid for one anchor. However, the load that can
be introduced into the concrete by bond is by the
factor Vn larger than that of a single anchor
because of the increased bond area (Fig. 6.22a)
but may be limited by concrete cone failure (Fig.
6.22b). To consider this Eligehausen, Appl, Lehr,
Meszaros, Fuchs (2005) propose equation (6.6)
in which an additional factor v, is added to
equation (6.5). Furthermore, based on the results
of tests with single anchors at the edge the factor
Y,  is omitted.

Nu = ALON ' l//e(',N : Nz? [N] (66)
c,N

where:

Yoy = Yoyt——A-yl =1 (6.69)

cr,N

Vi =

o =07-(1-7,/7,,,0505 (6.6b)

Tomax = 43 (Mg fronoo) 1 d (6.6c)

Sey = 2+ Coy =20-d-(1,/10)%3 (6.6d)

n = number of anchors in a group

A, v A%y, W, N as defined in equation (6.5)

The rationale for the group factor v, , is shown
in Fig. 6.23. Plotted is the factor 1,1/0  as a func-
tion of the anchor bond strength related to a

maximum value. The maximum bond strength
T, max 10 €Nsure concrete cone failure of a single
anchor is given by equation (6.6¢). It is obtained
by equating equation (4.5b) using k = 13.5 for
concrete cone failure with equation (6.4) for
bond failure. For a bond strength of a single
anchor equal to 7,,,,. groups will fail by con-
crete cone failure. In this case the group factor
is 2y =1.Fora bond strength smaller than or
equal to about 0.5 - 7, / Vn pull-out failure is
assumed and the group factor is y?y = \n. For
intermediate bond strengths a hyperbolic inter-
polation between the limiting l//(g y-values is
assumed. With increasing spacing the group
factor v, y decreases linearly from y, , = y?
fors=0to y, y=1fors=s,y. For instance, for
a group of four anchors with a low bond
strength so that pull-out failure occurs, the fac-
tor y,  varies linearly between 2 for s = 0 and
1 fors =5,y

According to equation (6.6) the failure load of
fastenings with bonded anchors increases with
increasing embedment depth, diameter and/or
bond strength. In contrast to this the concrete
cone failure load of headed studs, expansion
and undercut anchors is assumed to be indepen-
dent of the diameter (compare equation (4.9)).
Therefore for large anchor diameters or high
bond strength, failure loads calculated with

W:,\'[_]
le | |
Pull-out failure ! Mixed failure l Concret cone
failure
n=4
2 \ Yoy =n
\ a=07(1—1,1,,4,)<0.5
15 n=2__|
—m—-——-—_‘_‘_‘_—-‘
*-—-—-________>
] N
0,5
0 - -2
0 0,2 04 0,6 0.8 1 1.2

T, "r ru,max [_]

Fig. 6.23 Factor ¥9, according to equation (6.6b) as a function of bond strength to maximum value

(Eligehausen, Appl, Lehr Meszaros, Fuchs (2005))
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Fig. 6.24 Calculated failure loads of groups of bonded and headed anchors as a function of spacing (Eligehausen, Appl,

Lehr, Meszaros, Fuchs (2005))

Fig. 6.25 Comparison of measured failure loads of groups of bonded and headed anchors with calculated values as a

function of spacing (tests by Lehr (2003))

equation (6.6) might be significantly larger than
the concrete cone failure load of mechanical
anchors. This is shown in Fig. 6.24, which is
valid for a fastening with four anchors. To
investigate whether the failure load of fasten-
ings with bonded anchors may be higher than
that of fastenings with mechanical anchors,
tests on groups with four anchors (diameter d =

24 mm, h, = 288 mm) were performed by Lehr
(2003). Tested were cast-in-place headed
anchors and post-installed bonded anchors with
two different bond strengths. The spacing
between the anchors was varied. In all tests con-
crete cone failure occurred. The test results are
plotted in Fig. 6.25. The failure loads predicted
by equations (4.9) and (6.6) are also plotted in
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Fig. 6.26 Failure loads of bonded anchors as a function of the anchor diameter (Eligehausen, Appl, Lehr, Meszaros,

Fuchs (2004/1))
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Fig. 6.27 Comparison of measured failure loads of groups with bonded anchors M12 with calculated values as a func-

tion of spacing (tests by Lehr (2003))

the figure. The measured failure loads of the
headed anchors are higher than predicted. The
measured capacities of the bonded anchors are
less or equal to that of headed anchors.

In Fig. 6.26 the failure loads of single bonded
anchors with a high strength mortar and embed-
ment depth of 100 mm are plotted as a function
of the anchor diameter. For comparison the con-
crete cone failure load of headed or expansion
anchors according to equation (4.9) is plotted as
well. With diameters of 24 mm and 30 mm the

failure cones start from the end of the anchor. The
failure loads scatter around the calculated value
for expansion anchors. Numerical calculations at
the University of Stuttgart indicate that bonded
anchors with a rather stiff mortar may reach the
concrete cone failure load of headed anchors.

Based on the above considerations Lehr (2003)
and Eligehausen, Appl, Lehr, Meszaros, Fuchs
(2005) propose to limit the failure load accord-
ing to equation (6.6) by the concrete cone fail-
ure load of expansion anchors (equation (4.9)).
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Fig. 6.28 Ratios of measured failure loads of groups with bonded anchors to values calculated according to equation
(6.7) as a function of embedment depth (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))

Fig. 6.29 Ratios of measured failure loads of groups with bonded anchors to values calculated according to equation
(6.7) as a function of spacing (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))

However, if it can be shown by appropriate tests
with single anchors that the concrete cone fail-
ure load of headed anchors is reached with a
specific bonded anchor system, then the capac-
ity of fastenings with bonded anchors should be
limited by the concrete cone capacity of headed
anchors.

N, =min[N, (Eqn.(6.6)); N, (Eqn(4.9)] (6.7)

Fig. 6.27 compares the results of tests with
groups of four bonded anchors M12 with the

prediction according to equation (6.6). The cal-
culated failure loads agree well with the test
results. All failure loads are much lower than
the corresponding concrete cone failure loads of
headed anchors.

In Figs. 6.28 to 6.31 the ratios of measured fail-
ure loads of groups with two and four bonded
anchors and the values calculated according to
equation (6.7) are shown as a function of
embedment depth, spacing, diameter, and ulti-
mate bond strength. These figures show that the
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Fig. 6.30 Ratios of measured failure loads of groups with bonded anchors to values calculated according to equation
(6.7) as a function of diameter (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))

Fig. 6.31 Ratios of measured failure loads of groups with bonded anchors to values calculated according to equation
(6.7) as a function of bond strength (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))
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Fig. 6.32 Ratios of measured failure loads of single bonded anchors at an edge to values calculated according to equa-
tion (6.7) as a function of embedment depth (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))
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Fig. 6.33 Ratios of measured failure loads of single bonded anchors at an edge to values calculated according to equa-
tion (6.7) as a function of edge distance (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))
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Fig. 6.34 Ratios of measured failure loads of single bonded anchors at an edge to values calculated according to equa-
tion (6.7) as a function of diameter (Eligehausen, Appl, Lehr, Meszaros, Fuchs (2005))

failure load of groups are predicted by equation
(6.7) with sufficient accuracy and the influences
of the relevant parameters are taken correctly
into account. The ratio of measured failure
loads of single bonded anchors at an edge and
the values calculated according to equation
(6.7) are shown in Figs. 6.32 to 6.34 as a func-
tion of embedment depth, edge distance, and
diameter. The prediction of equation (6.7) is
conservative for small edge distances and
embedment depths.

Equation (6.7) has the disadvantage that the
failure loads of fastenings with bonded anchors
must be calculated twice: According to equation
(6.6) (bond model) and to equation (4.9) (con-
crete cone failure of headed anchors). To over-
come this disadvantage Eligehausen and Appl
currently work on a combined model which
describes a continuous transition from the bond
model (equation (6.6)) to the concrete cone
model (equation (4.9)).
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6.1.1.4 Failure load associated with
splitting

Bonded anchors loaded in tension generate
splitting forces similar to those associated with
deformed reinforcing bars. Comité Euro-Inter-
national du Béton (1995) estimates the magni-
tude of the splitting force as F,, = 0.5 - N (where
N = applied tensile force). No model is yet
available for calculating the splitting failure
load of bonded anchors. Therefore, the anchor
spacings and edge distances, required to prevent
splitting during installation (including torquing)
and loading of bonded anchors must be deter-
mined experimentally.

The following values, which are valid for
embedment depths /.~ 9 - d and member thick-
ness h = hef + 50 mm, should be observed in
order to avoid splitting cracks during instal-
lation (torquing): min. ¢ = 0.5 - /,, and min.
s=1.0-h,

The spacings and edge distances required to
avoid splitting at maximum load are still under
investigation. Splitting does not generally con-
trol for member thicknesses equal to or greater
than 2 - &, and the failure load may be calcu-
lated according to section 6.1.1.3.

6.1.2 Shear load

6.1.2.1 Load-displacement behaviour
and modes of failure

The load-displacement behaviour of shear
loaded bonded anchors generally corresponds
to that of headed studs and post-installed metal
anchors (expansion and undercut anchors).
However, the annular gap between the anchor
and the sides of the drilled hole present with
post-installed metal anchors does not exist with
bonded anchors, provided they are grouted to
the concrete surface.

Bonded anchors loaded in shear exhibit the
same failure modes associated with headed
studs, as well as metal expansion and undercut
anchors (Fig. 4.63).

6.1.2.2 Failure load associated with steel
failure

The discussion in section 4.1.2.2 generally
applies to bonded anchors as well.

6.1.2.3 Failure load associated with
pry-out failure

The authors are not aware of investigations
regarding the behaviour of bonded anchors
exhibiting pry-out failure. It may be assumed,
however, that the failure load associated with
this failure mode may conservatively be pre-
dicted using equation (6.8), which is analogous
to equation (4.24).

Vm‘p = kl ’ Nu (68)

where:

k; < 2.0 for h,< 60 mm

k= 2.0 for h,2 60 mm

N, according to equation (6.7)

u

It should be noted, however, that pry-out fail-
ures are unlikely to occur with groups of four
bonded anchors with /,, 2 9 -d and threaded
rod steel grade 5.8 or A4-70 since this combi-
nation of A,/d and steel strength will almost
always ensure steel failure.

6.1.2.4 Failure load associated with
concrete edge breakout

Testing by Fuchs, Eligehausen (1989), Kum-
merow (1996) and Hofmann (2004) indicates
that the CC-Method presented in section 4.1.2.4
for headed studs and post-installed anchors can
also be used to predict concrete edge breakout
of bonded anchors. According to Fuchs, Elige-
hausen (1989) and Kummerow (1996) the diam-
eter d, of the drilled hole can be taken for d,,,
since the mortar acts to improve load distribu-
tion. Hofmann (2004) proposes to use the diam-
eter of the rod.

6.1.3 Combined tension and shear load

The interaction equations (4.42) and (4.43) pre-
sented in section 4.1.3.2 may be used to predict
failure loads for bonded anchor under combined
tension and shear loading.

6.1.4 Sustained and fatigue loading

Owing to variations in their visco-elastic prop-
erties, synthetic resins exhibit strength differ-
ences under short- and long-term loading. Fur-
thermore, their tensile strength can be affected
by environmental factors.
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The long-term behaviour of polyester resin-
based bonded anchors was investigated for spe-
cific levels of sustained load (Forschungs- und
Materialpriifungsanstalt Baden-Wiirttemberg
(1976, 1980), Rehm (1978), Lang (1979)).
Bonded anchor systems based on vinylester
resins, both with and without styrene, were
investigated at the University of Stuttgart. An
increase in displacements occurs under sus-
tained loading for all mortar types (Fig. 6.35).
Both initial and final displacements depend on
the resin type, the magnitude of the load, and
the concrete temperature. Displacement curves
tend to flatten out (i.e. become stable) as the test
duration increases. Fig. 6.35 applies to bonded
anchors exhibiting load-displacement behav-
iour corresponding to Fig. 6.5a,d. In limited
tests performed at the University of Stuttgart on
bonded anchors that exhibit load-displacement
behaviour corresponding to Fig. 6.5b or 6.5c¢, it
was found that much larger increases in the dis-
placement occur when the sustained load
exceeds the adhesion resistance.

Anchors exhibiting load-displacement behav-
iour as shown in Fig. 6.5a or 6.5d did not fail
when subjected to sustained loads equal to 0.5
times the short-term failure load for up to
roughly 1,000 hours at room temperature (Lang
(1979)). Tests at the University of Stuttgart
resulted in no pull-out failures for load dura-
tions up to 5,000 hours at load levels corre-
sponding to 40% of the average short-term fail-
ure load. An assessment of results of sustained

load tests on polymer resin concrete compres-
sion specimens, reactive resin concrete joints
and reinforcing dowel bars in polymer concrete
as described by Rehm, Franke (1978), Jagfeld
(1980), Rehm, Franke, Zeus (1980) and Rehm,
Franke (1982) indicates that the long-term bond
strength of unsaturated polyesters, vinylesters
and epoxy resins can be taken as roughly 60%
on average of the short-term bond strength
(Rehm (1978)). In the absence of failure under
long-term loading, the residual bond strength as
assessed in subsequent loading to failure is not
noticeably reduced by the preceding sustained
loads (Rehm (1978), Lang (1979)).

The bond strength decreases as the temperature
increases (Fig. 6.19). It may be assumed that the
ratio of long-term to short-term strength at tem-
peratures up to approximately 80 °C is more or
less unaffected by the ambient temperature.

Section 4.1.6 describes the fatigue behaviour of
threaded rods. The fatigue behaviour of the
bond between anchor rod and grout or grout
and concrete has been investigated with limited
testing (Kobarg (1982), Spieth, Eligehausen
(2000), Kunz (2003)). The tests were arranged
in such a way that failure occurred by pull-out.
The results indicate that, in principle, the behav-
iour found with cast-in-place reinforcing bars
also applies to threaded rods anchored with syn-
thetic resins. This is shown in Fig. 6.36, which
shows the ratio N,,,. / N, as a function of the

max

logarithm of the number of load cycles at fail-
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Fig. 6.36 Ratio N,,,/N, as a function of number of load cycles at failure (Kunz (2003))

ure for a specific epoxy and hybrid system. For
comparison the results of tests with cast-in bars
(Rehm, Eligehausen (1979)) are shown as well.
The ratio N,,, /N, was smaller than 0.1. The
behaviour can be summarised as follows. The
bond fatigue strength for 2 - 10° load cycles is
approximately 60 % of the short-term bond
strength. For the epoxy resin anchored in wet
diamond cored holes the fatigue strength was
slightly lower. If fatigue failure does not occur,
the residual bond stress measured in a subse-
quent short-term test to failure is not reduced
compared to the value without prior fatigue
loading.

6.1.5 Environmental factors

The discussion of section 6.1.4 regarding sus-
tained loads applies to bonded anchors in dry
interiors at a constant temperature. Anchors in
exterior applications can be exposed to varia-
tions in the moisture content of the concrete, as
well as temperature fluctuations and freeze-
thaw cycles. Furthermore, they may be sub-
jected to aggressive (reactive) substances.

Long-term tests on bonded anchors using unsat-
urated polyester resin installed in the open air
and subjected to freeze-thaw cycles and mois-
ture under a load corresponding to an average
bond stress of 7 = 3.5 N/mm? = 0.37, have

shown no indication of failure over a loading
period of up to seven years (Rehm (1985/1)).
However, the measured residual short-term
bond strengths were reduced. This is shown in
Fig. 6.37, in which the ratio of pull-out load
after a loading time ¢ to the initial value (¢ = 0)
is plotted over time. The anchors were installed
at various geographic locations. A constant ten-
sion load corresponding to 7 = 3.5 N/mm? =
0.3 7, was applied at test locations 1 to 3. At the
other locations the anchors were subjected to a
service load the magnitude of which is not
known. Each location represented a different
climatic exposure. The anchors at test locations
1 to 3 and 8 were installed in unprotected exter-
nal locations, at locations 4 and 5 they were per-
manently submerged in water, at location 6 the
anchors were within the tidal range of a break-
water and at test location 7 in a tunnel. The
reduction in the pull-out loads may be due to
alkalis attacking the polyester resin. According
to the findings the bond strength decreases after
a long period to, on average, approximately
60%, and in isolated cases approximately 30%,
of the initial value.

According to Rehm (1985/2 and 1988)
vinylester resins are far less sensitive to climatic
conditions than unsaturated polyester resins.
Environmental factors (e.g. moisture) can lead
to a maximum = 10% decline in bond strength.
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Fig. 6.37 Ratio of pull-out load after loading over a time t to the initial value (t = 0) as a function of time (anchors were
installed at various geographic locations) (results of tests with bonded anchors based on unsaturated polyester resin, after

Rehm (1985/1), Rehm (1986))

The foregoing discussion concerning long-term
behaviour of bonded anchors is confirmed
by results of freeze-thaw tests. M12 bonded
anchors were subjected to sustained loading
equal to 1.35 times the permissible load and the
surface of the concrete was covered with water.
While the displacements of anchors using
unsaturated polyester resin gradually increased
with the number of freeze-thaw cycles, the
increase in displacements for anchors based on
vinylester resin stabilised after approximately
40 freeze-thaw cycles (Fig. 6.38).

Increase of displacement [mm]

The environmental influence on the behaviour
of bonded anchors based on epoxy resin
depends on the formulation of the resin. There-
fore it should be checked by tests.

Sulphur and nitrogen in concentrations as
encountered in the atmosphere do not appear to
have a significant influence on the bond
strengths of bonded anchors approved for use in
Europe.

T T
-~ Unsaturated polyester
—=Vinylester
N, =13.5kN
04
0.2 —
‘o’
0.0
0 40 80 120 160 200
Number of freeze-thaw cycles
Fig. 6.38 Increase of displacements of bonded anchors M12 loaded with a constant tension load

as a function of number of freeze-thaw cycles (Rehm (1985/1), Rehm (1985/2))
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Load N

Bonded anchor

Uncracked concrete

@ Hole cleaned
@ Hole not cleaned

Cracked concrete

Displacement 3,

Fig. 6.39 Load-displacement curves of bonded
anchors in non-cracked and cracked concrete
(schematic) (Eligehausen, Mallée, Rehm (1997))

6.2 Cracked concrete
6.2.1 Tension load

6.2.1.1 Load-displacement behaviour
and modes of failure

Depending on embedment depth, concrete
strength, and grade of steel, bonded anchors in
cracked concrete loaded in tension to failure
exhibit steel rupture, pull-out or mixed failure
(compare Fig. 6.1). Pull-out failure is usually a
consequence of loss of bond between mortar
and drilled hole, although with some systems
the bond between mortar and anchor rod may
fail. Anchors located close to an edge may gen-
erate splitting failures. Concrete cone failures in
cracked concrete testing are rarely observed.

Fig. 6.39 shows schematic load-displacement
curves for bonded anchors in cracked and non-
cracked concrete. As with other anchor types,
the anchor stiffness in cracked concrete is lower
than it is in non-cracked concrete. After the
bond between mortar and concrete is lost, the
anchor rod and adhering mortar are extracted
from the hole, whereby a further increase in
load may occur at large slip (Fig. 6.39, curve 1).
This is attributable to the friction between the
mortar mass and the uneven hole surface. As the
frictional resistance is strongly influenced by
hole surface geometry, it is associated with a

Load N [kN]
60

@éﬁi&\
20 7/( \1\ \

Displacement &, [mm]

Fig. 6.40 Load-displacement curves of capsule type
bonded anchors M12, h,; = 110 mm in cracked concrete
(f. = 25 N/mm?2, Aw = 0.4 mm) (Dieterle, Opitz (1988))

high degree of variability and leads to highly
unpredictable load-displacement behaviour fol-
lowing initial bond loss (Fig. 6.40).

Inadequate hole cleaning may lead to further
reductions in ultimate tension capacity (curve 2
in Fig. 6.39). The degree of influence that hole
cleaning has on the pull-out load is product-
dependent (see section 6.1.1.3) and tends to be
more severe in cracked concrete than in non-
cracked concrete (Eligehausen, Meszaros
(1996)). Not cleaning the drilled hole can lead
to tension failure load reductions of up to 60%
for injection-type anchors (Fig. 6.41). It may be

Load N [kN]
% Injecti hor M12
Hole thoroughly njection anchor
40 cleaned het = 110 mm

fo=25 N/mm?

Displacement &y [mm]

Fig. 6.41 Load-displacement curves of injection type
bonded anchors M12, h, = 110 mm, anchored in
cracked concrete, drill holes well-cleaned and uncleaned
(Meszaros, Eligehausen (1996/1))
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assumed that capsule anchors that are set with
only hammering action are similarly affected.
When installed with careful attention to hole
cleaning (e.g. brushing followed by blowing)
the system illustrated in Fig. 6.41 exhibits bond
failure at the interface between anchor rod and
mortar, which explains both the uniform load-
displacement performance, as well as the pre-
cipitous drop in load following bond failure.
Conversely, when the hole is not adequately
cleaned the bond failure occurs at the
mortar/concrete interface, leading to greater
scatter in the post-elastic response. Depending
on resin type, injection anchors and hammer-in
type capsule anchors can exhibit marked capac-
ity reductions when installed in holes that have
been only blown out with compressed air but
not brush cleaned (see Fig. 6.14). Capsule
anchors that are installed with both rotary and
hammer action display far less sensitivity to this
condition for the reasons already discussed in
section 6.1.1.3.

6.2.1.2 Failure load corresponding to
steel failure

The discussion provided in section 4.1.1.2
is generally applicable to bonded anchors as
well.

6.2.1.3 Failure load corresponding to
pull-out failure

Fig. 6.42 presents the ratio of tension failure
loads for bonded anchors tested in cracks to
their mean capacity in non-cracked concrete,
plotted as a function of crack width. The tests
were conducted using both capsule-type
anchors and injection anchors. The mortar was
based on unsaturated polyester resin, vinylester
resin, or vinylester resin with cement (hybrid
systems). The cracked concrete testing was con-
ducted mainly in tension test specimens, but
some tests were performed in flexural members.
The anchors were installed in hairline cracks
that were subsequently opened to the desired
width. The anchors were then loaded to failure
with the cracks open. The scatter of the results
of tests in cracked concrete is rather large. This
is mainly caused by the irregular position of the
crack with respect to the anchor, i.e. the crack
may deviate from the plane of the anchor axis.

N, (cracked concrete)
Ny (uncracked concrete)
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Fig. 6.42 Influence of crack width on the failure load of
bonded anchors (Meszaros (1999))

If the results of tests with a ratio N,(cracked
concrete) / N, (non-cracked concrete) > 0.8 are
neglected (because in these tests it may be
assumed that only the upper part of the anchor
was located in the crack) then the anchor capac-
ities in cracked concrete with a crack width
Aw = 0.3 mm to 0.4 mm is about 25% to 80 %
of the value valid for non-cracked concrete. On
average the ratio is about 50%.

This large reduction of the tension capacity by
cracks can be explained as follows. Owing to
the high tensile strength of the polymer mortars
used in the bonded anchor systems tested, crack
opening after anchor installation results in the
redirection of the crack around the anchor along
the interface between mortar and concrete,
effectively causing bond loss on one side of the
anchor (Fig. 6.43). Assuming that the crack tra-
jectory as shown in Fig. 6.43 occurs over the
full embedment depth, the bond capacity is the-
oretically 50 % of the capacity in non-cracked
concrete. An additional effect of the bond loss
associated with the crack opening is the eccen-
tricity between the tensile load and the resultant
of the bond resistance. This secondary moment
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Threaded rod
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Fig. 6.43 Disturbance of bond between mortar and
concrete by a crack

generates tensile stresses perpendicular to the
bond interface, which should act to further
reduce the bond capacity. In theory, therefore,
the pull-out load in cracked concrete should be
somewhat less than 50 % of the value in non-
cracked concrete. Extensive testing of bonded
anchors in cracks yields, however, a pull-out
capacity that is, on average, 50 % of the mean
capacity in non-cracked concrete. This may be
due to the additional capacity afforded by the
frictional resistance between the mortar mass
and the concrete following loss of adhesion
resistance.

Bonded anchors tested in cracks exhibit consid-
erably greater variation in load-displacement
behaviour compared to anchors in non-cracked
concrete. This can be attributed to the fact that
the trajectory of the crack around the circumfer-
ence of the hole and along the embedment depth
varies considerably from test to test. In addition,
the frictional resistance after loss of adhesion

resistance is sensitive to the unique geometry of
the hole.

According to the knowledge of the authors,
tests with bonded anchors where failure in
cracked and non-cracked concrete is charac-
terised by loss of bond between the anchor rod
and mortar have not yet been performed. In this
case cracking will also result in a reduction in
failure load since the resistance to lateral strain
of the mortar is diminished due to the presence
of the crack. However, a smaller reduction than
given above may be expected. In the best case
the behaviour may be similar to cast-in-place
rebars, which show a reduction by approxi-
mately 20 % to 30 % in cracks with w = 0.3 mm
(Eibl, Idda, Lucero-Cimas (1997)).

Variations in crack width over time, whether as
a result of fluctuating structure loads or alter-
nating (seismic) shear, will cause further reduc-
tions in anchor capacity. Testing by Cannon
(1981), in which beam members containing
anchors were loaded cyclically in flexure, indi-
cated that bonded anchor pull-out can result in
cracked concrete when the anchor is loaded
with the allowable load for non-cracked con-
crete.

6.2.1.4 Failure loads corresponding to
concrete cone failure and splitting
of the concrete

Concrete cone failures of single bonded anchors
in cracks have generally not been observed.
However, concrete cone failure may occur with
groups with small spacing or with fastenings
close to an edge. To the authors’ knowledge, no
research has been performed on these applica-
tions. The authors assume that equation (6.7)
can be applied provided the bond strength valid
for cracked concrete is used.

Bonded anchors installed in members with lim-
ited thickness and/or provided with small edge
distance will split the concrete as a result of
the circumferential tensile stresses associated
with bond. If the concrete is reinforced ade-
quately to resist the splitting forces and to con-
trol the crack widths, then the discussion pro-
vided in section 6.2.1.3 regarding pull-out
behaviour generally applies. If the concrete is
either unreinforced or provided with minimum
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reinforcement, the onset of splitting defines the
ultimate capacity and section 6.1.1.4 is appli-
cable.

6.2.2 Shear load

Shear testing of anchors in cracks by Fuchs,
Eligehausen (1989) and Vintzeleou, Eligehausen
(1991) indicates that cracks have only a minor
influence on the stiffness of bonded anchors.
Provided the edge distance and embedment
depth are sufficient, failure is characterised by
steel failure, and the failure load is not signi-
ficantly influenced by cracking (<10 %). As
with headed studs and expansion anchors,
bonded anchors located near an edge and loaded
in shear towards the edge generate concrete
edge breakout failures. Limited testing by
Fuchs, Eligehausen (1989) indicates that the
reduction in the concrete edge failure load
caused by cracks tends to be somewhat larger
than it is for headed studs or expansion and
undercut anchors (compare Figs. 6.44 and
4.147).

V, (cracked concrete)
V. (uncracked concrete
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Fig. 6.44 |Influence of crack width on the concrete
edge failure load of bonded anchors loaded in shear
towards the edge (Fuchs, Eligehausen (1989))
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Fig. 6.45 Bonded anchors M12, h,; = 110 mm under
combined tension and shear loads in cracked concrete
(f. = 23 N/mm?, Aw = 0.4 mm) (Dieterle, Bozenhardt,
Hirth, Opitz (1990))
a) Interaction diagram
b) Photos of anchors after tests (0° = tension,

90° = shear)

6.2.3 Combined tension and shear load

Dieterle, Bozenhardt, Hirth, Opitz (1990)
investigated the behaviour of M12 bonded
anchors (capsule anchors utilising vinylester
resin) subjected to combined tension and shear
loads in cracked concrete. The tests were car-
ried out in tension test members. After installing
the anchors in thoroughly cleaned holes, the
cracks were opened by Aw = 0.4 mm. Under
predominantly tensile loading, bond failure
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occurred between mortar and concrete
(Fig. 6.45b). With the load applied at an angle
of 30°, bond failure between anchor rod and
mortar or between mortar and concrete was
observed. At angles = 45° failure was exclusively
due to rupture of the steel. Up to an angle of 30°
the tension component of the failure load
exceeded the pull-out load corresponding to con-
centric tension (Fig. 6.45a), a consequence of the
friction forces resulting from the shear compo-
nent of the load. Failure loads can be conserva-
tively predicted with either equation (4.42) or
equation (4.43) with k = 1.5 (Fig. 6.45a).

The behaviour of bonded anchors installed in
inadequately cleaned holes and subjected to
combined tension and shear loading has not
been investigated. However, if the tension pull-
out load is influenced significantly by the type
and degree of hole cleaning, then a behaviour
similar to that shown in Fig. 4.150 should be
anticipated when the anchor is subjected to
combined tension and shear.

6.2.4 Sustained and fatigue loads

To the knowledge of the authors test results are
not available for bonded anchors subjected to
sustained and fatigue loads in cracked concrete.
If the magnitude of the sustained load (in the
case of fatigue loading, the peak load) remains
below ~ 60 % of the load needed to overcome
the bond between mortar and concrete, the
behaviour should not differ significantly from
that observed in non-cracked concrete (see sec-
tion 6.1.4). Under higher levels of sustained or
fatigue loading, large increases in displacement,
possibly leading to pull-out failure, may be
expected.

When bonded anchors are positioned in cracks
and subjected to a constant tension load, the dis-
placements increase as the crack in the base
material is opened and closed several times. If
the tension load is well below that required to
overcome the adhesion resistance between mor-
tar and concrete, then only a small increase in
displacements should be expected (Opitz, Elige-
hausen (1989)). With increasing load, pull-out
failure may occur after only a few crack cycles.

6.2.5 Environmental factors

In general, the discussion provided in section
6.1.5 is applicable to the case of bonded anchors
in cracks. However, it is highly probable that
the bond strength in cracked concrete will be
more severely affected by environmental fac-
tors than in non-cracked concrete due to the
greater access of aggressive media afforded by
the presence of the crack.

6.3 Bonded undercut anchors and bonded
expansion anchors

6.3.1 Non-cracked concrete

In non-cracked concrete, the behaviour of
bonded undercut and expansion anchors sub-
jected to tension loading does not differ signifi-
cantly from that of common types of bonded
anchors. With respect to hole cleaning, how-
ever, the undercut or expansion action associ-
ated with these systems has a beneficial effect.
Assuming sufficient debris has been removed
from the hole to permit installation of the
anchor to the desired embedment, hole cleaning
has only a minor influence on the load-bearing
behaviour of these anchors since they function
as undercut or expansion anchors once the bond
between mortar and concrete is lost. The effects
of temperature, sustained loading and environ-
mental aggressors on the load-bearing behav-
iour of bonded undercut and expansion anchors
are similar to those addressed for conventional
bonded anchor systems (see sections 6.1.3,
6.1.4, and 6.1.5).

Bonded undercut and expansion anchors sub-
jected to shear loads behave in a manner similar
to conventional bonded anchor types.

6.3.2 Cracked concrete
6.3.2.1 Tension load

Fig. 6.46 compares load-displacement curves
for bonded expansion anchors without pre-
stressing subjected to tension loading in
cracked and non-cracked concrete. As with
expansion anchors, both stiffness and ultimate
load are decreased in cracked concrete. Bonded
undercut anchors exhibit similar behaviour.

In principle, the failure modes depicted in Fig.
4.1 are applicable to bonded undercut and
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Fig. 6.46 Load-displacement curves of bonded expan-
sion anchors in non-cracked and cracked concrete
(schematic)

expansion anchors. Bonded expansion anchors
may fail by pull-through if the mortar between
the conical projections is sheared off and the
anchor element is pulled through the mortar.

As with a conventional bonded anchor, a crack
passing through the mortar-concrete interface of
a bonded undercut or expansion anchor can lead
to bond loss. A bonded undercut anchor that
suffers bond degradation under tension loading
will subsequently transfer the load to the con-
crete via the undercut (Fig. 6.47). In the case of
bonded expansion anchors, however, loss of
bond leads to the formation of radial cracks in
the mortar annulus as the anchor element is
pulled into the mortar mass and expands the
mortar segments against the wall of the hole
(Fig. 6.48). This mechanism may be compared
to the follow-up expansion normally associated
with metal torque-controlled expansion
anchors, and is effective in bridging normal
crack widths. The onset of anchor expansion
can be identified by the kink in each load-dis-
placement curve shown in Fig. 6.46. Expansion
force and associated friction resistance is devel-
oped between the mortar segments and the con-
crete and these friction forces are sufficient to
transfer the applied tension without participa-
tion of bond. If the force required to break the
bond between the anchor element and the mor-

Threaded rod

Mortar
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Crack

Threaded rod
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Crack
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Fig. 6.47 Disturbance of bond between mortar and
concrete by a crack and transfer of a tension load with
bonded undercut anchors
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Fig. 6.48 Disturbance of bond between mortar and
concrete by a crack and transfer of a tension load with
bonded expansion anchors



210 6 Behaviour of bonded anchors in non-cracked and cracked concrete

tar is sufficiently low, a bonded expansion
anchor exhibits follow-up expansion even in an
inadequately cleaned hole and reaches the same
ultimate capacity as in thoroughly cleaned holes
(Fig. 6.46).

Bonded undercut and expansion anchors that
function according to these principles are gen-
erally suitable for applications in cracked con-
crete.

In absence of steel rupture, bonded undercut
anchors generally exhibit concrete cone break-
out when loaded in tension to failure. In cracked
concrete the failure loads may be expected to
reflect a reduction similar to that found for
headed studs and conventional undercut
anchors (see Fig. 4.127). For a crack width w =

0.3 mm, the reduction in tension capacity may
be taken as 25 %. Bonded expansion anchors in
cracked concrete fail via pull-through of the
anchor element through the mortar segments.
Failure loads for bonded expansion anchors are
reduced approximately 30 % in concrete with
cracks of a width w = 0.3 mm.

6.3.2.2 Shear and combined tension
and shear load

When subjected to shear or combined tension
and shear loading, bonded undercut and expan-
sion anchors behave in a manner essentially
similar to conventional expansion and undercut
anchors. Sections 4.2.2 and 4.2.3 address these
loading cases.
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7 Behaviour of plastic anchors in non-cracked

and cracked concrete

A plastic anchor consists of a plastic anchor
sleeve and a steel expansion element (tapered
screw or profiled nail). Insertion of the screw
into the sleeve cuts a thread into the plastic and
forces the sleeve against the wall of the drilled
hole. Hammering in a nail into the sleeve dis-
places the material in a similar fashion. An
expansion force is created by expanding the
sleeve which presses the sleeve against the wall
of the hole. The distribution and magnitude of
this contact pressure are dependent on the
design of the anchor.

The load-bearing behaviour of plastic anchors
is mainly dependent on the particular polymer
material used for the anchor sleeve. The studies
discussed in this chapter were conducted with
anchors fabricated from modified polyamides 6
and 66 (Ultramid® B3L and B3S, Durethan®
BC30, Grilon® A28DZ, Maranyl® XA328) and
designed for use with screws.

7.1 Non-cracked concrete
7.1.1 Tension load

External loads are transferred from the screw to
the anchor sleeve by virtue of the thread cut into
the plastic material, and from the sleeve to the
base material primarily via friction. A limited
form of mechanical interlock may occur
between the sleeve and the base material if the
plastic adapts to the unevenness of the sides of
the drilled hole over the course of time (Ehren-
stein (1976/2)).

The distribution of expansion forces generated
by plastic anchors along the anchor axis and
their magnitude depend on the design of the
anchor and is therefore product-dependent. The
expansion forces are generally not sufficient to
initiate concrete cone failure of single anchors.
The predominant tension failure mode of the
plastic anchors is pull-out of the expansion ele-

ment from the base material. Concrete cone
failure may occur with anchor groups with
small spacing.

Fig. 7.1 illustrates typical load-displacement
curves of a qualified plastic anchor with di-
ameter d,,, =10 mm and embedment depth
h, =70 mm. The initial part of the load-dis-
placement curve is nearly linear. If the tension
load exceeds the static friction between the
anchor sleeve and the hole wall, the resistance
drops rapidly to a level corresponding to the
dynamic friction with correspondingly large
displacements.

Pull-out loads achievable with plastic anchors
are dependent on the level of expansion force
F,, generated during insertion of the screw into
the anchor sleeve and the coefficient of friction
U between sleeve and concrete:

N,=p-F, (7.1

The magnitude of the expansion force is influ-
enced by the design of the anchor including the
relative diameter of screw (minor diameter) and
inside diameter of the plastic sleeve. Also the
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Fig. 7.1 Load-displacement curves of plastic anchors
with d,,, = 10 mm and h, = 70 mm
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Fig. 7.2 Pullout loads of different types of plastic
anchors with d,,,, = 10 mm

Fig. 7.3 Pullout loads of a particular type of plastic
anchor as a function of the anchor diameter

coefficient of friction is influenced by the
design of the anchor. There are very many
designs of plastic anchors available and pull-out
loads of plastic anchors having the same diam-
eter vary widely between manufacturers. This is
shown in Fig. 7.2, in which the pull-out loads of
plastic anchors of diameter d,, = 10 mm are

nom

plotted for various anchor manufacturers.
Pull-out resistance for plastic anchors generally
increases with increasing anchor diameter (Fig.
7.3). Note that in Fig. 7.3 for anchors with
d,,, = 12 mm the failure loads are also influ-
enced by the larger embedment depth.
Manufacturing tolerances of plastic anchors are
typically small and do not have an influence on
the anchor capacity. In contrast, screw toler-
ances can have a very marked effect on capac-
ity. Standards governing common wood screws

such as slotted countersunk screws and hexa-
gon-head wood screws do not control the
dimensional tolerances (minor diameter, thread
form, tip geometry) relevant to the load-bearing
behaviour of plastic anchors. Manufacturing
tolerances for these products are large and pull-
out loads show a correspondingly wide scatter
(Plank (1977)). To rule out or minimise the
effects of screw tolerances, matched screws are
required for approved plastic anchors in
Europe.

The degree to which the screw is inserted into
the plastic sleeve is an important factor for ten-
sion capacity. This is demonstrated in Fig. 7.4,
which presents the results of tension tests
wherein the degree of screw insertion has been
systematically varied for a plastic anchor with
d,,, =10 mm. As the degree of screw insertion
is reduced the generated expansion force gener-
ally falls disproportionately. For the anchors
tested, screw insertion 10 mm less than the
specified depth leads to a mean capacity drop of
approximately 30%. The influence of the depth
of the screw insertion is considerably greater
with smaller diameter anchors (Giith (1982)).

A plastic anchor is susceptible to inadequate
screw insertion if (a) the screw is too short or (b)
if the anchor sleeve is pushed too far into the hole
during installation of the screw (Fig. 7.5). The
first problem may be avoided by using screws
that are dimensionally matched to the sleeve. The
second problem is overcome by using anchor
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Fig. 7.4 Influence of screw insertion depth on the pull-
out failure load of plastic anchors with d,,,, = 10 mm
(Plank (1977))
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Fig. 7.5 Reduction of screw insertion depth by pushing
the sleeve too far into the hole

a) Correct anchor installation

b) Installation with sleeve pushed too far into the hole

systems equipped with a collar at the top of the
sleeve that prevents it from being driven too deep
into the base material (see Fig. 2.49).

As discussed before, the capacity of plastic
anchors with the same diameter and embedment
depth from different manufacturers varies widely.
In Europe this problem is addressed through the
approval process, whereby only approved
anchors whose suitability and load capacity have
been verified are permitted for general building
construction. Owing to choice of materials, opti-
misation of expansion forces through coordinated
sleeves and screws, and installation instructions,
these anchors are highly reliable when used for
their intended applications.

The load-carrying capacity of approved systems
depends on installation tolerances — particularly
hole diameter and embedment depth — as well
as on the moisture content and temperature of
the plastic sleeve.

Fig. 7.6 shows the influence of the drill bit
diameter (diameter of cutting tip d,,) on the
tension capacity of plastic anchors with a sleeve
diameter of 10 mm. The capacity drops as the
bit diameter increases because the expansion
force is diminished. For example, if for the
installation of an approved plastic anchor an
11 mm drill bit is used instead of the specified
10 mm bit, the failure load may drop to 30 % of
the normal value. The influence of the drill bit
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Fig. 7.6 Influence of the diameter of the drill bit cutting
tip on the pull-out failure load of plastic anchors with d,,,
=10 mm (after Ehrenstein (1976/2), Plank (1977), Rehm
Eligehausen, Mallée (1988))

is even greater for smaller diameter anchors
(Giith (1982)). Therefore, holes for plastic
anchors should only be drilled with matched
tolerance drill bits.

The second major factor in determining plastic
anchor tension capacity is the embedment
depth. Even with correct screw insertion,
reduced embedment has a marked influence on
the failure load (Fig. 7.7) since the available
friction surface decreases. Testing with a partic-
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Fig. 7.7 Influence of embedment depth on the pull-out
failure load of plastic anchors with d,,,, = 10 mm (Plank
(1977)
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ular 10 mm plastic anchor revealed a roughly 25
% reduction in the load-carrying capacity for an
embedment reduction of 20 % (from 50 mm to
40 mm). The results shown in Fig. 7.7 were
obtained from tests in solid masonry units, but
they may also be assumed to apply to applica-
tions in concrete.

Reduced embedment depth may result from a
variety of circumstances, such as incorrect
assessment of the thickness of a non-load-bear-
ing layer through which the anchor must pene-
trate (e.g. plaster, insulation) (compare Fig.
2.18), incorrect determination of the fastened
component thickness, or a drilled hole depth
that is insufficient for the length of the anchor.

As shown in Fig. 7.8 the pull-out load decreases
as the moisture content of the anchor sleeve
increases. A moisture content of 0 % is possible
after a sufficiently long period of storage in dry
conditions whereas a moisture content of about
8 % 10 9 % may be expected after the sleeve has
been immersed in water for a long time. How-
ever, these moisture contents should be
regarded as extreme values. The influence of
the moisture content on the pull-out load of the
anchor is negligible under the conditions to be
expected in practice (moisture content f = 2 %
to 3 %).
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Fig. 7.8 Influence of moisture content of plastic sleeve
on the pull-out failure load of plastic anchors (Ehrenstein
(1976/1) and (1976/2))
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Fig. 7.9 Influence of concrete temperature on the pull-
out failure load of plastic anchors (Ehrenstein (1976/1)
and (1976/2))

Fig. 7.9 shows how temperature variations
affect the pull-out loads of plastic anchors dif-
ferently depending on the material used in their
manufacture. Anchors made from Ultramid®
B3L show a continuous decrease in tension
capacity as the temperature is increased from —
50 °C to + 200 °C because the stiffness of the
material and hence the contact pressure
between anchor and sides of hole decreases as
the temperature increases. In contrast, the pull-
out loads derived for anchors made from Ultra-
mid® B3S are more or less constant between
about —40 °C and + 100 °C, and only show
steady decrease at temperatures above + 100 °C.

Single anchors close to an edge or groups of
plastic anchors with small spacing may fail due
to concrete cone failure. The failure load can be
calculated in accordance with the CC-method
(section 4.1.1.3) if a reduced embedment depth
is used in equation (4.10) (Pregartner (2003)).
This reduced embedment depth is calculated
under the assumption that the measured pull-out
failure load of single anchors is equal to the
concrete cone failure load according to equation
(4.5b). This leads to equation (7.2).

B, =(N, /(35 £,

where:

N, = measured pull-out failure load

(7.2)
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The ratio /;/ h,; depends on the anchor design
and anchor diameter and varies between
approximately 0.3 and 0.7.

Anchors close to an edge or positioned in nar-
row and thin components may fail due to split-
ting of the component. This failure load was
observed in tests with groups of four anchors
close to an edge or in the corner of a thin con-
crete member (Pregartner (2003)). To the
authors’ knowledge no proposal is available for
the calculation of the failure load due to split-
ting.

7.1.2 Shear and combined tension and
shear load

Plastic anchors with a large edge distance
loaded in shear with the load applied at the sur-
face of the base material generally fail due to
screw rupture. The mean shear capacity in this
case may be estimated from the net cross-sec-
tion of the screw and the steel strength using
equation (4.17) (Pregartner (2003)). If the
shear load is applied eccentrically (i.e. at some
distance from the surface of the base material),
the screw fails in flexure. The failure load can
likewise be predicted with equation (4.22). Pry-
out failure typically will not occur even with
groups with small anchor spacing (Pregartner
(2003)).

Plastic anchors loaded in shear towards the edge
may fail in consequence of concrete edge fail-
ure. The failure load can be calculated accord-
ing to section 4.1.2.4 (Pregartner (2003)).

The authors do not know of any tests involving
combined tension and shear loads. The failure
load corresponding to oblique loading can prob-
ably be reasonably predicted with interaction
equation (4.42) or (4.43) with k = 1.5.

7.1.3 Long-term behaviour

With time, the expansion force that creates a
contact pressure between the anchor sleeve and
the wall of the hole decreases owing to relax-
ation of the polyamide. This is shown for a par-
ticular anchor in Fig. 7.10, in which the splitting
force (which is equal to the integration of con-
tact pressure in one direction, compare Fig.
4.55) is plotted over time. The splitting force
falls considerably in the first minutes after
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Fig. 7.10 Splitting force of a plastic anchor with
d,om = 10 mm as a function of time (Ehrenstein (1976/1))

installation, then stabilizes after a few hours,
and at this point is very close to its final value
(Ehrenstein (1976/1), Wagner-Grey (1977/1),
Roeder (1984), Pregartner (2003)). The final
splitting force depends on the design of the
anchor. The pull-out load is proportional to the
expansion force. Therefore a decrease of the
failure load with time should be expected. How-
ever, the static friction increases over time (Fig.
7.11). The reason for this is that the plastic
sleeve, subjected to high levels of expansion
stress, plastically deforms into the irregularities
in the wall of the drilled hole and thus increases
the micro interlock (Ehrenstein (1976/1)). This
is shown schematically in Fig. 7.12a, b. As a
result, pull-out resistance drops slightly after
installation but rises again after a longer period
and reaches at least the initial value. This can be
seen from Fig. 7.13, which shows the ultimate
loads of different plastic anchors in relation to
the elapsed time between installation and test-
ing. The dotted lines denote the average values
of the different test series while the full lines
give the scatter band of the test average results.
If, directly after installation, the anchor is
loaded with a tension load equal to the allow-
able value, the failure load is not reduced by the
sustained load even after a long period of time.
This has been found in tests by Ehrenstein
(1976/1 and 2) and Pregartner (2003).

Similar positive results were obtained in pulsat-
ing tension load tests in which the maximum
load was set well-above the working load. The
load-carrying capacity was at least equal to the
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Fig. 7.11 Coefficient of friction between plastic sleeve and wall of the drilled hole as a function of time (Pregartner (2003))

Concrete Plastic sleeve

Fig. 7.12 Detail of a longitudinal section through

a plastic anchor (schematic) (Pregartner (2003))

a), b) Increase of micro interlock with time

¢) Increase of expansion force due to tension loading
a) b) c)

N, (©)/Nym(t=0.1) [-]

Timet [-]

Fig. 7.13 Influence of time between pull-out test and anchor installation on the relative pull-out failure load (Pregartner (2003))
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short-term value after N =10° loading cycles
(Ehrenstein (1976/1 and 2)). This behaviour
was confirmed in numerous tests conducted
within the scope of product approval investiga-
tions.

Plastic anchor displacements increase over time
in the case of sustained loads or loading cycles.
Fig. 7.14 shows the displacements measured
over a loading period of up to 9,500 hours plot-
ted in a non-logarithmic scale. The permanent
load was set at about 1.9 times the allowable
tension load. It can be seen that the increase in
displacements per unit of time becomes smaller,
i.e. the displacements approach a final value.
According to Stampfer, Ehrenstein (1995) dis-
placements measured under sustained load can
be approximated by the approach of Findley
(1960):

s(t)y=s,+a-t" (7.3)

where:
t time [h]
Sy, a, b= constants

The constant s, can normally be taken as the
displacement at time ¢ = 0.

The displacements measured in one of the tests
corresponding to Fig. 7.14 are plotted in Fig.

Displacement [mm]
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7.15. The conformity with equation (7.3) is also
shown whereby the constants were calibrated
with measurements between 300 hours and
2,000 hours. It is clear that the displacements
measured up to 9,500 hours are adequately pre-
dicted by equation (7.3). Fig. 7.16 shows the
displacements of the anchor corresponding to
the measurements in Fig. 7.15 extrapolated to a
period of 50 years. It can be seen that the dis-
placements after a service life of 100,000 hours
(about 11 years) increase only marginally.

According to Ehrenstein (1999), if the displace-
ments in the first 100 hours are neglected and
the constants in equation (7.3) are calibrated
using the displacements measured during a sus-
tained load test up to only 1,000 hours the dis-
placements for a long time calculated with
equation (7.3) overestimate the measured val-
ues. The longer the calibration or measurement
period is extended the smaller the overestima-
tion error will be. This statement was confirmed
by the results of long-term tests carried out over
a period of more than 20 years.

The assertions in Ehrenstein (1999) were also
confirmed by evaluating the displacements of
plastic anchors subjected to sustained loading
equivalent to two times the permissible load
over a period of about 10 years. Fig. 7.17a

0.1
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Duration of load [h]

Fig. 7.14 Displacement of plastic anchors with d,,,, = 10 mm and h,; = 70 mm as a function of duration of sustained

test; sustained load = 3 kN = 1.9 N,y,, T=20 °C
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Fig. 7.15 Displacement of one plastic anchor from Fig. 7.14 as a function of duration of sustained test, fitting of test
results by equation (7.3)
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Fig. 7.16 Displacement of one plastic anchor from Fig. 7.14 as a function of duration of sustained test, extrapolation
to 50 years according to equation (7.3)

Fig. 7.17 Displacements of plastic anchors with d,,,, = 10 mm and h,; = 50 mm as a function of duration of sustained

load; sustained load = 1.6 kN = 2 N,,,,, T = 23 °C (tests by fischerwerke (1999))

a) Test results

b) Test results of one anchor and values calculated according to equation (7.3); calibration with values measured between
100 hours and 1000 hours

c) Test results of one anchor and values calculated according to equation (7.3); calibration with values measured between
100 hours and 2500 hours
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shows the measured displacements and Fig.
7.17b, ¢ the results of individual tests, in each
case plotted together with the calibrated Findley
equation (7.3). In Fig. 7.17b calibration was
conducted with measurements between 100
hours and 1,000 hours, in Fig. 7.17c with
measurements between 100 hours and 2,500
hours.

The results illustrated in Figs. 7.14 to 7.17 are
valid for room temperature. Larger creep dis-
placements can be expected at higher temper-
atures.

During sustained load, failure by pull-out will
occur if the total displacement (initial value and
creep displacement) reaches a critical value. A
proposal to evaluate this critical value from the
load-displacement curves of short term pull-out
tests is given by Pregartner (2003). If no failure
occurs during the sustained load test the pull-
out load measured in a subsequent short time
test is not negatively influenced by the sus-
tained load.

Laboratory tests and tests on anchors in use for
more than 10 years indicate that the Ultramid®
used in these tests is resistant to the chemicals
found in concrete under normal environmental
conditions (Ehrenstein (1976/1)). This state-
ment is also valid for the other plastic materials
mentioned in the second paragraph of section 7.

The above described investigations show that
approved plastic anchors can safely resist ten-
sion loads over the anticipated service life of 50
years.

7.2 Cracked concrete
7.2.1 Tension load

As with other types of expansion anchors,
cracks in concrete cause a reduction in the
expansion force generated by plastic anchors.
The extent of this reduction depends on the
anchor design and on the expansion direction
with respect to the crack direction. The greatest
reduction occurs when the expansion direction
is the same as the direction in which the crack
opens. Fig. 7.18 shows the splitting force as a
function of time. The maximum force is
reached directly after installation and decreases
with time (compare Fig. 7.10). In the test, after
10 minutes the crack is opened by 0.2 mm and
the splitting force is measured for a further 10
minutes after which the anchor is loaded to fail-
ure. Due to the crack opening the splitting force
in the direction of the crack opening is reduced
significantly. It increases again with increasing
time due to the visco-elastic behaviour of the
plastic material. This is known as memory
effect and can be explained by a rheological
4-parameter-model (Pregartner (2003)). When
loading the anchor, the splitting (expansion)

Fig. 7.18 Splitting force of a plastic anchor with d,,,, = 10 mm and h,; = 70 mm as a function of time;

f=25%, T=20 °C (Pregartner (2003))
1 Relaxation in non-cracked concrete

2 Crack opening w = 0.2 mm

3 Memory effect in cracked concrete

4 Loading to failure
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Fig. 7.19 Influence of crack width on aver-

age load-displacement curves of a plastic
anchor with d,,,, = 10 mm and h,; = 70 mm
(Pregartner (2003))
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Fig. 7.20 Influence of crack width on the related pull-out failure load (Pregartner (2003))

force increases because the sleeve may be
pulled through the irregularities of the wall of
the drilled hole (compare Fig. 7.12c) or the
screw may be pulled through the sleeve.

Fig. 7.19 shows average measured load-dis-
placement curves for a plastic anchor (d,,, =
10 mm, hef =70 mm) tested in non-cracked and
cracked concrete (w = 0.2 mm and w = 0.4 mm).
The crack reduces the stiffness and the pull-out
load of the anchor.

The ratio of the pull-out load in cracked con-
crete to the value in non-cracked concrete is
plotted in Fig. 7.20 as a function of the crack
width Aw for different types of anchors. If there

are two symbols for one anchor type the open
and full symbol denote values where the main
expansion direction was parallel or perpendic-
ular to the crack respectively. While the dotted
lines denote the average test results of the dif-
ferent test series, the full lines give the scatter
band of the average test results. The pull-out
loads decrease as the crack widens. For a crack
width Aw = 0.3 mm the average pull-out load is
approximately 0.3 times to 0.5 times the mean
value measured in non-cracked concrete
depending on anchor type and diameter. The
pull-out tests used in Fig. 7.20 were carried out
less than 10 minutes after crack opening. If the
time between crack opening and pull-out test is
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Fig. 7.21 Influence of time between pull-out test and crack opening on the related pull-out failure load

(Pregartner (2003))

increased the failure loads increase (Fig. 7.21)
due to the memory effect and an increase of the
friction coefficient (Pregartner (2003)).

While the influence of the temperature on the
pull-out load in cracks is much the same as
in non-cracked concrete the influence of the
moisture content of the sleeve is much less
pronounced than for non-cracked concrete
(Pregartner (2003)).

7.2.2 Shear and combined tension
and shear load

The behaviour of plastic anchors subjected to
shear loads or combined tension and shear loads
in cracked concrete has not been investigated up

to now. However, it may be assumed that the
ultimate loads corresponding to oblique loading
are at least equal to the uniaxial tension capac-

1ty.

7.2.3 Long-term behaviour

Plastic anchors in cracked concrete subjected to
sustained or pulsating loads have not been
investigated to date. If anchors are loaded with
a tension load equal to the allowable value and
the crack is opened and closed the anchor dis-
placements may increase significantly depend-
ing on anchor type, diameter and difference in
crack width (Pregartner (2003)). Special tests
are required for the assessment of this behav-
iour.
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8 Behaviour of power actuated fasteners in non-cracked

and cracked concrete

8.1 Non-cracked concrete
8.1.1 Tension load

Driving a power actuated fastener into concrete
is achieved by displacing the base material. The
concrete in the immediate vicinity of the pin is
compacted and high compressive stresses are
generated. The high velocity with which the
fastener is driven into the concrete generates
locally high temperatures, leading to a partial
fusion of concrete and steel. In addition, the
driving process scarifies the surface of the pin.
These two effects lead to improved bond
between fastener and concrete, and power actu-
ated fasteners can exhibit sufficiently robust
interlock with the base material such that failure
under tension loading occurs not at the interface
but rather in the adjacent concrete (Fig. 8.1).
The load-displacement behaviour of power
actuated fasteners under applied load is almost
linear up to failure. Displacements at ultimate
load are typically very small (< 0.3 mm) and
tension failure is very brittle.

The load-carrying capacity essentially depends
on the penetration depth of the pin (Fig. 8.2)

Fig. 8.1 Pulled out power actuated fastener
(Patzak (1979))
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Fig. 8.2 Pull-out failure load of power actuated fasten-
ers as a function of embedment depth (taken from Patzak
(1979))

Fig. 8.3 Penetration of soft aggregate by a power
actuated fastener (Seghezzi (1984))



224 8 Behaviour of power actuated fasteners in non-cracked and cracked concrete

Relative frequency [%]

60

501

40

30 ¢+ Concrete C30/35

201

10

o AN K

0 2 4 6 8 10 12
Pull-out load [kN]

Fig. 8.4 Relative frequency of the pull-out failure loads
of power actuated fasteners (Seghezzi (1984))

and, to a lesser extent, pin diameter, concrete
strength and drive velocity (Patzak (1979)). The
pin can penetrate softer aggregates (Fig. 8.3),
but harder aggregates and those struck at
an oblique angle may deflect the pin (see
Fig. 2.58a). This can result in a failed installa-
tion. The proportion of failed installations to
successful ones climbs as the concrete compres-
sive strength and maximum aggregate size
increase; this percentage is typically about 10 %
to 20 %. As a result, tension failure loads
exhibit severe scatter (Fig. 8.4) with a coeffi-
cient of variation v = 30 % to 45 % (Patzak
(1979), Seghezzi (1984)).

Gerber (1987) presents a theory for calculating
the pull-out loads of power actuated fasteners in
concrete. However, this approach is not gener-
ally applicable owing to the assumptions made
concerning the concrete behaviour.

Installation failures do not occur when the pins
are driven into pre-drilled pilot holes having a
depth of approximately 20 mm (see Fig. 2.58b).
The concrete breakout load increases due to the
larger embedment depth and failure loads are
more consistent (Fig. 8.5).

Minimum spacing and edge distances are nec-
essary in order to achieve the failure loads rep-
resented in Fig. 8.5. The minimum edge dis-
tance to avoid spalling of the free edge during
installation is 70 mm to 100 mm (Seghezzi
(1984)). The failure load per fastener is reduced
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Fig. 8.5 Relative frequency of the pull-out failure loads
of power actuated fasteners installed in pre-drilled pilot
holes (Bereiter (1986))

in groups with a fastener spacing less than about
100 mm (Seghezzi (1984)). These figures apply
to concrete grades up to about C30/35. Higher
strengths require larger spacings and edge dis-
tances.

8.1.2 Shear and combined tension
and shear load

Displacements associated with shear loading to
failure are in general relatively large. The shear
capacity of commonly available power actuated
fasteners is greater than that associated with
tension loading (Seghezzi (1984)). The shear
failure load can be calculated using equation
(4.17) with a = 0.4 (Rehm, Eligehausen, Mallée
(1992)). As limited by bending of the pin, the
shear failure loads associated with power actu-
ated fasteners installed in pilot holes are of
roughly the same order of magnitude as those
associated with pins loaded in tension. When
subjected to combined tension and shear, the
ultimate loads can be calculated using the in-
teraction equations (4.42) and (4.43) with
k=15.

8.1.3 Sustained and repetitive loading

Relaxation of the concrete causes concrete
compressive stresses developed in the immedi-
ate vicinity of the pin during installation to
diminish over time, theoretically resulting in a
decrease in pull-out loads. Investigations by
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Hilti (1988) demonstrate that this effect stabi-
lizes after approximately 24 hours and subse-
quent pull-out loads remain constant. Pull-out
tests on power actuated fasteners installed eight
months prior to testing resulted in failure loads
roughly 10 % lower than those measured in
tests performed directly after installation.
Therefore concrete relaxation has only a small
influence on the pull-out load.

Long-term tests on 4.5 mm studs subjected to a
3 kN constant tension load (= N,) showed no
failures after two years, and displacement
increase of less than 0.2 mm.

Rankweil (1989) reports on studies into the
load-carrying capacity of power actuated fas-
teners installed in pre-drilled pilot holes and
subjected to pulsating tension loads. The power
actuated fasteners were installed in a concrete
slab (f. = 25 N/mm?) and subjected to up to
2 - 10° loading cycles. The minimum load was
roughly zero and the maximum load varied.
Failure of the steel occurred in every case.
These tests indicate that the fatigue strength
corresponding to pull-out is typically greater
than that of the pin, which in this case was
approximately 2.5 kN.

8.2 Cracked concrete
8.2.1 Tension load

Radial compressive stresses in the concrete
result from driving the pin into the concrete.
The stresses perpendicular to the crack direc-
tion are diminished by cracks that form in the
concrete after installation and are reduced to
negligible levels at crack widths greater
than 0.2 mm. Partial fusion of the pin with the
concrete and scarring of the pin surface during
installation both contribute to the development
of bond (adhesion) that typically exceeds the
concrete tensile strength. As a result, cracks that
transect the pin location do not destroy the
interface between pin and concrete but instead
tend to remain in the adjoining concrete. Crack
widening leads to a condition whereby the load-
bearing behaviour of the pin is essentially gov-
erned by the interlocking effect of the rough
sides of the crack (micro- and macro-interlock-
ing). Failure is always characterised by pin pull-
out with the sintered concrete adhering to the

Fig. 8.6 Photo of a power actuated fastener after a ten-
sion test in cracked concrete (taken from Eligehausen
(1988/2))

pin (Fig. 8.6). The depth of adhered concrete
can be up to 0.8 mm independent of pin diame-
ter (Eligehausen (1988/2)).

As in non-cracked concrete the load-displace-
ment behaviour is almost linear up to peak load
with small displacements and failure is rather
brittle.

The pull-out load of power actuated fasteners
decreases markedly with increasing crack width
(Figs 8.7 and 8.8).

Fig. 8.7, which applies to power actuated fas-
teners installed without a pilot hole, shows
mean values derived from n > 12 tests per crack
width in each case. At a crack width of Aw =
0.4 mm the pull-out load is, on average, about
30 % of the value in non-cracked concrete. Fig.
8.8 shows the results of about 320 tests (260
tests in cracks) on power actuated fasteners
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Fig. 8.7 Influence of crack width on the relative tension
failure load of power actuated fasteners (Patzak (1979))
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Fig. 8.8 Influence of crack width on the relative tension
failure load of power actuated fasteners installed in pre-
drilled pilot holes (Eligehausen (1995/2))

installed in a pre-drilled pilot hole. The mean
failure load in non-cracked concrete is approxi-
mately 11 kN. The pull-out load at a crack
width of Aw = 0.3 mm is, on average, about
25 % and the lowest measured individual value
approximately 10 % of the mean failure load in
non-cracked concrete. Similar results were
observed in the tests described by Bergmeister
(1988).

Tests in opening and closing flexural cracks
were carried out by Patzak (1979) to establish
the influence of varying loads (applied to the
component serving as the base material) on the
tension load-bearing behaviour of power actu-
ated fasteners installed without a pilot hole.
However, the maximum crack width and crack
width difference (w = 0.1 mm and Aw = 0.02

mm, respectively) were quite small. Pull-out
loads measured in the open crack after 10* crack
width cycles were on the same order of magni-
tude as the tests evaluated in Fig. 8.7. Power
actuated fasteners with pilot holes have also
been tested in opening and closing flexural
cracks (Eligehausen (1988/2)), whereby the
constant tension load was approximately 1.5
times the allowable load, the crack width at
maximum load was w = 0.2 mm and the crack
width difference between minimum and maxi-
mum was Aw = 0.15 mm. None of the pins were
pulled out during the tests and the increase in
displacement was less than 0.1 mm after 10*
crack openings. The failure loads measured
after 10* crack cycles were within the same
range of scatter as those of control tests without
crack cycling.

8.2.2 Shear and combined tension and
shear load

The authors are not aware of shear tests on
power actuated fasteners in cracked concrete. It
may be assumed that failure loads are signifi-
cantly higher than those associated with tension
loading. Eligehausen (1995/2) evaluates tests
with power actuated fasteners in pilot holes sub-
jected to combined tension and shear loads. The
angle of application of the load was varied
between o= 0° (tension) and or=30°. Up to this
angle of application the tension component of
the failure load was at least equal to that associ-
ated with concentric tension. This can be attrib-
uted to the fact that the shear component of load
acts to wedge the pin against the wall of the
pilot hole and thus increases the frictional resis-
tance to pull-out.
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9 Behaviour of screw anchors in non-cracked

and cracked concrete

9.1 Installation

During installation, screw anchors cut a thread
into the wall of the drilled hole (Fig. 9.1).
Therefore, tensile loads are transferred into the
base material by diagonal compression struts,
i.e. mechanical interlock (Fig. 9.2a). The load
transfer mechanism is similar to that of
deformed reinforcing bars cast into concrete
(Fig. 9.2b), whereby the flanks of the screw
thread function in a similar manner as the ribs
of reinforcing bars. However, some differences
from deformed reinforcing bars should be con-
sidered. Damage to the threads cut into the wall
of the drilled hole (compare Fig. 9.1) may
reduce the area of the mechanical interlock.
Additionally, the core diameter of the concrete
screw is smaller than the drill hole diameter to
allow for easier installation. Consequently, the
lateral restraint of the concrete is lost in the

Fig. 9.1 Screw anchor and a thread cut into the wall of
the drilled hole (Kiienzlen, Sippel (2001))

b)//

Fig. 9.2 Transmission of tension load into concrete
(Eligehausen, Kiienzlen (2002))

a) Screw anchor

b) Cast-in deformed reinforcing bar

region of the highly loaded concrete consoles
below the thread. To achieve sufficient load
transfer into the concrete, the depth of the
threads cut into the wall of the drilled hole is
usually larger than the height of the ribs of com-
mercially available deformed reinforcing bars.

Screw anchors are normally screwed into the
concrete using an electric screw-gun. They can
also be screwed in with a torque wrench. The
necessary torque for cutting the threads into the
concrete should be small in order to achieve an
easy installation. Moreover, the resistance
against shearing-off of the threads should be as
high as possible, so that the threads cut into the
concrete are not destroyed while tightening the
screw anchors.

Fig. 9.3 shows the measured torque while
screwing in a screw anchor with a drill bit diam-
eter d, = 8 mm as a function of the angle of rota-
tion (swing angle). The embedment depth was
chosen such that failure was caused by shearing
of the concrete threads. The concrete, which
was of the strength class C20/25, was produced
from fine-grained aggregate (maximum aggre-
gate size 8 mm). Before the screw head touched
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Fig. 9.3 Typical relationship between torque moment and swing angle (Kiienzlen (2004))

the fixture, the installation torque T, varied
only slightly. If the concrete contains coarser
aggregates, the variation in installation torque
will be larger. After the screw head reaches the
fixture, the torque increases steeply up to the
peak value T,. With a further increasing of the
angle of rotation, the concrete threads are

sheared off and the torque decreases rapidly to

a) b)

Fig. 9.4 Threads cut into the wall of the drilled hole
(Kiienzlen (2004))

a) T = Tmsf

b) T=0.19 - T, (after passing maximum torque)

zero. Fig. 9.4a shows the threads just after the
screw head reaches the fixture. The damaged
concrete threads after over-tightening the screw
anchor are shown in Figs 9.4b.

The installation torque necessary to screw the
anchor into the concrete depends significantly
on the type of the screw anchor, the cutting
diameter of the drill bit, and the hardness and
size d,,,. of the large aggregates (Fig. 9.5). A
further influencing factor is the anchor diam-
eter. By increasing the embedment depth the
installation torque increases only slightly
because the threads are mainly cut into the con-
crete by the flanks of the screw thread at the tip
of the screw. The concrete strength influences
the installation torque only to a minor extent.

The failure torque T, when the concrete threads
are sheared off is influenced by the same par-
ameters as the installation torque. However, it
increases with increasing embedment depth
(Fig. 9.6) because more threads have to be
sheared off. When the embedment depth is
increased beyond a critical value failure is
caused by steel rupture (shearing of the shaft of
the screw anchor) and not by shearing of the
threads cut into the concrete.

While the installation of a screw anchor with a
torque wrench requires more than 30 seconds,
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Fig. 9.5 Required installation torque moment T,,; for two types of screw anchors (d, = 10 mm, h,; = 50 mm) under

different test conditions (Kiienzlen, Sippel (2001))

installation with a high-performance electric
screw-gun requires only a few seconds. For this
reason, in practice concrete screws are usually
screwed-in with an electric screw-gun. In the set-
ting tests described in Kiienzlen (2004), electric
screw-guns with a maximum torque higher than
the steel failure torque of the screw anchors were

Failure torque T, [Nm]

300
250
»
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»
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3
A
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0 | ] | ! |
0 10 20 30 40 50 60 70 80
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Fig. 9.6 Influence of the embedment depth on the
failure torque moment (Kiienzlen (2004))

used. Nevertheless, the screw anchors failed by
shearing of the threads cut into the concrete after
the screw head reached the fixture. The differ-
ence f, between the time when the anchor head
reaches the fixture and the shearing-off of the
threads increases with increasing embedment
depth (Fig. 9.7). It is influenced by the same
parameters that affect the failure torque 7. A fur-
ther significant influencing factor is the power
output of the electric screw-gun.
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Fig. 9.7 Influence of the embedment depth on the time
until shearing the threads cut into the wall of the drilled
hole (Eligehausen, Kiienzlen (2002))
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Fig. 9.8 Time t, until shearing the threads cut into the wall of the drilled hole of screw anchors after un-screwing related
to the average time t, , of screw anchors without un-screwing (Kiienzlen (2004))

In practice it may occur that screw anchors are
unscrewed after the screw head reaches the fix-
ture (e.g. for easier installation of an anchor
group). Upon reinstallation of the screw anchor,
this unscrewing reduces the time ¢, until failure
by 60 to 80% compared to screw anchors that
were not unscrewed. This is shown in Fig. 9.8,
in which the times ¢, after un-srewing related to

Load [kN]
16

T= Tinst

T 2 0,75 Ty
"""" T=0.19T,,, (after passing Tu)

0 2 4 ) 8 10
Displacement [mm]
Fig. 9.9 Load-displacement behaviour of screw an-

chors installed with different torque moments (Kiienzlen
(2004))

the average time ¢,,, of screw anchors without
unscrewing are plotted for different anchor

types.

If the thread cut into the concrete is not dam-
aged during installation, neither the load-dis-
placement behaviour nor the pull-out failure
load are significantly influenced by the magni-
tude of the applied torque. However, if the
screw anchors are overtorqued, the failure load
is significantly reduced (Fig. 9.9) because the
thread cut into the wall of the drilled hole is
damaged (compare Fig. 9.4).

In practice it cannot be excluded that screw
anchors are further tightened after the screw
head reaches the fixture, e. g. if the electric
screw-gun is not stopped immediately or if the
fixture is tightened against the surface of the
concrete with a standard wrench. Un-screwing
of the screw anchors and screwing them in
again can also occur. Damage of the threads cut
into the wall of the drilled hole should be
avoided by using a sufficiently large embed-
ment depth. Corresponding tests are required in
the approval process in Europe (Deutsches
Institut fiir Bautechnik (2003/1)).
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9.2 Non-cracked concrete
9.2.1 Tension load

9.2.1.1 Load-displacement behaviour
and failure modes

Figure 9.9 shows typical load-displacement
curves of screw anchors measured in pull-out
tests under tension load in non-cracked con-
crete. If the screw anchors are not over-torqued
during installation the load-displacement curves
increase steeply with a small scatter. The failure
was caused by concrete cone breakout.

In general, with screw anchors the same failure
modes are observed as with expansion and
undercut anchors (see Fig. 4.1). Screw anchors
with a thread over the entire embedment depth
fail due to a concrete cone that starts at the first
bearing thread at the tip of the concrete screw
when the embedment depth is small (Fig.
9.10a). As the embedment depth increases, only
the concrete at the surface breaks out and the
remaining portion of the screw is pulled out
(Fig. 9.10b). By further increasing the embed-
ment depth, steel failure will occur. Anchor
groups fail due to a common concrete cone
breakout and with anchors very close to an edge
in a thin concrete member splitting might be
expected.

The failure mode shown in Fig. 9.10b is similar
to that of bonded anchors. However the failure

load of bonded anchors increases nearly lin-
early with increasing embedment depth (Cook,
Kunz, Fuchs, Konz (1998)), while the failure
load of screw anchors with standard embed-
ment depth increases with k7 (Fig. 9.11).

9.2.1.2 Failure loads associated with steel
failure

Section 4.1.1.2 applies.

9.2.1.3 Failure loads associated with
pull-out failure

Pull-out failure occurs only with screw anchors
with a standard anchorage length and a thread
over less than about 80% of the embedment
depth (Kiienzlen (2004)). The failure load
depends on the length of the thread, the diame-
ter and the type of the screw anchor, and the
concrete strength. The pull-out resistance
should be determined from test results.

9.2.1.4 Failure loads associated with
concrete cone failure

In Fig. 9.11 the failure loads of screw anchors
with a thread over the entire embedment depth
from different manufacturers and with different
diameters are plotted as a function of the effec-
tive embedment depth. The tests were per-
formed in concrete with different strengths.
Therefore the failure loads were normalized to

Fig. 9.10 Typical concrete failure
cones (Kiienzlen, Sippel (2001))

a) h,om = 50 mm

b) hpom = 90 mm
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freo00 = 30 N/mm? by assuming a square root
function. The effective embedment depth was
determined according to equation (9.1).

hop=Pyo —0.5 - = 9.1)
where:
om = length between end of the screw
anchor and the concrete surface
h = distance between the threads
hg = distance between the tip of the screw

anchor and first thread

Equation (9.1) considers that load transfer starts
at a distance from the tip of the screw anchor
that is dependent on the type of screw anchor. It
enables a better comparison of the test results of
screw anchors from different manufacturers.

Fig. 9.11 shows that the failure load increases
with /2. The influence of the type and diame-
ter of the screw anchor is small. The average
failure load is given by equation (9.2).

NL?,C =105 fc?',szoo : hf;i 9.2)

The failure loads are about 20 % smaller than
found for expansion anchors with the same
embedment depth (Fig. 9.11). This can be
attributed to the different form of the failure
cone.

When using a reduced embedment depth

hyy = 0.85 - ©9.3)

where A, is calculated in accordance with equa-
tion (9.1), the average concrete cone failure
load can be calculated with equation (9.4).

hl.S

0 ~0.5
NY, =135 f2% 0

uc cc 200

94

Equation (9.4) is valid for screw anchors with a
thread length larger than about 0.8 times /,,, and
an embedment depth /1, < 10 - d, and not larger
than /,, = 150 mm. According to numerical
investigations by Kiienzlen (2004), for larger
embedment depths the failure load increases —
similar to bonded anchors — in proportion to A,

Equation (9.4) is identical with equation (4.5b)
with £ = 13.5, which is valid for expansion
anchors.

In Fig. 9.12 the failure loads of groups with four
screw anchors related to the failure load of a
single anchor according to equation (9.4) are
plotted as a function of the ratio of spacing s to
the reduced embedment depth 4. The mea-
sured failure loads can be predicted by the CC-
Method (see section 4.1.1.3) when the charac-
teristic spacing is taken as s,y =3 - h,;. Simi-
larly the failure loads of screw anchors close to

N, [kN]
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/
- *
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60 Ngc =135 \jfcc h;fs 7 /: *2
CE N $
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40 {— ¥ AR Al
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Fig. 9.11 Failure load of screw anchors in non-cracked concrete as a function of the embedment depth
(Eligehausen, Kiienzlen (2002))



9.2 Non-cracked concrete

233

Nu/N°, . []
6
ed, =10mm;h__ =50 mm
54 *d,=10mm;h_=70mm
od =10mm; h =50mm o
44 ldo=10 mm;h =70 mm 8
AL 8
3 :E o
el
1
lN"uyc acc. to Egn. (9.4)]
0 ] : ]

00 05 10 15 20 25 30 35 40
stheq [

Fig. 9.12 Measured failure loads N, of groups with
screw anchors related to the values NJ . of single anchors
according to equation (9.4) as a function of the ratio
anchor spacing s to reduced embedment depth hg,
(Kiienzlen (2004))

an edge can be predicted with sufficient accu-
racy using to the CC-Method when the reduced
embedment depth A, is used (Fig. 9.13).

9.2.2 Shear load

9.2.2.1 Load-displacement behaviour and
modes of failure

The load-displacement behaviour of shear
loaded screw anchors generally corresponds to

that of post-installed metal anchors (expansion
and undercut anchors). Screw anchors exhibit
the same failure modes associated with metal
expansion and undercut anchors (see Fig. 4.63).

9.2.2.2 Failure load associated with steel
failure

The discussion in section 4.1.2.2 generally
applies to screw anchors as well, however, due to
the high steel strength and hardness, the factor o
in equation (4.17) might be smaller than 0.6.

9.2.2.3 Failure load associated with pry-out
failure

The authors are not aware of investigations
regarding the behaviour of screw anchors
exhibiting pry-out failure. It may be assumed,
however, that the failure load associated with this
failure mode may conservatively be predicted
using equation (4.24), however, the ultimate load
N, is calculated using the reduced embedment
depth £, according to equation (9.3).

9.2.2.4 Failure load associated with
concrete edge breakout

Limited testing at the University of Stuttgart
indicates that the CC-Method presented in sec-
tion 4.1.2.4 for headed studs and post-installed
anchors can also be used to predict concrete
edge breakout of screw anchors.

NuIN"u'c[-]
13
ldu =8 mm, hnom =50 mm 1l
Ad =10mm, h =70 mm o ot
1o ed =14mm h =110 mm - i o4
®d =10 mm, h . =70mm a “» S
0.8 Y ) *
.
2
05 ]
/
03 CC-method f .= 30 N/mm?
| Nu = Nu,tes!*(BO/fcc)O‘s
NS, . acc. to Eqn. (9.4)
0.0 I
0.0 05 1.0 15 20 25

cfl he” ne

Fig. 9.13 Measured failure loads N, of single screw anchors related to the values according to equation (9.4)
as a function of the ratio of anchor edge distance c to reduced embedment depth h; (Kiienzlen (2004))
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Fig. 9.14 Typical load-displacement curves of screw
anchors (h,,,, = 65 mm) in non-cracked and cracked con-
crete (f,. 200 = 30 N/mm?) (Kiienzlen (2004))

9.2.3 Combined tension and shear load

The interaction equations (4.42) and (4.43) pre-
sented in section 4.1.3.2 may be used to predict
failure loads for screw anchors under combined
tension and shear loading.

N (cracked concrete)/N u,m(uncracked concrete) []

9.2.4 Sustained and fatigue loads

To the knowledge of the authors, tests under
sustained load have not been performed yet.
However, due to the load transfer, which is sim-
ilar to that of deformed reinforcing bars, it may
be assumed that a sustained load in the magni-
tude of the allowable load will slightly increase
the displacements but will not have an influence
on the failure load.

Under fatigue loading steel failure must be
expected. Due to the high steel strength and
hardness the fatigue strength of screw anchors
is rather low. It depends significantly on the
screw anchor type and should be evaluated by
tests. Furthermore, special measures are
required to avoid loosening of the screw anchor.

9.3 Cracked concrete
9.3.1 Tension load

If a screw anchor is positioned in a crack, the
bearing area of the thread flanks is reduced in
comparison to non-cracked concrete. Further-
more, the axially symmetric state of stress
around the screw is disturbed by the crack.
These effects reduce the stiffness and failure
load of screw anchors in comparison to non-
cracked concrete (Fig. 9.14). The decrease of

0.2
R om = 70 mm
0.0 + +
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9
Aw [mm]

Fig. 9.15 Effect of crack width on the concrete cone failure load of screw anchors under tension loading

(according to equation (9.4)) (Kiienzlen (2004))
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the failure load averages about 30 % at a crack
width of 0.3 mm (Fig. 9.15). This reduction is
on the same order of magnitude as that for
expansion or undercut anchors.

9.3.2 Shear load and combined tension
and shear load

The authors are not aware of results of tests
with screw anchors under shear load or com-
bined tension and shear load in cracked con-
crete. However, it may be assumed that the find-
ings in sections 4.2.2 and 4.2.3 for anchors that

are suitable for use in cracked concrete are valid
for screw anchors.

9.3.3 Sustained and fatigue loads

According to the authors’ knowledge, tests with
screw anchors under sustained or fatigue loads
in cracked concrete have not been carried out.
In principle, the findings in section 9.2.4 apply.
The behaviour of screw anchors positioned in a
crack and loaded by a constant tension load
while the cracks are opened and closed 1000
times is similar to that of undercut anchors.
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10 Behaviour of anchors under seismic loading

Owing to the tremendous hazard posed by earth-
quakes, the design of structures to resist seismic
actions (so-called strong ground motion) has
been the subject of intensive research and field
investigations over the past half-century. While
much attention has been focused on the global
response of structures and their analysis for
earthquake loading, it is also recognised that
good seismic performance is equally dependent
on robust connection design. The design of
anchorages used to transfer earthquake loads
between steel and concrete elements represents
an essential part of ensuring a continuous load
path for inertial forces generated in a structure.

10.1 Anchor applications

Examples of typical anchor applications found
in both seismic and non-seismic regions, as well
as some anchor applications related specifically
to seismic strengthening and rehabilitation of
structures, are listed in Fig. 10.1.

When discussing anchorages for seismic appli-
cations, it is often useful to distinguish between
structural and non-structural applications (Fig.
10.2). This distinction is important for the
design of anchorages, since different loadings
exist for the two cases and different factors of
safety may need to be considered.

Standard fastening applications in both
seismic and non-seismic regions

Strengthening and rehabilitation

« Facades
= Suspended ceilings
= Heating, ventilation, air conditioning

« Structural connections between new
and existing structures
« Restraint of wire and FRP meshes

« Pipelines

» Mechanical equipment
- Structural connections
« Etc.

Fig. 10.1 Applications for anchor systems (Eligehausen, Hoehler (2003))

a)
Fig. 10.2 Examples of applications for anchors

b)

a) Steel brace (structural) (Courtesy of S. Otani), b) Pipe support (non-structural)



238

10 Behaviour of anchors under seismic loading

a) Environment b) Structure

c) Fastening

Fig. 10.3 Actions acting on a non-structural anchorage under earthquake loading (Eligehausen, Hoehler (2003))

In the current practice, it is regrettably the case
that many connections intended to transfer
earthquake loads are designed using methods
intended for non-seismic design situations with-
out consideration of the special conditions that
exist for seismic loading. This is particularly
true for connections for non-structural ele-
ments.

10.2 Seismic actions

Earthquakes generate actions (forces and dis-
placements) on a structure in a variety of ways.
These include acceleration of the ground
(strong ground motion), differential settlement
of the foundations resulting from liquefaction
or other ground phenomena, and lateral and ver-
tical displacement across a fault trace (for those
structures unlucky enough to be located directly
on a fault rupture). From a design perspective,
induced structure acceleration represents the
most obvious and prevalent loading case to be
considered. However, imposed deformations,
not inertial forces, are frequently the cause of
connection failures in earthquakes, particularly
when those connections have not been designed
to accommodate large deformations.

Typically, ground accelerations are translated
through a structure via the foundations, which
interact with the surrounding and supporting
soil and rock via a complex interplay of fric-
tional and bearing forces. The input motions
from the ground will generate varying
responses in the structure, depending on the

magnitude, frequency content and duration of
the ground motion, the efficiency of the soil-
structure interface, and the dynamic characteris-
tics of the structure. As the structure responds to
the ground motion, degradation of the global
structure, which serves as the anchorage mater-
ial, can occur. In reinforced concrete structures
this degradation is in large part expressed
through cracking in the structural elements.
Additionally, the motion of the global structure
will generate actions on sub-structures. If the
sub-structure is connected to the global struc-
ture by anchors, the motion of the global struc-
ture generates tension and shear forces on the
anchors (Fig. 10.3c).

Earthquake induced forces vary with time and
are designated as dynamic forces. Although
many forces encountered in civil engineering
practice vary with time, slowly varying forces
can be treated as quasi-static (Fig. 10.4a), since
the inertial and damping components of the
forces are negligible. The presence of inertial
and damping forces, which arise in structures as
a result of strong ground motion, is the critical
distinction between dynamic and static loading.

If the forces on the anchor (Fig. 10.3c,) lead to
load cycles only in the tension or compression
range, they are referred to as ‘pulsating’ forces
(Fig. 10.4b). If changes from the tensile to the
compressive range and vice versa occur, the
forces are referred to as ‘alternating’ forces
(Fig. 10.4c). Axial forces on pre-positioned and
in-place mounted anchorages are typically pul-
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Fig. 10.4 Types of force (Ammann (1980))
a) Static, b) Pulsating, c) Alternating

sating tensile forces because compression
forces are transferred to the anchorage material
via the fixture (Fig. 10.5a, b). Axial loads on
stand-off mounted anchorages can be either pul-
sating or alternating (Fig. 10.5c). Shear loads on
anchorages during earthquakes can be pulsating
or alternating, however, are in general alternat-
ing.

Important features of the force-time function
are:

— the number of load cycles n,,,

— the strain rate or rate of loading on anchor
and base material,

— the peak values of the dynamic force and
their sequence in time, and

— the probability of occurrence of the earth-
quake induced force during the life of the
anchor.

Strong ground motion associated with earth-
quakes typically induces actions in a structure
with fewer than 30 cycles with large amplitudes
and generates strain rates on the order of 1073 to
102 (1/sec) (Ammann (1980)). The random
nature of earthquakes makes the sequence of the
loading difficult to generalise.

10.3 Assumptions regarding the condition
of the concrete

Earthquakes place severe demands on struc-
tures, typically in excess of nominal design
assumptions. In general, it may be expected that
the deformations of a reinforced concrete struc-
ture caused by ground shaking will lead to
cracking in both primary and secondary struc-
tural concrete elements. Consequently, all
anchorages intended to transfer earthquake
loads should be suitable for use in cracked con-
crete and their design should be predicated on
the assumption that cracks in the concrete will
cycle open and closed for the duration of strong
ground motion.

During large earthquakes, parts of a structure
may be subject to extreme inelastic deformation
(Fig. 10.6). In reinforced concrete structures,
yielding of reinforcement and cycling of cracks
may result in crack widths of several millime-
tres, particularly in regions of plastic hinging.
Qualification procedures for anchors do not
currently anticipate such large crack widths. For
this reason, anchorages in regions where plastic
hinging is expected to occur, such as the base of
shear walls, joint regions of frames, and span-
drel beams, should be avoided unless suitable

[ Axial Pulsating Pulsating Pulsating / Alternating
| Shear | Pulsating / Alternating | Pulsating / Alternating | Pulsating / Alternating
a) b) c)

Fig. 10.5 Typical axial and shear loading on anchors for various mountings
a) Pre-positioned installation, b) In-place installation, c) Stand-off installation
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S S S

for anchorage |

Suitable for
anchorage

Not suitable

Fig. 10.6 Mechanism for accommodating transverse motion of a building through member cracking assuming
a strong-column, weak-girder design (I, = plastic hinge length) (Eligehausen, Hoehler (2003))

design measures are taken. Outside of the
regions of inelastic deformation, crack widths
may be assumed not to exceed those that are
reached in a member in which the longitudinal
reinforcement steel is at the onset of yield
strain. Such crack widths are typically less than
1 mm (Eligehausen, Hoehler (2003)). The crack
widths vary as a function of time and can be
idealised as a pulsating function (Fig. 10.3c,)
with a minimum crack width that is almost zero.

10.4 Behaviour of anchors under seismic
conditions

As shown in Fig. 10.3c, during a seismic event
an anchor may be subjected to a combination of
cyclic tension and shear forces. Furthermore,
the anchor may be located in a crack that either
forms during the earthquake or has traversed the
anchor location at some prior time. The crack
width will typically vary with time, e.g. the
crack will open and close several times. There-
fore, the seismic behaviour of anchorages
depends on numerous parameters, including:

— the amplitude, rate, sequence, and number of
cycles of the imposed actions,

— the direction of application of the actions
(axial, shear, combined),

— the state of the surrounding concrete (non-
cracked or cracked, crack orientation relative
to the anchor axis, crack behaviour during
the strong ground motion),

— quantity and orientation of reinforcement in
the vicinity of the anchorage, and

— the characteristics of the anchor, including
load transfer mechanism, material proper-
ties, diameter and embedment.

Seismic loading exhibits several characteristics
that may affect the failure mode of the anchor.
These include high rates of load increase and
repeated excursions into the post-elastic range.
Limited testing indicates that high strain rates
do not have an adverse effect on anchor ten-
sion performance. However, repeated loading
beyond the elastic capacity of the concrete and
the anchor components (steel rod, sleeve, etc.)
may have several consequences for the anchor.
Crushing of the concrete in the load bearing
regions of the anchor may lead to increased dis-
placements and re-distribution of load between
anchors in a group. Surface spalling and crush-
ing of surface concrete around anchors loaded
in shear will lead to increased bending in the
anchor body and increase the likelihood of low-
cycle fatigue failure of the steel components
brought on by repeated yielding cycles.

Due to the scarcity of experimental results, the
design of anchorages for seismic actions should
be based on systematic experimental investiga-
tions of the main parameters that influence the
behaviour of the anchorages.

The available experimental results illustrating
some of the main influencing parameters are
presented in the following sections.
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Fig. 10.7 Load-displacement curves of undercut anchors M12 (h,; = 80 mm) in cracked concrete (w = 0.7 mm)

under cyclic loading (Eibl, Keintzel (1989))

a) Frequency 1 Hz, b) Frequency 5 Hz, ¢) Frequency 10 Hz

10.4.1 Tension cycling

Fig. 10.7 shows the results of cyclic tension
tests with undercut anchors situated in cracks
having a width of w = 0.7 mm. The load was
cycled between 2 kN and 0.8 times the average
failure load as determined from monotonic
tests. The anchors were cycled for 10 seconds,
so that with increasing frequency the number
of the load cycles increased from n,,. = 10 (f =
1 Hz) to n,,, = 100 (f = 10 Hz). The results indi-
cate that anchors suitable for use in cracked
concrete exhibit increasing displacements with
successive load cycles but that these displace-
ments tend to stabilise in fewer than 50 cycles.

Cycling performed at load levels below the
peak monotonic capacity do not typically result
in anchor failure. Furthermore, the anchor post-
cycling capacity and displacement at peak load
as measured under monotonic loading do not
generally differ significantly from normal
monotonic behaviour (Fig. 10.8).

Mechanical anchors and cast-in-place headed
bolts are not typically subjected to direct axial
compression. In most cases, compression loads
are transferred to the concrete via the fastened
component. Where anchors are used in a stand-
off or cantilever configurations, they are typi-
cally equipped with a bearing washer and nut.

20

Load [kN] Monotonic loading to failure
45 4
Cyclic loading with subsequent /
loading to failure
30
154
0 T T T 1
0 5 10 15
Displacement [mm]
Fig. 10.8

Influence of cycling on the tension load-displacement behaviour of undercut anchors M12 (h,s = 80 mm) in

cracked concrete (w = 0.7 mm) failing due to concrete cone break-out (after Eibl, Keintzel (1989))
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Fig. 10.9 Behaviour of undercut anchors M12 (h,; = 80 mm) in cracked concrete (w = 0.7 mm) (Eibl, Keintzel (1989))
a) Alternating tension-compression loading, b) Pulsating tension loading

This is necessary for several reasons. First,
direct transference of compression loads to the
embedded end of the anchor could result in a
concrete breakout failure of the backside of the
member in which the anchor is embedded. Sec-
ond, and most important, the load-transfer
mechanisms of most post-installed mechanical
anchors are not suitable for transferring com-
pression loads. Consequently, fasteners sub-
jected to cyclic tension/compression loads may
be expected to exhibit less favourable results
(compare Fig. 10.9 a with Fig. 10.9 b).

The effect of crack width on the concrete cone
capacity during tension cycling is the same as
for the case of monotonic loading (refer to Figs.
4.127,4.133, and 4.142).

Although sufficient experimental data is not
available to establish the effect of tension
cycling on failure modes other than concrete
cone breakout, e.g. steel failure or pull-out fail-
ure, preliminary tests indicate that tension
cycling well below the peak monotonic capac-
ity does not significantly influence the load
bearing capacity and displacement at peak load
upon subsequent monotonic loading.

10.4.2 Shear cycling

Reverse cyclic shear loading on anchorages
during earthquakes is of critical importance due
to the likelihood of low-cycle fatigue failure of

the anchor steel components. The low-cycle
fatigue strength of anchors depends on the num-
ber and type of load cycles (pulsating or alter-
nating) and the degree of inelastic deformation
of the anchor during cycling. Reverse cyclic
shear loading, which is the most common type
of shear loading during an earthquake, is more
critical for low-cycle fatigue than pulsating
shear loading. Usami, Abe, Matsuzaki (1980/2)
found that the low-cycle fatigue capacity of
anchors subjected to reverse cycling is typically
on the order of 70% to 80% of the value corre-
sponding to pulsating shear loading (Fig.
10.10). The low-cycle fatigue strength of a
anchor may be assumed to be less than 40% of
the monotonic shear strength.

Fig. 10.11 illustrates typical hysteretic loops for
an anchor located far from any edges and sub-
jected to cyclic shear loading. The anchor was
subjected to symmetric alternating displacements
followed by monotonic loading to failure.
Cycling did not reduce the ultimate load indicat-
ing that low-cycle fatigue had not taken place.
The loops show a high degree of pinching, i.e.
the energy dissipated by the anchor (damping)
during cycling is low. In addition, the peak load
associated with each successive cycle is reduced.
This progressive reduction of peak load for
anchors subjected to constant displacements is
illustrated for several anchor types in Fig. 10.12.
The load reduction tends to stabilise during
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Fig. 10.10 Load-displacement curves for a group of two headed anchors (d = 19 mm) in non-cracked concrete
(Usami, Abe, Matsuzaki (1980/2))
a) Pulsating shear loading, b) Alternating shear loading
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concrete (w = 0.4 mm) located
far from edges loaded under
alternating shear displacements
(Vintzeleou, Eligehausen (1991))
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cycling. After 5 cycles the load resisted by the
anchorage is between 60 % to 80 % of the load
developed upon initial loading (Fig. 10.12). Con-
versely, when the anchor is subjected to force-
controlled reverse cyclic loading, displacements
during cycling tend to increase with increasing
numbers of cycles.

Shear loading of anchors located close to an
edge may result in concrete edge failure with an
attendant sudden loss of capacity. The provision

of tieback reinforcement placed directly against
the anchor and close to the surface of the con-
crete can result in a more ductile behaviour
(Fig. 10.13).

In most cases where anchorages are installed in
existing structures, such appropriately detailed
tieback reinforcement is lacking. Thus the case
of anchorages installed close to edges of unre-
inforced concrete sections should be carefully
considered in the design process.

Fig. 10.12 Force response degradation due to alternating shear cycling (Vintzeleou, Eligehausen (1991))

a) Undercut anchors (M12, h,; = 80 mm)

b) Torque-controlled expansion anchors (M12, h,; = 80 mm)

c) Bonded anchors (M12, h,; = 100 mm)

Fig. 10.13 Load-displacement curve of an anchor at a small edge distance in suitably reinforced concrete

(Klingner, Mendonca, Malik (1982/1))
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Fig. 10.14 Influence of crack width on concrete edge
failure load (Vintzeleou, Eligehausen (1991))

The effect of cracking on fasteners loaded under
reverse cyclic shear, regardless of the direction
of loading relative to the crack orientation (par-
allel, perpendicular), is comparable to monoto-
nic shear loading (Fig. 10.14).

Testing to date indicates that if low-cycle
fatigue failure of the anchor material can be pre-
vented, the peak capacity of an anchor loaded
monotonically in shear subsequent to shear
cycling will be similar to that achieved without
cycling. In reverse cyclic shear tests with 30 or

fewer alternating shear cycles, low-cycle
fatigue failure is avoided if the peak load during
the cycles is kept to less than about 40 to 50%
of the monotonic shear strength of the anchor. It
should be noted that these tests are designed to
avoid secondary moments such as might result
from fixture rocking, standoff, etc., and that
such secondary moments can have a significant
influence on the low-cycle fatigue performance
of the anchor.

10.4.3 Combined tension and shear cycling

In practice, anchorages under seismic loading
will typically be subjected to simultaneous ten-
sion and shear cycling. At the present, little
experimental data is available on this topic.
Recent design specifications (American Con-
crete Institute (2005)), however, have adopted
an interaction relationship that is the same for
static and dynamic (seismic, wind) loading
(refer to section 14.5.5.4).

10.4.4 Loading rate

Fig. 10.15 shows results from anchors loaded in
tension with a ramp loading function corre-
sponding to loading rates typical for strong
ground motion. The capacity of all fasteners
tested in non-cracked concrete conditions under
dynamic loading was greater than that observed

W Dynamic Uncracked / Static Uncracked
M Dynamic Cracked / Static Cracked

Cast-in- Grouted UCT, uc1, ucz,

3/8in.  3M4in. 34 in.
(10 mm) (19 mm) (19 mm)

place

Sleeve,
10 mm

Sleeve, EAIl
20 mm

Fig. 10.15 Ratio of tensile dynamic to static bearing capacity of several anchor types in non-cracked and cracked
(w = 0.3 mm) concrete (Cast-in-place = cast-in-place headed anchor, Grouted = grouted anchor, UC = undercut anchor,
Sleeve = sleeve type torque-controlled expansion anchor, EA = wedge-type torque-controlled expansion anchor) (after

Klingner, Hallowell, Lotze, Park, Rodriguez, Zhang (1998))
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Fig. 10.16 Dynamic bond resistance in non-cracked
concrete as a function of loading rate (Fujikake,
Nakayama, Sato, Mindess, Ishibashi (2003))

under static loading. In tests with a variety of
anchor types positioned in cracks (w = 0.3 mm)
reduced capacity under dynamic loading was
observed for the tested cementitious grouted
anchor system and, to a lesser degree, for the
tested wedge-type anchor. This reduction of
capacity was associated with a change in the
failure mode from concrete failure under static
load to pull-out under dynamic load.

Similar results have been obtained for bonded
(adhesive) anchors loaded in tension in non-
cracked concrete. Fig. 10.16 demonstrates the
increase in bond resistance with increasing
loading rate. Under cracked concrete condi-
tions, behaviour similar to that of grouted
anchors may be expected (compare Fig. 10.15).

Tests of anchors loaded in shear at dynamic
loading rates show similar results as for tension
loading (Fig. 10.17).

Summarising, dynamic loading rates typical for
sub-structure response in buildings subjected to
earthquake excitations have little or no effect on
the load-bearing capacity of anchors, provided
that concrete failure governs the behaviour.
Dynamic loading rates can, however, lead to a
change in the tension failure mode for certain
anchor types; that is, the failure mode that the
anchor exhibits under rapid loading is different
from that associated with static load.

10.4.5 Load cycle sequence

Where concrete failure governs the anchor
behaviour, the capacity is primarily determined
by the maximum load or displacement applied
during a cyclic input motion (Weigler, Lieberum
(1984)). The sequence of the load steps
(increasing, cascading, random) does not
appear to be significant (Fig. 10.18). Fig.
10.18b illustrates how anchor displacements

m Dynamic Uncracked / Static Uncracked
0 Dynamic Cracked / Static Cracked

1.00 -

0.00 r T

Cast-in-place uc1

EA Il

Fig. 10.17 Ratio of shear dynamic to static bearing capacity of several anchor types in cracked (w = 0.3 mm) and non-
cracked concrete (Cast-in-place = cast-in-place headed anchor, UC = undercut anchor, EA = wedge-type torque-controlled
expansion anchor) (values for UC1 and EA Il in cracked concrete not available) (after Klingner, Hallowell, Lotze, Park,

Rodriguez, Zhang (1998))
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a)

b)

Fig. 10.18 Influence of the order of load cycles on the tension load-displacement behaviour of anchors suitable for use

in cracked concrete (Weigler, Lieberum, (1984))
a) Increasing load levels, b) Cascading load levels

tend to stabilise during cycling at loads levels
below the previous maximum. In cases where
the low-cycle fatigue behaviour of the anchor
material is relevant, the sequence, number and
intervals of the cycling sequence will be of
greater importance.

10.4.6 Crack cycling

The tension performance of anchors located in
cracks can be significantly affected by the num-
ber of cycles of crack width variation, n,, and
the ratio of minimum to maximum crack width
during cycling. Fig. 10.19 shows that the differ-
ence between the maximum and minimum
crack width can be decisive for the failure of
certain anchor types, even for the relatively low
number of cycles (n,, ~ 30 cycles) expected in a
reinforced concrete structural component dur-
ing an earthquake.

Investigations described by Sippel, Asmus,
Eligehausen (2001) for different types of under-
cut anchors tested in cycled cracks are shown in
Fig. 10.20. In the figure the average displace-
ment of 5 tests with anchors located in cracks
of a tension member is plotted as a function
of the number of crack cycles. The anchors
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Fig. 10.19 Effect of the difference between the maxi-
mum and minimum crack width during crack opening and
closing on anchor displacement (Seghezzi (1985))
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Fig. 10.20 Average displacements of different undercut anchors in tests with opening and closing cracks as a function
of the number of crack openings (Sippel, Asmus, Eligehausen (2001))

were loaded with a constant tension load
N, = 0.6 - Ny to 0.7 - Ny, ., where Ng, =
6-f.. - hif is the 5%-fractile of the concrete
cone failure loads in cracked concrete with a
large crack width. In the tests, the maximum
crack width was w,,,.,= 1.5 mm and the mini-
mum crack width was w,,;, = 1.0 mm. The fig-
ure shows that displacements increase with the
number of crack opening cycles. This increase
depends mainly on the load bearing area of the
undercut system, the magnitude of the constant
tension load on the anchor and the number of
crack cycles. During crack cycling none of the
tested anchors failed. Experience has shown,
however, that anchors possessing an insufficient
bearing area may be pulled out after a small
number of cycles. Furthermore, in general the
increase in anchor displacement caused by

crack cycling is typically larger than the dis-
placement that occurs due to load cycling in a
constant crack width.

Clearly, cracking behaviour in structures sub-
jected to strong ground motion may be quite
different from that represented by typical crack
cycling tests performed in the current approval
procedures (compare section 14.2). Shear rever-
sal in walls and diaphragms may result in crack
widths significantly greater than those currently
employed in anchor testing. Furthermore, while
flexural members undergoing moment reversal
will tend to exhibit cracking behaviour more
closely mimicked by crack cycling testing, it
remains unclear how strongly anchor perfor-
mance is affected by an additional pre-compres-
sion stress induced in the concrete upon
moment reversal.
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11 Behaviour of anchors in fire

The fire resistance of anchorages is strongly
dependent on the construction of the entire fas-
tening assembly. In general, fire resistance can
only be determined through testing unless pro-
tective measures are provided (e.g. casing,
cladding, protective coating or concrete encase-
ment of steel parts) that permit a classification
according to a relevant standard, such as DIN
4102 part 4 (1994).

Fire tests can be performed using various time-
temperature curves. The considerations in this
chapter are valid for test room temperatures fol-
lowing the standard time-temperature curve
according to ISO 834-1 (1999), which is plotted
in Fig. 11.1.

At high temperatures the strength of steel
decreases markedly (Kordina, Meyer-Ottens
(1981)). According to studies by Laternser
(1993) and Reick (2001), the anchor steel stress
at failure during a fire is a function of the dura-
tion of the fire, the type of steel (galvanised or

Fig. 11.1 Standard time-temperature curve according
to ISO 834-1 (1999)

stainless) and the diameter of the anchor. In Fig.
11.2 the results of more than 300 fire tests on
different anchor types and sizes are evaluated.
The tests were performed at different testing
institutes using several different fixtures. The
anchors were installed in both non-cracked and
cracked concrete and loaded with a sustained
tension load. Failure was caused by rupture
of the anchor bolt or stripping of the threads.
In Fig. 11.2 each data point represents the steel
stress calculated from the applied load at the
time of failure. The curves shown in the figure
represent the trend line for the average behav-
iour. The figure demonstrates that the rupture
steel stress decreases significantly with increas-
ing fire duration and is much higher for stain-
less steel than for galvanised steel. The scatter
of the test results is very large. This is mainly
due to the different anchor sizes used in the
tests. Therefore, in Fig. 11.3 the test results
shown in Fig. 11.2 for anchors made from gal-
vanised steel are plotted again, according to
anchor size. The rupture steel stress increases
with increasing anchor diameter. The influence
of the diameter is very pronounced for a fire
duration up to about 60 minutes and is smaller
for longer duration. This can be explained by
the increasing temperature in the bolt with
decreasing diameter (Fig. 11.4).

Even for a constant anchor diameter, the scatter
of the test results is quite large. This is particu-
larly true for a short fire duration. One explana-
tion for this is given in Fig. 11.5. The figure
shows the temperature in the fixture as a func-
tion of the fire duration. The temperature was
measured at the back of the fixture at a distance
of about 10 mm from the anchor. Because of the
high thermal conductivity of steel, the tempera-
tures of the fixture and the anchor are almost
identical. The different curves in Fig. 11.5 apply
to various form factors A / V, where A is the area
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Fig. 11.2 Steel stress at failure as a function of the time until failure (Reick (2001))
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Fig. 11.3 Steel stress at failure as a function of the time until failure for anchors M6 to M16 made from galvanised

carbon steel (Reick (2001))
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Fig. 11.4 Calculated temperature of anchors as a function of the anchor diameter for various duration of fire

exposure (Reick (2001))
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Fig. 11.5 Measured tempera-
ture of fixtures as a function of
the duration of fire exposure;
fasteners located in non-cracked

concrete (Reick (2001))
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of the fixture and V is its volume. It can be seen
that for a short fire duration the fixture temper-
ature is lower for massive fixtures (fixture 4)
compared to less massive fixtures (fixture 1). A
further reason for the scatter of the test results is
that some of the anchors were located in cracks
and some in non-cracked concrete. During the
first approximately 30 minutes of a fire test,
water evaporates from the concrete. Evapora-
tion is especially large at cracks. The evaporat-

ing water temporarily cools the fixture. This
effect can be seen in Fig. 11.6 in which the mea-
sured fixture temperatures are plotted. In these
tests the anchors were located in cracks. With
less massive fixtures (fixtures 1 and 2), exten-
sive water evaporation was observed during the
test, which caused a decrease in the steel tem-
perature to about 100 °C. The influence of
water evaporation diminishes after approxi-
mately 60 minutes fire duration.
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Fig. 11.6 Measured temperature of fixtures as a function of the duration of fire exposure; fasteners located in cracked
concrete (Reick (2001))

Table 11.1 Characteristic tension strength of a fastener made of galvanised carbon steel under fire exposure
(Deutsches Institut fiir Bautechnik (2003))

Diameter of Anchorage Characteristic tension strength g, . [N/mm? of an unprotected fastener
anchor bolt depth made of galvanised carbon steel in the case of fire exposure up to a time
or thread (fire resistance class R) of
[mm] [mm] 30 min 60 min 90 min 120 min
(R 15 to R30) (R45 and R60) (R90) (< R120)
6 > 30 10 9 7 5
8 >30 10 9 7 5
10 >40 15 13 10 8
>12 > 50 20 15 13 10

Table 11.2 Characteristic tension strength of a fastener made of stainless steel A4 (grade 316) under fire exposure
(Deutsches Institut fiir Bautechnik (2003))

Diameter of Anchorage Characteristic tension strength og ¢4 [N/mm? of an unprotected fastener
anchor bolt depth made of stainless steel in the case of fire exposure up to a time
or thread (fire resistance class R) of
[mm] [mm] 30 min 60 min 90 min 120 min
(R 15 to R30) (R45 and R60) (R90) (< R120)
6 > 30 10 9 7 5
8 >30 20 16 12 10
10 > 40 25 20 16 14
>12 > 50 30 25 20 16

To minimise the scatter of results found at dif-
ferent testing laboratories, the conditions for
performing fire tests on anchors must be stan-
dardised. A proposal is given in Deutsches Insti-

tut fiir Bautechnik (2003).

Based on the results plotted in Fig. 11.2, the
characteristic steel strengths of fasteners under
fire exposure have been evaluated and are sum-
marised in Deutsches Institut fiir Bautechnik

(2003) (compare Tables 11.1 and 11.2).
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Fig. 11.7 Strains and stresses in a reinforced concrete slab under three-point bending exposed to fire (Reick (2001))

a) Strains due to external load

b) Unrestrained thermal strains due to temperature increase in the concrete

¢) Resultant strains in the concrete

Limited test results have indicated that under
fire exposure the shear and tension strength
of an anchor are similar. Therefore in Deutsches
Institut fiir Bautechnik (2003) it is recom-
mended that the values given in Tables 11.1
and 11.2 also be used for the characteristic
shear strength of fasteners under fire expo-
sure.

Fig. 11.7a shows the distribution of strains &,
in a cross-section of a slab under three-point
bending and Fig. 11.7b the strains &, due to
unrestrained thermal expansion caused by fire
exposure on the bottom of a slab. Due to the
high concrete temperature under fire exposure,
large temperature induced strains are generated.
Superposition of the strains ¢,,, with the
strained and displaced, but still plain, concrete
cross-section due to external load results in
compressive strains on the top and bottom sur-
faces of the slab (Fig. 11.7¢). In the interior of
the cross-section, large tensile strains occur that
may lead to cracks with large widths. Further-
more, the stiffness of the concrete is reduced.
These conditions can lead to anchor pull-out for
expansion anchors with an embedment depth
h,s>40 mm (Reick (2001)). According to Reick,
Eligehausen (2003) torque-controlled expan-
sion anchors that are suitable for use in cracked
concrete and undercut anchors loaded with a
tensile load less than 25 % of the characteristic
resistance for pull-out will show only small dis-
placements during a fire up to 90 minutes. For
displacement-controlled anchors a slip of up to
15 mm was observed. Generally, the pull-out

capacity of anchors exposed to fire should be
determined by testing.

The large expansive forces developed inside of
the concrete member during a fire are balanced
by compressive stresses at the surface of the
member (Fig. 11.7¢c). As consequence, existing
cracks at the concrete surface tend to close.
Anchors for suspended ceilings generally have
a small embedment depth and are anchored in
the surface concrete. Nevertheless, if such
anchors are not protected against fire they typi-
cally exhibit steel failure.

The temperature beyond which concrete begins
to experience strength decrease is approxi-
mately 100 °C (Weigler, Fischer, Dettling
(1964), Kordina, Meyer-Ottens (1981)). Conse-
quently, the concrete cone failure load of an
anchor may be reduced in a fire. This has been
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20 /!/ *-A9D) CTests with metal anchors ||
10 / g Group with 4 undercut
anchors
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Fig. 11.8 Relative concrete cone capacity after a fire
exposure of 90 min as a function of embedment depth
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confirmed in limited tests by Paterson (1978),
as well as in tests on undercut anchors and
headed studs performed by Eligehausen, Reick
(1996), Reick (2001), and via numerical analy-
ses as described by Eligehausen, Pukl, Reick
(1995) and Reick (2001). Fig. 11.8 shows the
results of tests performed by Eligehausen, Reick
(1996) and Reick (2001), as well as the results
of numerical analysis by Reick (2001). The
ratios of the concrete cone capacities at a fire
duration of 90 minutes to the average values at
normal temperature are plotted as a function of
the embedment depth. In some tests with single
anchors, failure occurred after 90 minutes and
the group with four undercut anchors failed
after 75 minutes. These cases are indicated by
arrows in the figure. In the numerical analysis
the compressive stresses at the bottom of the
concrete member due to temperature strains
were not taken into account. Therefore the cal-
culated concrete cone failure loads were smaller
than the values observed in the experiments.
According to the results of tests with single
headed or undercut anchors exposed to fire,
the diameter of the concrete cone is larger
than under standard temperature (20 °C). This
explains the relatively low capacity of the group
with four undercut anchors. The concrete tem-
perature increase and associated drop in
strength associated with fire exposure attenuate
rapidly with increasing depth in the concrete.
Correspondingly, the relative concrete capacity
increases with increasing embedment depth.
The lower bound of the test results can be
described by equation (11.1).

h

__

Nu,ﬁm,oo_m'NRk,c SNR/(,L‘ (1D

where:

N, sirego = concrete cone capacity for a fire
exposure of 90 minutes according to
the ISO standard time-temperature-
curve

N,. = concrete cone capacity according to

equation (4.10)
hef = embedment depth [mm]

Because of the larger cone diameter of anchors
exposed to fire, the characteristic spacing and
edge distance should be increased to s,y =
2-c,y=4"h,

For design for fire resistance, in general a
global safety factor of ¥ = 1 is required. This
means that a structure may fail immediately
after the required fire resistance duration. Tak-
ing into account the different safety concepts
under normal temperature and fire exposure, it
can be deduced from Fig. 11.8 that anchors hav-
ing an embedment 4,, 2 80 mm and a load cor-
responding to the admissible working load at
normal temperature will attain a fire resistance
at least equal to a fire resistance class R 90 (90
minutes, standard ISO time-temperature curve).

The strength of synthetic resin grouts decreases
considerably at temperatures over 80°C. There-
fore, fire reduces the load-carrying capacity
of bonded anchors. The rapid temperature
decrease with increasing depth in the concrete
implies that bonded anchors with a large
embedment depth exhibit better performance
than those with shallow embedment. The
behaviour of synthetic resin grouts at high tem-
peratures is product dependent. Therefore, the
permissible load for each system in a fire must
be determined experimentally.

Explosive spalling of the concrete cover may
occur during fire exposure. Spalling is more
prevalent with small member dimensions, high
concrete moisture content and the presence of
concrete compressive stresses (Kordina, Meyer-
Ottens (1981), (1999)). Spalling is especially
pronounced for high-strength concrete. To
reduce the influence fire induced spalling on the
capacity of fastenings, the concrete should be
made using quartzite aggregates, direct contact
of the concrete with moisture content should be
avoided and the concrete humidity should be
equal to the equilibrium humidity valid for dry
interior rooms. If these conditions are not ful-
filled, the outer concrete layer with a thickness
of approximately 30 mm to 40 mm should be
not considered when calculating the concrete
cone and pull-out capacity of the anchors.
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12 Corrosion of anchors

Steel anchor bolts are generally provided with
some form of corrosion protection. Typically,
they are electrogalvanised (electrochemically
zinc plated) to provide a zinc thickness of 5 to
10 pm. For exterior applications or aggressive
environments, they may be hot-dip galvanised
to produce a coating thickness ranging between
40 to 100 pm. For mechanical anchors, hot-dip
galvanising may not provide sufficient control
of coating thickness for friction-sensitive parts.
For such cases, the steel parts may be
sheradised, a process by which zinc is deposited
via temperature diffusion bonding. While
achievable coating thicknesses are similar to
hot-dip galvanising, thickness control is supe-
rior. For increased corrosion resistance, anchors
may also be manufactured from austenitic stain-
less steels.

Because it is far less noble than steel, zinc pro-
vides sacrificial or cathodic protection from
corrosion for the underlying steel. In addition,
the primary product of zinc oxidation is zinc
carbonate, which forms a protective layer and
slows the progress of zinc corrosion. The rate of
zinc dissolution determines the duration of pro-
tection for the steel. Since the rate of weather-
ing is relatively constant and uniform, the life of
the coating is directly proportional to its thick-
ness. The rate depends mainly on the presence
of sulphur dioxide. Under atmospheric condi-
tions as noted, the rates of loss given in Table

Table 12.1 Average rates of zinc plating loss under
atmospheric conditions (after Beratung Feuerverzinken
(1983))

Atmospharentyp Loss [um/Jahr]
Rural 1.3- 25
Urban 19- 5.2
Industrial 6.4-13,8
Marine 22- 7.2

12.1 can be used as a guideline for calculating
the service life of a zinc coating.

These rates of loss can also be used as a guide
for anchors in facades when the facade is cor-
rectly ventilated, i.e. when there is no interstitial
condensation nor condensation in the ventila-
tion space. In these cases, brief periods of con-
densation followed by periods of drying out
with good ventilation can be assumed for the
anchors. Inadequately ventilated facades result
in higher rates of loss than those given in Table
12.1.

Permanently damp, poorly ventilated narrow
spaces are problematic for the use of zinc coat-
ing because these conditions lead to the forma-
tion of porous, loose corrosion products (white
rust) which do not offer any protection. Such
conditions can occur in the annular gap between
the anchor and the sides of the drilled hole
where the anchor is directly exposed to the
weather or where it is installed in a wall subject
to condensation, or where the anchor must pen-
etrate through layers of thermal insulation or
adhesive.

Contact between galvanised parts and concrete
is not generally a problem provided the cement
does not have a high alkali content (Menzel
(1985), Menzel (1992)). Annual rates of zinc
loss of 1 pym to 1.4 pm have been measured in
concrete at 80 % relative humidity. This rate is
generally valid for carbonated concrete as well.
Periodic wetting or permanent exposure to
moisture can increase the rate of loss to 7 to
15 pm per year. The zone of transition from the
concrete to the atmosphere represents the great-
est risk for accelerated zinc loss.

After the zinc coating has been lost, the alkalin-
ity of the concrete does not usually provide any
additional protection for the anchor since the
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concrete close to the surface of the drill hole
carbonates within a few years (Menzel (1992)).

At present, most anchors approved for building
work are electrogalvanised (coating thickness
5 pm to 10 pm). The protection afforded by this
galvanising is only adequate for dry interiors,
e.g. in houses, shops, schools, or hospitals. It
should only be regarded as temporary corrosion
protection for anchors installed externally, in
damp interior conditions, or behind curtain
walls. This can be seen from the rates of loss
given in Table 12.1 and has been confirmed by
investigations of fastenings in structures. For
these conditions, in just 5 years to 10 years after
installation, electrogalvanised anchors exhib-
ited an unacceptable degree of corrosion (Fig.
12.1). In contrast, Theiler (1993) first observed
substantial levels of corrosion in galvanised

Fig. 12.1 Photo of a galvanised expansion anchor after
3 years of use behind a facade (Rehm, Lehmann, Niirn-
berger (1980))

Fig. 12.2 Photo of the expansion zone of a torque-con-
trolled expansion anchor after 5 years of use; fastening
of a road crash barrier, exterior environmental conditions
(Niirnberger, private correspondence)

steel facade anchorages after 15 years service. It
is also important to note that corrosion products
(Fig. 12.2) can impair the function (follow-up
expansion) of torque-controlled expansion
anchors, and this can significantly reduce the
failure load. Zinc-coated screw anchors may be
sensitive to stress corrosion cracking and
hydrogen embrittlement when used under out-
door or damp interior conditions and may fail
after a rather short time.

The electroplated screws typically employed
with plastic anchors in normal-weight concrete
are sufficiently resistant to corrosion when used
externally (also in industrial and coastal
regions) if the head of the screw is protected in
such a way that moisture cannot penetrate to the
shaft of the screw. This protection can take the
form of, for example, a fitted plastic cap, but
suitable paints, injected sealant or plastic coat-
ings provided by injection moulding are gener-
ally superior.

Non-galvanised headed studs are generally suit-
able for connections in dry interior locations
only. Anchor plates should be painted.

As a rule, cast-in anchor channels are hot-dip
galvanised (coating thickness > 50 pm). When
electrogalvanised bolts are employed, cast-in
anchor channels should be used in dry interiors
only; when hot-dip galvanised bolts are
employed (coating thickness = 40 pm), they
may be used in damp interior conditions as
well.

The corrosion behaviour of stainless steels as
used for anchors has been studied in detail by
several researchers including Bdumel, Kiigler
(1975), Ergang, Rockel (1975), Bock, Kiigler,
Lennartz, Michel (1984), Stichel (1986), Bohni,
Haselmair, Ubeleis (1992), Niirnberger (1995),
Arnold, Giimpel, Heitz, Pscheidl (1997) and
Arnold, Giimpel, Heitz (1998, 1999). These
studies led to the publication of Table 12.2 by
the Deutsches Institut fiir Bautechnik (1998),
which covers stainless steels for use in building
construction in Germany. In the table the equiv-
alent AISI designations are also provided. This
table also provides information on corrosion
protection classes and typical applications.
Class II and III steels are normally designated
as A2 (304) and A4 (316), respectively.
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Table 12.2 Stainless steels approved for use in building construction in Germany and their permissible applications

(after Deutsches Institut fiir Bautechnik (1998))

No. Material AISI Corrosion Typical applications
No. designation protection class
1 1.4003 1/ Low Interiors
2 1.4016
3 1.4301 304 I / Moderate Accessible constructions without significant chloride
4 1.4541 321 or sulphur dioxide loads
5 1.4318
6 1.4567
7 1.4401 316 Il / Medium Inaccessible constructions? with moderate chloride
8 1.4404 316L or sulphur dioxide loads
9 1.4571 316Ti
10 1.4439 317LN
11 1.4539 904L IV / Severe Installations with high corrosion potential due to
12 1.4462 318LN exposure to chlorides or sulphur dioxide (or due to
13 1.4565 chemical concentrations, e.g. as found in seawater
14 1.4529 and road tunnel atmosphere); for indoor pools
15 1.4547 see footnotes?:3)

1) Inaccessible means constructions whose condition cannot be inspected or can only be inspected with difficulty and can only

be repaired, if necessary, at very great expense.

2) Steel with material No. 1.4539 for components in indoor pool atmospheres without regular cleaning of the steel and water

complying with Germany's Drinking Water Statute.

3) Steels with material Nos 1.4565, 1.4529 and 1.4547 for components in indoor pool atmospheres without regular cleaning of

the steel and water rich in chloride salt (e.g. brine water).

Typical stainless steel grades used for anchors
in the U.S. are AISI 304 (1995) and AISI 316
(1995). AISI 303 (1995) (1.4305) stainless steel
is also used, but less commonly. Class I stain-
less steels are not used for anchors in Germany.
Class 1II steels are used only for headed studs
which are welded to anchor plates made from
class III steel. Class III steels are used for the
manufacture of headed studs, anchor plates,
cast-in channel anchors and their associated fit-
tings, as well as anchors. A number of compa-
nies also supply torque-controlled expansion,
undercut, bonded and bonded expansion
anchors in highly corrosion-resistant class IV
steels.

Stainless steels resist corrosion by forming a
protective passivation layer that prevents fur-
ther corrosion attack. If this layer is breached
and cannot repair itself in response to an exter-
nal aggressor, corrosion will occur. In contrast
to the uniform surface corrosion associated with
plain-carbon and low-alloy steels, however,
corrosion of stainless steel is always local (pit-
ting, crevice corrosion) but the rate of deterio-
ration can be very fast. The corrosion products
may not be readily visible. This may render

austenitic stainless steels of class II and class II1
unsuitable for certain applications.

It is primarily chlorides (sea or de-icing salt),
and to a lesser extent sulphur dioxide, which
trigger corrosion of stainless steels. Deposits of
dust have an unfavourable effect. Narrow
spaces, such as the interstitial gaps between
plates, washer, nuts, etc., are particularly at risk
for crevice corrosion.

Owing to the proportion of molybdenum in
class III stainless steel (A4 steel), it is suffi-
ciently resistant in exterior environmental con-
ditions including industrial conditions and
coastal regions (however, not directly in contact
with seawater), and in damp interiors provided
no further aggressive conditions occur. Class II
stainless steel (A2 steel) is only adequate for
less aggressive conditions (Menzel (1985)).

The high concentration of pollutants and the
possibility of dust deposits in road tunnels (par-
ticularly at entrances and exits) render A4 steel
(corrosion resistance class III) inadequate for
tunnel applications (Béhni, Haselmair, Ubeleis
(1992)).
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Stainless steels of classes II and III are particu-
larly at risk of stress corrosion cracking in struc-
tures covering indoor chlorinated pools (Stichel
(1986)). This also applies to their use in seawa-
ter (Bock, Kiigler, Lennartz, Michel (1984)).
Therefore, in some countries these steels are
prohibited for load-bearing elements in such
applications. Stress corrosion cracking in
indoor swimming pools is triggered by acidic,
oxidising condensation containing chloride due
to the chlorination of the water (Stichel (1986)).

Contact with less noble metals (e.g. zinc) can
result in galvanic corrosion of the less nobel
metal. This can be prevented by including non-
conductive, isolating, intermediate layers (plas-
tic washers etc.) or by coating the noble metal.

Although class II steels are suitable for less
aggressive environmental conditions (e.g. rural
atmosphere), it cannot be generally assured that
atmospheric conditions will remain constant for
the lifetime of the anchor. Furthermore the use
of these anchors in more aggressive conditions
or higher temperatures (e.g. behind dark facade
panels) cannot be ruled out (Eggert, Kulessa,
Strassburg (1975)). For this reason, some coun-
tries prohibit the use of class II stainless steels
for anchors, e.g. Germany (Deutsches Institut
fiir Bautechnik (1998)). One exception is
headed studs made from class II steel and
welded to class IIT anchor plates because here
the concrete provides additional protection for
the headed studs.

According to the current regulations in Europe
(European Organisation for Technical Appro-
vals (EOTA) (1997)) anchors made from class

III stainless steel (A4 steel) which are to be used
in the open air (also in industrial conditions and
in coastal regions), in damp interiors or for
anchoring curtain walls are considered as corro-
sion resistant. Alternatively, permanent protec-
tion against corrosion may be provided by a
special coating.

As described above the degree of protection
offered by stainless steels of class III (A4 steels)
is not adequate in certain special applications,
e.g. in seawater, in atmospheres containing
chlorides (e.g. indoor chlorinated pools), in
road tunnels (particularly at entrances and exits)
and in environmental technology applications
(landfill sites, flue gas de-sulphurising plants).
Therefore in Europe anchors made from A4
steel shall not be used for such applications
(European Organisation for Technical Approv-
als (EOTA) (1997)). Class IV stainless steels
are available for such situations. Niirnberger
(1995) recommends the approved steel 1.4565,
which exhibits good corrosion resistance and
adequately high yield stresses, and Bdhni,
Haselmair, Ubeleis (1992) recommend the
approved steel 1.4529. Some anchor types have
been successfully produced with this material
and they fulfil the strict requirements for tunnel
construction in Switzerland. Another alternative
is to provide non-alloyed steel with double cor-
rosion protection (e.g. hot-dip galvanising with
a coating thickness of 70 pym to 100 pm plus a
plastic coating). The advantage of this alterna-
tive is that any corrosion that does occur affects
the entire surface of the bolt (uniform surface
corrosion) and pitting corrosion or stress corro-
sion cracking is avoided.
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13 Influence of fastenings on the capacity of components

in which they are installed

Fastenings make use of the local tensile strength
of the concrete. In a number of cases the con-
crete component also relies directly on that con-
crete tensile capacity. Examples include the
region surrounding reinforcing bar anchorages
and splices, the shear zone of slabs without
shear reinforcement, and the interface of precast
elements with cast-in-place composite toppings
when shear dowels are not used. The introduc-
tion of loads by fastenings into these zones of
tensile stress results in superposition of the ten-
sile stresses caused by the overall structure
response to external loading with those gener-

ated in response to the localized anchor loads.
This can have the net effect of reducing both the
capacity of the fastening and of the component
(Rehm, Eligehausen (1984)). In addition, fas-
teners generate splitting forces (in the form of
hoop stresses) as a result of both anchor pre-
loading and external loading; these must be
resisted by the orthogonal member reinforce-
ment upon the initiation of splitting cracks.

The potential interactions of the fastening and
the concrete component in which the anchor is
installed are outlined schematically in Fig. 13.1.

Fig. 13.1 Superimposition of concrete- and reinforcement tensile stresses due to local load transfer by anchors
with stresses due to structural response (Reuter, Eligehausen (1992))
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The manner in which the superposition of tensile
stresses in the concrete and the onset of concrete
cracking can affect the capacity of the fastener is
addressed in section 4.2.1.3. In the following, the
potential influence of anchor-induced local loads
on the structural performance of a reinforced
concrete member is reviewed.

The possible reduction of the capacity of a flex-
ural reinforced concrete component as a result
of the introduction of anchor-induced loads in
the member tension zone is not explicitly con-
sidered in U.S. or European codes. The German
code DIN 1045-1 (2001) requires appropriate
hanger or tieback reinforcement anchored in the
compression zone where loads are introduced in
the flexural tension side of the member; how-
ever, transmission of the anchor load back into
the compression side of the member by means
of tieback reinforcing is generally not practical
where post-installed anchors are employed.
Provision of such reinforcing in the case of cast-
in anchor channels and embed plates with
welded studs requires additional effort and
attention to detail.

If special tieback reinforcement is not included,
then loads transferred into the tension zone via
fasteners can have a measurable reduction of the
shear capacity of slabs containing no shear rein-
forcement (Lieberum (1986), Lieberum, Rein-
hardt, Walraven (1987), Reuter, Eligehausen
(1992)). This can be explained in that the portion

a=3d
A Fo Fp Fo Fp A
d
Fs Fg Cracktip (F =0.95 Fy)

Cracktip (F = 1.00 Fy)

Fig. 13.2 Crack pattern at failure of a slab without shear
reinforcement; a part of the load was transferred via
anchors into the slab tensile zone (Reuter, Eligehausen
(1992))

of the anchor load that cannot be accommodated
by aggregate interlock across the shear crack or
by dowel action of the flexural tension reinforce-
ment must be transferred to the supports via the
non-cracked concrete beyond the tip of the
longest shear crack (Fig. 13.2). This results in
higher tensile stresses in the vicinity of the crack
tip which in turn initiate shear crack growth at a
lower load than if the loads had been transferred
into the compression zone (e.g., from the top side
of the member).

If the entire member external load is introduced
via fasteners into the tension zone, then the
reduction in shear capacity for a shear span ratio
of a/d = 3 is about 14 % on average, in individ-
ual cases up to about 20 % compared to the
value for a load in the compression zone
(Reuter, Eligehausen (1992)). The ratio of
embedment depth to component thickness does
not seem to have any affect for A,/h < 0.7.

Non-linear FEM analyses by Cervenka, Pukl,
Eligehausen (1990) confirm the experimental
results. The analyses were based on the smeared
crack approach and the crack band method of
Bazant, Oh (1983), using a realistic description
of the material behaviour of concrete. They
indicate that a load introduced into the tensile
zone leads to a deepening and widening of the
characteristic dip in member flexural capacity

150
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Symbol  Load transfer to
Compression zone
50% each compr. and tensile zone
Tensile zone

Fig. 13.3 Bending moment M, at failure of slabs with-
out shear reinforcement as a function of the shear slen-
derness; results of numerical analysis (Cervenka, Pukl,
Eligehausen (1990))
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Fig. 13.4 Load transfer mechanism in a slab without
shear reinforcement; anchor loads are transferred into
the tensile zone at a distance a < 2 - d from the support
(Lieberum, Reinhardt, Walraven (1987))

associated with shear span ratios between 2 and
4 first identified by Kani (1966) (see Fig. 13.3).

If fastenings are positioned near a support, part
of the load is carried directly into the support
while the other part is resisted by strut action,
resulting in additional transverse tensile stresses
in the compression strut (Fig. 13.4). The shear
capacity is correspondingly reduced. Lieberum,
Reinhardt, Walraven (1987) propose a simple
model for calculating the shear failure load
depending on the embedment depth of the
anchor. It applies to shear span ratios 1.5 <a/h <
2.5. Tests on flexural members with shear span
ratio a/h = 1.5 and the proportion of anchor
loads exceeding 40 % of the total member load
indicate a small decrease in the shear capacity of
thick slabs (4 = 470 mm) and an approximately
50 % decrease in the case of thin slabs (h = 160
mm) (Lieberum, Reinhardt, Walraven (1987)).

Transferring a load into the tension zone of a
beam with shear reinforcement has less effect on
the shear capacity — for an identical suspended

a)

b)

load — than in a slab without shear reinforce-
ment. Tests described in Eligehausen, Mesureur,
Okelo (1996) showed no significant reduction of
the shear capacity when the anchor-induced load
remained at or below 30 % of the permissible
shear capacity of the member.

Another critical application common in build-
ing construction is anchorage into floor or roof
structures consisting of precast components act-
ing compositely with a site-cast topping slab. If
the precast and site-cast components are not
connected by adequately sized reinforcement
(e.g. in form of stirrups), failure can occur if the
adhesion strength at the interface is exceeded
(Fig. 13.5). Fig. 13.6 plots the shear stress at the
interface at failure as a function of the shear
span ratio. The evaluated tests are described in
Dardare (1973), Rehm, Eligehausen, Paul
(1980) and Daschner (1986). For the common
case where the slab is loaded from above and
assuming that the interface has been roughened,
the load-carrying capacity of the joint is typi-
cally sufficient to preclude the need for bond
reinforcement between precast and on-site con-
crete. Corresponding design proposals are pro-
vided in Seiler, Kupfer, Manleitner (1989) and
have been incorporated in building authority
approvals for prestressed floor construction in
Germany. If, on the other hand, the load is intro-
duced into the precast concrete from below,
then the load-carrying capacity of the joint is
relatively low owing to the additional tension
across the interface (Fig. 13.6). Therefore, in
composite slab systems of this type constructed
without bond reinforcement, the fasteners

Fig. 13.5 Failure of a reinforced
concrete slab consisting of a pre-
cast concrete girder and cast in-situ
concrete without connecting rein-
forcement (Rehm, Eligehausen, Paul
(1980)

a) Total view, b) Detail
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Fig. 13.6 Shear stress at failure of the joint between
pre-cast and cast in-situ concrete as a function of the
shear slenderness (Rehm, Eligehausen (1984))

should extend into the topping concrete (Seiler,
Kupfer, Manleitner (1989)). A limit on sus-
pended loads of 0.5 kN/m?, corresponding to
lightweight suspended ceilings or similar con-
struction, is recommended by Seiler, Kupfer,
Manleitner (1989) for cases where the anchor-
age terminates in the precast elements. If suffi-
cient bond reinforcement is provided and well
anchored in the compression zone, the compos-
ite member behaves like a beam or slab with
shear reinforcement. In this case the influence
of loads introduced by fastenings on the shear
capacity is the same as described above for
members with shear reinforcement.

Tests were conducted on reinforced concrete
slabs in which all the reinforcing bars were
spliced in the region of constant moment in
order to determine the influence of fasteners on
the capacity of overlap splices (Reuter, Elige-
hausen (1992)). The splices were designed to
produce relatively large tensile stresses in the
concrete (splices of welded wire meshes with
stacked longitudinal bars and splices of 14 mm
reinforcing bars with transverse bars not
encompassing the splice). To force splice fail-
ure, the splice length was limited to about 60 %
of code values. Tension loads of approximately

Fig. 13.7 Failure of an overlap splice of reinforcing bars;
anchor loads transferred into tensile zone (Reuter, Elige-
hausen (1992))
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Fig. 13.8 Steel stresses in reinforcement at failure of
the overlap splices as a function of the embedment depth
of the anchors in the region of the splice; the comparison
tests were performed with loads applied via the com-
pression zone (Reuter, Eligehausen (1992))

30 kN per loading point were introduced in the
region of the splice via expansion and undercut
anchors as well as bonded steel plates. Anchor
embedment depth was varied between 30 mm
and 130 mm. For comparison, tests were also
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conducted in which the load was introduced
only via the compression zone. As intended, a
splice failure occurred in every case (Fig. 13.7).
Nevertheless, no reduction in the capacity of the
splice was noted in tests with the load intro-
duced via the tension side anchors as measured
against the control tests (Fig. 13.8), despite the
fact that embedments having /,, < 40 mm were
transferring tensile loads across the crack plane
and the average tensile stress introduced by the
anchors was approximately 10 % of the con-
crete tensile capacity. This result, while unex-
pected, may in fact be attributable to redistribu-
tion of localized concrete tensile stress peaks
via micro-cracking (Reuter, Eligehausen (1992)).

Lieberum (1986) and Lotze (1989/2) investi-
gated how splitting forces or loads introduced
via anchorages affect the serviceability and

flexural capacity of a reinforced concrete mem-
ber. They found that serviceability and flexural
capacity are not affected by anchorages in the
flexural tension zone provided: (a) the rein-
forcement is adequate to resist the attendant
splitting forces, (b) the tension load per anchor-
age point does not exceed 30 kN and c) the rein-
forcement is proportioned in accordance with
the code and is concentrated in both directions
in the anchorage region.

The area of the transverse distribution bars
should be at least 60% of the area of the main
(longitudinal) bars required to carry the anchor
loads. Tension loads exceeding 30 kN generally
require additional reinforcement to accommo-
date the increased splitting forces. The magni-
tude of the splitting forces is given in section
4.1.1.6¢.
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14 Design of fastenings

14.1 General

The design of fastenings is becoming increas-
ingly important for both design professionals
and the construction community. Post-installed
mechanical anchors on the market today offer
the potential to routinely transfer loads of re-
latively large magnitude into concrete (e.g.
an M20 single point fastening can develop
upwards of 100 kN safe working load in ten-
sion). With the potential for deeper embed-
ments, bonded anchors can develop even
greater capacities. For loads of this scale it is
clear that more rigorous analysis is required.
Additionally, recent emphasis on the perfor-
mance of building components under adverse
loading conditions (seismic, wind) has focused
increased attention on the anchorage problem.
Conversely, the structural engineer has a duty to
the building owner to design economically in
the sense of using design methods which permit
the best possible utilisation of the anchors.

Optimum utilisation of anchors is only possible
if the design explicitly considers not only the
direction of load (tension, shear, combined
tension and shear) but the modes of failure as
well. In 1995 the Comité Euro-International du
Béton (CEB) published a new analysis method
for anchors which fulfils these requirements
(Comité Euro-International du Béton (1995)).
The design concept, designated as the CC-
Method, or Concrete Capacity-Method (in
the U.S. it is known as the Concrete Capacity
Design or CCD-Method) is based on the re-
search findings described in chapter 4. It
applies to cast-in-place headed anchors without
or with supplementary reinforcement and to
post-installed expansion and undercut anchors.
That part of the method dealing with post-
installed expansion and undercut anchors was
finalised by the CEB Working Group in 1992,

and was endorsed by the German Building
Technology Institute in 1993 (Deutsches Insti-
tut fiir Bautechnik (1993)). In 1997 the CC-
Method was adopted in toto by the European
Organisation for Technical Approvals (EOTA)
(European Organisation for Technical Ap-
provals (1997)). Subsequently the American
Concrete Institute published a method for the
design of fastenings with headed and post-
installed anchors to concrete in Appendix D
of ACI 318-05 (American Concrete Institute
(2005)) which is based on the Concrete Capac-
ity-Method. A similar set of design provisions
adapted for the use in the design of nuclear
power plants was also published as Appendix B
of ACI 349-01 (American Concrete Institute
(2001/1)). Currently a Working Group of
the European Committee for Standardisation
(CEN) is finishing a Technical Specification
(pre-standard) for the design of fastenings for
use in concrete (European Committee for Stan-
dardisation (2004)). The Technical Specifica-
tion covers fastenings with headed fasteners,
anchor channels and post-installed fasteners
(expansion, undercut and bonded anchors).

A safe anchorage requires not only detailed
planning and design but also anchor systems
that function reliably under job-site conditions.
In Europe this is verified by the building author-
ity approval procedure. In other countries, job-
site inspection and proof-loading supplement
the approval process. In order to ensure consis-
tent product quality, robust quality control mea-
sures are necessary. For products approved by
the building authority, this typically includes
manufacturer quality audits as well as third-
party inspections. Finally, it is essential that the
installation of anchors on-site proceeds accord-
ing to the manufacturer’s instructions. This
cooperation between manufacturer, user, plan-
ner and installer, is illustrated in Fig. 14.1.
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’ Safe and reliable fastening ‘
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Reliable fastening
products

Product approval
Quality control

n i}
i | o

Fig. 14.1 Co-operation between manufacturer, user
and installer to ensure safe fastenings

The provisions described in sections 14.3 to
14.5 are intended for fastenings for use in struc-
tural and non-structural applications in which
failure will result in collapse or partial collapse
of the structure or cause risk to human life or
lead to significant economic loss. If seismic
resistance is a factor in the design, sections
14.4.11 and 14.5 apply. The fire resistance is
dealt with in section 14.4.13.

14.2 Verifying the suitability of an anchor
system

Fundamentally, anchors should be designed in
such a way that they are resistant and durable
under service loads and provide an adequate
margin of safety against failure. The occurrence
of gross installation errors should be mitigated
by making the anchors as simple as possible to
install and by training of the installer. Reduc-
tions in the load-carrying capacity of the
anchorage due to unavoidable installation inac-
curacies should be kept within permissible
bounds. The anchor system should not be
overly sensitive to site conditions since even
comprehensive inspection measures cannot
compensate for inadequate system reliability
(Bauer (1980)). Appropriate installation con-
trols are generally indispensable — depending
on the system — as a means of offsetting the
potential for human error on the job site. Proper
instruction and training of installers and users is
likewise essential.

Given the large variety of anchor systems avail-
able on the market today, design professionals
may find it difficult to independently assess and
select the appropriate anchor for a specific
application. In the European Union, United
States and other countries, approval processes
exist to provide an independent assessment.
Approvals are based on tests intended to verify
the suitability of a system and to determine the
admissible conditions of use.

Suitability tests are designed to verify the
proper functioning of the anchor under un-
favourable application conditions. These tests
are generally conducted in concrete with a
strength at the lower and upper end of the usual
field of application, and may include tests in
cracked concrete as well as in non-cracked con-
crete specimens depending on the intended use
of the anchor. The effects of installation vari-
ances are checked in detail, insofar as they are
relevant. Factors investigated may include drill
bit tolerance extremes, varying techniques and
effort applied to cleaning the drilled hole, vari-
ations in the degree of anchor expansion, prox-
imity of the anchor to reinforcing bars, and vari-
ations in the moisture content and temperature
of the concrete. The tests may account for the
influence of sustained and repetitive loads act-
ing on the anchorage itself as well as on the
component in which the anchor is placed. Lim-
ited reductions in the failure load or an increase
in the relative anchor displacement associated
with suitability tests are acceptable given the
relative infrequency of the conditions investi-
gated, i.e., the overall probability of failure
remains approximately the same under all con-
ditions. In any case, the functional characteris-
tics of the anchor must be unimpaired (e.g.
torque-controlled expansion anchors must be
able to develop proper follow-up expansion) in
the suitability tests.

Suitability tests take into account circumstances
which may occur while installing the anchor
and during its service life. Gross installation
errors are not covered by these tests. Gross
installation errors may include:

— Using a drill bit of incorrect diameter (e.g.
+1 mm) or a non-approved drill bit.

— Using a non-approved drilling system, e.g.
for undercut anchors.
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— Using the wrong setting tools.

— Omitting the specified hole cleaning.

— Installing a pre-positioned anchor such that
the sleeve projects above the concrete sur-
face and prevents clamping of the compo-
nent against the surface of the concrete.

— Using the hammer-only setting on a hammer
drill to install an anchor that requires both
rotation and hammering action, such as a
capsule type bonded anchors or self-under-
cutting undercut anchors.

— Installing the anchor with less than specified
embedment depth.

Gross installation errors can be mitigated
through proper training of installers and diligent
job-site inspection.

Design parameters which are product-specific
and therefore cannot be established theoreti-
cally are determined via admissible service con-
dition tests. These parameters include charac-
teristic pull-out resistance, minimum spacing
and edge distances as well as characteristic
spacing and edge distances as required to pre-
clude splitting of the concrete.

In Germany, a variety of provisions for the test-
ing and assessment of anchors have been devel-
oped. Many of these provisions have been
incorporated into the European approval guide-
lines of the EOTA (European Organisation for
Technical Approvals (1997, 1998, 2002, 2003))
and Common Understanding Assessment Pro-
cedures (CUAP) (Deutsches Institut fiir Bau-
technik (2003/1, 2003/2)), which are the basis
for issuing European Technical Approvals
(ETA) for expansion anchors, undercut anchors,
bonded anchors, torque-controlled bonded an-
chors and concrete screws as well as cast-in-
place headed anchors.

In applications where statically indeterminate
structures like lightweight suspended ceilings,
pipes, railings and lightweight facades are fas-
tened to concrete, the failure of one anchor will
not lead to the collapse of the fastened structure
but rather to a new state of equilibrium due to
redistribution of the load among neighbouring
anchor points, provided that the fastened struc-
ture is sufficiently strong. For these applications
EOTA has drawn up an approval guideline for
metal anchors for multiple use for non-struc-

tural applications (European Organisation for
Technical Approvals (2002)). In addition, Euro-
pean approval guidelines for plastic anchors in
concrete are also in preparation.

Recently, the American Concrete Institute has
published guidelines for testing and assessing
metal expansion and undercut anchors for
applications in cracked and non-cracked con-
crete (American Concrete Institute (2001)).
These guidelines are based in large part on the
EOTA provisions (European Organisation for
Technical Approvals (1997 and 1998)).

14.3 Design of fastenings with post-
installed metal expansion, undercut
and bonded expansion anchors
according to the EOTA Guideline

14.3.1 General

The European Organisation for Technical
Approvals (1997) describes in Appendix C a
design approach for anchors using the CC-
Method which is based on the concept of partial
safety factors. The method applies to fastenings
in concrete using anchors approved by a Euro-
pean Technical Approval (ETA) in accordance
with European Organisation for Technical Ap-
provals. The characteristic anchor parameters
required for calculating the resistance must be
obtained from the respective approval document.

Three different methods of design are described
in Appendix C. In method A the characteristic
resistances depend on the direction of loading
and take into account all conceivable failure
modes. In method B one characteristic resis-
tance is taken which is independent of the load-
ing direction and the influence of reduced spac-
ings and edge distances is allowed for by way of
reduction factors. In method C one characteris-
tic resistance is specified. This applies to all
loading directions and predefined minimum
spacings and edge distances which must be
adhered to. The respective approval document
specifies which design method may be used.
In the following only the design method A is
explained.

Anchors made from galvanised steel (coating
thickness > 5 pm) may only be used for compo-
nents in dry interior conditions, e.g. in housing,
offices, schools, hospitals, shops. Anchors made
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from stainless steel of corrosion protection class
IIT (A4 steel, AISI 316 (1995) grade 316) may
also be used in damp interior conditions and in
the open air, also in industrial conditions and in
coastal regions (but not directly in contact with
seawater). However, these anchors may not be
used in atmospheres containing chlorine, e.g. in
conjunction with chlorinated water in indoor
pools, road tunnels or in environmental technol-
ogy applications (e.g. landfill sites, flue gas de-
sulphurising plants — see section 12). For these
applications European Technical Approvals for
torque-controlled expansion, undercut and
torque-controlled bonded anchors suitable for
cracked and non-cracked concrete and made
from steel of corrosion protection class IV have
been issued.

14.3.2 Scope

Fig. 14.2 depicts the anchorage types included
in the design guideline of the EOTA. Fastenings
remote from an edge may employ a single
anchor or groups of up to six anchors, whereby
an anchorage is assumed to be remote from
edges when the edge distance is ¢ 2 104, in
all directions. This edge distance is assumed
to preclude concrete edge failure under shear
loading. Near an edge (c < 10h,), only single
anchors or groups of two or four anchors may
be considered. This restriction is deemed neces-
sary because at smaller edge distances failure of

Anchor plate
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Fastening located far from any edges (¢ 210 hy,)

o o ® C2<10 hef
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¢ 4<10 hy Jc <10 hy

Fastening located close to an edge (c < 10 h)

Fig. 14.2 Fastenings covered by the EOTA Guideline

the edge is usually critical under shear loads and
deformations at ultimate load are small. Fur-
thermore, given the likelihood of unequal toler-
ances between the anchors and the baseplate in
a group anchorage, the distribution of a shear
load to the individual anchors in configurations
consisting of three or six anchors is more diffi-
cult to predict.

The concrete member shall be of normal-weight
concrete of strength classes C 20/25 to C 50/60
according to EN 206-1:2001-07 (2001) and
shall be subjected to predominantly static loads.
The design methods apply to anchors subjected
to static or quasi static loading and not to
anchors subjected to fatigue, impact or seismic
loading or loaded in compression.

The concrete in the region of the anchorage may
be cracked or non-cracked. In each case the
condition of the concrete shall be decided by the
designer on the basis of national regulations. In
the absence of national regulations the follow-
ing approach may be taken. Non-cracked con-
crete may be considered if it is verified that
under service conditions the anchor with its
entire embedment depth is located in non-
cracked concrete. This can be assumed if equa-
tion (14.1) is satisfied.

0, + 0, <0 (14.1)

where:

0, = stress in concrete caused by external
loads, including anchor-induced loads

Oy = stress in concrete caused by restraint of
internal deformations (e.g. shrinkage of
the concrete) or of external deformations
(e.g. displacement at the supports, tem-
perature fluctuations). If no detailed ana-
lysis is conducted, then o, = 3 N/mm?
should be assumed

Stresses 0, and oy should be calculated assum-
ing that the concrete is non-cracked. In the case
of planar components which carry loads in two
directions (e.g. slabs, walls), equation (14.1)
should be checked for both directions.

The use of oy in equation (14.1) is intended to
guarantee that the probability of cracks forming
in the concrete is very low even when deforma-
tions are unintentionally restrained. The value
of 6, = 3 N/mm? is used in Eurocode 2: ENV
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1992-1-1:1991 (1991) when calculating the
minimum reinforcement required to limit crack
widths at the serviceability limit state in rein-
forced concrete components. This value may
only be reduced if the tensile restraint stresses
can be shown to be less than 3 N/mm?.

The above definition of non-cracked concrete
agrees with that given in DIN 1045 (1988) and
Eurocode 2: ENV 1992-1-1:1991 (1991).

14.3.3 Design concept

As in modern codes (e.g. Eurocode 2: EN 1992-
1-1 (2003), Eurocode 3: EN 1993-1-1 (2002))
the safety concept of partial safety factors is
used for better handling uncertainties associated
with both actions and resistance. According to
this concept it shall be shown that the value of
the design actions S, does not exceed the value
of the design resistance R, (equation (14.2)).

S,<R, (14.2)

In the absence of national regulations the design
actions in the ultimate limit state or serviceabil-
ity limit state should be calculated according to
Eurocode 1: EN 1990:2002 (2002).

The design resistance is calculated as follows:

R,=R,/ vy (14.3)

where:

R, = characteristic value (5%-fractile) of
resistance

Y, = partial safety factor for material strength

Partial safety factors for the ultimate and ser-
viceability limit states are established indepen-
dently.

14.3.3.1 Analysis for the ultimate limit
state

The actions on the fastenings are determined
according to the same rules and using the same
partial safety factors employed in reinforced
concrete design (see Eurocode 1: EN 1990:
2002 (2002)). For the simplest case (dead and
one live load acting in the same direction), the
design values for load-effects (actions) are to be
calculated using equation (14.4):

Si=Y G+ 7% O (14.4)

where:
G, = characteristic dead load at serviceability
limit state
Q, = characteristic live (variable) load at ser-
viceability limit state
Y; = partial safety factor for dead loads
= 1.35
Yo = partial safety factor for live (variable)
loads
=15

If the dead load and the live load act in different
directions, then the following analyses is
required:

S,=135-G,+1.50-Q, (14.52)
S,=1.00-G,+1.50-Q, (14.5b)
S,=135-G, (14.5¢)

If several live loads act together, then the design
values of the actions are to be determined accord-
ing to Eurocode 1: EN 1990:2002 (2002).

If the anchorage provides deformation restraint
for the fastened member or component (e.g. as
in the case of temperature loads), then the
resulting load effects Q,,, acting on the anchor-
age, multiplied by the safety factor v, are to be
added into equations (14.4) and (14.5). How-
ever, Eurocode 2: EN 1992-1-1 (2003) does not
specify a figure for y,,, Comité Euro-Interna-
tional du Béton (1995) proposes the value
Yua = 1.3 for the design of anchorages when
failure of the concrete is critical for the charac-
teristic resistance. If failure of the steel is criti-
cal, then 7, , may be taken as zero because inter-
nal restraint forces are assumed to be alleviated
through ductile steel deformations.

Partial safety factors for material strength
depend on the mode of failure.

The partial safety factors for concrete cone fail-
ure (%), splitting failure (%,,,) and pull-out
failure (7,,) are given in the relevant ETA. They
are valid only if after installation the actual
dimensions of the effective anchorage depth,
spacing and edge distance are not less than
the design values (only positive tolerances
allowed).
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The partial safety factor ¥, is determined from:

Yue=% "N""% (14.6)

where:

Y. = partial safety factor for concrete under
compression = 1.5

Y; = partial safety factor for taking account of
the scatter of the tensile strength of site
concrete

= 1.2 for concrete produced and cured with

normal care

Y, = partial safety factor taking account of the
installation safety of an anchor system

For tension loading the partial safety factor 9, is
evaluated from the results of the installation
safety tests which are carried out during the
approval process. It amounts to:

%, = 1.0 for systems with high installation
safety

1.2 for systems with normal installation
safety

1.4 for systems with low but still accep-
table installation safety

For shear loading the installation partial safety
factor is taken as 7y, = 1.0, because it depends
mainly on the accuracy of the anchor placement
and only positive tolerances are allowed for
spacing and edge distances.

For the partial safety factors 7,,, and y,, the
value for 7,,. may be taken.

The above figures for ¥, - 7, were derived from
Gollwitzer, Abdo, Rackwitz (1989) and Berg-
meister (1989). In deriving the safety factor .,
a reliability index 8 = 4.7 was assumed.

In the European Organisation for Technical
Approvals (EOTA) (2004) it is recommended to
set the factor that takes into account of the scat-
ter of the tensile strength of site concrete ¥,
equal 1.0 since in Eurocode 2: EN 1992-1-1
(2003) the same partial safety factor is used for
concrete loaded in compression or in tension.

The partial safety factors 7, for steel failure are
given in the relevant ETA. They are determined
as follows:

Tension loading:

1.2
= >14 (14.7a)
Yus =7 Tt

Shear loading of the anchor with and without
lever arm:

Yass = ﬁ 2125 for
Jue < 800 N/mm? and f,,/f,, < 0.8 (14.7b)
Yus = 1.5 for
fu > 800 N/mm? or f,,/f,, > 0.8 (14.7¢)

The above safety factors for tension and shear
on the thread apply to rolled threads. It is rec-
ommended to increase these by the factor
1/0.85 = 1.18 for cut threads.

The above partial safety factors 7y, were
derived from Eurocode 3: EN 1993-1-1 (2002).
In the design method for anchors the character-
istic resistance for steel failure under tension
and shear with or without lever arm is calcu-
lated using the tensile strength of the steel.
Therefore, introducing the quotient f,,/f,, into
equations (14.7a) to (14.7c) assures that the
yield stress of the material is not exceeded
under the design action S,,.

In Europe safety issues are under the responsi-
bility of the building authorities of the member
states. Therefore they may adjust the partial
safety factors given above to their specific con-
ditions. However, the value of 9, given in the
European Technical Approval may not be
changed because it describes a characteristic of
the anchor. To the knowledge of the authors no
such adjustments have been done up to now.

14.3.3.2 Analysis for the serviceability limit
state

In the serviceability limit state it shall be shown
that the displacement occurring under the char-
acteristic actions is not larger than the admissi-
ble displacement. The characteristic displace-
ments are given in the European Technical
Approval as a function of the magnitude and
direction of the applied load. The admissible
displacement depends on the application in
question and should be specified by the design
professional. In doing so, the function(s) of the
fixed component and any redistribution of inter-
nal forces in the anchored component should be
taken into account.
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In this check the partial safety factors on actions
and on resistance may be assumed to be equal to
1.0.

14.3.4 Forces on anchors

The European Technical Approvals require that
anchorages be planned and designed according
to engineering principles and that verifiable cal-
culations and construction documents be pro-
duced. Additional stresses which could occur in
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the anchorage, in the adjoining component or in
the base material as a result of restraint of defor-
mations (e.g. due to changes of temperature)
must be taken into account when determining
the load effects acting on the anchorage. This is
particularly important when designing anchor-
ages for facades.

Through the design the local transfer of force
into the base material is verified. Crack widths
according to Eurocode 2: EN 1992-1-1 (2003)

9
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c) eccentricity in two directions, only a part of the anchors of the group are loaded by a tension force

@ tensioned anchors
& centre of gravity of tensioned anchors
x location of resulting tension force

Fig. 14.3 Examples for fastenings subjected to an eccentric tensile force N,
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are presumed in the case of anchorages in
cracked concrete. The transmission of the
forces on the anchorage within the structure
(e.g. to supports, columns or foundations) must
be verified in each individual case using the
standard analyses. In the case of small loads on
the anchorage this is usually achieved by adding
a surcharge to a uniformly distributed load.
Larger loads are to be treated as point loads.

The forces in the anchor at the surface of the
concrete are to be calculated from the forces
and moments (bending and torsion) acting on
the fixture assuming a linear material behaviour
for the concrete and the anchor (elastic theory)
(see section 3.7.1, Fig. 3.40). In doing so, when
determining the distribution of tension loads
over the anchors of a group, the following
assumptions are made:

e The fixture remains plane under the action of
the load-effects. To guarantee this, the fix-
ture must be sufficiently stiff and — except in
the case of stand-off installations — must be
in contact with the concrete or grout level-
ling bed over its full surface. Assuming a fix-
ture which remains plane corresponds to the
Bernoulli hypothesis in reinforced concrete,
which states that the cross-section remains
plane.

e All the anchors of a group have the same
stiffness. This is given by the steel cross-sec-
tion of the anchor and the modulus of elas-
ticity of the steel. As a simplification, the
steel cross-section can be taken as the
stressed cross-section of the connecting
thread and the modulus of elasticity as E, =
210 000 N/mm?. The modulus of elasticity of
the concrete may be taken from Eurocode 2:
EN 1992-1-1 (2003). As a simplification it
may be assumed as E, = 30 000 N/mm?.

e The anchors do not act in tension or com-
pression in the compressed zone below the
fixture.

If in special cases the fixture is not sufficiently
stiff, then the flexibility of the fixture should be
taken into account when calculating forces on
anchors.

In the case of anchor groups with different lev-
els of tension forces Ny on the individual
anchors of the group the eccentricity e, of the

resulting tension force may be calculated to
enable a more accurate assessment of the
anchor group resistance. Examples for calculat-
ing the eccentricity are shown in Fig. 14.3. If
the tensioned anchors do not form a rectangular
pattern (Fig. 14.3c), for reasons of simplicity,
the group of tensioned anchors may be resolved
into a group rectangular in shape. In this case
the centre of gravity of the tensioned anchors
may be assumed in the centre of the axis.

G— Qe
osv— Ou—i—

b) c)

Fig. 14.4 Examples of load distribution when all
fasteners take up shear loads

When calculating the distribution of shear loads
or torsion moments over the anchors of a group,
it is generally assumed that all anchors con-
tribute to carrying the shear (Fig. 14.4). In Fig.
14.4 V_ and M are the shear loads and torsion
moments respectively which act in the service-
ability limit state. However, only the most criti-
cal anchors are assumed to take shear loads if
the hole clearance is larger than the values
given in Table 3.2. Examples are shown in Fig.
14.6. Furthermore in the case of anchorages
near an edge (edge distance in at least one direc-
tion ¢ < 10h,) is it assumed that only the an-
chors nearest to the edge carry the shear. Exam-
ples are given in Fig. 14.5. It can be useful to
provide slotted holes for anchors near the edge
of a component so that only the anchors remote
from the edge carry the shear (Fig. 14.7).

According to the above provision in case of fas-
tenings close to an edge (¢ <10h,) only the
anchors nearest the edge may be taken into
account when verifying the resistance against
concrete edge, pry-out and steel failure. As
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a)

Fig. 14.5 Examples of load distribution for fasteners cl

N

a) b)

|

Fig. 14.6 Examples of load distribution if the hole clear-
ance is larger than the value according to Table 3.2

Fig. 14.7 Examples of load distribution for a fastening
with slotted holes

explained in section 4.1.2.4 this rule is a sim-
plification of the real behaviour when checking
for concrete edge failure. However, according
to the opinion of the authors this rule is too con-
servative in case of pry-out and steel failure,
because for these failure modes the displace-
ments at failure are much larger than the play in
the hole and therefore all anchors contribute to
carrying the shear.

If the diameter of the holes in the fixture is
greater than the values in Table 3.2, then — as
shown in Fig. 14.6 — only half of the anchors are

c)

ose to an edge

assumed to carry the load. This is correct when
the gap between the anchor and the hole is
greater than the displacement at failure of the
anchors carrying the load. With a smaller gap,
however, this approach is unduly conservative.
Furthermore with a group of six anchors it is not
self-evident which anchors will be critical from a
loading standpoint. In the opinion of the authors,
where oversized clearance holes in the fixture are
used, it should be assumed that a/l anchors in the
group share the load, but that the shear load gives
rise to bending in the anchors and thus a reduc-
tion in their design resistance. Such an assump-
tion is relatively easy to implement and suffi-
ciently conservative for most cases.

In the case of anchor groups with different lev-
els of shear forces V; acting on the individual
anchors of the group the eccentricity e, of the
force of the group may be calculated to enable
a more accurate assessment of the anchor group
resistance. An example is shown in Fig. 14.8.

g
S ~— Vg=Vg

Cq

1

D centre of gravity of the anchors

X point of resulting shear force of sheared anchors

Fig. 14.8 Example of a fastening subjected to an
eccentric shear load
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Metal

NP

d. ,see table 3.2

d. , = allowable clearance hole diameter

Pre-positioned installation

Shear loads acting on the anchors may be
assumed to act without lever arm if both of the
following conditions are satisfied:

e The fixture is made of metal and is tightened
against the concrete without any interme-
diate layer or with a grout levelling layer
< 3 mm thick in the vicinity of the anchor.

e The fixture shall be in contact with the
anchor over its entire thickness (see Fig.
14.9).

If one of the above conditions is not satisfied,
then the design is based on a shear load with
lever arm. Here, the lever arm / between shear
load and theoretical point of fixation is given by
equation (14.8) (see Fig. 4.65):

I=a;+e, (14.8)
where:
e, = distance between shear load and surface

of concrete
a = 0.5d (Fig. 4.65a)
= 0 when a washer and nut are clamped
directly against the surface of the con-
crete (Fig. 4.65b)
d = nominal diameter of anchor stud or dia-
meter of thread

The design moment acting on the anchor is cal-
culated using equation (14.9):

l
Mg, =V, W

(14.9)

In-place installation

Fig. 14.9 Examples of fasteners with hole clearance

The value ¢, depends on the degree of restraint
of the anchor on the fixture side (Fig. 4.67) and
should be assessed according to engineering
principles. An anchor not restrained by the fix-
ture (oy, = 1.0) is to be assumed when the fixture
is free to rotate (Fig. 4.67a). Full restraint
(04, =2.0) may only be assumed when the fixture
cannot rotate (Fig. 4.67b) and the clearance hole
in the fixture complies with Table 3.2 or the
anchor is clamped firmly against the fixture with
nuts and washers on both sides (Fig. 4.65b). If
we assume that the anchor is restrained in the fix-
ture, then the fixture must be in a position to
accommodate the fixing moment.

14.3.5 Characteristic resistances

In design method A, equation (14.2) has to be sat-
isfied for all types of loading (tension, shear on
anchors with or without lever arm, combined ten-
sion and shear) and all failure modes (steel, pull-
out/pull-through, concrete cone, splitting, pry-
out and concrete edge failure). Combined tension
and shear requires an interaction equation to be
satisfied. The mode of failure with the lowest
ratio of design actions S, and design resistance R,
governs the design. This design method fully
exploits the abilities of an anchorage but the
analyses required are rather time-consuming.
Therefore, some manufacturers offer computer
programs for the design of anchorages.

The design method only applies when the dis-
tance between individual anchors and the outer-



14.3 Design of fastenings with post-installed metal expansion 275

most anchors of groups of anchors or the clear
distance between groups of anchors is a > s,
(tension) or a > 3¢, (shear acting on anchors
near an edge).

The minimum spacing and edge distances as
well as minimum component thickness given
in the corresponding European Technical
Approval must be maintained.

The equations for calculating the characteristic
resistances (5%-fractiles) for the individual
loading directions and failure modes are out-
lined below.

The characteristic resistances specified in the
following are valid for anchorages in cracked
concrete. They may be used in any part of a
structure without further verification. In con-
trast, the higher characteristic resistances for
anchorages in non-cracked concrete may only
be exploited when in each individual case it is
verified with equation (14.1) that the anchorage
lies in non-cracked concrete.

If the characteristic resistance for concrete cone
failure is smaller than the value for steel failure,
then the anchorage fails by way of a brittle con-
crete failure. This type of failure is acceptable in
many cases. However, if ductile behaviour of
the anchorage is called for, then anchors with
adequate ductility should be used and equations
(14.76), (14.77), (14.79) and (14.80) should be
satisfied. This equation guarantees that rupture
of the steel governs the failure of the anchorage.

14.3.5.1 Tension resistances

The checks required for single anchors and
anchor groups are shown in Table 14.1. Here,
N¢{, is the tension design value acting on the
most highly loaded anchor in a group, and N%, is
the resultant tension design value acting on the
anchors in a group which are in tension.

Table 14.1 Design checks required for tension loads

a) Steel failure

The characteristic resistance N, . of an anchor
in the case of steel failure is given in the rele-
vant European Technical Approval. It is ob-
tained from equation (14.10).

Nies = A~ fu (14.10)

The most highly loaded anchor in a group sub-
jected to an eccentric tension load is to be
checked using equation (14.2) (see Table 14.1).

b) Pull-out/pull-through failure

The characteristic resistance Ng, , of an anchor
for a pull-out/pull-through failure depends on
the design of the anchor and is derived from the
results of approval tests. It is specified in the
respective European Technical Approval.

The most highly loaded anchor in a group sub-
jected to an eccentric tension load is to be
checked using equation (14.2) (see Table 14.1).

¢) Concrete cone failure

The CC-Method (see section 4.1.1.3) is used to
calculate the characteristic resistance N, . of a
single tensioned anchor or a group of tensioned
anchors for concrete cone failure. It is:

A
0 4
NRk,(‘ =NRk,z" ON 'l//.v,N 'll/re,N 'v/ez‘,N V/ULIN(1411)
AL‘.N
The various factors in equation (14.11) are

explained below.

The initial value of the characteristic resistance
of an anchor with large spacing and edge distance
in cracked concrete is given by equation (14.11a):

ngk,c =72 f;‘k,zruhe : hifs [N] (141 1 a)

where:

f.tcupe = nominal concrete compression
strength measured on cubes with a
side length of 150 mm [N/mm?]

hef = effective embedment depth [mm)]

Single anchor

Anchor group

Steel failure

Nsg < Negs = News / s

N5y < Negs = Nes / Tas

Pull-out/Pull-through failure

NSd < NRd,p = NRk,p / 7Mp

NhSd = NRd,p = NRk,p / Mip

Concrete cone failure

Nog < Nege = Naoe / e

NEgy < Npge = Newe / Tire

Splitting failure

NSd < NRd,sp = NRk,sp / Yusp

Nng < NRd,sp = NRk,sp / Yusp
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Equation (14.11a) specifies the 5% fractile of
the test results in cracked concrete. It is derived
from equation (4.5b) with k = 13.5 [N%3/mm®-]
taking into account the following aspects. Equa-
tion (4.5b) gives the average failure load in non-
cracked concrete. The 5%-fractile is taken as
0.75 times the average value and the failure load
in cracked concrete as 0.7 times the value in non-
cracked concrete (see section 4.2.1.3). Further-
more the influence of the different definitions of
the concrete compression strength in equations
(4.5b) and (14.11a) (cubes with a side length of
200 mm or 150 mm respectively) and the cur-
ing conditions according to EN 206-1:2001-07
(2001) are considered. In equation (14.11a) the
characteristic compression strength is used
instead of the mean strength because the concrete
may exhibit a lower strength locally in the region
of the anchorage (Lewandowski (1969)).

The geometrical influence of spacings and edge
distances on the characteristic resistance is
taken into account by the ratio A, / A? ;. Here,
A? , is the idealised area of the concrete cone of
a single anchor with large spacing and edge dis-
tance at the surface of the concrete. It is ide-
alised as a pyramid of height /. and base length
Sery = 3hy (Fig. 4.14). A is the idealised area
of the concrete cone of the anchorage at the
concrete surface. It is curtailed through the
overlaps with the individual concrete cones of
neighbouring anchorages (s <.,y = 3h,,) as well
as the edges of the component (¢ < ¢,y = 1.5h,)).
Figs 4.16 and 4.26 illustrate examples of the
calculation of A .

The factor y, y takes into account the fact that
the edges of the component disrupt the rotation-
ally symmetric stress condition in the concrete
valid for large edge distances. If more than one
edge is involved (e.g. anchorage in a corner or
in a narrow component), then the smallest edge
distance c is to be used in equation (14.11b):

C

v, ,=07+03- <1 (14.11b)
' CL'r,N

where:

Coy = 1.5hpf

The surface spalling factor vy, \ takes account
of the negative influence of reinforcement in the
area of the concrete cone (see sections 4.1.1.3f
and 4.2.1.3).

h,;
- o < (14.11¢)
V.,.n =05+ 200 <1

where:
h, = embedment depth [mm]

If in the area of the anchorage there is a rein-
forcement with a spacing = 150 mm (any diam-
eter of rebar) or with a rebar diameter < 10 mm
and a spacing = 100 mm then a surface spalling
factor ¥, y = 1.0 may be applied regardless of
the embedment depth. This is because the ten-
sile stresses in the concrete caused by the rein-
forcement are negligible compared to those due
to the anchorage.

The factor v,y takes account of a group effect
when different tension forces are acting on the
individual anchors of the group.

1
I 14.11d
I//(‘L'.N 1+2- eN /S(-r,N = ( )

where:

ey = eccentricity of the resultant tensile force
acting on the tensioned anchors related to
their geometrical centre of gravity S (see
Fig. 14.3)

Sy = 3- hef'

Where there is an eccentricity in two directions
(see Fig. 14.3¢), Y,y is to be determined sepa-
rately for each direction and the product of both
factors used in equation (14.11).

Factor v,y takes into account the influence of
the position of an anchorage in cracked or non-
cracked concrete:

V,..v = 1.0 for anchorages in cracked

concrete (14.11e,)

V,..v = 1.4 for anchorages in non-cracked
concrete (14.11e,)

The coefficient y, .,y = 1.4 for non-cracked con-
crete is calculated from v, .., = 1/y,, = 1/0.7.

In the case of anchorages near three or more
edges, where the edge distance c,,,, < 1.5 - I,
(¢, = largest edge distance), the calculation
with equation (14.11) leads to results which are
conservative (see section 4.1.1.3g). More accu-
rate results are achieved when

K= Cpll.5 (14.11f)
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is used for A, in equation (14.11a) and

S(/‘.N =2 Cmax

(14.11g)
(14.11h)

are substituted for s,y and c_, respectively
when determining A%, and A, according to
Figs. 4.14, 4.16 and 4 26 as well as in equations
(14.11b) and (14.11d). Fig. 4.39 shows one
example of the application of such modified
values. Note that equation (14.11f) does not
consider the influence of the spacing of the
anchors on /%, This influence is taken into
account by the approach given in section
14.4.6.2.1c, equation (14.31).

sc‘r, N=C€

max

d) Splitting failure

Splitting of the concrete during installation of
the anchor is prevented by adhering to the min-
imum spacing and minimum edge distance as
well as minimum component thickness pre-
scribed in the corresponding European Techni-
cal Approval.

Verification of the failure mode splitting of the
concrete due to loading the anchor may be
neglected when one of following two condi-
tions is complied with:

o The edge distance in all directions is ¢ = 1.5 -
Cursp and the component thickness is 72 2 -
hp "The characteristic edge distance for split-
ting c,,,, is evaluated from the results of
approval tests and is given in the corre-
sponding European Technical Approval.

e The characteristic resistances for concrete
cone and pull-out failure are calculated for
cracked concrete and reinforcement is pre-
sent which can accommodate the character-
istic splitting forces and can limit crack
widths to w, = 0.3 mm. The following values
can be used as a guide for the characteristic
splitting forces:

Fg, = 1.0 - N, for undercut anchors

Table 14.2 Checks required for shear loads

Fg,, = 1.5 - Ny for torque-controlled expan-
sion and torque-controlled
bonded anchors

« = 2.0 - Ny, for displacement-controlled
expansion anchors

FSp,

If none of the above conditions is fulfilled, then
the characteristic resistance of a single anchor
or a group of anchors is to be calculated using
equation (14.12):

=N’

Rk’

Ny

: I//re,N ’ Wer,N ’ Wm'r,N 'Wh,sp [N]
(14.12)

Here, N, is to be determined using equation
(14.11a), the factors Y, v, W,y Ve and ¥,y
using equations (14.11b) to (14.11e) and the
values A, A2 are to be calculated according
to section 14.3.5.1c; but in doing so, ¢,y and
sy are to be replaced by c,,, and s, , = 2 Corsp
respectively. The factor v, ;,, which allows for
the influence of the actual member thickness /
on the splitting failure load, is found using
equation (14.12a):

h 2/3
Vi = [2_/”] <15

According to section 4.1.1.6b the splitting fail-
ure load hardly increases for a component thick-
ness h > 2h,,. Therefore, in the opinion of the
authors, the factor v, in equation (14.12a)
should be taken as v, ,, = 1.0.

N
k.sp AO

N

(14.12a)

If the edge distance of an anchor is ¢ < ¢,
then longitudinal reinforcement should be pro-
vided along the edge of the member.

14.3.5.2 Shear resistances

The checks required for single anchors and
anchor groups are shown in Table 14.2. Here,
V', is the shear design value acting on the most
highly loaded anchor in a group, and V', is the

Single anchor

Anchor group

Steel failure, shear load without or
with lever arm

Vsa < Veas = Veis / s

Visg < Vogs = Vais / Tus

Pry-out failure

Vsa < Ve = Veuen / T

V54 < Voaep = Vaien / T

Concrete edge failure

Vsa < Veae = Ve / e

VEss < Vrge = Vae / Tiue
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resultant shear design value acting on the
anchors in a group which are loaded in shear.

a) Steel failure for shear loads without

lever arm
The characteristic resistance Vi, of an anchor
in the case of steel failure is given in the rele-
vant European Technical Approval. It is nor-
mally obtained from equation (14.13). How-
ever, it may be smaller for anchors with a sig-
nificantly reduced section along the embedment
depth, e.g. stud-type torque-controlled expan-
sion anchors according to Fig. 2.19a,. In these
cases Vy,  is determined from the results of
approval tests.

Vs =0.5- A, (14.13)

The most highly loaded anchor in a group sub-
jected to an eccentric shear load is to be
checked using equation (14.2) (see Table 14.2).

The characteristic resistance according to equa-
tion (14.13) is to be reduced by the factor 0.8 in
the case of anchor groups if the anchor is made
of steel with a rather low ductility (rupture elon-
gation measured over a length of 5d A5 < 8 %).
This takes into account the fact that the hole tol-
erances influence the distribution of the shear
load to the individual anchors of a group and
hence the load-carrying capacity of a group (see
section 4.1.2.2a).

b) Steel failure for shear loads with

lever arm
In the case of a shear load with lever arm, equa-
tion (14.14) is used to calculate the characteris-
tic resistance Vi, ; of an anchor:

Vs = w [N] (14.14)
where:
oy according to section 14.3.4
/ = lever arm according to equation (14.8)

[m]
My, = My - (1—=Ngy/ Ngy,) [Nm] (14.14a)
MY, = characteristic resistance of one

anchor in bending

=12-W, f, [Nm] (14.14b)

Neay = Nuwy ! iy IN] (14.14c)

Equation (14.14b) is valid only, if the anchor
has not a significantly reduced section along the
length of the bolt. The values N, ., MY, . and 7,

are given in the respective European Technical
Approval.

¢) Pry-out failure

Closely spaced groups are especially prone to
this type of failure (see section 4.1.2.3). The
associated characteristic resistance Vy, ., is cal-
culated using equation (14.15).

Vieee = ky - Ngy. (14.15)
where:
k, = a coefficient given in the respective

European Technical Approval, nor-

mally k; = 1.0 for anchors with £, <

60 mm, and &, = 2.0 for anchors with

h,= 60 mm

Npgi. = characteristic resistance for concrete
cone failure according to equation

(14.11)

The value N, . in equation (14.15) is to be
determined for the anchors loaded in shear. For
example, in Fig. 14.3b the presence of the bend-
ing moment means that only the four anchors on
the right are in tension. As, however, the shear
force is resisted by a/l the anchors, when calcu-
lating N, . in equation (14.11) all six anchors
are included. If the shear load is applied to the
fixture eccentrically, then the eccentricity of the
shear load related to the centre of gravity of the
anchors subjected to shear is to be used for ey
when calculating ,,, according to equation
(14.114d).

d) Concrete edge failure

For anchorages shown in Fig. 14.2a—e with an
edge distance in all directions ¢ > 10 - hef, a ver-
ification of the failure mode concrete edge fail-
ure may be omitted. If the verification is neces-
sary (see applications in Fig. 14.2f) then the
characteristic resistance of an anchor or group
of anchors near the edge is calculated according
to the CC-Method (see sections 4.1.2.4, 4.1.2.5
and 4.2.2.4). It is:

0

A,
= VRk‘U ’ AOVL : lV,\‘,V : W/I,V ’ l//l)t,‘/ ' v/e(‘,V : I/IM(T,V [N]
v (14.16)

The various factors in equation (14.16) are
explained below.

V,

Rk.c

The characteristic resistance of one anchor in a
thick component in cracked concrete, loaded



14.3 Design of fastenings with post-installed metal expansion 279

perpendicular to the edge of the member, is cal-
culated with equation (14.16a).

2. \ f;'k scube C]l‘5 [N]

(14.16a)

V]?k . =0.45- hY d/wm ’ (lf/dnam )0

with d,,,, I, ¢, [mm] and f,, ., [N/mm?*] mea-

sured on cubes with a side length of 150 mm.

Equation (14.16a) specifies the 5%-fractile of
the test results in cracked concrete. It is derived
from equation (4.25) taking into account the
following aspects. Equation (4.25) gives the
mean failure load in non-cracked concrete. The
5%-fractile is taken as 0.7 times the mean value
and the failure load in cracked concrete as 0.7
times the value in non-cracked concrete (see
section 4.2.2.4). Furthermore the influence of
the different definitions of the concrete com-
pression strength in equations (4.25) and
(14.16a) (cubes with a side length of 200 mm
or 150 mm respectively) and the curing condi-
tions according to EN 206-1:2001-07 (2001)
are considered.

The geometrical influence of spacings, further
edge distances parallel to the loading direction
and component thickness on the characteristic
resistance is taken into account by the quotient

v/ A%, Here, A% | is the idealised area of the
breakout body of a s1ngle anchor on the side
face of a thick concrete component not influ-
enced by edges parallel to the assumed loading
direction or neighbouring anchors. The break-
out body is assumed to be a half pyramid with

height ¢, and base lengths 1.5 - ¢, and 3 - ¢, (see
Fig. 4.77b). A_ is the actual 1deahsed area of
the breakout body of the anchorage on the side
face of the concrete member. It is curtailed
through the overlaps with the individual breakout
bodies of neighbouring anchorages (s < 3 - ¢)),
through edges parallel to the assumed direction
of loading (¢, < 1.5 - ¢;) and the thickness of the
component (h < 1.5¢,). Fig. 4.79 shows exam-
ples of the calculation of A_ .

In calculating V)9, ., A%, and A it is assumed
that the shear load acts perpendicular to the
edge of the component.

Normally, there is an annular gap between the
anchor and the fixture. Therefore, only the most
critical anchor or the most critical anchors near
the edge (Fig. 14.5) may be included when cal-
culating A,.,, for groups of anchors near an edge.
Anchorages in a corner of a component (Fig.
14.10) require equation (14.2) to be satisfied for
both edges.

Factor y, , takes into account the fact that fur-
ther component edges disrupt the stress condi-
tion in the concrete. Anchorages with two edge
distances parallel to the loading direction (e.g.
in a narrow component — see Fig. 4.84b) require
the shorter edge distance of ¢, and c,, to be
used in equation (14.16b): '

w,, =0.7+03-

<
15 1.0 (14.16b)

Factor y,,, takes account of the fact that the
characteristic resistance for a concrete edge fail-
ure does not decrease in proportion to the mem-

Fig. 14.10 Example of a fastener group at a corner, where resistance shall be calculated for both edges
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ber thickness as assumed by the ratio A, /A%,
(see Fig. 4.87):

v,y =1.5¢, /)" =10 (14.16¢)
The factor v, takes into account the angle o,
between the applied load V and a line perpen-

dicular to the free edge of the concrete member
(see Fig. 4.98):

v,y =10
for 0°< oy < 55° (14.16d)
1
Var = cosa, +0.5-sing,,
for 55° < ¢, < 90° (14.16¢)
v,y =20
for 90° < ¢f, < 180° (14.16f)

The factor y,., allows for an eccentric shear
load on a group of anchors (Fig. 14.8):

I
= <
Ver =15270, 1Gcp = °

(14.16g)
Here, e, is the eccentricity of the resultant shear
load on the anchors (Fig. 14.8). The eccentricity
is determined from the shear forces calculated
in the anchors. It is to be related to the geomet-
rical centre of gravity of the anchors in shear.
Equation (14.16g) only applies for an eccentric-
ity e, < s,/2. At larger eccentricities the anchor
near the load is loaded fowards the edge and the
anchor remote from the load away from the
edge. This case is not covered in ETAG 001,
Annex C.

The factor v, takes into account the influence
of the position of the anchorage in cracked or
non-cracked concrete or the type of edge rein-
forcement present:

V,..v = 1.0 anchorage in cracked concrete
without edge or supplemental
hanger reinforcement

V,.v = 1.2 anchorage in cracked concrete
with straight edge reinforcement
(d; = 12 mm)

V,..v = 1.4 anchorage in cracked concrete
with edge and closely spaced
supplemental hanger (bar spac-
ing < 100 mm), and anchorages
in non-cracked concrete

For anchorages in a narrow, thin component
with ¢, ., < 1.5 - ¢; (¢34, = larger of the two
edge distances parallel to the loading direction)
and h < 1.5 - ¢, (Fig. 4.90 shows one example),
equation (14.16) leads to results which are con-
servative. More accurate results are obtained
when the edge distance ¢, is replaced by ¢ in
equations (14.16a) to (14.16¢) and (14.16g) as
well as in the determination of areas A% and
A,y according to Figs. 4.77b and 4.79. Here, ¢
is the larger of the two values c,,,/1.5 and A/1.5
respectively (cf. section 4.1.2.4f and Fig. 4.90).
Note that the above approach does not take in
to account the influence of anchor spacing on
the value ¢. This is considered in section
14.4.6.2.2c.

14.3.5.3 Combined tension and shear

The following checks are required in the case of
combined tension and shear loads (Fig. 14.11):

Ngy/ Nig <1.0 (14.17a)
Vi ! Viea <1.0 (14.17b)
Ngy/Ngg+ Vgl Vay <12 (14.17¢)

For single anchors, the largest value according
to tables 14.1 and 14.2 is to be used for the dif-
ferent failure modes for the quotients N,/ Ny,
and Vg, / Vi, respectively. In the case of anchor
groups, the largest of N¢; / Ngyi, Ny /| Nig,p
N$;/ Ngq. and N, / Ny, o, is to be used for the
quotient N,/ Ny, and the largest of V{,/ V.,

Vi, Vigaep and Vg ! Viae for Vo, | Vi,

Fig. 14.11 |Interaction for combined tension and shear
loads
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In general, equation (14.17a) to (14.17c¢) yield
conservative results. More accurate results are
obtained by equation (14.18).

(Ngy /I Ng)* + (Vg [ Ve)* < 1 (14.18)

where:

(Ngy/Ngp) and (Vg,/Vy,) are the smallest values

for the different failure modes (see above)

o = 2.0if Ny, and V, are governed by steel
failure

o = 1.5 for all other failure modes

14.3.6 Serviceability limit state
14.3.6.1 Anchor displacements

At the serviceability limit state, the displace-
ments due to the characteristic actions are to be
compared with the permissible displacements.
The permissible displacements depend on the
construction to be anchored and are to be spec-
ified by the engineer.

The characteristic displacements of the anchor
under defined tension and shear loads are given
in the respective approval document. It may be
assumed that the displacements are a linear
function of the applied load. In the case of com-
bined tension and shear load, the displacements
for the tension and shear component of the
resultant load should be geometrically added.

In the case of shear loads the influence of the
hole clearance in the fixture on the expected
displacement of the anchorage should be taken
into account.

14.3.6.2 Shear load with changing sign

If the applied shear load is reversed several
times, then there is a risk of a premature failure
of the anchor steel. The acceptable amplitude of
the shear load depends on the design of the
anchor and the number of load cycles. To avoid
a fatigue failure, the shear load should be trans-
ferred by friction between the fixture and the
concrete. This can be assured by a sufficiently
high permanent prestressing force.

Shear loads with changing sign can occur due to
temperature variations in the fastened member
(e.g. facade elements). Therefore either these
members are anchored such that no significant
shear loads due to the restraint of deformations

imposed to the fastened element will occur in
the anchor or in shear loading with lever arm
(stand-off installation) the bending stresses in
the most stressed anchor Ao, = oy, - O, in
the serviceability limit state caused by temper-
ature variations should be limited to 100 N/mm?.

14.3.7 Additional analyses for ensuring
the characteristic resistance of
concrete member

14.3.7.1 General

The design method described in sections 14.3.3
to 14.3.5 provides proof of the local transfer of
anchor loads into the base material. Verification
that the anchor loads are transferred to the sup-
ports of the concrete member is required for the
ultimate and serviceability limit states. This
requires the standard analyses taking into
account the loads introduced by the anchors.
For these verifications, the additional provi-
sions outlined in sections 14.3.7.2 and 14.3.7.3
need to be taken into account.

If the edge distance of an anchor is less than the
characteristic edge distance ¢,y = 1.5 - i, then
edge reinforcement with diameter d, = 6 mm
should be provided in the edge of the compo-
nent.

14.3.7.2 Shear resistance of the concrete
member

In Eurocode 2: EN 1992-1-1 (2003) it is assum-
ed that reinforced concrete flexural members
are loaded from the top side. If loads are applied
at the bottom side they are to be transferred to
and anchored in the side of the component
opposite the load, i.e. the compression zone, by
way of hanger reinforcement. However, anchor-
ages normally introduce loads into the bottom
of a component, i.e. into the tension zone, and
hanger reinforcement is very often not pro-
vided. In order to avoid an unfavourable effect
on the shear resistance of the component serv-
ing as base material, the following additional
checks are required. These provisions were dis-
cussed in detail in section 13.

In the case of precast floors and beams with a
structural topping of in-situ concrete, anchor
loads may only be transferred into the precast
units when precast and in-situ concrete are ade-
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quately connected with tie bars. In the absence
of such tie bars the anchors must be anchored in
the in-situ concrete with the necessary embed-
ment depth /. An exception is the load from
lightweight suspended ceilings or similar con-
structions not exceeding 1.0 kN/m?, which may
be transferred into the precast units.

Generally, the shear forces Vg, , caused by the
anchor loads should satisfy equation (14.19) in
components made from in-situ or precast con-
crete as well as precast units with in-situ con-
crete and adequate tie bars in the joint between
precast and in-situ concrete.

Vea 204 - Vi (14.19)

where:
Vear according to Eurocode 2: EN 1992-1-1(2003)

When calculating V, , the anchor loads shall be
assumed as point loads with a width of load
application 7, =s,, +2 - hyand t,=s,,+2 - h,
where s,; and s, , are the spacings between the
outermost anchors of the group in directions
1 and 2 respectively. For single anchors s, ; = s, ,
is taken as 0.

Equation (14.19) needs not be checked when
one of the following conditions is fulfilled:

e The shear force V§, at the support caused by
the design actions including the anchor loads
is:

Veu 0.8 Ve (14.20)

o Under the characteristic actions, the resultant
tension force, N, of the tensioned fasteners

is Ny < 30 kN and the spacing, a, between

the outermost anchors of adjacent groups or

between the outer anchors of a group and

individual anchors satisfies equation (14.21).

a=2200-,/Ng, ; a[mm] N [kN](14.21)

e The anchor loads are taken up by a hanger
reinforcement, which encloses the tension
reinforcement and is anchored at the oppo-
site side of the concrete member. Its distance
from an single anchor or the outermost
anchors of a group should be smaller than
Doy

If under the characteristic actions, the resultant
tension force, N, of the tensioned fasteners is
Ng; > 60 kN, then either the embedment depth
of the anchors should be 4,2 0.8 - i or a hanger
reinforcement according to the requirements
given above should be provided.

The necessary checks for ensuring the required
shear resistance of the concrete member are
summarised in Table 14.3.

The above provisions to ensure sufficient safety
against shear failure of the concrete member are
derived from tests on slabs without shear rein-
forcement. This approach is conservative for
components with shear reinforcement. Prelimi-
nary test results indicate no significant reduc-
tion of the shear capacity in components with
shear reinforcement when the load introduced
via anchorages into the tension zone is less than
about 30 kN.

Table 14.3 Necessary checks for ensuring the required shear resistance of a concrete member

Calculated value of shear force of

Spacing between single Ng

Proof of calculated shear force

the concrete member under due anchors and groups [kN] resulting from anchor loads
consideration of the anchor loads of anchors
Vg 0.8 Vg azs,y <60 not required
Vsg > 0.8 Vg az s,y and <30 not required
a>200 - VN,
azs,y <60 required:

Vsq< 0.4 Voy
or hanger reinforcement
orh:=08-h

> 60 not required, but hanger
reinforcement or h;>0.8 - h
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14.3.7.3 Resistance to splitting forces

In general, the splitting forces caused by
anchors should be taken into account in the
design of the concrete member. This may be
neglected if one of the following conditions is
met:

e The load transfer area is in the compression
zone of the concrete member.

e The tension component N, of the character-
istic loads acting on the anchorage (single
anchor or group of anchors) is smaller than
10 kN.

e The tension component Ny, is not greater
than 30 kN. In addition, for fastenings in
slabs and walls a concentrated reinforcement
in both directions is present in the region of
the anchorage. The area of the transverse
reinforcement should be at least 60 % of the
longitudinal reinforcement required for the
actions due to the anchor loads.

If the characteristic tension load acting on the
anchorage is N, = 30 kN and the anchors are
located in the tension zone of the concrete
member the splitting forces should be taken up
by reinforcement. As a first indication for
anchors according to current experience the val-
ues for the splitting force, Fg, ; given in section
14.3.5.1d may be taken.

14.4 Design of fastenings according
to the CEN Technical Specification

14.4.1 General

A working group of the European Committee
for Standardisation (CEN) is currently drafting
a CEN Technical Specification “Design of fas-
tenings for use in concrete” (European Commit-
tee for Standardisation (CEN) (2004)). In the
following this specification is called CEN TS.
In sections 14.4.2 to 14.4.13.3.4 the design ap-
proaches are described for different types of
fasteners based on the Final Draft of July 2004.
The Technical Specification applies to cast-in
fasteners such as headed fasteners, anchor chan-
nels with rigid connection between fastener and
channel and to post-installed anchors such as
expansion anchors, undercut anchors, concrete
screws, bonded anchors, bonded expansion
anchors and bonded undercut anchors. The
Technical Specification consists of the follow-
ing parts:

Part 1: General

Part 2: Headed fasteners

Part 3: Anchor channels

Part 4: Post-installed fasteners — mechanical
systems

Part 5: Post-installed fasteners — chemical
systems

Numerical values for partial safety factors and
other reliability parameters are recommended
as basic values that provide an acceptable level
of reliability. They have been selected assuming
that an appropriate level of workmanship and of
quality management applies. They may be
applied in absence of a National Annex to the
Technical Specification defining national val-
ues.

According to Eurocode 2: EN 1992-1-1 (2003)
the local and structural effects of fasteners
should be considered in the design of concrete
members. The local effects are considered by
fulfilling the requirements for the design of fas-
tenings given in the Technical Specification
“Design of fastenings for use in concrete”. To
consider the structural effects of fastenings, in
the design of the structure the anchor loads and
additional design requirements given in Annex
A of that Technical Specification should be
taken into account.

14.4.2 Scope

The Technical Specification applies to fasteners
covered by a European Technical Approval
(ETA) and relies on characteristic resistances
and distances which are stated in the ETA. It
may also be used for fasteners covered by a
CEN-Product Standard if the data required by
the Technical Specification are provided and
reference to the Technical Specification is given
in the CEN-Product Standard. Up to now no
CEN Product Standards for fasteners exist.

The CEN TS is intended for the design of fas-

tening for use in structural and non-structural

applications in which the failure of fastenings

will:

— result in collapse or partial collapse of the
structure or

— cause risk to human life or

— lead to significant economic loss.



284 14 Design of fastenings
o o] O\
E] o ° o fastener
a,) as) as)
steel plate
O o o o (o] o
-~
Le] (w] [s] o o o
o o o (o] (o] o
a) as) as) ag)
° ° °
5 = | . ©
* ° e o
b)
b,) b2) by) bs) bs)
]
£ c,<10 hy
=) o o . < 60 dyom
v 'I'
o - -
e e ¢ o * FE-
e o
v g
‘_‘; v
c) C4) C2) Cs) C4)

Fig. 14.12 Configurations of fastenings:

a) without hole clearance, all edge distances ¢ > 10 - h,sand ¢ > 60 - d,,,
b) with hole clearance, all edge distances ¢ =10 - h,sand ¢ 2 60 - d,q,
c) with hole clearance near to an edge (c < 10 - h;and ¢ < 60 - d,,)

It is valid for fastenings in new construction and
existing structures and it may also be used for
temporary fastenings e. g. for the handling of
precast elements or site equipment such as scaf-
folding and barriers. The support of the fixture
may be either statically determinate (one or two
supports) or statically indeterminate. A support
may consist of one fastener or a group of fas-
teners. In a fastening group the loads are
applied to the individual fasteners of the group

by means of a common fixture. It is assumed,
that in a group only fasteners of the same type
and size are used.

The configurations of fasteners (cast-in place
headed fasteners or post-installed fasteners)
covered by the Technical Specification are
shown in Fig. 14.12. A distinction is made
between fastenings with or without hole clear-
ance. The following applications may be con-
sidered to have no hole clearance:
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— Bolts that are welded to or screwed into the
fixture.

— Any gap between the fastener and the fixture
is filled with mortar of sufficient compres-
sion strength or other means.

The configuration of fasteners for fastenings
with hole clearance allowed by the CEN Tech-
nical Specification agrees with the provisions in
the ETAG 001 (compare Fig. 14.12b with Fig.
14.2). For anchor channels the number of fas-
teners is not limited.

The Technical Specification applies to fasteners
with a minimum thread size of 6 mm (M6) and
a maximum thread size of 60 mm (M60) or cor-
responding cross-section. In general, the mini-
mum embedment depth should be 7,2 40 mm.
The Specification is valid for fasteners with a
nominal steel tensile strength f,, < 1000 N/mm?.

The fastenings may be subjected to static,
fatigue and seismic loading. Whether a certain
type of fastener is suitable for the use under
fatigue or seismic loading is stated in the rele-
vant ETA or CEN-Product Standard. The design
methods are valid for any actions on the fixture
(tension, shear without or with lever arm, bend-
ing or torsion moments or any combination
thereof). However, compression forces on the
fixture should be transmitted to the concrete
either without acting an the fastener or via fas-
teners suitable for resisting compression.

The Technical Specification applies to members
made of concrete with normal weight aggre-
gates according to EN 206-1:2001-07 (2001)
and to concrete strength classes C12/15 to
C90/105. The range of concrete strength classes
in which a particular fastener may be used is
given in the relevant ETA or CEN-Product
Standard and may be more restrictive than EN
206-1:2001-07 (2001). The concrete member
may be subjected to static, fatigue or seismic
loading. However, the use of certain types of
fasteners may not be permitted for fatigue or
seismic loading of the concrete member. This is
again stated in the corresponding ETA or CEN-
Product Standard.

In the region of the fastening, the concrete may
be cracked or non-cracked. The condition of the
concrete should be decided by the designer on
the basis of national regulations. Non-cracked

concrete may be assumed if in each case it is
verified that under service conditions the fas-
tener with its entire embedment depth is located
in non-cracked concrete. In the absence of
national regulations this verification can be
taken as fulfilled if equation (14.22) is
observed:

O, + 03 < Oym (14.22)

where:

0, = stresses in the concrete induced by
external loads including fastener loads

Op = stresses in the concrete due to restraint

of intrinsic deformations (e. g. shrink-
age of concrete) or extrinsic imposed
deformations (e. g. due to displace-
ment of support or temperature varia-
tions). If no detailed analysis is con-
ducted, then o, = 3 N/mm? should be
assumed

= admissible stress for the definition of
non-cracked concrete; in absence of
national regulations o,,, = 0 is recom-
mended

adm

For concrete members which transmit loads in
two directions (e. g. slabs, walls and shells)
equation (14.22) should be fulfilled for both
directions.

In general, the verification of non-cracked con-
crete corresponds to the requirements of Euro-
pean Organisation for Technical Approvals
(EOTA) (1997) (compare equation (14.1)). The
basis of the verification is described in detail in
section 14.3.2.

For seismic design situations the concrete
should be assumed to be cracked in the region
of the fastening.

14.4.3 Basis of design

For fasteners the following limit states should
be verified:

— ultimate limit state, including the effects of
fatigue and seismic loading where appropri-
ate,

— serviceability limit state.

Furthermore the durability (corrosion resis-
tance) of the fastening for the intended use
should be demonstrated. Where applicable, the
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fastening should have an adequate fire resis-
tance.

At ultimate limit state equation (14.23) should
be fulfilled.

E,<R, (14.23)

where:

E, = design value of effect of actions
R, = design value of resistance
= R/ W
R, = characteristic resistance of
single fastener or group of fasteners
Y, = partial factor for resistance

(14.23a)

At serviceability limit state it should be shown
that

E,<C, (14.24)

where:

E, = design value of fastener displacement,
evaluated from information given in the
relevant ETA or CEN-Product Standard

C, = design value, e. g. limiting displacement.
It should be decided on by the designer
for the application in question

The forces in the fasteners should be derived
using appropriate combinations of actions on
the fixture as recommended in EN 7990:2002
(2002), section 6. When indirect action Q,,,
arises from the restraint of deformations (intrin-
sic (e. g. shrinkage) or extrinsic (temperature
variations)) imposed to the fastened member
(fixture, attachment), the design action shall be
taken as 7, - Q;,,- In general actions on the fix-
ture may be calculated ignoring the displace-
ment of the fasteners. However, the effect of the
displacement of the fasteners may be significant
when a statically indeterminate stiff element is
fastened and should be considered in these cases.

The above approach agrees with the procedure
described in section 14.3.3, but the term S, in
equation (14.2) has been replaced by E,,.

14.4.4 Partial safety factors

In the CEN TS partial safety factors are recom-
mended, however, the specific values to be used
in a country may be found in its National
Annex. Up to now no National Annex exists. In
the following the recommended values are
given.

14.4.4.1 Static actions, indirect actions
and fatigue actions

Partial safety factors for the actions to be used
in the design are stated in EN 1990 : 2002
(2002), Annex A. For the verification of indirect
(ultimate limit state) and fatigue actions the fol-
lowing values for ¥,, and ¥, respectively are
recommended:

Yma = 1.2 for concrete failure (14.252)
Yma = 1.0 for other modes of failure (14.25b)
Yeqr = 1.0 (14.26)

14.4.4.2 Resistances

14.4.4.2.1 Ultimate limit state (static
loading) and seismic loading

a) Steel failure
Tension loading on fasteners, anchors and spe-
cial screws of anchor channels:

Yoo = 1.2
M fal fu

Shear loading on fasteners and special screws of
anchor channels with and without lever arm:

y =10
M fal
. <800 N/mm? and f,,/f,, < 0.8

}/Ms =15
fu > 800 N/mm? or f, /f,, > 0.8

Connection between anchor and channel of
anchor channels:

>1.4 (14.27a)

>1.25 (14.27b)

(14.27c)

Yse = 1.8 (14.27d)

Local failure of the anchor channel by bending
of the lips in tension and shear:

Yusy = 1.8 (14.27¢)
Bending of the channel of anchor channels:
YMs,f[exz 115 (1427f)

Steel failure of supplementary reinforcement:
/)/Ms,re = 1.15 (1427g)
b) Concrete failure

The partial safety factor y,. covers concrete
break-out failure modes (cone failure, blow-out
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failure, pry-out failure and concrete edge fail-
ure). It is determined from equation (14.28):

}/ML' = % . y[nst (1428)
where:
Y. = partial safety factor for concrete
=15
Yne= Ppartial safety factor taking into account

the installation safety of a fastening
system. This factor is given in the rele-
vant ETA or CEN Product Standard. It
must not be changed because it describes
a characteristic of the fastener

For post-installed fasteners the partial safety
factor 7, is equal to the value 7, according to
section 14.3.3.1. For cast-in place headed fas-
teners and for anchor channels a high installa-
tion safety (¥, = 1.0) may be assumed, pro-
vided that special conditions regarding the
installation are fulfilled (see sections 14.4.6 and

14.4.7).

For seismic strengthening and repair of existing
structures the partial factor ¥, may be reduced
according to the relevant sections of Eurocode 8:
EN 1998-1 (2003).

The partial factor ¥, = %, is valid for splitting
failure.

¢) Pull-out/pull-through failure

For the partial factor 7,, for pull-out/pull-
through failure %, = 1, is recommended.

14.4.4.2.2 Limit state of fatigue

Partial factors for fatigue loading ¥y, s Vi fur
Yitspfar @0 Yy, e shall be considered. It is rec-
ommended to take ¥, ., = 1.35 (steel failure)
and Vi rar Yasp far @04 Vi, 1 (cONCrete cone fail-
ure, splitting failure and pull-out/pull-through
failure) according to equation (14.28).

14.4.4.2.3 Serviceability limit state

A partial factor ¥, = 1.0 is recommended.

14.4.5 Forces acting on fasteners

The actions on a fixture shall be transferred to
the fasteners as statically equivalent tension and
shear forces. When a bending moment and/or
compression force act on the fixture, which is in
contact with the concrete or mortar, a friction
force will develop. This friction force reduces
the shear forces acting on the anchors, however,
it will not alter the forces in the concrete. As it
is difficult to quantify with confidence the
effect of friction, the friction forces are
neglected. This simplified assumption is con-
servative.

In this section and in the sections 14.4.6 to
14.4.12 it is assumed that the forces acting on
fasteners are calculated according to the theory
of elasticity. Section 14.4.13 deals with fasten-
ings with headed and post-installed anchors
designed according to a plastic design
approach.

14.4.5.1 Tension loads

The following assumptions apply to headed fas-
teners and mechanical or chemical post-
installed fasteners.

The forces in headed fasteners, mechanical or
chemical post-installed fasteners due to normal
forces and bending moments acting on the fix-
ture are calculated as described in section
14.3.4. Forces in anchor channels should be
derived according to section 14.4.7.

14.4.5.2 Shear loads
14.4.5.2.1 Distribution of loads

The following assumptions apply to headed fas-
teners and mechanical or chemical post-

Table 14.4 Hole clearance according to European Committee for Standardisation (CEN) (2004)

1 External diameter? or d,,,,? [mm] 6 101214 |16 (18 |20| 22|24 (27|30

2 Diameter d;, of clearance hole in fixture [mm] | 7 12 (1416|1820 (22 |24|26|30|33

3 Maximum allowable diameter d; , of clearance 8 [10(14|16 |18 (2022|2426 |28 (33|36
hole in fixture [mm]

1 If bolt bears against the fixture (Fig.14.9a)
2 |If sleeve bears against the fixture (Fig.14.9b)
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installed fasteners. Forces in anchor channels
should be derived according to section 14.4.7.

a) Steel or pry-out failure

The shear forces on each anchor due to shear
loads and/or torsion moments to verify steel or
pry-out failure should be calculated indepen-
dent of the edge distance using the theory of
elasticity and statics. An example is shown in
Fig. 14.13. The effectiveness of fasteners to
resist shear loads depends on the hole clearance:

e [f there is no hole clearance in the fixture or
if the diameter of the hole in the fixture is
df < d_ﬁ2 (Table 14.4, line 3) all fasteners are
considered as effective.

o If the diameter is d; > d;, or the hole is slot-
ted in the direction of the shear force the fas-
tener is considered ineffective

For external diameters larger than 30 mm which
are also covered by the CEN TS the authors rec-
ommend to use d;; < 1.1 -dand d;, < 1.2 -d
(bolt bears against the fixture, Fig. 14.9a) or d;,
<11-d,,add;, <12 -d,, (sleeve bears

nom nom

against the fixture, Fig. 14.9b).

b) Concrete edge failure

No calculation of distribution of the shear
forces is required to verify concrete edge failure
because the resistance models of the Technical
Report account for the distribution. The resis-
tance of a group of fasteners is compared
directly with the shear loads and torsion
moments acting on the fixture.

The following distribution of loads is assumed
in the calculation of the design resistance for
concrete edge failure:

Fig. 14.13 Examples for load distribution of
an eccentrically loaded quadruple fastening
without hole clearance

e For groups of fasteners with a hole clearance
df.- < dp, (d;, see Table 14.4) loaded perpen-
dicular to the edge only the front fasteners
are assumed to carry shear loads.

e For all other cases it is assumed that all fas-
teners carry shear loads with a distribution as
described in 14.4.5.2.1a.

14.4.5.2.2 Shear loads without lever arm

Shear loads acting on fastenings may be
assumed to act without a lever arm if all of the
following conditions are fulfilled:

e The fixture must be made of metal and in the
area of the fastening be fixed directly to the
concrete without an intermediate layer or
with a levelling layer of mortar with a com-
pressive strength > 30 N/mm? and a thick-
ness fg,,,, < d/2 (Fig. 14.14).

e The fixture is in contact with the fastener
over a length of at least 0.5 - #;;, (Fig. 14.15).

e The diameter d; of the hole in the fixture is
not greater than the value dy; given in Table
14.4, line 2.

Fig. 14.14 Fixture with grout layer
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1>0.5¢t5

Fig. 14.15 Bearing area of a fastener

14.4.5.2.3 Shear loads with lever arm

If one of the conditions according to section
14.4.5.2.2 is not fulfilled, it should be assumed
that the shear load acts with a lever arm accord-
ing to equation (14.8).

14.4.6 Design of headed fasteners
14.4.6.1 Determination of action effects

The tension and shear loads on the fasteners due
to normal forces, bending moments and shear
forces should be calculated according to sec-
tions 14.4.5.1 and 14.4.5.2.

Where supplementary reinforcement is pro-
vided, the design tension forces Ng,, in the
supplementary reinforcement should be estab-
lished using an appropriate strut-and-tie model.
The supplementary reinforcement should be
designed to resist the total external force on the
fastening.

The design tension forces Ny, , in a supplemen-
tary (hanger) reinforcement to take up anchor

P S, N

tension forces should be calculated with an
appropriate strut-and-tie model using the design
load on the fastener (compare Fig. 14.17).

The design force Ng,, in the supplementary
reinforcement caused by the design shear force
Vg, acting on the fixture is given by equation
(14.29):

Nygro = Vi (% + 1] (14.29)
where (compare Fig. 14.16):
e, = distance between reinforcement and shear
force acting on a fixture
z = internal lever arm of the concrete mem-
ber
= 0.85-d

depth of concrete member
min {2 - A, 2 - ¢;}

IN

If the supplementary reinforcement is not
arranged in the direction of the shear force then
this must be taken into account in the calcula-
tion of the tension force in the reinforcement. In
the case of different shear forces on the fasten-
ers of a fixture, equation (14.29) should be
solved for the shear load V, of the most loaded
fastener resulting in N, ..

es‘L VEeq

A A [ ]

+—Cgq

~1_]

<

Fig. 14.16 Detailing of reinforcement to take up shear
forces

<0.75hy

N

Fig. 14.17 Example for a multiple fastening with supplementary reinforcement to take up tension loads and

corresponding strut and tie model
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14.4.6.2 Verification of ultimate limit state
by elastic analysis

14.4.6.2.1 Tension loads

The required verifications for tension loads are
shown in Table 14.5. For fasteners without sup-
plementary reinforcement lines 1 to 5 apply. For
fasteners with reinforcement lines 1,2 and 4 to 7
apply.

When the design relies on supplementary rein-
forcement concrete cone failure needs not to be
verified but the supplementary reinforcement
should be designed to resist the total load. The
supplementary reinforcement should comply
with the following requirements (see also Fig.
14.17):

e The same diameter of reinforcement should
be provided for all fasteners of a group. The
reinforcement should consist of ribbed rein-
forcing bars (f,, < 500 N/mm?) with a diam-
eter not larger than 16 mm and should be
detailed in form of stirrups or loops with a
bending diameter according to Eurocode 2
(2003).

e The supplementary reinforcement should be
placed as close to the fasteners as practica-
ble. Preferably, the supplementary reinforce-
ment should enclose the surface reinforce-
ment. Only reinforcement bars with a dis-
tance < 0.75 - h, from a fastener should be
assumed as effective.

e The minimum anchorage length of the sup-
plementary reinforcement in the concrete
failure cone ismin /, =4 - d..

e The supplementary reinforcement should be
anchored outside the assumed failure cone
with an anchorage length /,, according to
Eurocode 2 (2003).

e A surface reinforcement should be provided
designed for the forces according to the
assumed strut-and-tie model and taking into
account the splitting forces.

a) Steel failure of fastener

The characteristic resistance of a headed fas-
tener in case of steel failure, Ny, ., is given in the
relevant ETA or CEN-Product Standard. It is
calculated according to equation (14.10). In

Table 14.5 Required verifications for headed fasteners loaded in tension

Single fastener Fastener group
most loaded fastener fastener group
1 | Steel failure of N, N,
_ h Rk,
fastener Ny < Niy,s y : Ngg < Npys = .
Ms yM&
2 | Pullout failure of Ny, N
_ P h _ Rk,p
fastener Ngy < Ngy, Ngg<Ngy, =
yMp yMp
3 | Concrete cone failure N N
_ VRke g _ VRie
Ngg <Ny = : NEdSNRd,c_ -
J/M(' }/ML'
4 | Splitting failure Ny Npis
— SP g _ _ Rksp
NEdSNRd,sp_— NEdSNRd,sp_—
J/M,\'p J/M.vp
5 | Blow-out failure 1) N N
_ VRkch g _ VRkeb
Npy S Nig o, - Nig S Npg oy = ‘
yMc yM('
6 | Steel failure of N, N,
reinforcement NEd,re < NRd,re = B N:‘d,re < Rd re = M
’yMs,re yMs,re
7 | Anchorage failure of N <N <
reinforcement Ed,re kd.a Nidre < Npaa

1) Not required for fasteners with ¢ > 0.5 - h;.
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case of different forces on the anchors the most
loaded anchor should be verified.

b) Pull-out failure

The characteristic resistance of a headed fas-
tener in case of pull-out failure, Ny, , is given in
the relevant ETA or CEN-Product Standard.
The resistance is limited by the concrete pres-
sure under the head of the fastener according to
equation (14.30):

NRk,p = 6 ! Ah ! f;'k,('ube : I//m'r,N (1430)

where:

A, = load bearing area of the head of the
fastener

= T -d) (14.30a)

Jexewre = characteristic concrete cube com-
pressive strength measured on cubes
with a side length of 150 mm, the
minimum or maximum value to be
inserted is given in the relevant ETA
or CEN-Product Standard

Y,y = 1.4 for fasteners in non-cracked con-

crete
= 1.0 for fasteners in cracked concrete

¢) Concrete cone failure

The characteristic resistance of a tensioned
headed fastener or a group of tensioned fasten-
ers in case of concrete cone failure, Ny, ., should
be calculated in accordance with section
14.3.5.1c. The factor 7.2 in equation (14.11a) is
substituted by a factor k,. The factor k, and the
characteristic spacing s, and c,, are given in

a) b)

the relevant ETA or CEN-Product Standard. For
headed anchors according to current experience
ky=85ands,y=2-c,y=3"h, are assumed.
The value k; = 8.5 considers the higher failure
load of headed studs compared to most post-
installed anchors (see equation (4.5)).

The definition of the embedment depth 7, is
shown in Fig. 14.18.

For cases, where a fastener is located to three or
more edges with distances less than ¢,,,, = 1.5 - h,,
the calculation according to section 14.3.5.1c
leads to conservative results. More precise
results are obtained with the approach described
in section 14.3.5.1c (equation (14.11f) to
(14.11h)). However, for groups the value A,
should be taken as the larger value of

. C c s
— _max_, — “max
hy= . hy and  h,= 5 hy (14.31)
cr,N cr,N
where:
Cpnae = maximum distance from centre of a fas-
tener to the edge of a concrete member
< CoN . .
S, = Maximum centre to centre spacing of
anchors
< S('I;N

The reasoning for these provisions is given in
section 4.1.1.3g.

d) Splitting failure due to installation

Splitting failure during installation (e. g. apply-
ing a torque to the anchors according to Fig.
14.18a) is avoided by complying with minimum
values for edge distance ¢, , spacing s, . and

min> min

Fig. 14.18 Definition of effective embedment depth h, for headed fasteners
a) without anchor plate, b) with a large anchor plate, ¢) with a small anchor plate
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member thickness #,,, and requirements for
reinforcement as given in the relevant ETA or
CEN-Product Standard.

Minimum values for edge distance, spacing and
member thickness should also be observed for
headed anchors not torqued to allow adequate
placing and compaction of the concrete

e) Splitting failure due to loading
No verification of splitting failure due to load is

required if one of the following conditions is
fulfilled:

o The edge distance in all directions is ¢ = 1.0
Copp for single fasteners or ¢ 2 1.2 ¢, for
groups of fasteners. The characteristic value
Cersp 18 given in the relevant ETA or CEN-
Product Standard.

e The characteristic resistance for concrete
cone failure and pull-out failure is calculated
for cracked concrete and reinforcement is
present that takes up the splitting forces and
limits the crack width to w, < 0.3 mm.

The required cross-section A; of the splitting
reinforcement may be determmed as fol-
lows:

A =05-

[mm?] (14.32)

2INg,

Fo Tore

where:

Ng, = sum of the design tensile forces of
the fasteners in tension under the
design value of the actions

Jw = characteristic yield strength of the
reinforcement (f,, < 500 N/mm?)

If the two conditions given above are not ful-
filled, then the characteristic resistance in case
of splitting failure due to load, NRk’S],, should be
calculated in accordance with section 14.3.5.1d,
however, the factor v, ,, which allows for the
influence of the actual member thickness / on
the splitting failure load should be calculated
according to equation (14.33):

~ i 2/3 . 7. hgf 2/3
l//h,sp - m a hmin
and ¢

The characteristic spacing s, oy Should
be taken from the relevant ETA or CEN Product
Standard.

(14.33)

If the edge distance is smaller than the value
Cuyp then a longitudinal reinforcement should
be provided along the edge of the member.

e) Blow-out failure

Verification of blow-out failure is not required
if the edge distance in all directions exceeds ¢ =
0.5 - h,;. The characteristic resistance is:

0
N Rk,cb — N Rk,ch

AB'Nb Yone Vons  Veenv " Vier N
(14.34)

c,Nb

For groups of fasteners perpendicular to the
edge, which are loaded uniformly, verification
of blow-out is only required for the fastener
closest to the edge.

The different factors of equation (14.34) are
given below:

The characteristic resistance of a single anchor,
N not influenced by adjacent fasteners or
free component edges placed in cracked con-
crete is obtained by:

Nzk,(-b =8-¢ \/"Th \/fz'k,cuhe

(14.34a)
where:
fck,cuhe il’l [N/mmZ]
A, [mm?] compare equation (14.30a)

e [mm]

Equation (14.34a) is based on equation (4.14a)
assuming a ratio N, s, /N,, = 0.75 and
N, (cracked) / N (non-cracked) = 0.7.

The geometric effect of axial spacing and edge
distances on the characteristic resistance is
taken into account by the value A.,,/A?,,,
where:

A?,, = reference projected area, see Fig. 4.49a

@-c)?

A.y, = actual area, limited by overlapping
concrete break-out bodies of adjacent
fasteners (s <4 - ¢,) as well as by edges
of the concrete member (¢ <2 - ¢,) or
the member depth A. Examples are
shown in Fig. 4.49

The factor v y, takes account of the distur-
bance of the distribution of stresses in the con-
crete due to a corner of the concrete member.
For fastenings with more than one edge distance
(e. g. fastening in a corner or a narrow compo-
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nent), the smallest distance ¢, shall be inserted

in equation (14.34b).
)

2-¢

W,y =07+03-52-<1 (14.34b)

The factor y, ,, takes account of the bearing
areas of the individual fasteners of a group.

‘/’g,zv;,=«/ﬁ+(1—«/ﬁ).4f1c] >1 with 5, <4-¢,
(14.34¢)

where:
n = number of tensioned fasteners in a row
parallel to the edge

The factor v, y, takes account of group effect,
when different loads are acting on the individ-
ual fastener of the group.

1

Ve =152, 1@ o) = 1 (14.34d)

ey = eccentricity of the resulting tensile load
acting on the tensioned fasteners in
respect to the centre of gravity of the ten-
sioned fasteners

The factor v,y takes account of the position of
the fastening in cracked or non-cracked con-
crete.

V,.y = 1.0 for fasteners in cracked

concrete (14.34¢)
V,.y = 1.4 for fasteners in non-
cracked concrete (14.34f)

f) Steel failure of the supplementary
reinforcement

The characteristic resistance of the supplemen-

tary reinforcement, Ny, ., of one fastener is:

NRk,rr' =n- As .f:vk (1435)

where:

n = number of legs of the supplementary
reinforcement effective for one fastener

A, = cross-section of one leg of the supple-
mentary reinforcement

Jyw = nominal yield strength of the supplemen-
tary reinforcement
< 500 N/mm?

g) Anchorage failure of the supplementary
reinforcement in the concrete cone

The design resistance, Ny, ,, of the supplemen-

tary reinforcement of one fastener should be

calculated according to equation (14.36):

Ny, =S S ‘”'ss'fbd (14.36)
where:
n = number of legs of the supplementary

reinforcement effective for one fas-
tener (distance to fastener < 0.75 - hef)
L = anchorage length of the supplementary
reinforcement in the assumed failure
cone (see Fig. 14.17) =1, ..

= minimum anchorage length

b,min
= 4 - d; (anchorage with hooked bars,
loops or stirrups)
d, = diameter of supplementary reinforce-
ment
foa = design bond strength according to

Eurocode 2 (2003) taking into account
the concrete cover of the supplemen-
tary reinforcement
o = influencing factor according to Euro-
code 2 (2003)
= 0.7 for hooked bars, loops or stirrups

14.4.6.2.2 Shear loads

The required verifications for shear loads are
shown in Table 14.6. For fasteners without sup-
plementary reinforcement lines 1 to 4 apply. For
fasteners with reinforcement lines 1,2 and 4 to 6
apply.

Where the design load in the fasteners exceeds
the design resistance for concrete edge failure
supplementary reinforcement should be pro-
vided to resist the total design load. The supple-
mentary reinforcement may be in the form of
a surface reinforcement (Fig. 14.19) or in the
shape of stirrups or loops (Fig. 4.95).

The supplementary reinforcement shall be
anchored outside the assumed failure cone with
an anchorage length [, according to Eurocode
2 (2003).

The same diameter of reinforcement should be
provided for all fasteners of the group. It should
consist of ribbed bars with £, < 500 N/mm? and
a diameter not larger than 16 mm. The bending
diameter should comply with Eurocode 2 (2003).

net
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Fig. 14.19 Surface reinforcement to take up shear
forces with simplified strut and tie model to design edge
reinforcement

If the shear force is taken up by a surface rein-
forcement according to Fig. 14.19, the follow-
ing additional requirements should be met:

e Only bars with a distance < 0.75 - ¢, from the
fastener should be assumed as effective.

e The minimum anchorage length in the con-
crete break-out body is

min [, = 10 - d, for straight bars with or with-
out welded transverse bars,

= 4 - d_ for bars with a hook or bend.

e A reinforcement along the edge of the con-
crete member should be provided and be
designed for the forces according to an
appropriate strut-and-tie model (see Fig.
14.19).

If the shear forces are taken up by a supplemen-

tary reinforcement according to Fig. 4.95 it

should enclose and contact the shaft of the fas-
tener and should be positioned as closely as
possible to the fixture.

a) Steel failure of fastener

a;) Shear load without lever arm

For headed fasteners welded or not welded to a
fixture the characteristic resistance of a fastener
in case of steel failure, Vi, , is given in the rel-
evant ETA or CEN Product Standard. For fas-
teners not welded to the fixture the characteris-
tic resistance is calculated according to equa-
tion (14.13). For fasteners welded to the fixture
the factor 0.5 in equation (14.13) is increased to
0.6. In case of groups with a hole clearance d; <
dy according to Table 14.4 and made of non-
ductile steel, this characteristic shear resistance
should be multiplied with the factor k, which is
given in the relevant ETA or CEN Product Stan-
dard. According to current experience the factor
k, for non-ductile steel is k, = 0.8.

Table 14.6 Required verifications for headed fasteners loaded in shear

Single fastener Fastener group
Most loaded fastener Fastener group
1 | Steel failure of fastener Vs ; Ve
without lever arm Via S Vg = V) <V, =k
’J/MS . Ms
2 | Steel failure of fastener V. V..
with lever arm Vi SV, =2 V) <V, =2
’ Y uts ' Yus
3 | Concrete edge failure Ver. Ve
Vea SVeae =7 Via SVeae =775
e ’J/M(' Ed Rd ¢ yMc
4 | Concrete pry-out Rbcc Vi
failure Via < Vau = VE <V, A
p J/M(' Ed Rd cp yMc
5 Steel failure of N, N,,
su,pplementary NEd,/Ae < NRd,rc = Rhre Ngd,rc < NRd,/‘e = RLre
reinforcement Y Ms.re Y us,re
6 | Anchorage failure of < h
supplementary Neare < Npaa Negre < Nraa
reinforcement
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a,) Shear load with lever arm

For the characteristic resistance in the case of
shear load with lever arm section 14.3.5.2b
applies.

b) Concrete pry-out failure

Fastenings may fail due to a concrete pry-out
failure at the side opposite to load direction. The
corresponding characteristic resistance, V
may be calculated from equation (14.37):

Vike = K3 - Nige (14.37)

k,cp?

where:

ky: factor to be taken from the relevant ETA
or CEN Product Standard, valid for

applications without supplementary rein-
forcement. Generally k; = 1.0 for fasten-
ers with A,,< 60 mm and k; = 2.0 for fas-
teners with A, > 60 mm. In case of sup-
plementary reinforcement the factor &,
should be multiplied by 0.75,

according to section 14.4.6.2.1c determi-
ned for the fasteners loaded in shear.

Nig!

Equation (14.37) agrees with equation (14.15)
for post-installed fasteners.

¢) Concrete edge failure

This section covers different configurations of
shear forces and torsion moments acting on fas-
tenings. They are shown in Fig. 14.20.

Applied load

Figure

Shear perpendicular to the edge

|
0‘0

Shear parallel to the edge ®

Inclined shear

Torsion Y

Combined torsion and shear

Fig. 14.20 Examples for configu-
rations of fastenings in shear and
torsion
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¢;) Shear without torsion
The characteristic resistance of a fastener or a
fastener group loaded in shear perpendicular to
the edge corresponds to:

0 A

e

Viver = Veiel A_Ov Yy Vv Viv Viey
(14.38)

<,V

Unlike European Organisation for Technical
Approvals (EOTA) (1997), Annex C (see equa-
tion (14.16)), equation (14.38) is only valid for
shear without torsion. The influence of an
eccentricity of the shear force on the concrete
edge resistance is separately accounted for in
section c, (shear with torsion).

The different factors in equation (14.38) are
explained below:

The initial value of the characteristic resistance
of a fastener loaded perpendicular to the edge in
cracked concrete corresponds to:

Vo =16-d%, 10 [frocl® (1438)
where:
l 0.5
o = 04(%) (14.38b)
1
d 0.2
B = 01(%) (14.38¢)
1

¢, = edge distance in the direction of the shear
load
oy Iy ¢ In [mm]; &, <60 mm; [, <16 - d,,,;

fck.cube in [N/mmz]

Equation (14.38a) is based on equation (4.26)
assuming V, 54 /V,, = 0.75 and V (cracked) /

u,m

V (non-cracked) = 0.7

The values d,,, and /. are given in the relevant
ETA or CEN Product Standard. In case of a con-
stant diameter over the length of the shank of
the headed fastener d,,, = d and [, = h, are

nom
taken.

The geometrical effect of spacing and further
edge distances and the effect of thickness of the
concrete member on the characteristic resis-
tance is taken into account by the ratio A, / A?,,
which should be calculated in accordance with
section 14.3.5.2d.

The factor v, takes into account the distur-
bance of the distribution of stresses in the con-
crete due to further edges. It should be calcu-
lated in accordance with section 14.3.5.2d,
equation (14.16b).

The factor v, ,, takes account of the fact that the
shear resistance does not decrease proportion-
ally to the member thickness. It should be cal-
culated according to equation (14.38d).

15.¢ V7 5
Viv =" -

According to Eligehausen, Fuchs, Hofmann
(2004) the approach given in Annex C of ETAG
001 to take account of the influence of the mem-
ber thickness on the concrete edge failure load
(compare equation (14.16c)) is conservative.
Therefore in equation (14.38d) the power on the
ratio (1.5 - ¢, / h) has been increased to 0.5.

(14.38d)

The load distribution factor v, takes into
account the influence of spacing s, and hole
clearance in the fixture on the characteristic
resistance of groups.

¥y = 1.0 for fastenings with a hole clear-
ance in the fixture

n,=
n=

n=3
[ ] [ ] [ ]
(o]
1
=3
[ ] [ ] [ ]

a) c)

Fig. 14.21 Definition of the number of anchors

d)

a) Group of two fasteners perpendicular to the edge, b) Group of three fasteners perpendicular to the edge,
c¢) Group of four fasteners, d) Group of six fasteners parallel to the edge
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Wy = 1+(n;=1)-5,/(0.75 - ¢;) < n,
(without hole clearance) (14.38¢e)
n, = number of anchors in a row orthogonal

to the edge (Fig. 14.21)

Where there are a number 7, of fasteners in a
row perpendicular to the edge (see Fig. 14.21),
the resistance of a group is assumed to be a mul-
tiple ( %V) of the resistance of the front fasten-
ers. The following assumptions on the distribu-
tion of the shear loads have been made:

e For a group of fasteners with hole clearance
loaded perpendicular to the edge only the
front fasteners are assumed to carry shear
loads.

e For a group of fasteners without hole clear-
ance loaded perpendicular to the edge all fas-
teners are assumed to share the shear loads
equally. Therefore the resistance of the group
is n,-times the calculated concrete edge
resistance of the front row (y}, = n;). How-
ever, for a spacing s; < 0.75 - ¢, the front
and back fasteners influence each other
unfavourably. This is taken into account by a
factor ¥, < n;.

The factor v, takes into account the influence
of the position of the fastening in cracked or
non-cracked concrete or the type of reinforce-
ment present on the edge:

V... = 1.0 fastening in cracked concrete
without edge reinforcement or
stirrups

V,..v = 1.2 fastening in cracked concrete
with straight edge reinforcement
(d; =2 12 mm)

V,.v = 1.4 fastening in cracked concrete
with edge reinforcement and clo-
sely spaced stirrups (bar spacing
a <100 mm and a £ 2 - ¢; and
fastening in non-cracked concrete

For fastenings in a narrow, thin member with
Comax < 1.5¢ (€50 = larger of the two edge dis-
tances parallel to the loading direction) and /& <
1.5¢, (example see Fig. 4.91) equation (14.38)
leads to results which are conservative. More
precise results are achieved in accordance with
section 14.3.5.2d. However, for groups the
value should be taken as the larger value of

S o h ©_ S (14.39)
¢, =——, ¢,=-—— and ¢, =& :
15 115 3
where:
Comar = largest of the two edge disFances paral-
lel to the direction of loading
< 15-¢
h = member thickness
S.. = Maximum centre to centre spacing a
anchors
<3¢

The reasoning for these provisions is given in
section 4.1.2.4f.

The characteristic resistance for a fastener or a
group of fasteners loaded parallel to the edge
is:

Viker = Vecer - Yoor = Vi (14.40)
where:
Virer  according to equation (14.38)
d2 f 0.5
n- .
L= 4.k, - nom__J ck.cube <50
Yoo ) { Vewes } (14.402)
k, = 1.0 fastenings without hole clear-
ance
= 0.75 fastenings with hole clearance
n = number of fasteners in a group

n, - n, (compare Fig. 14.21)
v,y = 1.0  fastenings without hole clear-
ance
= 1+(n,-1)-5,/(0.75-¢)) < n,
fastening with hole clearance (14.40b)

Where fasteners are loaded in shear parallel to
the edge the concrete edge failure is initiated by
splitting forces perpendicular to the edge (com-
pare section 4.1.2.5). They are a fraction of the
applied shear load. This fraction is equal to the
factor 1 / yy,.. Therefore the characteristic resis-
tance of a fastener loaded in shear parallel to the
edge is taken as Y, .-times the resistance Vi, ;.

With a row of anchors arranged and loaded par-
allel to the edge it is assumed that the shear load
is distributed uniformly to all fasteners of the
group. However, in the case of fasteners with
hole clearance in the fixture arranged parallel to
the edge this assumption is non-conservative.
This is accounted for by the factor k, = 0.75 in
equation (14.40a).
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Where there are a number 7, of anchors in a row
perpendicular to the edge (see Fig. 14.21)
loaded parallel to the edge it is also assumed
that the shear load is distributed uniformly to all
fasteners of the group and that failure is initi-
ated by the front anchors. With fasteners with-
out hole clearance the influence of the back
anchors on the resistance is already taken into
account in the calculation of Vg, ., by using the
factor y;, > 1. Therefore the factor v, in equa-
tion (14.40) is taken as 1. However, in case of
fastenings with hole clearance when calculating
the resistance Vi, ., it is assumed that only the
fasteners closest to the edge carry shear loads
(¥, = 1). Consequently the resistance Vi, .,
according to equation (14.38) is increased by
the factor y;;, > 1 to meet the resistance of a
group loaded parallel to the edge.

¢,) Torsion without shear

The characteristic torsion resistance of a row of
fasteners located perpendicular to the edge (see
Fig. 14.22) is:

T o =y =15, 'Vlgkp///”l (14.41)

where:

Vid = Viwer Yoor

V9. according to equation (14.38a)
Yoo according to equation (14.40a)

) spacing orthogonal to the edge
n, number of anchors (see Fig. 14.22)
V(f)?k,c//

A torsion moment causes shear forces parallel
to the edge as shown in Fig. 14.22. Failure is
due to the shear force on the anchor closest to
the edge. The failure load is not influenced by
the shear load on the back anchor. Therefore the
characteristic torsion moment is equal to the
characteristic concrete resistance of the front
anchor multiplied by the distance to the back
anchor. However, the resistance Vy, , is calcu-
lated for the group under the assumption that all
anchors are loaded to the same extend and in the
same direction. Therefore the shear load on the
front anchor at failure is equal to Vi, //n;.

The characteristic resistance of a row of fasten-
ers located parallel to the edge (Fig. 14.23) is:
T o =(m, = 1) 5, Vi 1 (14.42)
where:

V.. according to equation (14.38a)

S, spacing parallel to the edge

n, see Fig. 14.23

With a row parallel to the edge the failure is
caused by the anchor loaded in shear towards
the edge and the failure load is not influenced
by the anchor loaded away from the edge
(Mallée (2002), Hofmann (2004)). Therefore
the characteristic torsion moment is equal to the
characteristic concrete resistance V%, ., multi-
plied by the distance between the outer anchors.

Vokell

Fig. 14.22 Examples for fastenings located perpendicular to the edge under torsion moment

Vo Vo,

Rk,cL Rk,cL

Fig. 14.23 Examples for fastenings located parallel to the edge under torsion moment
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For fastenings with four fasteners located per-
pendicular and parallel to the edge (n, = n, =2),
the characteristic torsion resistance is:

2 0
(s, + sz) Vi " (VRk.cH /nl)

e =T — (14.43)

\/52 '(VRk,cH /"1) s '(VRk,cJ_)

where:

VoL according to equation (14.38a)

Vigee)  @according to equation (14.40)

8 spacing orthogonal to the edge

85 spacing parallel to the edge

n number of fasteners according to
Fig. 14.21

For fastenings with more than one edge, the
resistance for all edges shall be calculated and
the smallest value is decisive for the resistance
TRk c*

c;) Shear acting under an arbitrary angle in
respect to the edge without torsion

For fastening without torsion moment the char-

acteristic resistance is determined by solving

equation (14.44).

2 . 2
[VR,(.Lgcosa) + VRk'C'Slnaj -1 (14.44)
Ve Viea

The determination of the parameters Vp, , and
Vi and the definition of the angle o are shown
in Table 14.7 for fastenings located close to an
edge and in Table 14.8 for fastenings in a cor-
ner.

In equation (14.44) it is assumed that the shear
force V, acting on the fixture is equal to the
characteristic resistance Vp, .. Furthermore it
assumes a quadratic interaction between the
portion of the shear forces acting perpendicular
and parallel to the edge. In contrast to that in
equations (14.16d) and (14.16e) a conservative
linear interaction is assumed. Independent of
the direction of the shear force the concrete
capacity is limited by the concrete pry-out resis-
tance. This is taken into account in Tables 14.7
and 14.8. In contrast to that ETAG 001, Annex
C assumes that the concrete resistance for a
shear load acting away from the edge is equal to
the minimum of twice the resistance when the
shear load acts perpendicular to the edge (equa-

tion (14.16f)) and the pry-out resistance. The
approach in ETAG 001. Annex C is conserva-
tive.

¢,) Shear acting under an arbitrary angle in
respect to the edge with torsion

For fastening with torsion moment the charac-

teristic resistance is determined by solving

equation (14.45).

Vit - €08 a]z J{VRM -sin 05]2 _ [1 Ve J
VR/(,I ‘/Rk,Z TRk,(:

(14.45)
where:
Vit Vo according to Table 14.7 or 14.8
Ty, according to equations (14.41) to
(14.43)
ey eccentricity of the applied load V,
(Fig. 14.24)

Equation (14.45) assumes a quadratic interac-
tion between the shear forces perpendicular and
parallel to the edge and a linear interaction
between the resistances valid for a concentric
shear force and a torsion moment.

Fig. 14.24 Example for a fastening close to an edge
under shear and torsion

d) Steel failure of supplementary
reinforcement

The characteristic resistance of one fastener in

case of steel failure of the supplementary rein-

forcement may be calculated according to equa-

tion (14.46):

Nipye =ks 1Ay fo (14.46)
where:
ks = efficiency factor

0.5 supplementary reinforcement in
form of loops (see Fig. 4.95)
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Table 14.7 Determination of Vi, ; and Vg, for fastenings located close to an edge

Vewep according to equation (14.37); Vg, ., according to equation (14.38); Vg ., according to equation (14.40)
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Table 14.8 Determination of Vi, ; and Vg, , for fastenings located in a corner

Vewep according to equation (14.37); Vg, ., according to equation (14.38); Vg, according to equation (14.40)
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1.0 surface reinforcement according to

Fig. 14.19

n = number of bars of the supplementary
reinforcement of one anchor

A, = cross-section of one bar of the supple-

mentary reinforcement
f« = nominal yield strength of the supple-
mentary reinforcement
500 N/mm?

IN

The factor ks = 0.5 for a supplementary rein-
forcement in form of loops (see Fig. 4.95) takes
account of unavoidable tolerances in workman-
ship for the placing of the loops in respect to the
anchor.

e) Anchorage failure of supplementary
reinforcement in the concrete breakout
body

For applications according to Fig. 4.95 no veri-

fication of the anchorage capacity is necessary

because the efficiency of the loop is taken into
account by the factor k, = 0.5. For applications
according to Fig. 14.19 the design resistance

Ngy, of the reinforcement of one fastener in

case of anchorage failure is given by equation

(14.47).

L-m-d-fp,

o (14.47)

NRd,a = 2

where:
[, = anchorage length of the supplemen-
tary reinforcement in the assumed
failure cone (see Fig. 14.19)
b,min,
10 - d, straight bars with or without
welded transverse bars
= 4 - d, bars with hook or bend
d; = diameter of the reinforcement bar
fpa = design bond strength according to
Eurocode 2 (2003), taking into
account the concrete cover of the
supplementary reinforcement
a = influencing factor according to
Eurocode 2 (2003)
= 0.7 for hooked bars
n = number of legs of the supplementary
reinforcement effective for one
fastener

v

b,min

14.4.6.2.3 Combined tension and shear
loads

a) Fastenings without supplementary
reinforcement

If steel failure is decisive for tension and shear

load the following equation should be satisfied:

By +By <1

where 8y = Ny, / Np,and B, =V, [ Vi,

For other modes of failure either of the follow-
ing equations shall be satisfied:

By +B, <12

(14.48)

(14.49a)

B <1 (14.49b)
In equations (14.48) and (14.49) the largest
value of fB, and B, for the different failure
modes should be taken.

The different interaction equations are plotted
in Fig. 14.11.

b) Fastenings with supplementary
reinforcement
For fastenings with a supplementary reinforce-
ment for tension and shear loads section
14.4.6.2.3a applies. For fastenings with a sup-
plementary reinforcement to take up tension or
shear loads only, equation (14.50) shall be used
for the largest value of B and B, for the differ-
ent failure modes.
By <1 (14.50)
The value £, is given in the ETA or CEN-Prod-
uct standard. According to current experience
the factor is &, = 2/3.

14.4.7 Design of anchor channels

Fig. 14.25 shows a typical cross-section of an
anchor channel.

The design method given in this section is valid
for tension loads and shear loads acting on the
channel. However, the direction of the shear
loads must be perpendicular to the longitudinal
channel axis. Shear loads acting parallel to the
longitudinal channel axis are not covered.
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Fig. 14.25 Definitions for anchor channels

14.4.7.1 Derivation of forces acting on the
anchors of the anchor channel

The distribution of tension loads acting on the
channel to the anchors may be calculated using
as statical system a beam on elastic support
(anchors) with a partial restraint of the channel
ends. The resulting anchor forces depend signif-
icantly on the assumed anchor stiffness and
degree of restraint. For shear loads the distribu-
tion is also influenced by the pressure distribu-
tion in the contact zone between channel and
concrete. Therefore a simplified method
(termed triangular method) is introduced in the
CEN TS for calculating the anchor forces. This
method is described in the following. It gives
sufficiently accurate results (Kraus (2003)).

14.4.7.1.1 Tension loads

The tension forces on each anchor due to a ten-
sion load on the channel are calculated accord-
ing to equation (14.51), which assumes a linear
distribution over the influence length /; and
takes into account the condition of equilibrium.
The influence length [/, shall be calculated
according to equation (14.51b). An example for
the calculation is given in Fig. 14.26.

Ngg=k-A;-Ng, (14.51)

Channel Lips

\ Special Screw

where:

A; = ordinate at the position of the anchor i of
a triangle with the unit height at the po-
sition of the load N and the base length

2-1,
ko= L (14.51a)
ZA
l; =
13-1°% . > 5 [mm] (14.51b)

y

Iy = moment of inertia of the channel over the
axis y-y [mm?*] (see Fig. 14.25)
s = anchor spacing [mm]

The moment of inertia /; of the channel is given
in the relevant ETA.

If several tension loads are acting on the chan-
nel a linear superimposition of the anchor forces
for all loads may be assumed.

If the exact position of the tension load is not
known, the most unfavourable loading position
should be assumed for each failure mode (e. g.
load over an anchor for the case of failure of an
anchor by steel rupture or pull-out and load act-
ing between anchors in the case of bending fail-
ure of the channel).

The bending moment on the channel due to ten-
sion loads may be calculated assuming a simply
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Fig. 14.26 Example for the calculation of anchor
forces according to triangular load distribution method
for an anchor channel with 5 anchors; the influence length
isassumedas [=1.5-s

supported beam with a span length equal to the
anchor spacing.

14.4.7.1.2 Shear loads

The shear forces on each anchor due to a shear
load acting on the channel perpendicular to its
longitudinal axis may be calculated according
to section 14.4.7.1.1.

A significant part of the shear load applied per-
pendicular to the longitudinal axis of the chan-
nel is transferred into the concrete by compres-
sion stresses in the interface between channel
and concrete. In addition for reasons of equilib-
rium the anchors are stressed by tension forces.
In the chosen approach it is assumed that shear
forces are transferred by bending of the channel
to the anchors and by the anchors into the con-
crete. This simplified approach allows an easy
application of the interaction equations to
account for the influence of tension and shear
loads on the channel resistance.

14.4.7.2 Tension forces in the
supplementary reinforcement

14.4.7.2.1 Tension loads

The design tension force Ng, , in the supple-
mentary (hanger) reinforcement should be cal-
culated with an appropriate strut-and-tie model
using the design load on the fastener (compare
Fig. 14.17).

14.4.7.2.2 Shear loads

The design tension force Ng,, in the supple-
mentary reinforcement caused by the design
shear force V, acting on a fixture is given by
equation (14.52).

Nigre =Via-(e/z+1) (14.52)

where (see Fig. 14.27):

e, = distance between reinforcement and
shear force acting on the anchor channel

z = internal lever arm of the concrete mem-
ber
= 0.85-(d-h,-0.5-d) (14.52a)
d member depth

IA I

min (2 - k3 2 - ¢p)

If the supplementary reinforcement is not
arranged in the direction of the shear force then
this must be taken into account in the calcula-
tion of the design tension force of the reinforce-
ment.

In the case of different shear forces on the
anchors of the channel equation (14.52) should
be solved for the shear load of the most loaded
fastener resulting in N%,.

Fig. 14.27 Surface reinforcement to take up shear
forces; detailing of reinforcement
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14.4.7.3 Verification of ultimate limit state
by elastic analysis

14.4.7.3.1 Tension loads

The required verifications for tension loads are
shown in Table 14.9. For fasteners without sup-
plementary reinforcement lines 1 to 9 apply. For
fasteners with supplementary reinforcement
lines 1 to 6 and 8 to 11 apply.

When the design relies on supplementary rein-
forcement, concrete cone failure according to
equation 14.53 needs not to be verified but
the supplementary reinforcement should be
designed to resist the total load. The reinforce-
ment should be anchored adequately on both
sides of the potential failure planes.

The supplementary reinforcement to take up
tension loads should comply with the following
requirements (see also Fig. 14.28):

e The same diameter of reinforcement should
be provided for all anchors of a channel.
It should consist of ribbed bars (f,, <
500 N/mm?) with a diameter not larger than
16 mm and should be detailed in form of
stirrups or loops with a bending diameter
according to Eurocode 2 (2003).

o The supplementary reinforcement should be
placed as close to the anchors as practicable.
Preferably, the supplementary reinforcement

should enclose the surface reinforcement.
Only these reinforcement bars with a dis-
tance < 0.75 - h,, from the anchor should be
assumed active.

e The minimum anchorage length of the sup-
plementary reinforcement in the concrete
failure cone is min/, = 4 - d; (anchorage with
bends, hooks or loops).

e The supplementary reinforcement shall be
anchored outside the assumed failure cone
with an anchorage length /,, according to
Eurocode 2 (2003).

e A surface reinforcement should be provided
as shown in Fig. 14.28 designed to resist the
forces arising from the assumed strut-and-tie
model, taking into account the splitting
forces.

For channel bars parallel to the edge of a con-
crete member or in a narrow concrete compo-
nent the plane of the supplementary reinforce-
ment should be placed perpendicular to the lon-
gitudinal axis of the channel (see Fig. 14.28)).

a) Steel failure

The characteristic resistance Np;, , (failure of
anchor), N, . (failure of connection between
anchor and channel), N, (local failure of
channel lips), N, (failure of the screw) and
Mgy s e (bending failure of channel) are given
in the relevant ETA.

Supplementary reinforcement

/

=

e
"
o
-
3 I
=
£

e
H“‘-x

Surface /
reinforcement

a) N\

\

< hefS hef

2 g
A 7 35° \

b) N\

Fig. 14.28 Arrangement of supplementary reinforcement

a) Anchor channel located parallel to the edge of a concrete member

b) Anchor channel in a narrow concrete member
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Table 14.9 Required verifications for channel bars loaded in tension

Channel Most unfavourable anchor?
1 Steel | Rupture of an anchor N
failure Nla;‘d < NRdsa — _'Rksa
” yMs
2 Failure of the connection between p N s
anchor and channel Ng, < NRdYM = SRSC
}/Ms,('
3 Local flexure of channel lip Nl
Ngg <Ny = =
Y msa
4 Special screw Ny,
Npg SN, = y :
Ms
5 Flexure of channel M
_ Rk.s, flex
MEd < MRd,x,ﬂex -
’}/Ms,ﬂex
6 | Pullout failure N <N = Ny
Ed —""Rd,p y
Mp
7 | Concrete cone failure N,
Na N — Rk ¢
Ed — ""Rdc
j/ML'
8 | Splitting failure N <N _ NRk;p
Ed — ""Rd.sp ,}/
Msp
y ilurel)
9 | Blow-out failure N <N NR,M_,)
Ed = "VRd.ch
yMc
10 | Steel failure of supplementary § Ny,
reinforcement Nig < Npgye = =
’}/Ms,;e
11 | Anchorage failure of supplementary P Nevu
reinforcement Ny SNy = 7 '
Mc

D Not required for anchors with ¢ > 0.5 - hy

2 The load on the anchor in conjunction with the edge distance and spacing should be considered in determining the most

unfavourable anchor

b) Pull-out failure

The characteristic resistance for pull-out failure,
Npy p» is given in the relevant ETA. It is limited
by the concrete pressure under the head of the
fastener according to equation (14.30).

¢) Concrete cone failure

The characteristic resistance of one anchor of a
channel in case of concrete cone failure may be
calculated according to equation (14.53). This
equation is based on the influence method

developed by Kraus (2003) which is described
in detail in section 5.1.1.3.

NRk,c = ngk,c : as,N : ae,N : ac,N ! ere,N ’ lllucr,N
(14.53)

The different factors in equation (14.53) are
explained below.

The basic characteristic resistance of one anchor
not influenced by adjacent anchors, edges or cor-
ners located in cracked concrete is obtained by:



14.4 Design of fastenings according to the CEN Technical Specification 307

Sern Sern |
_ | y L] ‘
.ﬂ. ﬂ. ﬂ. .Jl. \*ﬁk Anchor under
1 l consideration
N, N, No N3
| 52 |
' l Fig. 14.29 Example for an anchor
I, | | 53 channel with different anchor tension
! | | forces
0 15 Sey = 2:(2.8=1.3:1,/180)-h,p23-h,;
N, =850 (Trome h IN] (14.530) S ( o 1801y
’ (14.530)
where: N, = tens@on force of an influencing anchor
o,, = factor taking into account the influ- Ny = tension force of the anchor under con-
ence of the channel on the concrete sideration ] )
cone failure load. It is given in the rel- h = number of influencing anchors
evant European Technical Approval The influence of an edge of a concrete member
<1 on the characteristic resistance is taken into
Jexeuve = characteristic concrete strength in account by the factor ¢, y according to equation

[N/mm?], the minimum and maxi-
mum values to be inserted into equa-
tion (14.53a) are given in the relevant
European Technical Approval

hy = embedment depth of the anchor
[mm] (see Fig. 14.25)

The factor o, takes the unfavourable influence
of the channel on the concrete cone capacity
into account (see section 5.1.1.3). It may be cal-

culated according to equation (5.2a).

The influence of neighbouring anchors on the
concrete cone resistance is taken into account
by the factor o . All anchors with a distance <
5.,y from the anchor under consideration should
be included.

1
Oy = I (14.53b)
Ni
1 i 2 ( S(rN ] ‘ NO
where (see Fig. 14.29):
S; = distance between the anchor, for which

i

the resistance is calculated and the
neighbouring anchor

IN

S('r,N

(14.534).

0.5
%N=(L] <1 (14.53d)
' ccr,N
where:
¢, = actual edge distance of the anchor
channel (see Fig. 14.30)
..y = characteristic edge distance

= (28-1.3:1,/180) 2 1.5-h,; (14.53¢)

With channel bars in a narrow concrete member
with different edge distances ¢, and ¢, (see
Fig. 14.30b) the minimum value of ¢, ; and ¢,
shall be inserted in equation (14.53d).

I-.
.'I. | *
] |
¢ Cia Ciz
a) b) ' '

Fig. 14.30 Anchor channel
a) at an edge of a concrete member
b) in a narrow concrete member
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Ci8C

| 5, C2SCoun y
= 2
3 %

a) C, b) c,

€50,
2 » ‘ 1 2 3 Cis
2
C
C22=Coy 3 I %

c) c, d)

Fig. 14.31 Definition of the corner distance of an anchor channel in the corner of a concrete member
a) Resistance of anchor 1 is calculated, b) Resistance of anchor 2 is calculated, c) Resistance of anchor 2 is calculated,

d) Resistance of anchor 1 is calculated

The influence of a corner of the concrete mem-
ber is taken into account by the factor o
according to equation (14.53f).

0.5
c
o, N=[ 2 ) <1
f c
cr,N

where:

(14.53f)

¢, = corner distance of the anchor for which
the resistance is calculated (Fig. 14.31)

If an anchor is influenced by two corners, then
o, has to be calculated for the values ¢, ; and
¢,, and the product of both factors ¢, should
be inserted in equation (14.53).

The shell spalling factor y,,  takes account of
a dense reinforcement. It should be calculat-
ed according to section 14.3.5.1, equation
(14.11c).

The factor .y takes account of the position of
the anchor channel in cracked or non-cracked
concrete. Section 14.3.5.1, equations (14.11e,)
and (14.11e,) apply.

In the special case of an anchor channel with an
embedment depth %, > 180 mm in an applica-
tion with an edge distance c,,, < .y and two
corner distances with ¢, .. < ¢,y (example see
Fig. 14.31c) the calculation according to equa-
tion (14.53) leads to conservative results. More
precise results are obtained if the value A, is
limited to the maximum of:

. c, s
hy, = max{M Sy ~hef} >180 [mm]
c s

cr,N cr,N

(14.53g)

where:

c = maximum distance from centre of the
anchor under consideration to any
edge of the concrete member

Cm‘,N

maximum centre to centre spacing of
influencing anchors

I IA

IN

Scr, N

This value of /i, is inserted in equation (14.53a)
as well as in equations (14.53c) and (14.53e).

d) Splitting failure due to installation

of the special screw
Splitting failure is avoided during installation of
the special screw by complying with minimum
values for edge distance c,,,, spacing s,,,,,, mem-
ber thickness #,,, and requirements on rein-
forcement as given in the relevant ETA.

e) Splitting failure due to loading

No verification of splitting failure due to load is
required if at least one of the following condi-
tions is fulfilled:

e The edge distance in all directions is ¢ =2 1.0

Coyp Tor single anchors or ¢ 2 1.2 ¢, for
anchor channels with more than one anchor.
The characteristic values of edge distance
and spacing in the case of splitting due to
load, c... and s, are given in the relevant

crsp crsp?
ETA.

e The characteristic resistance of concrete
cone failure and pull-out failure is calculated
for cracked concrete and reinforcement lim-
its the crack width to w, < 0.3 mm.

If neither of the two conditions is fulfilled, the
characteristic resistance of one anchor of a
channel should be calculated according to equa-
tion (14.54).
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0
NRk,xp = NRk,L” as,N : ae,N : a(',N : l//re,N : Wu('r,N . Wh,xp
(14.54)

i 0
Wlth NRk,z" ax,N’ Qe’N’ acN’ l/Ire,N’ l//uu;N and l//h,sp
according to section 14.4.7.3.1c.

However, the values c,.y and s, should be
replaced by c,,,, and s,,,. The values ¢, and
8.5 are based on the member thickness /£, on

the splitting resistance. It may be calculated
according to equation (14.33).

If the edge distance is smaller than the value
C.rsp @ longitudinal reinforcement should be pro-
vided along the edge of a member.

f) Blow-out failure

Blow-out failure may occur with anchors when
the distance between the anchor and the side
surface of the concrete member is ¢ < 0.5 - h,.
The characteristic resistance is given by equa-
tion (14.55). The basis of this equation agrees
with the approach for headed studs. However,
equation (14.34) which gives the characteristic
resistance of a group of headed studs has been
re-written to yield the characteristic resistance
of one anchor.

0
Netob = Nigeo s nn W g vn” O™ v Vaer v

(14.55)

The different factors of equation (14.55) are
explained in the following.

The basic resistance of a single anchor, N, .,
should be calculated according to section
14.4.6.2.1e, equation (14.34a).

The factor ¢, 5, takes into account the influence
of neighbouring anchors and should be calcu-
lated analogous to equation (14.53b), however,
the characteristic spacing s, should be
replaced by 5., =4 - ¢,

The factor ¢, 5, takes into account the influence
of a corner of the concrete member. It should be
calculated according to equation (14.53f), how-
ever, the characteristic corner distance c,,y
should be replaced by ¢, v, =2 - ¢|.

If an anchor is influenced by two corners (¢, ; <
2 - ¢;) (example see Fig. 14.31c¢) then the factor
.y, should be calculated for the values ¢, | and
¢,, and the product of both factors ¢, , shall be
inserted in equation (14.55).

The influence of the bearing area is taken into
account by the factor v, \, according to section
14.4.6.2.1e, equation (14.34c).

The influence of a distance f< 2 - ¢, between the
anchor head and the upper or lower surface of
the concrete member is taken into account by
the factor ¢, , according to equation (14.55a).

hy+f 2.¢,+f
_d < 1 < (14.55a)
%nvn = 74 ¢ = 4 T !
where:
f = distance between the anchor head and the

lower surface of the concrete member
(see Fig. 14.32)

The influence of the position of the anchor
channel is taken into account by the factor
V,..v according to section 14.3.5.1, equations
(14.11e,) and (14.11e,).

.

P

f<2c

Fig. 14.32 Anchor channel at the edge of a thin con-
crete member

g) Steel failure of the supplementary
reinforcement

The characteristic resistance of the supplemen-

tary reinforcement, Ny, ,, may be calculated in

accordance with section 14.4.6.2.1f, equation

(14.35).

h) Anchorage failure of the supplementary
reinforcement in the concrete cone

The characteristic resistance of the supplemen-

tary reinforcement, Ny, , may be calculated in

accordance with section 14.4.6.2.1g, equation

(14.36).

14.4.7.3.2 Shear loads

The required verifications for shear loads are
shown in Table 14.10. For fasteners without
supplementary reinforcement lines 1 to 5 apply.
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Table 14.10 Required verifications for anchor channels loaded in shear

Channel Most unfavourable anchor?
1 Steel | Shear force Special screw vV
failure | without lever V. <V, & =_Rks
Ed Rd,s
arm e
2 Local bending 1%
of channel lip Via $Viast = o
Y msi
3 Shear force Special screw Ve
0 .S
with lever arm Vi < VRd,,\ = 7
Ms
4 Pry-out failure Ve <y B VRk‘L_p
Ed = "Rd,cp —
yMc
5 | Concrete edge failure . Vi
,C
Via < Vyae =
yM(r
6 | Steel failure of supplementary n _ Nere
reinforcement N Ed,re Rd,re
yMs,re
7 | Anchorage failure of supplementary h o
reinforcement N Edje = N Rd,a

For anchors with supplementary reinforcement
lines 1 to 4 and 6, 7 apply.

Test experience shows that failure of the
anchors, of the connections between anchors
and channel or bending failure of the channel do
not occur due to the load transfer described in
section 5.1.2.4. Therefore these failure modes
need not to be verified.

When the design relies on supplementary rein-
forcement, concrete edge failure according to
equation (14.57) needs not to be verified but
the supplementary reinforcement should be
designed to resist the total shear load. The sup-
plementary reinforcement may be in the form of
a surface reinforcement (Fig. 14.19). It should
comply with the requirements given in section
14.4.6.2.2 for headed anchors.

a) Steel failure of fastener

a,) Shear force without lever arm

The characteristic resistance Vg, (special
screw) and Vy, ., (local bending of the channel
lips) are given in the relevant ETA. In general
the characteristic resistance Vy,  is calculated
according to equation (4.17). Vi, ., is evaluated
from test results.

a,) Shear force with lever arm

The characteristic resistance of a special screw
in case of steel failure, Vy, , may be obtained
according section 14.3.5.2b, equation (14.14).
The characteristic bending resistance M, , cal-
culated according to equation (14.14b) is given
in the relevant ETA.

b) Concrete pry-out failure

The characteristic resistance for concrete pry-
out failure should be calculated according to
equation (14.56).

Vet = ks Ny, (14.56)

where:

ks = factor to be taken from the relevant ETA
valid for applications without supple-
mentary reinforcement; in case of sup-
plementary reinforcement the factor ks
should be multiplied with 0.75. In gen-
eral, ks = 1.0 (h,,< 60 mm) and k5 = 2.0
(h2 60 mm)

Npgi. according to equation (14.53), deter-
mined for the most unfavourable anchor
loaded in shear



14.4 Design of fastenings according to the CEN Technical Specification 311

¢
e e o @ | 1
7t t4
/’/ Ve V1 V3 €,
,»/
~ ~.
1
53
L Ll ] S 52 L
A | 1 A
2 c1 bch bcn 2 C‘

Fig. 14.33 Example for an anchor channel with different anchor shear forces

¢) Concrete edge failure

For anchors of a channel with an edge distance
in all directions ¢ > 10 - hcf and ¢ 260 - d, a
check of the concrete edge failure resistance
may be omitted.

The characteristic resistance of a channel with
one anchor in cracked concrete loaded perpen-
dicular to the edge is given by equation (14.57).
This equation is based on the approach
described in section 5.1.2.4, equation (5.7).

0

V = VRk,(' ' as,V ! aL’,V : Wh v’ WM('I',V

Rk.c (14.57)
The different factors of equation (14.57) are
given below.

The basic characteristic resistance of a channel
with one anchor loaded perpendicular to the
edge not influenced by neighbouring anchors,
member thickness or corner should be calcu-
lated according to equation (14.57a).

0 1.5
VRk,cp = ap : v fck‘z?ube : Cl [N]

where:

(14.57a)

o, = product factor given in the relevant ETA

The product factor depends on the design and
size of the anchor channel. It is evaluated from
test results. As default value o, = 2.5 may be
taken.

The influence of neighbouring anchors is taken
into account by the factor ¢, according to
equation (14.57b).

1

. 1.5
1+ [1— S J :
i=1 S('r,V

where (see Fig. 14.33):

s; = distance between the anchor for which
the resistance is calculated and a
neighbouring anchor

(14.57b)

as A% =

==

< Sczt\/

Syy = 4-¢c,+2-b, (14.57¢)

b, = width of anchor channel (see Fig.
14.25)

V; = shear force of an influencing neigh-
bouring anchor

V, = shear force of the anchor under consid-
eration

n = number of influencing anchors (all

anchors with s <s_.,, from the anchor
under consideration)

The influence of a corner is taken into account
by the factor «,, according to equation
(14.574d).

0.5
c
a., = (—ZJ <1
) c
cr,V

(14.574d)
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Fig. 14.34 Example for an anchor channel with anchors where anchor No 2 is under consideration, influenced by

a) one corner, b) two corners

where:

¢, = distance of the anchor under consider-
ation to the corner

Coy = 2:¢ + by, (14.57e)

If an anchor is influenced by two corners
(example see Fig. 14.34b) then the factor a,
according to equation (14.57d) shall be calcu-
lated for each corner and the product shall be
inserted in equation (14.57).

The influence of the member thickness & < A,
is taken into account by the factor ¢, ;..

0.5
o, - (hh ] <1 (14.57f)
crV
where:
hcr:V =2 ¢ +2- h(th (1457g)

h, = height of channel bar (see Fig. 14.25)

Fig. 14.35 Anchor channel loaded parallel to the edge

For shear loads acting parallel to the edge (see
Fig. 14.35), Vy, . shall be permitted to be twice
the value for shear resistance determined from
equation (14.57).

The factor ., takes into account the effect of
the position of the anchor channel in cracked or
non-cracked concrete. The factor may be taken
in accordance with section 14.3.5.2d. A factor
V,..v > 1 shall only be used, if the height of the
channel is 4, < 40 mm.

For an anchor in a narrow, thin member (see
Fig. 14.36) with ¢, ,,, < ¢,y (€5, = Maximum
of ¢, and c¢,,, ¢, according to equation
(14.57¢)) and h < h,y, (h,,, according to equa-
tion (14.57g)), the calculation according to
equation (14.57) leads to conservative results.
More precise results are achieved if in equations
(14.57a), (14.57c), (14.57e) and (14.57g) the
edge distance ¢, is replaced by the value
according to equation (14.57h).

¢ = max {(Comax =Dep)/2; (h=2 - hy)/2}  [mm]
(14.57h)

d) Steel failure of supplementary
reinforcement

The characteristic resistance of one anchor in
case of steel failure of the reinforcement may be
calculated according to section 14.4.6.2.2d,
equation (14.46).
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Fig. 14.36 Anchor channel in a thin member, influenced by two corners

a) section, b) top view

e) Anchorage failure of supplementary
reinforcement in the concrete cone

For applications according Fig. 14.19 the
design resistance of the reinforcement of one
fastener in case of anchorage failure may be
calculated according to section 14.4.6.2.2¢,
equation (14.47).

14.4.7.3.3 Combined tension and shear
loads

14.4.7.3.3.1 Anchor channels without
supplementary reinforcement

For combined tension and shear loads section
14.4.6.2.3a applies.

14.4.7.3.3.2 Anchor channels with
supplementary reinforcement

For fastenings with supplementary reinforce-
ment to take up tension and shear loads section
14.4.6.2.3.a applies. For fastenings at the edge
with ¢, < ¢,y with supplementary reinforce-
ment to take up shear loads, equation (14.58)
shall be satisfied:

By+ B, <1

with By = Ng; / N, and B, = Vi, / Vg, The
largest value of B and B, for the different fail-
ure modes should be used in equation (14.58).

(14.58)

14.4.8 Design of post-installed fasteners -
mechanical systems

14.4.8.1 Scope

This part of the CEN Technical Specification
(European Committee for Standardisation
(CEN) (2004)) covers mechanical post-installed
anchors such as expansion anchors, undercut
anchors, concrete screws as well as bonded
expansion anchors and bonded undercut an-
chors.

14.4.8.2 Determination of action effects

For the determination and analysis of the condi-
tion of concrete (cracked or non-cracked con-
crete) serving as base material for the fastener
section 14.4.2 applies. For determination of the
forces acting on fasteners compare section
14.4.5.

14.4.8.3 Verification of ultimate limit state
by elastic analysis

14.4.8.3.1 General

For the design in the ultimate limit state, there
are three different methods available. They
agree with the methods described in section
14.3.1. In the following only design method A is
covered. This method requires proofs for all
loading directions and all failure modes.

The spacing between outer fasteners of adjoin-
ing groups or the distance to single fasteners
shall be a > s,y.
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Table 14.11 Required verifications for tension loads

Single fastener

Fastener group

Most loaded fastener Fastener group

1 Steel failure N

N
Rk,s h _ Rk,s
Ny < Ngy. s Ny < Niy,
yMs yMs
2 | Pullout failure R N
D h _ _Rkp
NEd—NRd,p NEd—NRd,p
’}/M[’ J/Mp
3 | Concrete cone failure N N
_ VRk,c 8 — __Rkc
NEd < Rd,c — yM NEd < NRd,(: -
c Mc
4 | Splitting failure Ne s N,
_ .Sp g _ " "Rksp
NEdSNRd‘sp_ NEdSNRd,sp__
YMsp yM,rp

Aborted drill holes filled with high strength
non-shrinkage mortar do not have to be consid-
ered in the design of fastenings.

14.4.8.3.2 Tension loads

The required verifications are given in Table
14.11.

a) Steel failure

The characteristic resistance, N, , in the case
of steel failure is given in the relevant ETA.

b) Pull-out or pull-through failure

The characteristic resistance, NRk_p, in the case
of pull-out or pull-through failure is given in the
relevant ETA. In the ETAs pull-out failure is
taken synonymously for pull-out and pull-
through failure.

¢) Concrete cone failure

For the characteristic resistance in the case of
concrete failure section 14.4.6.2.1c applies. No
influence of a supplementary reinforcement on
the concrete cone failure load is considered
because in general the position of the anchors in
respect to the reinforcement bars is unknown.

d) Splitting failure due to fastener
installation

Splitting failure is avoided during fastener
installation by complying with minimum values
for edge distance ¢ spacing s,., member

min® min>

thickness £,,, and requirements on reinforce-
ment as given in the relevant ETA.

e) Splitting failure due to loading

No verification of splitting failure due to load is
required if at least one of the following condi-
tions is fulfilled:

e The edge distance in all directions is
¢21.0- ¢, for single fasteners or ¢ 2 1.2 -
C.rsp TOr groups of fasteners and the member
thickness is i > h,,;,. The characteristic value

Curp 18 given in the relevant ETA.

o The characteristic resistance of concrete
cone failure and pull-out failure is calculated
for cracked concrete and reinforcement is
present to take up the splitting forces and to
limit the crack width to w, < 0.3 mm.

If neither of the two conditions is fulfilled, then
the characteristic resistance of a post-installed
fastener or a group of fasteners should be calcu-
lated according to section 14.3.5.1d.

14.4.8.3.3 Shear loads

The required verifications are given in Table
14.12.

al) Steel failure without lever arm

For the characteristic resistance in case of steel
failure without lever arm section 14.4.6.2.2a,
applies.
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Table 14.12 Required verifications for shear loads

Single fastener

Fastener group

Most loaded anchor Fastener group

1 Steel failure without \% Vv
lever arm Via <Vaas = Rk.s VEhd Vs = Ris
yMs yMs
2 | Steel failure with lever \% \%
_ VR, h RE,
arm Via S Viras = : Via < Vgas = .
y s 7Ms
3 | Concrete edge failure Vv Vv
_ _Rkc Rk,c
Vea < Viae Vo : Via < Veae = ’J/M(
c c
4 | Concrete pry-out V V,
N _ Rk, g _ "Rkep
failure Vea Ve = y—"' Vit S Veaop = "
Mc A

a2) Steel failure with lever arm

For the characteristic resistance in case of steel
failure with lever arm section 14.3.5.2b applies.

b) Concrete failure

For the verification of concrete failure (concrete
pry-out failure, concrete edge failure) sections
14.4.6.2.2b and c applies. The influence length
Iy is given in the relevant ETA. In general it
should be assumed that there is a hole clearance
between anchor and fixture. Only if any gap
between the fastener and the fixture is filled
with mortar of sufficient compression strength
or other means described in the ETA fastenings
without hole clearance may be assumed.

No influence of a supplementary reinforcement
on the concrete edge failure load is considered
because in general the position of the anchors in
respect to the reinforcement bars is unknown.

14.4.8.3.4 Combined tension and shear
loads

For the characteristic resistance for combined
tension and shear loads section 14.4.6.2.3a
applies.

14.4.9 Design of post-installed fasteners -
chemical systems

In general the verification of post-installed fas-
teners with chemical systems follows the rules
for mechanical systems (compare section

14.4.8). However, a few modifications apply
that are described in the following.

14.4.9.1 Tension resistances

Due to the different load transfer mechanism of
bonded anchors in comparison with mechanical
systems the characteristic resistance for pull-out
failure is not given by a single value but should
be calculated according to equation (14.59).
This equation is valid for fasteners in non-
cracked concrete and covers the transition from
a pull-out failure to a concrete cone failure with
different depths of the cone related to the
embedment depth.

A

AO

p.N

_ a0
NRk‘p - NRk,p : l//(,pr ! l/Ig,Np : l//re : l//ec,Np

(14.59)

The various factors in equation (14.59) are
explained below.

The initial value N, , of the characteristic resis-
tance of one anchor with large spacing and edge
distances in non-cracked concrete is given in
the corresponding ETA. It is calculated accord-
ing to equation (14.59a).

Nzk,p =ﬂ'd.hgf 'TRk,m'r (14593-)

where:

Triner = characteristic bond resistance in non-
cracked concrete evaluated according
to European Organisation for Techni-
cal Approvals (EOTA) (2002)
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The influence of the concrete strength is taken
into account by the factor ‘¥, . The value is
given in the ETA.

The geometrical influence of spacing and edge
distance on the characteristic resistance is taken
into account by the ratio A, /A) .. The pro-
Jected areas A,y and A0 are calculated accord-
ing to Figs. 4.14, 4. 16 and 4.27 using sy, =
2 - ¢, according to equation (14.59b) 1nstead of
SN = 2. Con= =3. he

The characteristic spacing and edge distance
are:

=5-d- 1%}
=055

(14.59b)
(14.59¢)

The modification factor for the influence of the
failure surface of a group of bonded anchors is:

_.(1_1,,3%) >1 (14.59d)

Ser, Np

uNp crNp

0
lI/g,Np - ll/g,Np +

S(,‘/A’Np
where:
l/{gN[, = nor (14.59¢)
a, = 07 (=T Ty ma) < 0.5 (14.59f)
(h('f i f('k,('uh(',)o5
Tt = KE- —e— (14.59g)
n = number of tensioned anchors in a
group
kg given in the relevant ETA
Y. according to equation (14.11c)

The factor v, , takes account of a group effect
when different tension forces are acting on the
individual anchors of a group.

-1 < 1 4.5%h
W(:(',Np - 1+2- eN /S”‘YN]7 = (1 .59 )
where:
ey = eccentricity of the resultant tensile
force related to the geometric centre of
gravity of the tensioned anchors (see
section 14.3.4)
Sernp according to equation (14.59b)

Equation (14.59h) agrees with equation
(14.11d), however, s, 5 is replaced by s

cr,Np*

When a bonded anchor or a group of bonded
anchors is located in a region of a concrete
member where analysis indicates concrete

cracking at service load levels (compare equa—
tion (14.1)) the characteristic resistance Ny, , i

calculated according to equation (14.59), how—
ever with 7, . substituted for 7 . in the cal-
culation of the initial value of N§, . Tz, is the
characteristic bond resistance in cracked con-
crete evaluated according to European Organi-
sation for Technical Approvals (EOTA) (2002).

The resistance according to equation (14.59) is
limited by the concrete cone resistance Ny, .
of mechanical expansion anchors calculated
according to section 14.3.5.1c. However, if it
has been shown by appropriate approval tests
with single anchors that the concrete cone fail-
ure load of headed anchors is reached with a
specific bonded anchor system, then the capac-
ity of fastenings with bonded anchors calcu-
lated according to equation (14.59) should be
limited by the concrete cone capacity of headed
anchors calculated according to section
14.4.6.2.1c. This is stated in the corresponding
ETA.

14.4.9.2 Shear loads

For the verification of fastenings with bonded
anchors under shear loads section 14.4.8.3.3
applies. However, the characteristic resistance
for concrete edge failure is calculated according
to section 14.4.6.2.2c with /, taken as embed-
ment depth h,, and d,,, as drill hole diameter
d,.

14.4.9.3 Combined tension and shear loads

For the verification of combined tension and
shear loads section 14.4.6.2.3a applies.

14.4.10 Fatigue loads

The CEN Technical Specification (European
Committee for Standardisation (CEN) (2004))
covers applications under pulsating tension or
shear load (Fig. 14.37) and alternating shear
load (Fig. 14.38). Fatigue verification should be
carried out when fasteners are subjected to reg-
ular load cycles (e.g. fastenings of cranes, reci-
procating machines, guide rails of elevators).
Fatigue load cycling may also arise at restraints
of members subjected to temperature (e.g.
facades).
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Load
A

FEk,max i

\/

I:Ek,min \,

AFEk

—
1 cycle

Fig. 14.37 Definition of pulsating actions

In general, fatigue verification is not required in
the following cases:

e Less than 1000 load cycles for pulsating ten-
sion, shear or combined tension and shear
loads with a load range AFy = Fy 0 —
Fi min €qual to the allowable load for static
loading, which is F, / 7, (with Fg, = design
resistance for steel failure, y, = 1.5).

e Less than 15 load cycles of alternating shear
loads with a load range twice the allowable
value for static loading. For smaller load
ranges the number of load cycles, where no
verification is required, may be increased.

e With load cycles imposed by temperature
variations (e.g. fastening of facade ele-
ments), if the stress range caused by the
restraint forces in the most stressed fastener

AC, ., = Oy — Ouiy 18 limited to 100 N/mm?

(bending stresses in the fastener e.g. in a

stand-off installation) or in case of shear

loads, if the maximum stress range in the
cross-section of the most stressed fastener is
limited to AT = T,,, — T, < 60 N/mm? (7 =

shear stress in the fastener).

Fasteners used to resist fatigue loading should
be pre-qualified for this application either by a
European Technical Approval or by a CEN
Product Standard.

Annular gaps are not allowed and loosening of
the nut or screw shall be avoided. Therefore a

Time

permanent prestressing force on the fastener
shall be present during lifetime. This require-
ments can be fulfilled e.g. by special installation
sets.

The verification of the resistance under fatigue
loading consists of both, the verification under
static and fatigue loading. Under static loading
the fasteners should be designed based on the
design methods given in section 14.4. The veri-
fications under fatigue loading are given in the
following.

The required verifications are summarised in
Table 14.13 (tension loading) and Table 14.14
(shear loading). In general, the values for resis-
tances are considered valid up to 2 - 10° cycles.
The maximum number of cycles is stated in the
relevant European Technical Approval or in the
CEN Product Standard.

To take account for the unequal resistance of
fasteners within a group arising from possible
differences in stiffness the fatigue resistance of
the most loaded fastener is multiplied with a
reduction factoryy,, for tensile loading or of v/,
for shear loading. These factors may be taken
from the corresponding European Technical
Approval or from the CEN Product Standard.
For groups with two fasteners under shear load
perpendicular to the axis of the fasteners when
the fixture is able to rotate the factor v, may be
taken to Y, = 1.0.
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Table 14.13 Required verifications for fatigue under tension loading

Single fastener Fastener group
Most loaded fastener Fastener group
Steel failure AN Wy - AN,
Rk, s h FN Rk, s
Ve ANge < — | Vrgu ANp S — —=
yMs,N,far yMs,N,fa!
Pull-out failure AN, v, AN
<, p h FN Rk,
j/F,fa/'AZVEkS ’J/F,fa['ANEk < L
Yup, far Y ump, far
Concrete cone failure AN AN
R, g Rk,c
Vg ANp < ‘ Yroa AN € ——
Yue, far Y ue, far
Concrete splitting AN, . AN,
failure Y ANg < Rk.sp Yeofar AN§, < ——
}/M(:,fat ’ /J/ML“faf
Concrete blow-out AN, AN,
failure Viju ANg S Rk.ch Yo AN, < —Rec
yMc,fat ' yMc,fat
where: AN, fatigue resistance for pull-out under
Yefat = 1.0 tension loading (according to the cor-
We fatr Yitp,fat according to section 14.4.4.2.2 responding European Technical Approval
Tts I fat = 135 or to the CEN Product Standard)
B = N max = Nee min ANy fatigue resistance for splitting under
= twice the amplitude of the fatigue ten- tension loading
sile action (see Fig. 14.37) 0.6 - Ngsp
ANgys fatigue resistance for steel under tension Nex sp resistance for splitting under predomi-
loading (according to the corresponding nantly static tension loading (according
European Technical Approval or to the to the corresponding European Techni-
CEN Product Standard) cal Approval or to the CEN Product
AN, fatigue resistance for concrete failure Standard)
under tension loading ANgy fatigue resistance for concrete blow-out
= 0.6 - Ny, under tension loading
Ney.c resistance for concrete failure under 0.6 - Niy o
predominantly static tension loading Neyco resistance for concrete blow-out under
(according to the corresponding Euro- predominantly static tension loading
pean Technical Approval or to the CEN (according to the corresponding Euro-
Product Standard) pean Technical Approval or to the CEN
Product Standard)
Load
A .
AN AN
\ / \ / \ » |AVex
I
AL /
AV N \J
: !
i 1
1 1
1] ! Il
1 T

Time

Fig. 14.38 Definition of alternating
shear actions
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Table 14.14 Required verifications for fatigue under shear loading

Single fastener Fastener group
Most loaded fastener Fastener group
Steel failure AV, AV,
without lever arm Ve gu AVi S —Rs fat® AV < Vv Dres
N ny,V fat ' yMs.V.fat
Steel failure AV, LAV
- k, n _ Y
with lever arm Ve ju AV S y—s Ve ju AV < LB Rks
Ms.V, fat Y sy tar
Concrete pry-out AV, AV,
H Rk,cp g Rk,cp
failure Ve ju AV < . Ve g AV S oo
Mc, fat Mc, fat
Concrete edge AV ¢ Ao
failure Ve AV < TM;, Ve AVE < M—f{
¢, fai ¢, fa
where: Vek o resistance for pry-out under predominantly
Vefat = 1.0 static shear loading (according to the cor-
W fat according to section 14.4.4.2.2 responding European Technical Approval r to
syt = 1.35 the CEN Product Standard)
AV = Vi o= Vi min AV = fatigue resistance for concrete edge failure
= twice the amplitude of the fatigue shear under shear loading
action (see Fig. 14.38) = 0.6 Vg,
AVipis fatigue resistance for steel under shear Vek e resistance for concrete edge failure under
loading (according to the corresponding predominantly static shear loading (accord-
European Technical Approval or to the CEN ing to the corresponding European Technical
Product Standard) Approval or to the CEN Product Standard)
AV,  fatigue resistance for pry-out under shear
loading
= 06- VRk,cp

For combined tension and shear loading equa-
tion (14.60) shall be satisfied.

Ve ANt <
=————<1 (14.60a)
P s Vin - ANge [V
- AV,
By = LTS < (14.60b)

Yy AVRk / Ym -

By )" + By )" <1 (14.60c)

where:

Wins Wiy 0 taken from the corresponding
European Technical Approval or
from the CEN Product standard

ANg,, AV, minimum value of resistance of
the governing failure mode

In equation (14.60c) the largest value of S,
and By, for the different failure modes shall be
taken.

14.4.11 Seismic loads
14.4.11.1 General

This section provides additional requirements
for fastenings used to transmit seismic actions
by means of tension, shear, or a combination of
tension and shear

— between connected structural elements,
— between non-structural attachments and
structural elements.

Applications for which actions are predomi-
nantly high-cycle fatigue or impact are not cov-
ered by the provisions in this section.

Fasteners used to resist seismic actions shall
meet all applicable requirements for non-seis-
mic applications. The fasteners shall be pre-
qualified for seismic situations either by a Euro-
pean Technical Approval or by a CEN Product
Standard.
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In the region of the fastening, the concrete shall
be assumed to be cracked. This section does not
apply to the design of fastenings in plastic hinge
zones (critical regions) of concrete structures.
The critical length [, is defined in Eurocode 8:
prEN 1998-1 (2003).

Displacement of the fastening should be
accounted for by engineering judgement e.g.
when anchoring structural elements to non-
structural elements of great importance or of a
particularly dangerous nature.

Determination of distribution of forces to the
individual fasteners of a group shall take into
account the stiffness of the fixture and its abil-
ity to redistribute loads to other anchors in the
group beyond yield of the fixture.

In general annular gaps between a fastener and
its fixture should be avoided for seismic design
situations. Where in minor non-critical applica-
tions the requirement is not fulfilled, the effect
of the annular gap on the distribution of shear
loads in case of groups and on the resistance
should be taken into account. Loosening of the
nut or screw shall be prevented by appropriate
measures.

14.4.11.2 Actions

The design value of the effect of seismic actions
E, acting on the fixture shall be determined
according to Eurocode 8: prEN 1998-1 (2003).
While Eurocode 8 provides requirements for
the design of non-structural elements in its sec-
tion 4.3.5, it ignores the vertical accelerations in
the calculation of actions. Therefore additional
requirements in are provided in European Com-
mittee for Standardisation (2004), Annex E.

In the design of fastenings for non-structural
elements subjected to seismic actions, any ben-
eficial effects of friction due to the gravity loads
should be ignored.

The horizontal effects of the seismic action may
be determined by applying to the non-structural
element a horizontal force F', according to equa-
tion (14.61).

F,=6,-W,-v)/q, (14.61)

where:

F, = horizontal seismic force, acting at the
centre of mass of the non-structural ele-
ment in the most unfavourable direction

W, = weight of the element

S, = horizontal seismic coefficient applicable
to non-structural elements (see equation
(14.62))

7, = importance factor of the element

> 1.5 for non-structural elements deemed
to be of great importance

q, = behaviour factor of the element (see

Table 14.15)

The horizontal seismic coefficient S, may be
calculated using equation (14.62).

S, =a~S~[(1+%)~Aa—o.5]za~s (14.62)

where:
A, = response amplification factor
- 3 _ (14.62a)
1+|1- I,
I
T, = fundamental vibration period of the non-

structural element

T, = fundamental vibration period of the
building in the relevant direction

o = ratio of the design ground acceleration
on type A ground, a,, to the acceleration
of gravity g

S = soil factor

z = height of the non-structural element
above the level of application of the seis-
mic action

h = height of the building, measured from the
foundation or from top of a rigid base-
ment

If the values T, and/or T, in equation (14.62a)
are not known, the values given in Table 14.15
may be used.

The vertical effects of the seismic action may be
determined by applying to the non-structural
element a vertical force F,, according to equa-
tion (14.63).
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F, =S, W,-v)!q, (14.63)

where:
F,, = vertical seismic force, acting at the cen-
tre of mass of the non-structural element

S,, = vertical seismic coefficient applicable to
non-structural elements (see equation
(14.64))

W, Y.» q, as given in equation (14.61)

S =o A

va v a

(14.64)

where:
o, = ratio of the vertical design ground accel-

eration on type A ground, q,,, to the
acceleration of gravity g
A, = response amplification factor (see Table

14.15)

The vertical effects of the seismic action F, for
non-structural elements may be neglected when
the ratio of the vertical component of the design
ground acceleration a,, to the acceleration of
the gravity g is less than 1.0 and the gravity
loads are transferred through direct bearing of
the fixture on the structure (see Fig. 14.39).

4

=

15

X

Gravity

(Include F.z) ~ ‘

? (Neglect Fya)

Fig. 14.39 Vertical effects of a seismic action

Values of the response amplification factor A,
and behaviour factor ¢, for non-structural ele-
ments may be selected from Table 14.15. For
buildings with fewer than 10 stories, a factor
A, = 1.5 may be slightly unconservative com-
pared to the value yielded by equation (14.62a).
A factor A, = 3.0 is always conservative com-
pared to using equation (14.62a).

Table 14.15 Non-structural elements response amplifi-
cation and behaviour factors

| A | a
Architectural
Exterior wall elements 1.5 2.0
Partitions 1.5 2.0
Interior veneers 1.5 2.0
Ceilings 1.5 2.0
Parapets and appendages 3.0 1.0
Canopies and marquees 3.0 1.0
Chimneys and masts? 3.0 1.0
Stairs 1.5 2.0
Mechanical equipment
Mechanical equipment 1.5 2.0
Storage vessels and water 3.0 1.0
heaters!)
High-pressure piping 3.0 2.0
Fire suppression piping 3.0 2.0
Fluid piping (not fire suppression) 3.0 1.0
for hazardous materials
Fluid piping (not fire suppression) 3.0 2.0
for non-hazardous materials
Ductwork 1.5 2.0
Electrical and communications equipment
Electrical and communications
equipment 1.5 2.0
Electrical and communications 3.0 2.0
distribution equipment
Light fixtures 1.5 2.0
Furnishing and interior equipment
Storage racks 3.0 2.0
Bookcases 1.5 2.0
Computer access floors 1.5 2.0
Hazardous materials storage 3.0 1.0
Computer communications racks 3.0 2.0
Elevators 1.5 2.0
Conveyors 3.0 2.0
Other unspecified equipment
Other rigid components
(fundamental period < 0.06 sec)
High deformability elements 1.5 2.0
and attachments
Low deformability elements 1.5 1.0
and attachments

Other flexible components
(fundamental period > 0.06 sec)

High deformability elements 3.0 2.0
and attachments
Low deformability elements 3.0 1.0
and attachments

1 For chimneys, masts and tanks on legs acting as
unbraced cantilevers along less than one half of their total
height, or braced or guyed structure at or above their cen-
tre of mass, A, may be taken as 1.5 and g, may be taken
as 2.0
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14.4.11.3 Resistances

For the partial safety factors 7, section 14.4.4.2
applies.

The seismic design resistance R, ,;; of a fasten-
ing shall be taken as 75 % of the minimum
design resistance as determined for the persis-
tent and transient elastic design situation using
the values for the characteristic seismic resis-
tance R, ;. provided by an European Technical
Approval or a CEN Product Standard.

R =075 Reses (14.65)

d seis
Ym

When the fastening design includes seismic
actions one of the following conditions shall be
satisfied:

o The fixture, or the element attached to the
fixture, shall be designed to undergo ductile
yielding at a load level not greater than 80 %
of the seismic design resistance of the fas-
tening as defined by equation (14.65).

o The fasteners shall be designed for ductile
steel failure. To ensure ductile steel failure,
the seismic design resistance of the fasten-
ers, as defined by equation (14.65), failing
by concrete cone, splitting or pull-out under
tension loading or pry-out or concrete edge
failure under shear loading shall exceed
1.25-times the characteristic seismic resis-
tance for steel failure provided by the re-
levant European Technical Approval or
CEN Product Standard. The nominal steel
strength of the fasteners should not exceed
fue = 800 N/mm?, the ratio nominal steel
yield strength to nominal ultimate strength
shall not exceed f;; /f,, = 0.8, and the rupture
elongation (measured over a length equal to
5 - d) should be at least 12 %. Fasteners with
a reduced section should satisfy the follow-
ing conditions:

— For fasteners loaded in tension, the
strength N, of the reduced section should
either be greater than 1.1-times of the
yield strength N, of the unreduced sec-
tion or the stressed length of the reduced
section should be = 5 - d (d = fastening
diameter outside reduced section).

— For fasteners loaded in shear or which
shall redistribute shear forces, the begin
of the reduced section should either be
> 5 - d below the concrete surface or in the
case of a threaded fastener the threaded
part should extend = 2 - d into the con-
crete.

— For fasteners loaded in combined tension
and shear, the two conditions given above
should be met.

The steel fixture should be embedded in the
concrete or fastened to the concrete surface
without an intermediate layer or with a lev-
elling layer of mortar with a compressive
strength > 30 N/mm? and a thickness < d /2.
Ductile failure modes other than ductile steel
failure may be allowed. However, ductility
equivalent to that which occurs during duc-
tile steel failure shall be shown in the rele-
vant European Technical Approval or in the
CEN Product Standard.

o For non-structural elements, brittle failure of
the fastening shall be allowed only if the
seismic design resistance as defined by equa-
tion (14.65) is taken as at least 2.5-times the
effect of the applied seismic action E, of the
attached non-structural element (see Equa-
tion 14.66). For structural elements, brittle
failure of the fastening is not permitted.
Non-structural elements:

25.E, <075 Dens (14.66)

Ym

Minimum edge distance and minimum spacing
between fasteners shall be determined as for
persistent and transient design situations unless
different values for seismic design situations are
provided in the relevant European Technical
Approval or in the CEN Product Standard.

14.4.12 Verification of serviceability
limit state

For the required verification see section 14.4.3.
The admissible displacement C, should be eval-
uated by the designer taking into account the
type of application in question (e.g. the struc-
tural element to be fastened). It may be assumed
that the displacements are a linear function of
the applied load. In the case of combined ten-
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sion and shear loading components of the resul-
tant load should be added vectorially. The char-
acteristic displacements of the fastener under
given tension and shear loads shall be taken
from the relevant European Technical Approval
or in the CEN Product Standard.

14.4.13 Fire
14.4.13.1 General

In absence of specifications concerning the
characteristic values for fire resistance in corre-
sponding European Technical Approvals or
CEN Product Standards the following modified
design method may be used. It is valid for cast-
in-place headed anchors, expansion and under-
cut anchors and concrete screws only. For
bonded anchors the fire resistances in the cases
of bond and concrete failure are product depen-
dent. Anchor channels are not covered. There-
fore no values can be given here and the manu-
facturer should be consulted.

The fire resistance is classified according to EN
13501-2 using the Standard ISO time-temper-
ature curve (STC).

The design method covers fasteners with a fire
exposure from one side only. For fire exposure
from more than one side, the design method
may be used only, if the edge distance of the
fastener is ¢ 2300 mm and ¢ 22 - A

The design under fire exposure is carried out
according to the normal design method for
ambient temperature given in the CEN Techni-
cal Specification (European Committee for
Standardisation (2004)) with the modifications
described in the following.

14.4.13.2 Partial safety factors

Partial safety factors for actions y; and for
materials %,, may be defined in a National
Annex to the CEN Technical Specification
(European Committee for Standardisation
(2004)). The recommended values are ¥, = 1.0
and %, =1.0.

14.4.13.3 Resistance

In absence of test data for a specific anchor the
following characteristic resistances in the ulti-
mate limit state under fire exposure may be

taken instead of the values given in the product
specific parts of the CEN Technical Specifica-
tion (European Committee for Standardisation
(2004)), which are valid for ambient temper-
atures. These values are conservative.

14.4.13.3.1 Tension loading

a) Steel failure

The characteristic resistance of a fastener in
case of steel failure under fire exposure (char-
acteristic tension strength o, ) given in
Tables 14.16 and 14.17 may be used. These val-
ues are also valid for the unprotected steel part
of the fastener outside the concrete.

b) Pull-out/pull-through failure

The characteristic resistance of fasteners
installed in concrete of strength classes C20/25
to C50/60 may be obtained from equation
(14.67).

e Fire exposure up to 90 minutes:

Niipsi00) = 025 - Niy (14.67a)

e Fire exposure between 90 and 120 minutes:

NRkvpfi'(lZO) =0.20- NRk,p (14.67b)

where:

Ngi, = characteristic resistance in cracked
concrete C20/25 under ambient tem-
perature given in the European Techni-
cal Approval or in the CEN Product
Standard

¢) Concrete cone failure

The characteristic resistance of a single anchor
N, not influenced by adjacent fasteners or
edges of the concrete member and installed in
concrete with the strength classes C20/25 to
C50/60 may be obtained from equation (14.68).
The influence of the different effects of geome-
try, shell spalling, eccentricity, position and fur-
ther influencing parameters may be taken from
the relevant product specific part of the CEN
Technical Specification (European Committee
for Standardisation (2004)). However, the char-
acteristic spacing and edge distance for fasten-
ers under fire near the edge shall be taken as
San=2"Con=4"hy
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Table 14.16 Characteristic tension strength of a fastener made of carbon steel under fire exposure
Anchor bolt Anchorage Characteristic tension strength o,  ; [N/mm?] of an unprotected
or thread depth fastener made of carbon steel according to EN 10025 in case
diameter he of fire exposure in the time up to
[mm] [mm] 30 min 60 min 90 min 120 min
(R15 to R30) (R45 to R60) (R90) (< R120)
6 >30 10 9 7 5
8 >30 10 9 7 5
10 > 40 15 13 10 8
>12 >50 20 15 13 10

Table 14.17 Characteristic tension strength of a fastener made of stainless steel under fire exposure

Anchor bolt Anchorage Characteristic tension strength oy, [N/mm?] of an unprotected
or thread depth fastener made of carbon steel according to ISO 3506 in case
diameter he of fire exposure in the time up to
[mm] [mm] 30 min 60 min 90 min 120 min
(R15 to R30) (R45 to R60) (R90) (< R120)
6 >30 10 9 7 5
8 > 30 20 16 12 10
10 > 40 25 20 16 14
>12 >50 30 25 20 16

e Fire exposure up to 90 minutes:

h
0 of 0 0
N, fiooy = 200 Nppe S Npgeo (14.68a)

o Fire exposure between 90 and 120 minutes:

h,
ngk,c,ﬁ(IZO) = 0~8’Wef0' Nzk,c < Ngk,c (14.68b)

where:

h, = effective embedment depth [mm]

Nj.. = characteristic resistance of a single
fastener in cracked concrete C20/25
under ambient temperature given in
the European Technical Approval or in
the CEN Product Standard

d) Splitting failure

The assessment of splitting failure due to load-
ing under fire exposure is not required because
the splitting forces are assumed to be taken up
by reinforcement.

14.4.13.3.2 Shear loading

a) Steel failure

al) Shear load without lever arm

For the characteristic shear resistance 7,  ; of a
fastener in case of steel failure under fire expo-
sure (characteristic strength) the values given in

Tables 14.16 and 14.17 apply. They are also
valid for the unprotected steel part of the fas-
tener outside the concrete. Limited tests have
indicated, that the ratio of shear strength to ten-
sile strength increases under fire conditions
above that for ambient temperature design.

a2) Shear load with lever arm

The characteristic resistance of a fastener may
be calculated according to the relevant product
specific part of the CEN Technical Specifica-
tion (European Committee for Standardisation
(2004)). However, the characteristic bending
resistance of a single fastener under fire expo-
sure is limited to the characteristic tension
strength according to section 14.4.13.3.1a. The
characteristic bending resistance may be taken
from equation 14.69.

M°

Risi =12 Wy Opp s (14.69)

where:
Orissi  given in Tables 14.16 and 14.17

b) Concrete pry-out failure

The characteristic resistance in case of fasteners
installed in concrete with strength classes
C20/25 to C50/60 may be taken from equation
(14.70).
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e Fire exposure up to 90 minutes:

VRk,L‘]I, £i(90) — k-N Rk c, £i(90) (14.70a)

o Fire exposure between 90 and 120 minutes:

ka,L‘p, fi120) = k-Npg. £i(120) (14.70b)
where:
k taken from the relevant Eu-

ropean Technical Approval
or CEN Product Standard
(ambient temperature)

N e fi00), Nree fi20) calculated according to
14.4.13.3.1c

¢) Concrete edge failure

The characteristic resistance of a single fastener
installed in concrete with strength classes
C20/25 to C50/60 may be taken from equation
(14.71). The influence of the different effects of
geometry, thickness, load direction, eccentric-
ity, may be taken from the relevant product spe-
cific part of the CEN Technical Specification
(European Committee for Standardisation
(2004)).

e Fire exposure up to 90 minutes:

0
Vike, £i(90) (14.71a)

=0.25-Vy

Rk,
o Fire exposure between 90 and 120 minutes:

0 (14.71b)

0
VRk,L'.ﬁ(lZO) =0.20- VRk,c

where:

Vi initial value of the characteristic resis-
tance of a single fastener in cracked con-
crete C20/25 under ambient temperature
according to the relevant product specific
part of the CEN Technical Specification
(European Committee for Standardisa-
tion (2004))

14.4.13.3.3 Combined tension and
shear loading

The interaction conditions according to the rel-
evant product specific part of the CEN Techni-
cal Specification (European Committee for
Standardisation (2004)) may be taken with the
characteristic resistances under fire exposure
for the different loading directions.

14.4.14 Plastic design of fastenings
with headed fasteners and
post-installed fasteners

14.4.14.1 Field of application

In a plastic analysis it is assumed that signifi-
cant redistribution of tension and shear forces
will occur in a group. Therefore, this analysis is
acceptable only when the failure is governed by
ductile steel failure of the fastenings under ten-
sion, shear or combined tension and shear load-
ing.

To ensure ductile steel failure, the following
conditions shall be met:

e Fastening arrangements as shown in Fig.
14.40 are covered. Other forms of the attach-
ment than shown in Fig. 14.40 are possible.
The number of fastenings parallel to the axis
of bending might be larger than 2. The fix-
ture may be loaded by normal and shear
forces and by a bending moment. Flexible
fixtures may be used if the resultant non-lin-
ear load distribution and associated prying
forces are taken into account (Fig. 14.41).

e The design resistance of a fastener as gov-
erned by concrete failure should exceed the
design resistance as governed by steel fail-
ure. Resistance models as given in section
14.4.14.3 will satisfy this requirement.

~
‘THQ a o] (Y ] LAQb
v s o d v h h &

i | ——— . -
2 2 k!
L L J
«®,
Fixture
EEEI/ ;EIIEJ
Anchors

i Axis of bending Axis of bending
a-a b-b

Fig. 14.40 Fastening arrangements for which the plas-
tic design approach may be used
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€s1 €52 €s3

Fig. 14.41 Example for a fastening with a flexible fix-
ture loaded by a bending moment and a tension force

e The nominal strength of a fastener shall not
exceed f,, = 800 N/mm?, the ratio nominal
steel yield strength to nominal ultimate
strength shall not exceed f,, / f,, = 0.8, and
the rupture elongation (measured over a
length equal 5 - d) shall be at least 12%.

e Fasteners that incorporate a reduced section
should satisfy the following conditions:

— For fasteners loaded in tension, the
strength N, of the reduced section should
either be greater than 1.1-times of the
yield strength N, of the unreduced sec-
tion or the stressed length of the reduced
section should be = 5 - d (d = fastening
diameter outside reduced section).

— For fasteners loaded in shear or which
shall redistribute shear forces, the begin of
the reduced section should either be
> 5 - d below the concrete surface or in the
case of a threaded fastener the threaded
part should extend > 2 - d into the concrete.

— For fasteners loaded in combined tension
and shear, the two conditions given above
should be met.

o The steel fixture should be embedded in the
concrete or fastened to the concrete surface
without an intermediate layer or with a lev-

elling layer of mortar with a compressive
strength > 30 N/mm? and a thickness < d / 2.

e The diameter of the clearance hole in the fix-
ture should be smaller than the values given
in the relevant European Technical Approval
or CEN Product Standard.

14.4.14.2 Loads on fastenings

It may be assumed that all fasteners are stressed
up to their design resistance without taking into
account compatibility conditions. The condi-
tions given in sections a) to e) should be met.

a) For design purposes, the compressive stress
between fixture and concrete may be
assumed to be a rectangular stress block with
0.=3 fur

b) The location of the resultant compression
force Cg, shall be determined based on rigid
or flexible base plate behaviour in accor-
dance with the following:

e Rigid base plate behaviour

For a rigid base plate behaviour the com-
pressive force is assumed to occur at the
extreme edge of the base plate as shown in
Fig. 14.42. For a rigid base plate behaviour
to occur, the base plate must be of sufficient
thickness to prevent yielding of the fixture at
the edge of the attached member on the com-
pression side of the fixture. The minimum
base plate thickness may be determined by
satisfying equation (14.72).

M,>Cgy-ay

1 (14.72)

where:

M, = design moment that causes yielding
of the fixture calculated with
fyd =fyk/ Yus

Cy, = design resultant compressive force

ay distance from the edge of attached
member to the resultant compressive
force

The value of ¥, for use in a country may be
found in the National Annex to CEN Techni-
cal Specification (European Committee for
Standardisation (2004)). The recommended
value is %, = 1.1.

e Flexible base plate behaviour
In case of a flexible base plate behaviour, the
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distance a;, between the edge of the attached
member and the resultant of the compressive
reaction may be calculated according to

equation (14.73) (see Fig. 14.43).
as=M,/Cg, (14.73)

Conservatively, it may be assumed that the
compressive reaction is located at either the

edge or centroid of the compression element
of the attached member.

c) For both cases (rigid base plate behaviour

and flexible base plate behaviour) the forma-
tion of a hinge in the base plate on the ten-
sion side of the connection shall be pre-
vented by satisfying equation (14.74) (see
Fig. 14.44).

Meqg = Ceq- a4

No yielding allowed

Fig. 14.42 Rigid base plate behaviour

Attached member

Meqg r-;
i

Z

4 150<3 fcd
0y —fh

‘NEZ

Yielding of plate allowed

CEd =X Ngg

A 40, Fig. 14.43 Flexible base plate behaviour

Meg > Ceq- a6

. Meq [
No yielding allowed

=
sl

-

‘ Nea2 CEd = X Ngg

A |

Fig. 14.44 Prevention of yielding of the fixture at
the tension side of the connection
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MEeq a7 > 0.4ag
[ ]
" ar
K 8s
] -
lNEdJ ‘ Neg 2 TCEd=ZNEd
1 A S
M,> T, ag (14.74)
where:
Ts, = sum of the design tension forces of

the outermost row of fastenings

d) Only those fastenings that satisfy equation
(14.75) shall be assumed to transfer a tension
force (see Fig. 14.45)

a; 204 - aq

where:

a, (ag) = distance between the resultant
compression force and the inner-
most (outermost) tensioned fas-
tener

(14.75)

e) It may be assumed that all fasteners or only
a part of the fasteners carry shear load. The
shear load taken by the individual fasteners
of a group may be different. With the plastic
design approach, the area of fastener steel
may be reduced in comparison with an elas-
tic design approach. However, the required
anchorage depth and edge distance may be
larger than for the elastic design approach, to
preclude a concrete failure.

14.4.14.3 Design of fastenings

In general the complete fastening is checked
according to equation (14.23). Therefore the
required verifications are written for the group.

14.4.14.3.1 Partial safety factors

In general partial safety factors used for actions
and resistances in the elastic design are also
applicable for design based on plastic analysis,

Fig. 14.45 Condition for fasteners transferring a
tension force equal to the yield force

except for steel failure. The partial safety factor
for steel ¥, is applied to the yield strength f,.
The value of ¥, , for use in a country may be
found in the National Annex to CEN Technical
Specification (European Committee for Stan-
dardisation (2004)). The recommended value is
}/Ms,pl =12.

14.4.14.3.2 Resistance to tension load

a) Required verifications

The required verifications are summarised in
Table 14.18.

Table 14.18 Required verifications for tension loading
(plastic design)

Fastener group

NEs < Nis / T
Equation (14.77)
Equation (14.78)

See section e)

Steel failure

Pull-out failure

Concrete cone failure

Splitting failure

b) Steel failure

The characteristic resistance N, , of one fas-
tener in case of steel failure may be calculated
according to equation (14.76).

Nies = Ay S (14.76)
The characteristic resistance of a group of ten-
sioned fasteners Ny, ; may be taken as the sum
of characteristic resistances of the fasteners
loaded in tension.
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¢) Pull-out failure
The characteristic resistance N, , of one fas-
tener in case of pull-out failure is given in the
relevant European Technical Approval or CEN
Product Standard. The pull-out resistance of all
tensioned fasteners shall meet equation (14.77).

Ny

N
Rip 51 05, NVeks (14.77)

Mp ’J/Ms,pl fyk

d) Concrete cone failure

Section 14.4.6.2.1c applies without modifica-
tion. The resistance in case of concrete cone
failure of all tensioned fasteners shall meet
equation (14.78).

Nete 51 55 Nove fue (14.78)
’}/M(' ’}/Mx f yk

e) Splitting failure

No proof of splitting failure is required if con-

dition 1) and at least one of the conditions 2) or

3) are fulfilled.

1) Splitting failure is avoided by applying equa-
tion (14.78), where Ny, . is replaced by Ny, ,
according to equation (14.12) for headed
anchors, post-installed anchors — mechanical
and chemical systems and according to equa-
tion (14.54) for anchor channels.

2) The edge distance in all directions is ¢ 2
1.0 - ¢, for single fasteners and ¢ 2 1.2 -

Ceyp for fastener groups and the member
depth is # = h,,;, in both cases.

3) With fasteners for use in cracked concrete,
the characteristic resistance for concrete
cone failure and pull-out failure is calculated
for cracked concrete and reinforcement lim-
its the crack width to w, < 0.3 mm.

14.4.14.3.3 Resistance to shear load

a) Required verifications
The required verifications are summarised in
Table 14.19.

b) Steel failure

The characteristic resistance Vg, . of one fas-
tener in case of steel failure may be calculated
according to equation (14.79).

Vs = 0.5 A, fy (14.79)

Table 14.19 Required verifications for shear loading
(plastic design)

Fastener group

Steel failure, shear load

g g
; Vea< Vo /
without lever arm Ed = YRis / Yitspl

Equation (14.80)
Equation (14.81)

Concrete pry-out failure

Concrete edge failure

The characteristic resistance of a group of ten-
sioned fasteners Vy, ; may be taken as the sum of
characteristic resistances of the fasteners loaded
in shear.

¢) Concrete pry-out failure

Sections 14.4.6.2.2b (for headed fasteners and
post-installed anchors — mechanical systems),
section 14.4.7.2.2 (for anchor channels) and
section 14.4.9.2 (for post-installed anchors —
chemical systems) apply without modifications.
To satisfy equation (14.72) the resistance in
case of concrete pry-out failure of all sheared
fasteners shall meet equation (14.80).

8

Yewer 51 55, Vaes Ju (14.80)
yMc ’}/Ms,p[ fyk

This equation is satisfied if all fasteners are
anchored with an anchorage depth so that equa-
tion (14.78) is met.

d) Concrete edge failure

Sections 14.4.6.2.2¢ (for headed fasteners and
post-installed fasteners — mechanical systems
and chemical systems) and section 14.4.7.2.2c
(for anchor channels) apply without modifica-
tion. The concrete edge resistance of all sheared
fasteners shall meet equation (14.81).

VRk,c >1.25.- Vlfk,s &
Mc yMs,pl fyk

(14.81)

14.4.14.3.4 Resistance to combined
tension and shear load

For combined tension and shear loads the fol-
lowing equations shall be satified:

By<1 (14.82a)
B,<1 (14.82b)
By+Byst (14.82¢)
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where:
N
B, = —Ld
N N Rd
V
By = VEd

14.5 Design of fastenings with cast-in
and post-installed metal anchors
according to ACI 318-05, Appendix D

14.5.1 General

Appendix D of ACI 318-05 (American Con-
crete Institute (2005)) contains design provi-
sions based on the CCD-method (CC-method)
for the design of both cast-in and post-installed
metal anchors. (The metric version of the 2005
edition of the ACI code is discussed here. As the
final edits of the 2005 edition had not been
completed at the time of publication, variations
from the completed text may occur. We apol-
ogize in advance for any such errors.) The
design provisions are intended to address
anchors “...that transmit structural loads related
to strength, stability, or life safety.” Cast-in
headed anchors and bolts as well as J- and L-
bolts are incorporated in the provisions directly,
provided that they conform to typical geome-
tries capable of developing pull-out strengths in
accordance with current experience. Post-
installed anchors, metal expansion anchors and
undercut anchors must be qualified in accor-
dance with ACI 355.2-04 (American Concrete
Institute (2001)), whereby specific values for
concrete breakout, pull-out and shear capacity
as well as the required material safety factors
(phi factors) are established.

Appendix D of ACI 318-05 includes provisions
for the design of anchors to resist seismic loads,
provided the anchors are not located in a plastic
hinge region where crack widths may exceed
those anticipated by the design procedures. It
excludes high-cycle fatigue loading and impact
loads. While not specifically excluded, the
design of anchors for compression loads is not
addressed.

While elastic analysis is assumed for the deter-
mination of critical loads in accordance with the
CCD-method, plastic analysis is permitted

where the nominal strength is controlled by
ductile anchor failure provided that deformation
compatibility is satisfied.

14.5.2 Scope

All possible configurations using cast-in headed
anchors, bolts with supplementary bearing
plates, J-bolts, L-bolts and post-installed metal
anchors are admissible. Specialty cast-in
inserts, through bolts, bonded anchors, grouted
anchors and power-actuated fasteners are not
included. Studs welded to embed plates are
included; however, the embedded end of a
group of cast-in anchors may not be joined by a
common plate (as a means, for example, to
increase the bearing area). The design provi-
sions are applicable to a maximum anchor
diameter of d, = 50 mm and a maximum
embedment depth of £, = 635 mm. Unlike the
EOTA provisions (European Organisation for
Technical Approvals (EOTA) (1997)) described
in section 14.3, ACI places no limit on the num-
ber of anchors or spatial geometry associated
with a group of anchors considered for analysis.
From a practical standpoint, some consideration
must be given to the limits of the base plate or
other transmitting structure to effectively (and
elastically) distribute applied loads to large
anchor groups.

Appendix D of ACI 318-05 allows for other
models to determine the nominal strength asso-
ciated with anchors and anchor groups provided
that these models are supported by “...compre-
hensive tests...” and that they are based on
“...the 5 percent fractile of the basic individual
anchor strength.”

The provisions cover the use of fastenings in
normal weight and light-weight concrete,
whereby the value of the concrete cylinder com-
pressive strength at 28 days (f.) used for calcu-
lation purposes may not exceed f, = 69 N/mm?
(MPa) for cast-in anchors or f, = 55 N/mm?
(MPa) for post-installed anchors.

The minimum spacing and edge distance
requirements in Appendix D of ACI 318-05 are
intended to preclude splitting of the concrete.

The concrete in the region of the anchorage may
be cracked or non-cracked. If analysis indicates
no cracking of the concrete at service load lev-
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els, then non-cracked concrete may be assumed.
Where seismic loads are included in the design
load combination, cracked concrete must be
assumed for the design.

14.5.3 Design concept

The provisions of Appendix D of ACI 318-05
conform to the concepts of Load and Resistance
Factor Design (LRFD), also commonly referred
to in North America as Strength Design. Design
resistances (strengths) are evaluated indepen-
dently for each probable failure mode and
assigned a specific capacity reduction factor
(phi factor). Design actions are established on
the basis of an assessment for the controlling
combination of factored loads (load combina-
tion). The basic requirement for strength as
given in ACI 318 is shown in equation (14.82).

(14.83)
(14.84)

Design Strength > Required Strength
¢(Nominal Strength) 2U

where:
¢ = strength reduction factor
U = factored load combination

This approach bears many similarities to the
partial safety factor approach used throughout
Europe.

14.5.3.1 Analysis for the ultimate limit
state

The minimum required load combinations are
defined by the applicable code, and are com-
monly derived from ASCE 7 (American Society
of Civil Engineers’ (2002)). Load combinations
are developed on the basis of probability assess-
ments for the likelihood that certain load types
will occur and will occur in specific combina-
tions. Therefore, the factor applied to a specific
component of a load combination may change
depending on the load combination being con-
sidered. Load combinations as given in Chapter
9 of ACI 318 are presented as equations (14.85)
to (14.91).

U=14-(D+F) (14.85)
U=12 - (D+F+T)+1.6:(L+H)+
0.5-(L, or S or R) (14.86)

U=12-D+1.6-(L,.or S or R)+

(1.0-L or 0.8-W) (14.87)
U=12-D+1.6- W+1.0-L+0.5-

(L, or S orR) (14.88)
U=12-D+1.0-E+1.0-L+0.2-S (14.89)
U=09-D+1.6-W+1.6-H (14.90)
U=09-D+1.0-H+1.6-H (14.91)

where:

D = dead loads, i.e., the weight of the build-
ing materials incorporated into the build-
ing

L = live loads, i.e. loads other than environ-

mental loads produced by the use and
occupancy of the building

= live loads at roof level

snow loads

wind loads

rain loads

= loads resulting from the weight and pres-

sure of soil

= loads resulting from the weight and pres-

sure of fluids with a well-defined density

= earthquake loads, i.e., load effects of
seismic forces

mom xS~
Il

In model building codes such as the National
Earthquake Hazard Reduction Program
(NEHRP) (2001) the probabilistic assessment
of earthquake loads is made at the strength
level; that is, the severity of the earthquake
effects is assumed to correspond to significant
levels of inelastic structure response. Corre-
spondingly, the load factor applied to these
effects is 1.0.

Load combinations must be correlated with the
appropriate materials safety factors (phi factors)
in order to preserve the global factor of safety.
Additional load combinations may be consid-
ered for cases not anticipated by the required
combinations.

In ACI 318-05, Appendix D (American Con-
crete Institute (2005)) strength reduction factors
(phi factors) are associated with material type
and failure mode, and are applied to character-
istic resistances (5% fractile of resistance with a
90% confidence).

For steel failure modes, strength reduction fac-
tors are dependent on the mechanical properties



332

14 Design of fastenings

Table 14.20 Strength reduction factors for steel failure modes

Loading Steel mechanical properties ASTM A307-04 assumed to qualify as ductile) Strength
type reduction
factor
Tension Ductile - tensile elongation > 14% and reduction in area > 30% 0.75
Brittle — tensile elongation < 14% and/or reduction in area < 30% 0.65
Shear Ductile - tensile elongation > 14% and reduction in area > 30% 0.65
Brittle — tensile elongation < 14% and/or reduction in area < 30% 0.60
Table 14.21 Strength reduction factors for concrete breakout, side-face blow-out, pull-out or pry-out
Anchor type Loading type Supplementary Anchor category
reinforcement
present? 1 2 3
Post-installed Tension Yes 0.75 0.65 0.55
No 0.65 0.55 0.45
Shear Yes 0.75
No 0.70
Cast-in Tension Yes 0.75
No 0.70
Shear Yes 0.75
No 0.70

of the steel element in question (see Table
14.20).

For concrete failure modes, strength reduction
factors (see Table 14.21) are likewise dependent
on whether the failure mode is expected to give
warning of impending failure and whether fail-
ure of a single anchor will permit redistribution
of load between anchors in a group. Addition-
ally, strength reduction factors for concrete fail-
ure modes are influenced by the presence of
“...supplementary reinforcement proportioned
to tie the potential concrete failure prism into
the structural member.” Finally, the strength
reduction factor for tension loads is dependent
on the anchor reliability (anchor category) as
determined by testing conducted according
to ACI 355.2 (American Concrete Institute
(2001)), whereby category 1 is assigned to the
most reliable anchors.

Here it should be noted that while ACI 318-05,
Appendix D provides no further guidance on

the type or orientation of supplementary rein-
forcement required to warrant the use of a larger
phi factor, it is intended that this reinforcement
should increase the ductility of the connection
at failure. In order for this to occur, the supple-
mentary reinforcement must satisfy displace-
ment compatibility. In simplest terms the sup-
plementary reinforcing should develop substan-
tial tension forces (but remain elastic) prior to
the attainment of the peak concrete fracture
load. For tension loads, such reinforcement
should be collinear with the anchor and
designed to permit transfer of force from the
anchor to the reinforcement in the manner of a
reinforcing lap splice. For shear loads, hairpins
placed at cover distance from the concrete sur-
face and contacting the leading edge of the
anchor at the apex of the bend are most effec-
tive. In most cases, orthogonal reinforcing ori-
ented perpendicular to the direction of load will
not be effective in substantially and consistently
increasing anchorage ductility.
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14.5.3.2 Serviceability limit state

While ACI 318-05, Appendix D does not con-
tain specific checks for design at the service-
ability limit state, Chapter 9 of the ACI code
includes a general requirement that members
shall “...ensure adequate performance at ser-
vice load levels” whereby service loads are
defined as loads determined without load fac-
tors. This may be construed as a requirement to
ensure that the deformational response of the
anchorage is not excessive. In addition, some
safeguards on the calculated strength have been
included in Appendix D in order to ensure good
performance at service load levels.

14.5.4 Forces on anchors

ACI 318-05, Appendix D provides only nomi-
nal guidance for the establishment of anchor
loads in a connection. Elastic response,
whereby the anchor forces “...are considered to
be proportional to the external load and its dis-
tance from the neutral axis of the anchor
group”, is assumed for concrete failure modes
owing to the relatively small degree of load
redistribution anticipated for these cases. Such
an assumption can be made only if the base
plate or attachment has a large flexural or shear
stiffness relative to the axial stiffness of the
anchors. Where significant load redistribution
can be assured through the use of longer embed-
ment depths and ductile steel, plastic design of,
say, a base plate subjected to an overturning
moment is accomplished through the assump-
tion that all tension loaded anchors achieve
yield.

For connections designed for regions of
“...moderate or high seismic risk” or for
“...structures that have been assigned to inter-
mediate or high seismic performance or design
categories”, it is required that ductile yielding
of the anchors controls the connection design
unless it can be shown that the connection is
capable of developing the yield capacity of the
attachment (see section 14.5.7).

14.5.5 Characteristic resistances
14.5.5.1 General

ACI 318-05, Appendix D requires that the fol-
lowing failure modes be evaluated for charac-
teristic resistance:

— steel strength in tension

— steel strength in shear

— concrete breakout strength in tension
— concrete breakout strength in shear
— pull-out strength in tension

— concrete side-face blow-out strength in
tension

— concrete pry-out strength in shear
Splitting failure is precluded through the speci-

fication of mandatory limits on edge distance,
spacing and member thickness.

The requirement on resistance is given by equa-
tions (14.92) and (14.93).

¢-N,=2N, (14.92)

o-V,z2V, (14.93)

where:

¢ - N, = controlling characteristic tension
strength

¢ -V, = controlling characteristic shear
strength

N, = factored tension load

V = factored shear load

u

In addition, interaction of tension and shear
must be evaluated in accordance with section
14.5.5.4.

All resistances are calculated for cracked con-
crete conditions but may be modified
(increased) for cases where it may be assumed
that cracking will not occur over the life of the
anchorage.

14.5.5.2 Tension resistance

Tension resistance is determined on the basis of
the checks shown in Table 14.22. It may be
assumed in each case that the capacity for an
anchor group is based on the most critically
loaded anchor.
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Table 14.22 Design checks required for tension loads

Single anchor Anchor group
Steel strength in tension ¢ Ny, 2N, ¢ Ny, 2 N,
Pull-out strength in tension ¢ Npy=N, (- N, >Ny o-n-Ny=N,
Concrete breakout in tension ¢ Ny=N, ¢ Npg 2 N,
Side-face blow-out strength in tension ¢ Ny, = N, 0 Nepg 2 N,

a) Steel failure
The characteristic axial tensile resistance of an
anchor in the case of steel failure is given by
equation (14.94).

Ny,=n-A,"fu (14.94)

In equation (14.94) f,,, represents the specified
minimum axial tensile strength of the steel and
is the tensile area of the steel component loaded
in tension. In order to ensure good behaviour at
service load levels, the value of f,,, is limited to
the lesser of 190 percent of the yield value, i.e.,
fuua S 1.9 - f, or 862 N/mm? (MPa). The strength
reduction factor of 0.75 for ductile fasteners is
consistent with limitations on threaded fastener
capacity established by the American Institute

for Steel Construction.

It should be noted that in the expressions for
pull-out and steel capacity, it is assumed that all
anchors are uniformly loaded. In cases where
the load distribution is not uniform, the criti-
cally loaded anchor should be checked as
described in section 14.3.4.

b) Pull-out/pull-through failure
The characteristic resistance of a cast-in anchor
is given by equation (14.95).

N,,=;-N, (14.95)

where:
w, = 1.0 for cracked concrete conditions

= 1.4 for non-cracked concrete conditions
The value of N, is permitted in all cases to be
determined as the 5 percent fractile of tests con-
ducted in accordance with ACI 355.2 (Ameri-
can Concrete Institute (2001)). For cast-in
headed anchors, Np may be calculated on the
basis of equation (14.96).

N,=A,, 8 -f. IN] (14.96)
where:
Ay, = bearing area of the anchor head [mm?]

specified concrete cylinder compres-
sive strength [N/mm?] ([MPa])

Note that in the CEN Technical Specification
(European Committee for Standardisation
(CEN) (2004)), the characteristic permissible
bearing pressure is reduced (6 - f,; .,;,,) in order
to limit the displacement for cases where
anchors are located in cracks that cycle open
and closed over the life of the anchorage (see

section 14.4.6.2.1 b).

For cast-in hooked bolts, Np may be calculated
on the basis of equation (14.97).

c

N,=09-f"e,-d, [N] (14.97)
where:
e, = the distance as measured perpendicular

to the shaft from the inner surface of the
shaft of the J- or L-bolt to the outer tip of
the J- or L-bolt [mm)]

d, = the diameter of the shaft [mm]

The characteristic resistance N, of a post-
installed anchor for a pull-out/pull-through fail-
ure depends on the design of the anchor and is
derived from the results of approval tests in
accordance with ACI 355.2 (American Con-
crete Institute (2001)).

c¢) Concrete cone failure

The CCD-method (see section 4.1.1.3) is used
to calculate the characteristic resistance N, of a
single anchor or group of anchors for concrete
cone (breakout) failure. The expression for a
single anchor is given as equation (14.98a).

Ay,
N(‘b = AM .ll/ed,N : l//(']),N .WC,N : Nb [N] (14983‘)

Nco
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For anchor groups, equation (14.98b) applies.

Ay,
N('bg = AI\I;]( ’ l//er',N : l//eai,N 'W(-p,N ’ l//(-,N : Nb [N}
(14.98b)

The relevant terms in equations (14.98a) and
(14.98b) are discussed below.

The base value N, of the characteristic resis-
tance of an anchor with large spacing and edge
distance in cracked concrete is given by equa-
tion (14.98¢):

N, =k £ -h; [N] (14.98c¢)
where:
f., = the specified concrete cylinder compres-

sive strength [N/mm?] ((MPa])

h,, = effective embedment depth [mm]

k. = coefficient for concrete breakout in
cracked concrete conditions

The value of k_ is given as k, = 10.0 for headed
cast-in anchors. For post-installed anchors, a
minimum default of value of k, = 7.0 is pro-
vided; however, the actual values of k. and v,
for a given anchor system should be derived
from testing in cracked and non-cracked con-
crete in accordance with ACI 355.2 (American
Concrete Institute (2001)).

The value of k, = 10.0 follows from equation
(4.5b) with in the same manner as described in
section 14.3.5.1c, whereby a factor of 0.75 for
the conversion from mean to characteristic
value is assumed, and an adjustment for the
actual in situ vs. specified concrete strength is
employed.

For cast-in headed anchors with an embedment
depth 280 mm < /,, <635 mm, Appendix D pro-
vides an alternate expression for N, (see equa-
tion (14.98d)) that yields greater capacities than
equation (14.98¢).

N, =38-/f. -k [N] (14.98d)
The 5/3 exponent on A, is supported by tests
with headed anchors at large embedment,
whereby the significant degree of scatter associ-
ated with test results at large embedment
requires a conservative approach.

The geometrical influence of spacings and edge
distances on the characteristic resistance is
taken into account by the ratio A,,/Ay, in a
manner identical to the EOTA Guidelines (see
section 14.3.5.1), whereby Ay, is the projected
area of the failure surface of a single anchor
remote from edges as given by equation
(14.98e).

Ay, =9- by [mm’] (14.98¢)
Ay, is defined as the projected area of the fail-
ure surface for the anchor or group of anchors
that may be approximated as the base of the rec-
tilinear geometrical figure that results from pro-
Jecting the failure surface outward 1.5 - A, from
the centrelines of the anchor, or in the case of a
group of anchors, from a line through a row of
adjacent anchors. In no case is Ay, permitted to
exceed n - Ay, where n is the number of tension
loaded anchors in the group.

For cast-in headed anchors, Appendix D per-
mits the calculation of Ay, , and Ay, assuming a
failure surface that projects horizontally 1.5 - &,
from the effective perimeter of the head as
opposed to the centreline of the anchor. For
stiffness reasons, the overall effective perimeter
is limited to the anchor shaft diameter plus 2 - ¢
where ¢ is the thickness of the head or bearing
surface.

The factor y,,  takes into account the effect of
proximate edges on the stress field around the
anchor in a manner similar to ¥,  (see section
14.3.5.1c). For cast-in anchors, the value of the
critical edge distance is assumed to be 1.5 - /.
Thus y,, v is given as per equation (14.98f).

C (14.98f)

150,

W,y =07+03-

In the case of post-installed anchors, the critical
edge distance must be determined by test and
the resulting value used to determine the addi-
tional modification factor for splitting given by
equation (14.98g).

¢

. LSh,
amin if Comin < Cac (1498g)
Cac CGC ' '

W(:p,N =

The factor y,,. y accounts for the effect of eccen-
tric tension loads on the capacity of anchor
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groups (see ¥, y in section 14.3.5.1c¢) in accor-
dance with equation (14.98h).

v =<1 (14.98h)
o 1+ 2-¢
3k,
where:

ey = eccentricity of the resultant tensile force
acting on the tension loaded anchors rela-
ted to their geometrical centre of gravity

Equation (14.98h) is valid for ey, < 's/2.

The v, y term takes into account the influence
of the position of an anchorage relative to
cracks in the concrete:

Yen

1.00 for anchorages in concrete that
may experience cracking in the
anchor vicinity over the life of
the anchorage

1.25 for cast-in anchors in concrete
that will remain non-cracked in
the anchor vicinity over the life
of the anchorage

1.40 for post-installed anchors in non-
cracked concrete when k. = 7 is
assumed

For post-installed anchors that have been tested
in accordance with ACI 355.2 (American Con-
crete Institute (2001)), the value of v,  is deter-
mined by test.

For cases where the concrete breakout surface is
bounded by edges in three or more orthogonal
directions, evaluation of the term (A, /Ay.)
represents a function that has a maximum value
at = c,myf1.5. For anchorages with three or
more proximate edges the largest of which is
Camax < 1.5 - hy, Appendix D permits an adjust-

ment to /i, as follows.

For the purposes of evaluating equations
(14.98¢) to (14.98h), h,, may be taken as the

greater of ¢, ... /1.5 and s, .. /3 where s, is

Table 14.23 Design checks required for shear loads

the maximum spacing of the tension loaded
anchors in an anchor group. In general, this
adjustment recognizes the inability of the
(Ay./Ay,,) term to accurately account for the
edge effects in this case. It may also be thought
of as providing the upper bound on the concrete
breakout tension capacity for cases where split-
ting is more likely to control.

d) Side-face blow-out
ACI 318-05, Appendix D limits the tension
capacity of single headed anchors located near
an edge (c<0.4 - h,) by the expression given in
equation (14.99) to account for the side-face
blow-out failure mode.

N, =133-c- [A, 7 [N] (14.99a)

For the case of a single anchor in a corner with
orthogonal edge distances ¢ and ¢, whereby
¢ <c¢, <3 -c, the expression for Ny, must be fur-
ther modified as shown in equation (14.99b).

&

1
N, =133-c- [A, - f. 4C [N] (14.99b)

For the case of multiple headed anchors located
near an edge (¢ < 0.4 - h,) where the spacing
between individual anchors is less than 6 - ¢, the
tension capacity is limited by the expression
given in equation (14.99¢).

S
Ny, = (1 +e C) N, [N] (14.99¢)

In equation (14.99c¢), the term s, represents the
spacing of the outer anchors along the edge in
the group, and N, is given by equation (14.99a)
regardless of the proximity of other edges.

14.5.5.3 Shear resistance

Shear resistance is determined on the basis of
the checks shown in Table 14.23.

Single anchor Anchor group
Steel strength in shear o-V,>V, 9V, 2V,
Concrete breakout in shear ¢ Vp 2V, ¢ Vg2V,
Pry-out strength in shear ¢V, 2V, ¢ Vepg 2 N,
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a) Steel failure

The characteristic shear resistance V, of cast-in
headed anchors in the case of steel failure is
given by equation (14.100a).

Vo=n"A," fu. [NI (14.100a)

where f,,, represents the specified minimum
axial tensile strength of the steel and A, is the
tensile area of the steel component loaded in
tension and is limited to the lesser of 1.9 - f, or
862 N/mm? (MPa) to ensure that the anchor
stress does not exceed f, at service load levels.
It is assumed that the headed anchors are
welded to a steel plate having dimensions suffi-
cient to induce contraflexure in the stud(s) at
peak load.

The nominal shear resistance of cast-in headed
bolts and hooked bolts is given by equation
(14.100Db).

V,=n-06-A, f, [N] (14.100b)

In contrast to the case of a welded headed
anchor, the anchor shaft is assumed to freely
rotate at the concrete surface leading to
increased flexural stress.

The nominal shear resistance of post-installed
anchors with a bolt of constant cross-section
and without a sleeve may be calculated with
equation (14.100b). For sleeve anchors, inter-
nally threaded anchors, or anchors where the
anchor shaft does not have a constant cross-sec-
tion, the characteristic shear resistance must be
established by test.

b) Concrete breakout failure

The characteristic resistance of a single anchor
failing in shear via breakout of the concrete at
the edge in the direction of shear load applica-
tion is given by equation (14.101a).

A, .
Vo = AV( WYy Wiy ¥y -V, [N] (14.101a)

Veo
For anchor groups loaded in shear failing by
concrete edge breakout, equation (14.101b) is
relevant.

A,
‘/L‘hg = AV4

Veov Veay Wiy Vey -V, [N
(14.101b)

Veo

The term A, /A,,, accounts for group effects,
near edges and member thickness in accordance
with the CCD method and the EOTA Guidelines
(see section 14.3.5.2d). A, is defined as pro-
jected area of the failure surface on the side of
the concrete member at its edge for a single
anchor or a group of anchors. It may be taken as
the base of a truncated half pyramid projected
on the side face of the member where the top of
the half pyramid is given by the axis of the
anchor row selected as critical. The value of ¢,
is taken as the distance from this axis to the
edge perpendicular to the shear force. In no case
can Ay, be evaluated as greater than n-A,
where 7 is the number of anchors in the group.

A, 1s the projected area of a single anchor in a
deep member with a distance from edges equal
or greater than 1.5 - ¢, in the direction perpen-
dicular to the applied shear force. It may be
taken as the area of the base of a half pyramid
with a side length parallel to the edge of 3 - ¢,
and a depth of 1.5 - ¢, yielding the expression
given in equation (14.101c).

Ay, =45-c,  [mm?] (14.101¢)
Where a group of welded studs are arrayed at
varying distances from the relevant edge, it is
permitted to evaluate the group capacity based
on the capacity of the anchors most distant from
the edge. For other anchor groups this approach
is acceptable as well; however, detailing provi-
sions as required to prevent premature failure of
the anchors nearest the edge must be employed.
Otherwise, the capacity should be based on the
capacity of the anchors nearest to the edge.

The basic concrete breakout strength of an
anchor loaded in shear is given by equation
(14.101d).

0.2
v,,:o.@(di] ) Jf el N

(14.101d)

whereby the term d, is the anchor diameter (at
the concrete surface) and the term / is the
anchor load-bearing length in shear, not to
exceed 8 - d,. For anchors with constant flexural
stiffness over the full length of the embedded
portion of the anchors, ¢ < k. For sleeve-type
anchors with a discontinuous sleeve, / <2 -d,.
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For headed anchors welded to a stiff plate, the
basic shear resistance is increased as shown in
equation (14.101e).

0.2
/ ;oL
Vb:0.66-(d—0) Jd - JfT e N

(14.101¢)

The factor v, takes into account the effect of
proximate edges on the stress field around the
anchor in a manner similar to ¥, (see section
14.3.5.2d). For ¢, < 1.5 - ¢,;, W,y is given by
equation (14.101f).

Yoy =0.7+03 —<2 <1 (14.101)

15-¢c,

Forc, 2 1.5 ¢y, W,y is taken as 1.0.

The factor ., is employed for anchor groups
loaded in shear where, as viewed in plan, the
shear resultant is eccentric to the centroid of the
group. It is identical to the v, term described
in section 14.3.5.2d and is given by equation
(14.101g).

1

2-e,
1+73~c

al>

Vey = <1 (14.101g)

al

Where the loading is such that only some of the
anchors in a group are loaded in shear in the
same direction, only those anchors loaded in
shear in the same direction are considered when
determining the eccentricity e,.

Where anchors loaded in shear are influenced
by three or more edges and any edge distance is
less than 1.5 - ¢, the value of ¢, to be used in
equations (14.101c) to (14.101g) may be taken
as equal to or less than the greater of ¢, /1.5,
h,/1.5, and one-third of the maximum anchor
spacing of the anchors within the group where
h, is the member thickness. This adjustment
avoids an overly conservative estimate of the
shear capacity for such cases.

Additionally, for cases where the member thick-
ness h, <1.5-c,, the term ¥, , as given by
equation (14.101h) should be employed in order
to avoid excessive conservatism in the shear
resistance calculation.

1/3
l//h,v=(1~5'ch¢'j o1 (14.101h)

a

This term is identical to that specified in the
EOTA Guidelines (section 14.5.3.2d).

The y,,, term takes into account the influence
of the position of an anchorage relative to
cracks in the concrete:

Yev

1.00 for anchorages in concrete that
may experience cracking in the
anchor vicinity over the life of
the anchorage

1.20 for anchors in cracked concrete
with supplementary reinforce-
ment having a diameter 13 mm
or greater

1.40 for anchors in non-cracked con-
crete, i.e., where the concrete in
the anchor vicinity can be assu-
med to remain non-cracked for
the life of the anchorage, or for
anchors in cracked concrete with
supplementary reinforcement
having a diameter 13 mm or gre-
ater that is in turn enclosed by
stirrups having a spacing not
greater than 100 mm

It should be noted that the supplementary rein-
forcement is assumed to be an edge bar located
between the anchorage and the edge of the con-
crete and positioned sufficiently near the con-
crete surface that it will engage the concrete
fracture surface. The enclosure of such an edge
bar with stirrups theoretically permits the devel-
opment of a strut and tie mechanism between
the anchor and the bar intersection points.
These increases for supplementary reinforce-
ment in the cracked concrete case should be
used with caution. For effective shear resistance
increase, it is recommended that hairpins
located near the surface and contacting the lead-
ing face of the anchor be used.

For shear loads parallel to the edge, the resis-
tance associated with concrete edge failure is
given as twice the resistance associated with
shear perpendicular to the edge with v, , = 1.0.
No provisions for intermediate load angles are
provided; however, use of a vector approach
(circular interaction) has been proposed.
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¢) Concrete pry-out failure

The resistance of a single anchor loaded in
shear associated with concrete pry-out failure is
given by equation (14.102).

Vo, =kg, Ny, (14.102)

whereby k,, is a constant given as follow:

k., = 1.0 for cases where /,, <65 mm
2.0 for cases where h,, 2 65 mm

The resistance of a group of anchors loaded in
shear associated with concrete pry-out failure is
given by equation (14.103).
Vz:pg = k(‘p : Nchg (14 103)
These expressions provide a conservative esti-

mate of the resistance associated with pry-out
failure.

14.5.5.4 Combined tension and shear

For cases involving simultaneous imposition of
shear and tension loads, the following condi-
tions must be satisfied:

it V,<02-9-V,

then ¢-N,<N, (14.104a)
if  N,<02-¢-N,
then ¢-V,<V, (14.104b)

if  N,>02-¢-N, and V,>02-¢-V,

N, \%4
th —— <] 14.104
S AT (100

This may be recognised as a restatement of the
tri-linear interaction condition specified in the
EOTA Guidelines (see section 14.3.5.3), and it
represents a simplified expression of the usual
5/3 exponential function as given in equation
(14.104d):

5/3 5/3
A/ e R S
¢ : N” ¢ : V}’l

(14.1044d)

14.5.6 Required edge distances, spacings
and member thicknesses to
preclude splitting failure

Where supplementary reinforcement is not pro-
vided to control splitting, the following mini-
mum dimensions are required:

Minimum centre-to-centre anchor spacing:

— For cast-in anchors that remain untorqued:
4.d,

— For torqued cast-in and post-installed
anchors:
6-d,

Minimum edge distance:

— For cast-in anchors that remain untorqued:
minimum cover requirements

— For torqued cast-in anchors:
6-d,

— For post-installed anchors:
as determined by test, but not less than
minimum cover requirements or twice the
maximum aggregate size.

In lieu of testing, the following default mini-
mum edge distances are given for post-installed
anchors:

— Default for undercut anchors:
6 : d()

— Default for torque-controlled anchors:
8-d,

— Default for displacement-controlled anchors:
10 -d,

For anchors that do not generate splitting forces
during installation and that will remain
untorqued, smaller edge distances and spacings
than those given above are permitted if a ficti-
tious anchor diameter d, is used for all resis-
tance calculations, whereby d 0 is determined
such that the required edge distance and spacing
calculations are fulfilled.

For cases where the critical edge distance has
not been established for post-installed anchors
by test, the following default values are given:

— Default for undercut anchors:
2.5 hy
— Default for torque-controlled anchors:
4-h
ef
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— Default for displacement-controlled anchors:
4-h
of

The anchor embedment £, is not permitted to
exceed the greater of (2- h, /3) or (h, —100 mm)
where £, is the member thickness. Note that this
limit of h,<1.5-h, is substantially less than
the limit of /1, <2 - h, established in the EOTA
Guidelines. This accounts for the relatively con-
servative values for the critical edge distance
absent test values to justify smaller values. Such
tests are to be conducted in the minimum mem-
ber thickness proposed for the post-installed
anchor in question.

14.5.7 Resistance where load cases include
seismic forces

Where the design of an anchorage includes
seismic forces (anchors in seismic zones classi-
fied as having moderate or high seismic risk),
the following additional considerations are
required:

e Anchors may not be located in so-called
plastic hinge regions of reinforced concrete
members. Such zones are expected to exhibit
extensive fracture and spall in response to
inelastic deformations of shear walls and
frame members, and such conditions are not
anticipated in the seismic qualification pro-
cedures for post-installed anchors, nor have
they been investigated for cast-in systems.

e Post-installed anchors must be pre-qualified
through a seismic simulation test regime
including the effects of concrete cracking
(crack opening Aw = 0.5 mm).

e Anchors are assigned a reduced capacity
equal to 75% of the calculated controlling
capacity, i.e.,0.75 - ¢-N,and 0.75 - ¢- V,.

e Anchor resistance must be governed by steel
failure of a ductile steel element, or the
anchors must be designed to develop the
yield capacity of a ductile steel attachment to
which the anchors are connected. In this
case, the maximum load that the anchors will
experience is limited by the ductile yielding
of the attachment.

It should be noted that most post-installed
anchors are not suited to adaptation for ductile
failure, particularly in cases where the anchors

are used in groups or with near edges. It is
therefore advisable to look for yielding mecha-
nisms that will protect the anchors from over-
load.

While these provisions are substantially more
robust than previous codes governing the use of
anchors to resist seismic forces, they cannot be
expected to provide absolute protection against
anchor failure in a design earthquake. They do,
however, offer a guide to intelligent detailing
and the conservative assignment of resistances
necessary to ensure some measure of ductile
response.

14.5.8 Provisions of ACI 349-01 Appendix B

ACI 349-01 (American Concrete Institute
(2001/1)) guides the proper design of concrete
structures ““...which form part of a nuclear
power plant and which have nuclear safety-
related functions...” It does not cover the
design of reactor vessels and concrete contain-
ment structures. Appendix B contains the provi-
sions for the design of cast-in and post-installed
anchors in concrete. In most respects, Appendix
B is identical to ACI 318-02, Appendix D (met-
ric conversions are provided in a separate
appendix). The most significant differences are
discussed below.

14.5.8.1 Scope

ACI 349-01 Appendix B covers the design of
post-installed grouted anchorages (cementitious
and polymer grouts) as well as cast-in anchors
and post-installed mechanical anchors. No spe-
cific design provisions for grouted anchorages
are included, however.

Concrete types other than normal weight con-
crete are not included.

Impact and impulse loads are included.

14.5.8.2 Ductile design requirements

Regardless of seismic zone or hazard, all
anchorages are required to satisfy specific
requirements for ductile response as follows:

e Anchorage design is to be controlled by the
strength of the anchorage steel, i.e. concrete
failure modes are not permitted. This condi-
tion is assumed to be satisfied if the condi-
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Table 14.24 Design checks required for ductile anchors according to ACI 349-01, Appendix B

Single anchor

Anchor group

Tension A Ase * Tuta < 0.85 - min (N, N, Ngp) Ase " futa < 0.85 - min (N, - Ny, Nopo)

B | As-f,<0.75-min(¢- Ny, - Ny 6 Nyp)  [Age - £,<0.75 - min (¢ Ny, ¢ 11+ Ny ¢+ Ny
Shear A 065-A,-f,<085-V, 065-A,-f,<085-V,

B A, [,<0.75 - min(g-V, 0-V,) A, f,<0.75 - minlg- V. 9V,

Table 14.25 Design checks required for non-ductile anchors according to ACI 349-01, Appendix B

Single anchor

Anchor group

Tension

A 1,<0.6 -min (¢ N, ¢+ Ny, ¢ Ney)

Ase £,<0.6 -min (9 Nepg, @+ 1+ Ny ¢+ Nop)

Shear Ay f,<06-minlg- Vi 9-V,)

Ay f,<06-minlg- Vi, 9V,

tions shown in Table 14.24 are met. Note that
only one set of conditions, A or B, must be
fulfilled for a given anchorage.

e Alternatively, it is permitted to design
anchors as non-ductile provided that the
resistances assigned to such anchors are
reduced in accordance with Table 14.25.

e Ductile anchorages that incorporate a
reduced plate section in the tension or shear
load path must have an ultimate tensile
strength at the reduced section that exceeds
the yield strength of the unreduced section.
For threaded anchor bolts, the length of
thread in the load path must be at least two
anchor diameters. These provisions are
intended to encourage uniform yielding.

e Design strengths may be increased for
impactive or impulsive loading in accor-
dance with the Dynamic increase factors
shown in Table 14.26, whereby plastic

Table 14.26 Dynamic increase factors according to ACI
349-01, Appendix B

Reinforcing steel Dynamic increase
x 1000 [psi] (MPal factor (DIF)
40 275 1.20
50 345 1.15
60 414 1.10
Concrete
Axial and flexural compression 1.25
Shear 1.10

response of the anchorage is permitted if the
ductility requirements of Table 14.24 are sat-
isfied.

14.5.8.3 Baseplate design

In ACI 349-01, Appendix B, anchors used in
conjunction with built-up grout pads are
assigned a resistance equal to 80 % of their
nominal capacity. It is permitted, however, to
include friction in the calculation of shear resis-
tance of a baseplate connection, whereby the
frictional coefficient for the baseplate-concrete
interface is taken as 0.40 times the net com-
pression normal force across the interface.

In addition, shear design may be based on the
use of embedded structural (steel) shapes, fabri-
cated shapes or shear lugs. In such cases the
anchors are assumed to be fully yielded and the
strength reduction factor for tension, compres-
sion, bending and all combinations thereof is
taken as 0.90. For shear, the strength reduction
factor is 0.55. The design of shear lugs is pred-
icated on checking the following checks:

e The bearing resistance of the concrete or
grout in contact with the shear lugs.

e The shear resistance of the concrete or grout
in contact with the shear lugs, as modified by
the confinement provided by adjacent ten-
sion loaded anchors.

e The concrete breakout resistance associated
with nearby edges, whereby a projected area
based on a 45-degree failure surface and a
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limiting concrete stress of 0.33 - \W are sub-
stituted for the CCD method. For this con-
dition, a strength reduction factor of 0.85 is
required.

The distribution of shear to individual shear
lugs in an anchorage is based on the relative
shear lug flexural stiffness.

Additionally, for the condition where the base-
plate is embedded in the concrete (top surface
flush with the concrete surface), use of the fol-

lowing friction coefficients is permitted for the
shear design:

e Baseplate without shear lugs 0.9

e Baseplate with shear lugs 1.4
(elastic design)

In such cases, the anchor resistance must be
compared with both the external loads as well
as the additional forces (i.e. normal forces)
required to develop the frictional forces.
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