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LIMIT MEASURES

Table 10.5.2. Slabs*

Validity of models
calculations

Ductility
requirements

Reliability
requirements

Functional
demands

Durability
requirements

Execution
requirements

Reference

Shear reinforcement

(if needed)

Minimum
mechanical ratio
(w.l'l\' =

Aswj?rk ,',(b“...if;,m)
Spacing

Inclination to the

horizontal
stirrups
bent-up bars

Longitudinal
reinforcement

Maximum bar
diameter related to
the steel stress
(under service loads)

Maximum bat
spacing (in a cross-
section) related to
steel stress (under
service loads)

Minimum
reinforcement area
within the tensioned
zone

Tensile stresses in
steel (under the rare
combination)

Clear distance in the
horizontal or vertical
direction

=0.20

<0.75d ({ + cote)

"R
A

A.r.min

kc kf;lmax Atl /0-32
(see eq. (7.4~16))

<08/,
< f (when stresses
are due only to
imposed deformation)

See Table

See Table

7.4.3

7.4.4

See Table 7.4.3

See Table 7.4.4

= largest
bar dia.
=2 20mm

6.4.2.4

6.4.2.4

6.4.2.4
6.4.2.4

7.3.3

Main flexural
reinforcement

Minimum bar
diameter (mm)

Maximum bar
spacing (mm)

Min (1.24,
350 mm)

9.2.1.1.1,
lhs

Secondary flexural
reinforcement

Ratio of secondary

to main

reinforcement:
distributed loads
concentrated loads

Maximum bar

=0.20
=033

'_W

: .. :

L i ] 3 ]

el ud
i el

Min (24, 350 mm)
spacing (mm}

* Among the rules not explicitly mentioned in this Code, the most important ones of which the designer should take note are marked
by a circle,
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Table 10.5.3. Beams*

LIMIT MEASURES

Validity of
calculations

Ductility
requirements

Reliability
requirements

Functional
demands

Durability
requirements

Execution
requirements

Reference

Longitudinal
reinforcement
(bending)

Minimum bar .
diameter {mm)
Minimum number of *
bars (or tendons)

Minimum percentage

of reinforcement:

2; = As/(brdJ
5400, S500
5220

Maximum
percentage of
reinforcement

Maximum bar
diameter related to
the steel stress
{under service loads)

Minimum
reinforcement area
within the tensioned
zone

Tensile stresses in
steel (under the rare
combinations of
actions)

Maximum bar
spacing (within a
cross-section) related
to steel stresses

—  Clear distance in the
horizontal and

vertical direction

0.0015
0.0025

0.040
(outside
zomes of
splices)

deformation)

See Table
7.4.3

See
eq. (7.4-16)

<0.8
< fu {when
stresses are
due only to
imposed

See Table
7.4.4

= Largest
bar dia.
220 mm

7.3.3

9.1.3.2_

9.1.3.2

Longitudinal |
reinforcement
(torsion)

Minimum bar
diameter (mm)

5116, where S is
spacing of stirrups
Minimum
reinforcement

One bar at each
corner of the stirrup
+ bars uniformly
distributed along the
internal perimeter of
the stirrup at a
spacing < 350 mm

[ : ]

6.3.5.2

9224

Transverse
reinforcement (shear)

Minimum bar
diameter

(-

Maximum bar
diameter

12mm
(for smooth bar)

CEB-FIP Model Code 90
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LIMIT MEASURES
Table 10.5.3. cont

Validity of
calculations

Ductility

requirements |requirements

Reliability

Functional
demands

Durability
requirements

Execution
requirements

Reference

Minimum percentage
P = Ay flsb, sinz)
Minimum
mechanical ratio of
stirrups

Wy = Arn'.ﬁ'klr
(b5 o SIN 1)

Inclination of
transverse
reinforcement to the
axis of the member

Spacing at stirrups
longitudinal

transverse

=020

=45° (stircups)
= 30° (bent-up bars)

See Table
.21

Depending
on value of
F, Srn'lf £ Rew
Min {24/3,
800 mm}

— 6.42.4

— 6.4.2.4

- 8.2.2.2

— 9222

Transverse
reinforcement
(torsion-closed
stirrups)

Minimum bar
diameter {mm)

Minimum percentage
of reinforcement

Maximum spacing
longitudinal

transverse

Min {0.56, 0.5d}
< u,f8, where u,is
the perimeter of the

stirrup
0.75d

— 9224

— 9.224

— 9.2.24

— 6.3.54

_*Among the rules not explicitly mentioned in this Code, the most important ones of which the designer should take note are marked

by a cross.
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Appendices

NOTATION

The aim of this appendix is merely to describe the symbols to be used
without prejudging the exact definition of each term.
Notation should be in accordance with 1SO 3898.

|
/| APPENDIX A
|

la.1. Construction of symbols

A symbol to represent a given quality or term is constructed as follows.

ﬁ'] (1) The main letter of the symbol is chosen from a.2,a.3, a4, oras

0
|
®

@)

| (9)
©

on the basis of its-dimensions and its use, as given in Table a.1.
Descriptive subscripts may be chosen at will. When subscripts
other than those appearing in a.6, a.7 and a.8 are used, a clear
definition of their meaning shall be given.

In constructing symbols, the first subscripts shall indicate the
location and the following ones the cause (nature, location, etc.).
When necessary to avoid confusion, the use of 2 comma between
the two categories of subscript is recommended.

When there is no risk of confusion, all or some of the descriptive
subscripts, may be omitted.

Numbers may be used as subscripts if necessary.

An apostrophe (°) representing compression is to be added to
symbols representing geometrical quantities, if necessary.

 Table a.1. Guide for the construction of symbols

}l‘ype of Dimensions Use
-4 letter
—Roman | Force; force times 1. Actions and action effects; work; energy
capital | length; length to a 2. Area; volume; first and second moments
power other than 1; of area
temperature 3. Temperature
4. Moduli of deformation (exception to the
: I general rule)
‘Roman | Length; quotient of L. Linear dimensions (fength, width,
~ Jlower | length and time to a thickness, etc.)
. jcase power; force per unit | 2. Velocity; acceleration; frequency
’ length or area; except | 3. Actions and action effects per unit length
when used as a or area
f 1 subscript 4, Strengths
— 5. Descriptive letters (subscript)
6. Mass
L 7. Time
- ‘breck — Reserved for mathematical symbols
capital
Ty
Qhreek Dimensionless I. Coefficients and dimensionless ratios
lower 2. Strains
3. Angles

Jcase

4. Densities (related to mass or weight)
(exception to the general rule)
5. Stresses

;jote: concepts not included in Table a.l should be classified in the nearest

Tategory.
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To avoid confusion, the following precautions should be taken.

(a)

)

The possibility of confusing 1 (numetical) with 1 (letter) in some
typed documents has been recognized. L will therefore be used in
place of I (letter) when there would be a risk of ambiguity in typed
documents.

Roman upper and lower case letter O shall not be used as a main
letter owing to the possibility of confusion with other symbois.
For the same reason, it is recommended that kappa,(x) and chi 3]
should be avoided as far as possible. Lastly, if the lower case
Greek letters eta () and omega (w) are used, care must be taken
in writing them to avoid confusion with the lower case Roman
letters n and w.

a.2. Meaning of Roman capital letters*

NﬁkgwqﬂwmmwgzghKNNmQ%MbQ%A

arca

torsional moment of inertia

fatigue damage factor; diffusion coeflicient

modulus of elasticity; earthquake action

action in general; local loading

permanent action; shear modulus

horizontal component of a force

second moment of a plane area

creep function

(permeability) coefficient

can be used for ‘span; length of an element’ in place of 7
bending moment; coefficient of water absorption

axial force

(void)

prestressing force

variable action

strength (resisting load effect); reaction at a support; resultant
load effect (A1, N, V, T'); static moment of a plane area
torsional moment; temperature

shear force, volume

modulus of inertia

reaction or force in general, parallel to x-axis
reaction or force in general, parallel to y-axis
reaction or force in general, parallel to z-axis

* Roman capital letters can be used to denote types of material, e.g. C for concrete, LC for
lightweight concrete, S for steel, Z for cement,

a.3. Meaning of Roman lower case letters

378

Bl 1y O oDy

deflection; distance; acceleration

width

concrete cover

effective height: diameter (see also 4 and a.5)
eccentricity (see also a.5)

strength of a material

distributed permanent load; acceleration due to gravity
total height or diameter of a section; thickness
radius of gyration

number of days

all coefficients with dimension

span; length of an element

CEB-FIP Model Code 90
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]

bending moment per unit length or width; mass; average value of
a sample

normal (longitudinal, axial) force per unit length or width
(void)

(void)

distributed variable load

radius

spacing; standard deviation of a sample

time; torsional moment per unit length or width; thickness of thin
elements

perimeter

velocity; shear force per unit length or width

width of a crack

co-ordinate; height of compression zone

co-ordinate; height of rectangular diagram

co-ordinate; lever arm

a.4. Use of Greek lower case letters

|

"‘]EB-PIP Model Code 90

J

J

alpha o angle; ratio; coefficient

beta B angle; ratio; coefficient

gamma 7y safety factor; density; shear strain (angular strain)

delta d coefficient of variation: coefficient

epsilon ¢ strain

zeta { coefficient

eta n coefficient

theta 0 rotation

iota 1 (void)

kappa x (to be avoided as far as possible)

lambda 1 slenderness ratio; coefficient

mu ¢ relative bending moment; coefficient of friction; mean
value of a whole population

nu v relative axial force; Poisson’s ratio

xi ¢ coefficient; ratio

omicron o (void)

pi n (mathematical use only)

rho p geometrical percentage of reinforcement: bulk density

sigma ¢ axial stress; standard deviation of a whole population

tau T shear stress

upsilon v (void)

phi ¢ creep coeflicient

chi x (to be avoided as far as possible)

psi ¥ coeflicient; ratio

omega « mechanical percentage of reinforcement

5. Mathematical symbols and special symbols
%
A difference; increment (enlargement)
$J  diameter of a reinforcing bar or of a cable

sum

(apostrophe) compression (only in a geometrical or locational
serise)

e  base of Naperian logarithms
exp power of the number e
n ratio of the circumference of a circle to its diameter
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n  number of . . . J
wfc water/cement ratio .
* not greater than: *indicates the upper bound in a formula
€ not smaller than: * indicates the lower bound in a formula ‘ 1
< smaller than c
> greater than

* These symbols placed at the end of an expression indicate that where the result to which !

it leads is higher (or lower) than the limit given, then the values given should be taken into
account and not the result obtained from the formula.

a.6. General subscripts ]
support settlement; additional; accidental load ..
bond; bar; beam ]
concrete; compression; column '
design value

elastic limit of a material

forces and other actions: beam flange; bending; friction
permanent load :
horizontal; hook 2
initial '
number of days :
characteristic value
longitudinal

mean value; material; bending moment

axial force

Zero

prestressing steel

variable load

cracking

ordinary steel; snow: slab
tension;* torsion;* transverse _
ultimate (limit state) -
shear; vertical

wind; web; wire; wall
linear co-ordinate

ng:mhﬂm’ueas e i e L S

¥ linear co-ordinate -
z linear co-ordinate l
1,2,3... particular values of quantities
9] conventional asymptotic value J
* When confusion is possible between tension and torsion, the subscripts (tension) and tr ,
(torsion) should be used. : I
a.7. Subscripts for actions and action effects '
a(4)}  support settlement; accidental action ]
ce creep of concrete "
cd delayed elasticity of concrete l
ef delayed plasticity of concrete J
cs shrinkage of concrete
ep earth pressure
eq(E) earthquake; seismic
ex explosion; blast J
S(F) forces and other actions '
g(G) permanent load
im impact J
lp liquid pressure p
380 CEB-FIP Model Code 90 J




] m(M') bending moment
n(N) axial force
P(P)  prestress
q(Q) variable load
s(S)  snow load
{T) torsion; temperature

|
‘l 2(V) shear

w(W) wind load

] a.8. Subscripts obtained by abbreviation

abs
act
] adm
cal
crit (or cr)
- ef
] el (or e)
est
- exc
1 ext
fat
inf
1 int
lat
lim
] max
min
nec
net
] nom
obs
ol
} prov (or pr)
red
B ref
1 } rep
.. req
res
o ser
|
tot
] var

E'TB-FIP Model Code 90

absolute

acting

admissible, permissible
calculated, design
critical

effective

elastic

estimated
exceptional
external

fatigue

inferior

internal

lateral

limit

maximum
minimury
necessary

net

nominal

observed

plastic

provisional (stage of construction), provided
reduced

relative, relaxation
representative
required

resisting, resistant
serviceability, service
superior

total

variable
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APPENDIX B

TERMINOLOGY ON CONSTRUCTION
WORKS

In order to avoid some ambiguities which are common in the usual
language, it is recommended to use the following terms in accordance with
the definition given below.

o Construction works: Everything that is constructed or results from
construction operations. In accordance with ISO 6707 Part 1, this term
covers both building and civil engineering works. It refers to the
compiete construction comprising both structural and non-structural
elements.

* Execution: The activity of creating a building or civil engineering
works. The term covers work on site; it may also signify the fabrication
of components off site and their subsequent erection on site.

* Structure: Organized combination of connected parts designed to
provide some measures of rigidity. This term refers only to load
carrying parts.

*  Type of building or civil engineering works: Type of ‘construction
works’ designating its intended purpose, e.g. dwelling house, industrial
building, road bridge.

*  Form of structure: Structural type designating the arrangement of
structural elements, e.g. frame, beam, triangulated structure, arch,
suspension bridge.

* Construction material: A material used In construction work, e.g.
concrete, steel, timber, masonry.

»  Type of construction: Indication of principal structural material, e.g.
reinforced concrete construction, steel construction, timber construc-
tion, masonry construction, composite construction.

* Method of construction: Manner in which the construction will be
carried out, e.g. cast in place, prefabricated, cantilevered.

*  Structural system: The load-bearing elements of a building or civil
engineering works and the way in which these elements are assumed to
function, for the purpose of modelling.

382 CEB-FIP Model Code 90
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APPENDICES

APPENDIX D

CONCRETE TECHNOLOGY
d.1. Scope

This appendix gives information on the technical requirements to be satis-
fied by the constituent materials of concrete, concrete composition, the
properties of {resh and of hardened concrete, the production, placing and
curing of concrete and the verification of the required properties. Concrete
which satisfies these requirements will have mechanical and durability
properties generally in accordance with the properties on which the design
rules of this Model Code are based. This appendix does not deal with
special concretes such as fibre concrete, heavyweight concrete, polymer
concrete, repair mortars and organic compounds other than admixtures.
However, it includes information on lightweight aggregate concrete and on
concrete with a compressive strength in excess of 50 MPa, often referred to
as high strength concrete.

d.2. Reference documents

This appendix should be interpreted in conjunction with other international
documents such as the standards and recommendations prepared by

CEN: European Committee for Standardization

1S0: International Organization for Standardization

RILEM: International Union of Testing and Research Laboratories
for Materials and Structures

Particular attention is drawn to the following documents though other
national or international standards may be of equal relevance.

prENV 197  Cement; composition, specifications and conformity
criteria, June 1989,

ENYV 206 Concrete—Performance, production, placing and
compliance criteria.
ISO 1920 Concrete tests—Dimensions, tolerances and appli-

cability of test specimens.

ISO 2736/1 Concrete tests—Making of test specimens—Part 1:
Sampling of fresh concrete.

ISO 2736/2 Concrete tests—Making of test specimens—Part 2:
Making and curing of test specimens for strength tests.

ISO 4012 Concrete—Determination of compressive strength of
test specimens.

ISO 4013 Concrete—Determination of flexural strength of test
specimens.

iSO 4108 Concrete—Determination of tensile splitting strength
of test specimens.

ISO 4109 Fresh concrete—Determination of the consistency—
Slump test,

1SO 4110 Fresh concrete—Determination of the consistency—
Vebe test.

ISO 4111 Fresh concrete—Determination—Degree of compac-
tibility (Compaction index).

ISO 4848 Concrete—Determination of air content of freshly
mixed concrete—Pressure method.

ISO 6275 Concrete, hardened—Determination of density.

ISO 6276 Concrete, compacted fresh—Determination of
density.

ISO 6782 Aggregates for concrete—Determination of bulk
density.
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ISO 6783 Coarse aggregates for concrete—Determination of
particle density and water absorption—Hydrostatic
balance method.

ISO 7031 Concrete, hardened-—Determination of the depth of
penetration of water under pressure.

ISO 7033 Particle density and water absorption of fine and
coarse aggregates for concrete (pycnometer method)
{at present at the stage of draft standard).

ISO 7034 Cores of hardened concrete—Taking, examination
and testing in compression (at present at the stage of
draft standard).

1SO 8045 Concrete, hardened—Determination of rebound
number using the rebound hammer (at present at the
stage of draft standard).

1SO k047 Concrete, hardened—Determination of ultrasonic
pulse velocity {at present at the stage of draft
standard). '

ISO 9812 Fresh concrete—Determination of consistency—Flow
test (at present at the stage of draft standard).

RILEM CPC7 Direct tension (final recommendation, 1975).

In this document frequently reference is made to ‘Durable Concrete
Structures—CEB Design Guide’ CEB Bulletin d’Information No. 182,
1989.

d.3. Definitions

Some of the technical terms relating to concrete technology and used in this
appendix are defined as folows.

(1) Concrete: Material formed by mixing cement, coarse and fine aggregate
and water and produced by the hydration of the cement paste (cement and

+ water); in addition to these basic components, it may also contain admix-

tures andfor additions. If the maximum particle size of the aggregate is

" 4mm or less, the resulting material is generally termed mortar, not

concrete.

) (2) Fresh concrete: Concrete still in the plastic state and capable of being

compacted by normal methods.

(3) Hardened concrete: Concrete which has hardened and developed
strength.

(4) Site mixed concrete: Concrete batched and mixed on or near the con-
struction site by the user.

(5) Ready-mixed concrete: Concrete batched in a plant outside or on the
7 construction site, mixed in a stationary mixer or a truck mixer and delivered

by the producer to the user as fresh concrete ready for use either on the
construction site or into a vehicle of the user.

(6) Baich: The quantity of concrete mixed in one cycle of operations of a

J batch mixer, or the quantity of concrete conveyed as ready-mixed concrete

in a vehicle, or the quantity discharged during approx. 1min from a

7 continuous mixer.

~ (7) Normal weight concrete: Concrete having an oven-dry (105°C) density

greater than 2000 kg/m’ but not exceeding 2800 kg/m?>.

(8) Lightweight aggregate concrete: Concrete having an oven-dry density of
not more than 2000 kg/m’. It is entirely or partly produced by the use of
aggregate that has a porous structure (lightweight aggregate).

N
.
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(9) Heavyweight concrete: Concrete having an oven-dry density greater
than 2800 kg/m’.

(10) Admixture: Product which is added in quantities generally less than or
equal to 5% by mass of the cement before or during mixing or during an
additional mixing operation, causing the required modifications to the
normal properties. In special cases amounts > 5% may be added.

(11) Addition: Finely divided inorganic material that may be added to the
concrete in order to improve certain properties or to achieve special proper-
ties. There are two types of inorganic additions: nearly inert additions
(Type I) and pozzolana or latent hydraulic additions (Type II).

(12) Aggregate: Concrete component consisting of uncrushed andjor
crushed natural and/or artificial mineral substances with particle sizes and
shapes suitable for the production of concrete.

(13) Normal weight aggregate: Aggregate with a particle density between
2000 and 3000 kg/m”’, the particle density being determined, for example,
according to 1SO 6783 or ISO 7033.

(14) Lightweight aggregate: Natural or artificial aggregate consisting of
particles with a porous structure and with a particle density less than
2000 kg/m’, the particle density being determined, for cxample, according
to ISO 6783 or ISO 7033.

(15} Heavyweight aggregate: Aggregate having a particle density larger
than 3000kg/m’, the particle density being determined, for example,
according to ISO 6783 or I1SO 7033.

(16) Cement: A hydraulic binder, i.e. a finely ground inorganic material
which when mixed with water, forms a paste which sets and hardens by
hydration reactions and processes and which, after hardening, retains its
strength and stability even under water.

(17) Effective water content: Mixing water plus water already present on the
surface of the aggregates or in the admixtures and additions.

(18) Water/cement ratio: Ratio of effective water content to cement content
of the concrete (refer also to clause d.6.3.3.2).

(19} Entrained air: Microscopic air bubbles intentionally incorporated in
concrete during mixing, usually by use of surface active agents; typically
between 10 and 1000 um in diameter and spherical or nearly so.

(20) Entrapped air: Air voids in concrete which are not purposely entrained
and which are significantly larger and less useful than those of entrained air,
i mm or larger in size.

(21} Designed mix: A mix for which the user specifies the required perfor-
mance of the concrete and any additional characteristics, and the producer
is responsible for providing a mix which complies with the required per-
formance and additional characteristics.

(22} Prescribed mix: A mix for which the user specifies the composition of
the mix and materials to be used. The producer is responsible for providing
the specified mix but is not responsible for the performance of the concrete.

(23) High strength concrete: Concrete with a characteristic strength higher
than 50 MPa.

394

CEB-FIP Model Code 90

Ty




d.4. Constituent materials

d.4.1. General requirements

The basic materials (i.e. cement, aggregates, water, admixtures and
additions) shall be suitable for making concrete which will attain and retain
the required properties. Therefore, the materials should meet certain
requirements as to composition and physical properties. Moreover, their
quality should be consistent, and no impurities shall be introduced during
transport and storage.

Even small traces of foreign materials such as gypsum, lime, zinc or sugar
can have an adverse effect on the essential properties of concrete, such as
the setting, hardening or dimensional stability. Constituents shall not
contain ingredients which may cause corrosion of embedded reinforcement.
Only such basic materials should be used whose properties are verified by

an appropriate certification body and which are subject to continuous

quality control with the exception of water. General instructions for the
choice and evaluation of the constituent materials are given in the follow-
ing. Further information may be sought in international and national
standards or regulations.

d.4.2. Cement*

d.4.2.1. Types and requirements
The cements shall satisfy the requirements of national or international
standards. The most important standards for all applications are those
related to setting behaviour, strength development, dimensional stability
and, for some special applications, heat of hydration and resistance to
internal and external chemical attack.

The following classification is widely accepted and proposed, e.g. in prEN
197

Portland cements (CED)

Portland composite cements (CE I
blast furnace cements (CE III)
pozzolanic cements (CE1V)

In all cases, for the purposes of calculation, cement is understood to exclude
calcium sulphate and additives.

As a guideline the following limits for the composition of the various
types of cement may be given which are identical to those presented in
PrEN 197. Portland cement should have a clinker content of at least 95%.
Portland composite cement should consist of at least 65-80% Portland
cement clinker and up to 35% ground granulated blast furnace slag, up to
28% natural or artificial pozzolans and up to 20% ground limestone filler.

J Blast furnace cements should have a minimum of 20% of Portland cement

clinker and up to 80% of ground granulated blast furnace slag. Pozzolanic
cements should have a minimum of 60% of Portland cement clinker and up
to 40% of natural or artificial pozzolans.

In addition, cements may differ with respect to their strength class as well
as with respect to their rate of strength development. Also cements with
special properties may be used for special applications such as cements with

@ low heat of hydration, sulphate resistant cements or cements with a low

effective alkali content.

| *Since the approval of this Model Code by the CEB General Assembly a CEN standard for
cement ENV 197 has been approved by the CEN member countries, The types and strength

classes as well as the composition of cements given in ENV 197 differ from those referred

to in this Model Code.
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As an example in pr EN 197 distinction is made between the four types
of cement listed above (CE I to 1V), between 2 strength classes (32.5 and
42.5MPa) and between normal and rapid hardening cements (R). Many
national standards also specify a third strength class around 52.5 MPa,
which is referred to in subsequent sections.

In this Model Code reference is made to cements in more general terms

slowly hardening cements (SL) e.g. CE 32.5
normal hardening cements (N) e.g. CE 32.5 R; CE 42.5
rapid hardening cements (R) eg CE425R
rapid hardening high (RS) eg. CE 525
strength cements

National or internatiopal standards may contain restrictions concerning
the type of cement to be used for certain applications and additional
requirements for the minimum strength and composition of cements used
for pretensioned prestressed concrete or for cement grout used for pre-
stressing tendons.

d.4.2.2, Handling and storage
Cement should be protected from moisture and impurities during trans-
portation and storage. Cement stored in the open absorbs moisture and
carbon dioxide from the air, which causes the cement to cake and impair
its hydration capacity. Finely ground, rapid hardening high strength
cements are particularly sensitive in this respect. Except in very dry climates
paper bags do not provide sufficient protection for prolonged storage even
under cover. Special packaging measures are required for cement expected
to be stored for prolonged periods or at a high relative humidity. Before
using cement, the consumer should make sure that it still complies with the
applicable standard specifications.

‘The various types of cement should be clearly marked and so stored that
the wrong type cannot be used by error.

d.4.3. Aggregates

d.4.3.1. Types

The aggregates used for concretes covered by this Model Code can be
natural or artificial mineral substances, either crushed or uncrushed and
with particle sizes, grading and shapes such that they are suitable for the
production of concrete. The individual particles generally have a range of
sizes and have a dense or a porous structure. Further definitions are given
in section d.3.

Aggregates can be further distinguished according to their rock and
mineral type, their constifuent materials, or according to some properties
of practical importance, e.g. the shape and surface texture of the particles
and their strength and durability.

d.4.3.2. General requirements

Normally, aggregates shall satisfy the requirements in the national stand-
ards for the particular applications envisaged. In special cases, it is possible
to use aggregates which do not comply with the standards or aggregates for
which the available standards are not applicable, provided that there are
sufficient data or experience to show that concrete made with these

materials is satisfactory and that the suitability of the aggregate for the ,

particular conditions of use has been checked.

Itis a general requirement that aggregates shall not become soft and shall
not be excessively friable or expand excessively when wetted, They shall
not be liable to decomposition, shall not combine with the products of
hydration of the cement to form compounds which damage the concrete,
e.g. alkali-silica reaction, and shall not cause corrosion of embedded steel
reinforcement.
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In order to satisfy these requirements the amount of harmful substances
in the aggregates should be limited. Harmful in particular are clay and silt,
i.e. particles with a diameter less than about 0.06 mm; organic compounds
such as humus, coal or wood; sulphates and salts which may be aggressive
to embedded steel such as nitrates, halogenides, in particular chlorides.
Some standards limit the amount of silt in sand to 3 or 4 percent by weight
and in coarse aggregates to 1 to 2 percent by weight. Sulphates, expressed
as SO,, often are limited to 1 percent by weight. With regard to the
limitation of chlorides refer to clause d.6.3.5. Reactive aggregates are dealt
with in clause d.6.3.3.3.

Depending on their application, the aggregates shall also satisfy certain
requirements as to grading, purity, strength, shape of the particles, surface
texture and resistance to frost and abrasion. In the case of lightweight
aggregates, the porosity and water absorption as a function of time are also
of special interest (refer to section d.16). ¢

For the design and construction, account shall be taken of any unusual
effects which the aggregates might be known to have on certain properties
of the concrete, e.g. on its strength, density, shrinkage, moisture movement,
thermal expansion, elastic modulus or durability. For example, some
dolerites and sandstones shrink when drying; concrete made with these can
shrink significantly more than estimated from section 2.1 of this Model Code.

d.4.3.3. Aggregates from marine sources
Aggregates from marine sources may be used provided that their chloride
content complies with national standards or the information given in clause
d.6.3.5, and that they satisfy all other requirements for the particular
application of the aggregates.

Large quantities of hollow or flat shells in marine aggregates can have an
adverse effect on the workability of the fresh concrete and on the properties
of the hardened concrete.

d.4.3.4. Handling and storage

The aggregate must not become contaminated with other materials during
transport or storage. If aggregates of different gradings or of different types
are delivered separately, they should not be mixed inadvertently. Segrega-
tion of the different sizes of aggregates within a size range should be
prevented.

d.4.4. Mixing water

Water to be used as mixing water should comply with national standards
and shall not contain harmful ingredients in such quantities as to affect the
properties of the fresh or hardened concrete or to reduce the protection of
the reinforcement against corrosion.

In case of doubt, the water should be tested beforehand. Water contain-
ing oil, fat, sugar or a high amount of humic acids is unsuitable. Seawater
shall not be used for the production of prestressed concrete and in general
of reinforced concrete. Its use for reinforced concrete is permissible in some
countries in exceptional cases subject to restrictions in the choice of cements
and the total chloride content of the concrete. In such cases only a part of
the total mixing water should be seawater.

Water previously used to remove remnants of concrete from installations
of ready-mixed concrete plants and from transport vehicles may be recycled
and used as mixing water subject to a number of precautions.

» Recycling water has to satisfy the general requirements for mixing
water of concrete.,

*  Special measures are necessary if part of the recycling water has been
used to clean machinery or the outside of transport vehicles so that the
water is contaminated with grease or oil.
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» Silt or fine aggregate particles in the water should either be distributed
uniformly or separated from the water by sedimentation.

» The content of silt or fine aggregate particles should be determined on
the basis of density measurements of the water, and has to be taken
into account in mix design.

+ Recycling water should not be used for air-entrained concrete or for
concrete with a high sulphate resistance unless it is shown that the
recycling water does not contain too high amounts of C,A. Limits for
allowable C;A content as given in national standards should be
followed.

¢ Recycling water should be used with caution for architectural concrete
since its use may lead to a non-uniform appearance of the concrete

surfaces. )
t

d.4.5. Admixtures and additions -

d.4.5.1, Admixtures

Admixtures as defined in section d.3 are added to the concrete to improve
certain properties of the concrete by their chemical and/or physical effects.
In general, they are added in small quantities less than approx. 50g or
50cm’/kg of cement. Depending on the amount and composition of an
admixture its water content may have to be taken into account in calcu-
lating the water/cement ratio. In special cases cements containing admix-
tures may be used instead of adding admixtures to the mix.

Types of admixtures include plasticizing water reducing admixtures, high
range water reducing superplasticizing admixtures, water retaining admix-
tures, air entraining admixtures, set accelerating admixtures, hardening
accelerating admixtures, set retarding admixtures and water repellent
admixtures. Whereas the efficacy of these admixtures is well established and
accepted it is still controversial for corrosion inhibiting admixtures.

The user should have all necessary information on the constituents and
properties of the admixtures and their effect on concrete and reinforcement
including information on the typical dosage, the detrimental effects of
under-dosage and over-dosage, whether or not the admixture contains
substances enhancing steel corrosion such as chlorides and, if so, the
chloride content and the permissible duration and conditions of storage.

Admixtures should be transported and stored so that their quality is not
affected by physical and chemical influences such as frost or high tem-
peratures. They should be clearly marked and so stored that error is

excluded.
The admixtures shall not adversely affect those properties of the concrete

which are important for a particular application. They shall neither impair
the durability of the concrete nor combine with the ingredients to form
harmful compounds or endanger the protection of the reinforcement
against corrosion. Chlorides, in particular, may increase the risk of cor-
rosion. For this reason, the use of admixtures containing chlorides for
reinforced concrete or for concrete which might come into contact with
reinforced concrete is prohibited outright in some countries and strongly
restricted in others. With regard to the total chloride content of a concrete
mix refer to clause d.6.3.5.

Whilst improving certain properties of the concrete, an admixture can
adversely affect others, and it is therefore necessary to carry out tests to
verify the suitability of the admixture. These tests should also provide data
on the quantity of admixture to be added in an individual case.
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d.4.5.2. Additions

Additions as defined in section d.3 are added to the concrete in order to
improve certain properties or to achieve special properties. Because of their
larger amounts, the volume of additions always has to be taken into
account in mix design.

Inert fines, pigments etc. are classified as Type I additions. Type 11
-additions include latent hydraulic or pozzolanic substances such as granu-
lated blast furnace slag, pulverized fuel ash or silica fume. Additions should
comply with national standards, and their effectiveness should be checked
by trial mixes,

Additions must not be harmful and shall be compatible with the other
ingredients of the concrete. This means, for example, that their contents of
chloride, sulphur or magnesium and their loss on ignition must not exceed
certain limiting values; otherwise they can exert a harmful effect (e.g. on the
durability of the concrete or on its ability to protect the reinforcement
against corrosion) which may not be detected by short-term tests. The user
should have the necessary information regarding the nature of the additions
and their permissible content in concrete.

d.4.5.3. Handling and storage
The transport and storage of admixtures and additions should be so
arranged that their quality is not affected by physical and chemical influ-
ences. The packing materials andfor the delivery papers should clearly
indicate the type of admixture or addition concerned, together with the
conditions of storage and use.

d.5. Classification of concrete

In design concrete is generally classified on the basis of its compressive

strength. For particular applications it may also be classified on the basis

of its density or potential durability.
|

d.5.1. Classification by strength
Concrete may be classified on the basis of its characteristic compressive
strength £, as given in subsection 2.1.1 of this Model Code,

The characteristic strength is defined as that value of strength below
which 5% of the population of all possible strength measurements of the
specified concrete are expected to fall. This code is based on the uniaxial
compressive strength of cyclinders, diameter 150mm, height 300 mm,
stored in water at 20 + 2°C until tested at an age of 28 days in accordance
with ISO 1920, ISO 2736/2 and ISO 4012. Where specimens other than
cylinders 150/300 mm are used and where they are stored in other than the
standard environment conversion factors for the compressive strength of
specimens of different size, shape and storage conditions should be deter-
mined experimentally or according to rules given in national standards.
Clause 2.1.3.2 of this Model Code gives such conversion factors for cubes
150/150/150 mm made of normal weight concrete.

For special cases, it may be necessary to define a minimum strength limit
at an earlier age in addition to the governing 28-day strength, e.g. to enable
the forms to be struck earlier, for earlier prestressing or for earlier transpor-
tation of precast elements. In special cases it is also permissible for the
required strength to be attained at a later age, e.g. where slowly hardening
cements are used, provided that the expected joading history as well as the
durability of the structure are taken into consideration.
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d.5.2. Classification by density
Concrete may be classified on the basis of its density as defined in section
d.3 (7), (8) and (9)

« normal weight concrete having an oven-dry density greater than
2000 kg/m”® but not exceeding 2800 kg/m? :

o lightweight aggregate concrete having an oven-dry density less than
2000 kg/m?

+ heavyweight concrete having an oven-dry density larger than 2800 kg/
m’,

The treatment (placement, compaction, etc.) of heavyweight concrete
demands observance of additional rules not given in this appendix.

d.5.3. Classification by durability _

The durability of concrete is understood to be its resistance to physical and
chemical attack such as frost or elevated temperatures, carbonation,
sulphate attack etc. The resistance of concrete to such actions is governed
primarily by its resistance to the ingress of aggressive media and thus by the
capillary porosity of the hydrated cement paste as weli as by entrapped air.
A dense paste with a low capillary porosity is in most instances more
durable than a paste with a high capillary porosity and a coarser pore
system.

There is no generally accepted method to characterize the pore structure
of concrete and to relate it to its durability. However, several experimental
investigations have indicated that concrete permeability both with respect
to air and to water is an excellent measure for the resistance of concrete
against the ingress of aggressive media in the gaseous or in the liquid state
and thus is a measure of the potential durability of a particular concrete.

There are at present no generally accepted methods for a rapid deter-
mination of concrete permeability and of limiting values for the permea-
bility of concrete exposed to different environmental conditions. However,
it is likely that such methods will become available in the future allowing
the classification of concrete on the basis of its permeability. Requirements
for concrete permeability may then be postulated; they would depend on
exposure classes i.e. environmental conditions to which the structure is
exposed. ~

Though concrete of a higher strength class is in most instances more
durable than concrete of a lower strength class, compressive strength per se
is not a complete measure of concrete durability, because durability
primarily depends on the properties of the surface layers of a concrete
member which have only a limited effect on concrete compressive strength.

d.6. Concrete performance requirements

d.6.1. General considerations
The composition of a particular concrete should be so chosen that a
required performance both with regard to strength and to durability is
assured. However, not all concrete performance requirements can be evaju-
ated sufficiently on the basis of direct experiments. Therefore, until
adequate test methods are developed, the performance requirements—par-
ticularly those for concrete durability—have to be expressed on the basis of
certain rules with regard to concrete composition and choice of materials.
Consequently, the components of the concrete, cement, aggregate, water,
admixtures and additions must be selected and the mix proportions so
chosen that all relevant performance criteria are met. In particular con-
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sistence and resistance to bleeding of the fresh concrete, density, strength
and other mechanical properties of the hardened concrete as well as its
durability and ability to protect embedded steel against corrosion are of
importance.

d.6.2. Requirements for strength

The compressive strength of concrete depends primarily on the water/
cement ratio, on the degree of hydration and, therefore, on age and curing
of the concrete as well as on the strength class of the cement used. It is also
influenced by type and strength of the aggregates as well as by type and
amount of additions.

The relations between water/cement ratio and concrete compressive
strength are not unique. Therefore, they have to be determined at least for
each combination of type of cement, type of aggregate and for a given
concrete age. As a rough guideline the relations between water/cement ratio
and characteristic compressive strength £, at an age of 28 days for concretes
made with cements of different strength classes are given in Fig. d.1.
Relations between concrete compressive strength and other mechanical

properties are given in section 2.1 of this Model Code. With regard to the
effect of additions refer to clause d.6.3.3.2

-
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Fig. d.i. Approximate relations between the water[cement ratio and the

characteristic compressive strength £, of concrete Sor various strength classes
of cement and quartzitic aggregates

d.6.3. Requirements for durability
d.6.3.1. General considerations
To produce a durable concrete, which will withstand exposure to certain

environmental conditions as given in clause d.6.3.2 and which protects the

reinforcing steel against corrosion during the intended lifetime, the follow-
ing aspects should be taken into account
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« choice of suitable constituent materials containing no ingredients
harmful to the durability of the concrete or causing corrosion of the
steel

« choice of a concrete composition such that the concrete

— satisfies all specified performance criteria for fresh and hardened
concrete

— can be placed and compacted to form a dense cover to the
reinforcement

— avoids harmful internal actions, e.g. alkali-silica reactions

-— withstands external actions, e.g. environmental influences such as
weathering, gases, liquids and soil ' )

— withstands mechanical attacks, e.g. abrasion

e mixing, placing and compacting of the fresh concrete such that the
concrete constituents are distributed uniformly in the mix and are not
segregated and that the concrete achieves a closed structure

« curing of the concrete such that especially the surface zone and the
cover of the reinforcement obtain the desired properties to be expected
from the mix.

d.6.3.2. Exposure conditions

The requirements to be met by the concrete depend on the environment to
which the concrete is exposed. Environment in this context implies chemical
or physical actions resulting in effects which are not considered as loads in
structural design.

In many instances different parts of a structure may be subjected to
different exposure conditions. In some cases local conditions, i.e. the
‘micro-climate’ may be decisive for the durability of the entire structural
member. The major environmental conditions for concrete are classified
according to Table 1.5.1 in subsection 1.5.2 of this Model Code as well as
in Table d.1 of this appendix. When selecting an exposure class for a
particular application from Table d.1 it should be borne in mind that for
some elements more severe conditions may prevail during construction
than assumed for the completed structure. : _

The exposure conditions given in Table d.1 apply to concrete. A some-
what different classification is necessary to describe the environmental
conditions aggressive to the reinforcement (refer to ‘Durable Concrete
Structures—CEB Design Guide”).

d.6.3.3. Choice of materials

1. Types and strength classes of cement

Already at the design stage of a concrete structure the following aspects,
which are relevant for the choice of type and strength class of the cement
to be used should be kept in mind:

« required characteristic strength of the concrete

« required rate of strength development

e dimensions of the structure including cover to reinforcement, with
regard to the rate of hydration

« environmental conditions during casting

= exposure conditions of the finished structure, in particular aggressive
environments such as sulphate attack, exposure to freezing and
thawing with or without de-icing chemicals

e curing of the concrete.

If the required characteristic strength of the concrete is high, the use of
cements of a high strength class may be advantageous. Other parameters
being equal, Portland cements (CE 1 according to clause d.4.2.1), other
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Table d.1. Exposure classes for concrete related 1o environmental conditions -

(from ENV 206)

Exposure class Environmental conditions

1. Dry environment E.g.
= interior of buildings used for normal
habitation or offices

2. Humid environment E.g.

(a) Without frost » interior of buildings where humidity is high*

« exterior components

* components in non-aggressive soil and/or
water -

(5) With frost E.g.

= cxterior components exposed to frost

* components in non-aggressive soil and/or
water and exposed to frost

+ interior components when the humidity is high
and exposed to frost

3. Humid environment E.g.
with frost and « interior and exterior components exposed to
de-icing agents frost and de-icing agents

4. Seawater environment | E.g.

(a) Without frost + components completely or partially immersed
in seawater or in the splash zone

+ components in saturated salt air {coastal area)

(b) With frost E.g.

» components partially immersed in secawater or

in the splash zone and exposed to frost
* components in saturated salt air and exposed

to frost
5. Aggressive chemical Slightly aggressive chemical environment (gas,
environment} liquid or solid)
(a) Aggressive industrial atmosphere
() Moderately aggressive chemical environment

(gas, liquid or solid)

{c) Highly aggressive chemical environment (gas,
liquid or solid)

* E.g. in commercial laundries.
1 Chemically aggressive environments are classified further in clause d.6.6.4, Table
d.3. They may occur alone or in combination with exposure classes 1-4,

types of cement with a high content of Portland cement clinker and in
particular R-cements as defined in subsection d.4.2 exhibit a strength
development which is more rapid than that of cements having a higher
content of additional constituents. Therefore, they are especially suitable
where a concrete strength at a concrete age less than 28 days is specified.

Where the dimensions of a concrete member are large, cements generat-
ing low amounts of heat of hydration should be used in order to avoid
thermal cracking. Many slowly hardening cements containing higher
contents of constituents other than Portland cement (CE II, CE IV accord-
ing to clause d.4.2.1) satisfy this requirement.

Low ambient temperatures during casting may require rapid hardening
cements whereas low heat cements are advantageous where the ambient -
temperatures during casting are high,

Special cements may be required for certain exposure conditions such as
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sulphate resistant cements if the concrete is exposed to water with a
sulphate content exceeding approx. 600 mg/kg or to soil with a sulphate
content exceeding approx. 3000mg/kg. Portland cements with a C,A
content less than approx. 3% by mass as well as blast furnace slag cements
with a slag content > 65% are generally considered sulphate resistant. Also
some Portland composite cements may have a high resistance to sulphates
even if their CyA content is higher than 3%. Although seawater may
contain a substantial amount of sulphates, the use of sulphate resistant
cements is not mandatory for concrete exposed to seawater.

In cases where the use of reactive aggregates cannot be avoided, special

cements with a low content of Na,O and K,O result in more durable -

concrete.

The effectiveness of air-entraining agents in protecting concrete against
freezing, thawing and de-icing agents depends to some extent on the type
of cement. For reinforced concrete members exposed to de-icing agents
which contain chlorides, the resistance of the concrete to the penetration of
chlorides is of significance which may be influenced also by the type of
cement. Concrete made of blast furnace cements (CE III) may have a
particularly high resistance to the penetration of chlorides; howcver for
high slag contents their scaling resistance may be reduced.

It is also worth noting that, other parameters being equal, i.e. water/
cement ratio, cement content and curing, concretes made with cements
having substantial amounts of constituents other than Portland cement
(CE II-CE 1V) carbonate at a higher rate than concretes made of Portland
cement (CE I). This effect can be offset by the use of lower water/cement
ratios or more intensive curing.

Depending on the type and strength class of the cement more or less
intensive curing of the concrete may be required. Many cements contain-
ing larger amounts of constituents other than Portland cement clinker
(CE I1-CE 1V) are generally more sensitive to curing than most Portland
cements of the same strength class. However, after proionged curing or in
a humid climate their pore structure is particularly dense and impermeable
resulting in concretes of high durability (also refer to section d.12).

For these reasons not all types of cement should be used for all conditions
to which a concrete member may be exposed. National standards which are
based on local experiences with certain types of cement should, therefore,
be followed. This is particularly true for cements used for prestressed
concrete structures.

2. Additions
Most additions with hydraulic propertles Type 11 according to d.3 (1 1)
may influence the durability of concrete in a way similar to that of additional
constituents of cements as described in the preceding sections.

National standards or regulations may permit consideration of some
additions as part of the total cement content and taking them into account
when calculating an effective water/cement ratio (wfc)y

W

(w/c)y Py,

where

w is the water content

¢ is the cement content

S is the content of addition
2 18 the efficiency coefficient.

The efficiency coeflicient « is not a unique value even for a given type of
addition. It may depend on concrete age, amount of the addition £ type of
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cement, the particular combination of addition and cement, and ltl:‘la}' be
different when considering the effect of water/cement ratio on strength or
on durability.

For fly ash obtained from the flue gases of furnaces fired with pulverized
anthracite or bituminous coal, values of o may range from o = 0 to
a = 0.5 for durability considerations. As long as the ratio of fly ash content
to cement content ffc < 0.15 « = 0.4 may apply for.strength consider-
ations. For some silica fumes values of « up to 0.7 may be valid.

The total amount of pozzolanic additions has to be limited since, par-
ticularly at higher ages, such additions may react with the calcium hydroxide
formed by the hydration of Portland cement clinker. This may impair the
alkalinity of the concrete and thus its ability to protect embedded steel
against corrosion. Where fly ash or natural pozzolans are used, the content
of Portland cement clinker given as a percentage of the sum of cement and
additions should not be less than 60%. For cements containing Portland
cement clinker and ground granulated blast furnace slag as the only main
constituents, the content of clinker should not be less than 20%.

The content of silica fume should not exceed 15% of the content of
cement,

Currently, CEN-Standards are under preparation in which requirements
to be satisfied by additions are specified.

3. Aggregates
Aggregates should satisfy the rules set out in subsection d.4.3.

Where the use of reactive aggregates is inevitable, one or a combination
of the following precautions should be taken

» limit the total alkali content of the concrete mix

= use a cement with a low content of effective alkali

» limit the degree of saturation of the concrete, ¢.g. by impermeable
membranes.

For further details the requirements of national standards or regulations
should be followed taking account of previous long term experience
existing with a particular combination of cement and aggregate.

d.6.3.4. Cement content and water/cement ratio

So long as concrete cannot be characterized in terms of durability classes
as indicated in subsection d.5.3, durability of a particular concrete tnay be
related to its strength class or its composition, in particular type of cement,
minimum cement content and maximum water/cement ratio. In addition,
minimum strength classes may be required for a given exposure class.

To ensure a high resistance to the penetration of aggressive substances,
the water/cement ratio should be the lower, the more severe the exposure
of the concrete member. A minimum cement content should be maintained
in order to guarantee the alkalinity of the concrete required for corrosion
protection of embedded steel reinforcement and to ensure workability of
the fresh concrete for a given water/cement ratio. Recommended values of
minimum cement content and maximum water/cement ratios for different
exposure classes together with other requirements are given in Table d.2.

The values for minimum cement content given in Table d.2 apply for
concrete with a maximum aggregate size of 32 mm. The amount of cement
paste required for a given workability of the fresh concrete, generally
decreases as the maximum aggregate size increases. Theref: ore, for concretes
with a maximum aggregate size larger than 32 mm, values of the minimum
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Table d.2. Durability requirements related to environmental exposure (based
on ENV 206, Table 3)

Exposure class according to Table d. [

1 2a 2b 3 4a 4b 5a 5b Sct

Max. wf¢ ratio*
for

plain - 0.70 - - - - - - -
concrete
reinforced | 0.65 | 0.60 | 0.55 | 0.50 | 0.55 | 0.50 | 0.55 [ 0.50 | 0.45
concrete
prestressed | 0.60 { 0.60 - - - - - - -
concrete

Min. cement
content®* in
kg/m® for
plain 150 | 200 | 200 - - - 200 - -
concrete
reinforced 260 | 280 | 280 | 300 | 300 | 300 | 280 { 300 | 300
concrete
prestressed | 300 | 300 | 300 - - - 300 - -
concrete

Min. air content
of fresh
concrete in %
for nominal

max.
aggregate size
of:1
32mm - - 4§ 48 - 4§ - - -
16 mm — - 5§ 5§ - 5§ - - -
gmm - - 6§ 6§ - 68 - - -
Frost resistant - - Yes | Yes - Yes - - -
aggregates
Impermeable - - Yes | Yes | Yes | Yes | Yes | Yes | Yes
concrete
according to
d.6.6.1

* Max w/c may be replaced by (w/c),and min. cement content may be replaced by
(¢ + «f) where national standards or regulations ailow. Refer to clause d.6.3.3.2.
T In addition, the concrete should be protected against direct contact with the
aggressive media, e.g. by coatings.

1 With a spacing factor of the entrained air void system <0.20 mm.

§In cases where the degree of saturation is high for prolonged periods of time, e.g.
for structures in the tidal zone, parts of locks, etc.

cement content lower than those given in Table d.2 apply, whereas higher
values are required for concretes with a maximum aggregate size smaller
than 32 mm, :

The values for maximum water/cement ratio, w/e, and minimum cement
content, ¢, given in Table d.2 are mean values. According to ENV 206 for
maximum w/¢ conformity is assumed if the mean value of w/c is not higher
than the values given in Table d.2, and if single values do not exceed these
values by 0.02. For minimum ¢ conformity is assumed if the mean value of
¢ is not less than the values given in Table d.2 and if single values are not
lower than 5% by weight of the specified value.
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The durability requirements laid down in Table d.2 apply to conventional
concretes. For some prefabricated members or for high strength concretes,
deviations from these requirements may be justified; e.g. for high strength
concrete to be used within exposure classes normally requiring entrained ajr
this provision may not be necessary, provided adequate frost resistance of
the particular concrete is documented by experiments.

d.6.3.5. Maximum permissible quantity of deleterious substances in the
concrete
The durability of the concrete and the protection afforded to embedded

stances in the components of the mix. Generally applicable limits cannot be
quoted, because the permissible amount of harmful substances depends on
the particular use of the concrete, on the ambient conditions to which the

] reinforcement can be adversely affected by any excess of deleterious sub-

|
| l concrete is exposed and on the type and composition of all concrete
L

constituents.

Excessive amounts of sulphate and free magnesium oxide in the con-
stituent materials can lead to deterioration by expansion cracks. Free
chloride ions CI~ in the concrete may be particularly harmful in relation to
corrosion protection of embedded reinforcement. Experience has shown
that a content of free chlorides exceeding 0.35 to 1.0% of the weight of
cement in the concrete may cause corrosion. Even lower chloride contents
may be harmful, e.g. in carbonated concrete or for prestressing strands.

i | Therefore, expert opinion should be obtained in cases where the acceptable

limit of chlorides is in doubt. Also refer to ‘Durable Concrete Structures
- —CEB Design Guide’.

-~ Also national and international standards provide information; e.g. ENV

206 gives limits on the Cl- content by weight of cement, determined in
accordance with EN 196, Part 21, of 1.0% for plain concrete, 0.4% for
reinforced concrete and 0.2% for prestressed concrete.

d.6.4. Requirements for workability of fresh concrete

- Workability of the fresh concrete i.e., its coherence and its placing, com-

pacting and finishing properties may be expressed in terms of its consist-
ence. The level of consistence must be such that the fresh concrete is easily
workable without becoming segregated and that it can be fully compacted
with the equipment available, '
The consistence required for a particular application depends on the size
of the structural member, the presence and spacing of reinforcement, the
iavailable equipment for compaction and the environmental conditions.

_i The consistence of the fresh concrete depends on the water content, the

fineness and the quantity of the fines, and on the grading and the nature of
the aggregates. It can be influenced by certain admixtures and additions.
’ To ensure proper compaction of concrete cast in situ, it is recommended

" that the consistence of the concrete at the time of placing is high, e.g. classes

33 or F3 as defined in clause d.7.1.1 unless other measures are taken.
For special applications, such as for some production procedures of

~precast concrete elements, very dry concrete mixes-zero-slump concretes

- hot covered by the consistency ranges given in clause d.7.1.1 may be
particularly suitable.

-/ Atlention should be paid to a possible reduction of consistence of the

[resh concrete soon afier mixing. It may occur in a dry environment and at

]high ambient temperatures or when certain cements or admixtures. such as
_high range water reducing superplasticizing admixtures, are used.

The consistence may be measured by means of various standard tests
---lwhich are given in clause d.7.1.1.
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d.6.5. Mix design

d.6.5.1. Grading of aggregates

1. General considerations

The aggregate for concrete consists of a mixture of particles of different
sizes which are combined in accordance with certain requirements. In order
to achieve the required or prescribed grading and to keep it within accept-
able limits, the aggregate in the concrete should be composed from
materials having a narrower range of particle sizes.

The grading of individual materials and of the combined aggregate is
established with test sieves on the basis of national or international stand-
ards. ISO 565 proposes the following sieve sizes: 0.125, 0.25, 0.5, 1.0, 2, 4,
8, 16, 31.5 and 63 mm. ' :

The principal aspects concerning overall aggregate gradings are as
follows.

(@) Optimum cement content and low water demand. In this respect, it is
advantageous and useful to have aggregate gradings with a relatively
low sand content, a high proportion of coarse particles and a small
amount of interstitial voids.

(b) The concrete should not become segregated during handling, placing
or compaction, should be sufficiently workable to be compacted with
the available equipment and should attain a close textured surface after
finishing. To meet this requirement, an optimum content of fines is
needed, this requirement being partly in conflict with clause (a). The
optimum grading will depend on the handling, placing, compacting
and finishing conditions, on the type of structure and on the properties
of the aggregates to be used (e.g. particle shape, surface texture and
available gradings).

(¢) The maximum particle size depends on the dimensions of the concrete
member, the thickness of the concrete cover, the spacing of the rein-
forcing bars, the handling and placing conditions, and sometimes, in
the case of lightweight aggregate concrete, on the strength class. [t
should not exceed one-third of the smallest dimension of the member
and should generally be less than the spacing of the bars and their
distance from the shuttering. It is recommended to use a nominal
maximum particle size which corresponds to one of the mesh sizes
specified in the applicable national or international standard.

The grading of aggregates can be represented by grading curves, It may
also be sufficient to specify only the ratio of fine to coarse aggregate. In this
case, the grading of the fine and the coarse aggregate should comply with
certain requirements. In all cases, the essential criterion for the composition
of the aggregate mix is the absolute volume and not the weight of the
different grading groups.

Anaggregate may be continuously graded or gap graded. A continuously
graded aggregate includes all particle sizes from the finest to the largest. A
gap graded aggregate is one in which one or more of the intermediate
grading groups are missing.

2. Continuous grading curves
Figures d.2 to d.5 show examples of grading curves. For natural sand and
gravel gradings in zone 3 are preferred although gradings in zone 4 are also
acceptable. Aggregates in zone | tend to produce harsh concretes which are
difficult to work and liable to bleed: these difficulties can be minimized by
blending the aggregate with other aggregates, if available, or by the use of
air entrainment or additions (refer to clause d.6.5.1.4).

Aggregates in zone 5 may require large amounts of water and in conse-
quence high cement contents for a given water/cement ratio to achieve a
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Fig. d.5. Examples of grading curves for a maximum aggregate size of 63 mm

given strength. This can be modified by blending the aggregates with other _

aggregates if available.
Slightly different rules may have to be applied for crushed sand and
crushed coarse aggregates.

3. Gap graded niixes
Gap graded aggregates with grading curves between the grading curves (U)
and (C) in Figs. d.2 to d.5 are generally suitable,

4. Content of ultrafine material

Ultrafine material comprises all components having particle sizes smaller
than 0.25mm including the cement and the very fine particles in the
aggregate and in the additions, if any. Particles smaller than 0. 125 mm in
size are particularly effective.

In order that concrete may be cohesive, making it easier to work, it
should contain a sufficient quantity of ultrafine material. This is especially
important for concrete which is to be transported over long distances or
conveyed through pipes, for concrete in thin walled structural components
with closely spaced reinforcing bars and for concrete having a high resis-
tance to water penetration (refer to clause d.6.6.1).

If the cement content is Jow and if the sand contains only small amounts
of ultrafine particles very fine grained mineral substances, non-deleterious
for concrete may be added. To verify that the ultrafine particles do not
contain harmful amounts of fine substances such as clays, organic material
or iron hydroxides they should be tested according to national standards,
e.g. the methylene blue test or the sand equivalent test. Entrained air tends
to reduce the necessary amount of ultrafine material. As a guidance it may
be assumed that approx. 10cm® of entrained air replace approx. 5cm?® by
absolute volume of ultrafines.

The optimum amount of ultrafines depends on the grading of the aggre-
gates. However, the following aspects should be taken into account.

+ Too high an amount of ultrafines will reduce the workability of the
fresh concrete unless water reducing or high range water reducing
superplasticizing admixtures are used.

» A replacement of cement by ultrafines beyond the limits given in clause
6.3.3.2 can adversely affect concrete durability.

« If the addition of ultrafines allows a reduction of cement content

without an increase of the water/cement ratio, shnnkage and creep of _

the concrete are reduced.
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d.6.5.2. Cement content and water/cement ratio

In many instances the water/cement ratio of a mix is governed by the
strength requirements as indicated in subsection d.6.2. Even if the strength
requirement would allow a higher water/cement ratio it should not exceed
the values given in Table d.2 for different exposure conditions.

The cement content is controlled by the water demand of the aggregates
to achieve a certain consistence of the fresh concrete together with the
water/cement ratio. Where no previous experience for the water demand of
a given type and grading of aggregates is available it has to be determined
by means of trial mixes. In no case should the cement content fall below the
minimum values given in Table d.2, taking into account the first footnote.

d.6.5.3. Admixtures and additions

Admixtures and additions should only be added to the mix in such quan-
tities that they do not reduce the durability of the concrete and do not cause
corrosion of the reinforcement.

Therefore, as a guide the total amount of admixtures, if any, should not
exceed 50 g/kg or 50 cm’fkg cement. On the other hand, the amount of each
admixture added should not be less than 2 g/kg cement in the mix unless it
is dispersed in part of the mixing water prior to adding it to the mix. This
is necessary to ensure uniform distribution of the admixtures within the
mix.

Liquid admixtures in quantities exceeding 3 dm?*/m? of concrete should be
taken into account when calculating the water/cement ratio.

A certified product declaration based on tests and including instructions
for the admixture used should be available at the place where the concrete
is produced.

The total amount of additions, particularly of highly reactive pozzolans
should be limited as indicated in clause d.6.3.3.2.

d.6.6. Concrete with special properties

The general requirements regarding concrete composition to meet both
strength and durability requirements have been dealt with in subsections
d.6.2 and d.6.3. In the subsequent paragraphs additional information is
given on the production and composition of concrete subjected to special
service conditions. In this context also refer to the information given in
‘Durable Concrete Structures—CEB Design Guide'.

d.6.6.1. Concrete with high resistance to water penetration
The resistance of concrete to water penetration may be tested e.g. in
accordance with ISO 7031 (refer to clause d.7.2.5).

The resistance of fully compacted concrete against penetration and satu-
ration by water depends primarily on the porosity of the hardened cement
paste. The water/cement ratio should, therefore, be low and should not
exceed 0.55 in structural components with a thickness of 100-400 mm or
0.60 in thicker components. In addition, careful curing is required.

d.6.6.2. Concrete with high resistance to freezing and thawing
Concrete which is critically saturated will be damaged by frequent cycles of
freezing and thawing. Such damage can be prevented by limiting the
likelihood of critical saturation i.e. low water/cement ratio and sufficient
curing, and by the use of air-entraining agents.

In Table d.2 minimum values of the air content of fresh concrete are given
for concretes made of aggregates with different maximum sizes. The effec-
tiveness of an air-entraining agent is characterized by the spacing-factor,
i.e. the largest distance of a point within the cement paste from an air void
and by the microporosity of the cement paste. The spacing factor should
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not exceed 0.20mm. The microporosity, which may be defined as the
content of pores smaller than 300 um, should not be less than 1.5%. In
addition, the frost resistance of the aggregates should be checked by
suitable tests.

d.6.6.3. Concrete with high resistance to freezing and thawing and
de-icing chemicals
The effects of freezing and thawing of concrete generally become more
severe under the simultaneous action of {reezing and thawing and de-icing
chemicals.
Under such conditions the use of air-entraining agents is vital, and lower
values of the water/cement ratio should be used (refer to Table d.2).
Some cements with a low percentage of Portland cement clinker have had
an unsatisfactory service record in some countries when used for concretes
exposed to de-icing salts unless low water/cement ratios and very good
curing prevented critical saturation of the concrete. Therefore, such
cements should be used cautiously under such conditions, and local experi-
ence as well as national standards and regulations should be observed.

d.6.6.4. Concrete with high resistance to chemical attack
The severity of chemical attacks depends mainly upon the nature of the
aggressive substances (chemical composition and whether solid, fluid or
gaseous), their pressure and their rate of flow and the ambient temperature.
In the case of solids or gases the presence of moisture is of importance.
It is often difficult to judge whether a chemical attack will occur or not
and to choose the necessary precautions. Therefore, in case of doubt, it is
recommended that an expert opinion is obtained.
Generally, distinction can be made between three types of chemical
attack

» leaching of soluble constituents from the concrete

» chemical reactions with formation of soluble compounds

« chemical reactions, where the products occupy a larger volume than
the reacting constituents of the concrete, thus damaging the concrete
by their expansion. :

The severity of the attack of various substances in water and soils may be
assessed from Tables d.3 and d.4, respectively. There, distinction is made
between three degrees of severity

» slightly aggressive (exposure class 5a according to Table d.1)
« moderately aggressive (exposure class 5b according to Table d.1)
« highly aggressive (exposure class 5¢ according to Table d.1).

Generally, the chemical attack is more severe at higher temperatures, at -

higher pressure or if the concrete is exposed to mechanical abrasion due to
fast flowing water or to alternating freezing and thawing. The severity can
be assumed to be lower if the temperature of the water is consistently low,
if the quantities of water are small or if the rate of flow of the water is slow
such as in soils with a permeability coefficient £ > 107> m/s.

The resistance of concrete to chemical attack depends primarily on its
impermeability, Therefore, the maximum water/cement ratios given in
Table d.2 should not be exceeded. In addition, particularly careful curing
18 necessary. In cases of exposure to highly aggressive chemicals, additional
protective measures such as impermeable coatings are required.

For a sulphate content exceeding 600 mg/kg in water and 3000 mg/kg in
soil, the use of sulphate resistant cements is mandatory. :

In soils with high contents of both sulphates and chlorides, attention
should be paid to the observation that concrete made of sulphate resistant
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Table d.3. Limiting values of deleterious substances in water of predominantly
natural composition for the assessment of the severity of chemical attack

[~

Degree of severity*
\_ Slight Moderate High
i
) 1. pH value 6.5-5.5 5.5-4.5 <4.5 -
i 2. Carbonic acid dissolving lime 15-40 40-100 > 100
i (CO,) in mgfdm* determined by
marble test according to Heyer
if“ 3. Ammonium (NH}) in mg/dm?® 15-30 30-60 > 60
'l_! 4. Magnesium (Mg™*) in mg/dm’ 300-1000 | 1000-3000 | > 3000
N 5. Sulphate (SO;7) in mg/dm’ 200-600 600-3000 | > 3000
i
i_J *The degree of severity is valid for stationary or slowly moving water under

moderate climatic conditions {e.g. Central Europe). It depends upon the highest
- degree of severity even if it is reached only by one of the five criteria listed in the
[ l lines 1 to 5. If two or more values are found to lie in the upper quarter of a range
(in the case of the pH value in the lower quarter) then the degree of severity is
deemed to be raised by one step. This increase does not, however, apply to

l seawater. )

Table d.4. Limiting values for the assessment of the deleteriousness of soils

% l Degree of severity*
Low Medium
l ] t. Pegree of acidity according > 20 -
to Baumann-Cully
"' 2, Sulphate (SO;™) in mg/kg 2000 to 5000 > 5000
i according tc Baumann-
' Cully
\ * The degree of severity is valid for soils which are saturated at fréquent intervals.
. It can be reduced with decreasing permeability of the soils. If the content of sulphur

from sulphides exceeds 100 mg S*~ per kg of air-dry soil (more than 0.01% §*-)
or if dumps of industrial waste products are concerned, the deleteriousness should
J be assessed by an expert.

Portland cements generally has a lower resistance to the penetration of
chloride ions, than concrete made of blast furnace slag cements with a high
; 1 slag content.

In spite of the high sulphate content of seawater, the use of sulphate-
resisting cement for structures exposed to seawater is not required in some
countries because, provided that it is sufficiently impermeable, concrete has
proved to have adequate resistance to the effects of seawater.

Apart from these general recommendations, the resistance of concrete to
_ chemical attack and the precautionary measures to be taken should be
"7 examined in detail in every country on the basis of local experience and
technology. In addition, reference is made to ‘Durable Concrete Structures
~-CEB Design Guide’.

o

d.6.6.5. Concrete with high resistance to wear

Concrete exposed to highly abrasive conditions shall be adequately resis-
tant.to wear. Such an attack can occur, for example, as a result of heavy
traffic, impact or sliding loads caused by poured material or of the rapid
flow of water containing solids such as sand or ice.
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Concrete for use under these conditions should have a strength not less
than C30; high strength concrete proved to have a particularly high
abrasion resistance. The fine aggregate should consist mainly of quartz or
of materials of at least the same hardness; the coarse aggregate should
consist of stone or of artificial material having a correspondingly high
abrasion resistance. In the surface directly exposed to the abrasive forces,
the aggregates shall be tightly packed, and the coarse particles must be
solidly held in the mortar to prevent their being torn out. It is recommended
that the aggregate should include a high proportion of coarse aggregate and
have a grading which enables the grains to be closely packed with few
intergranular voids (e.g. near the grading curve A or, in the case of gap
graded mixes, between B and U in Figs. d.2 to d.5). The surface texture of
the aggregate particles should be fairly rough and the shape of the particles
should not be elongated.

At the surface of the concrete, bleeding should be minimized, and there
should not be a marked laitance layer. It is, therefore, preferable to use
concrete of stiff-plastic to stiff consistence or, alternatively, to undertake a
special additional treatment of the concrete surface. Such measures could
be applied when the concrete is in either the fresh or in the hardened state.
In the fresh state, it is possible to apply vacuum treatment according to
subsection d.11.4 or to generate additional compaction by power trowell-
ing. Spraying in a dry cement-sand mix may cause surface cracking.

To ensure that the surface of the concrete is not friable, the concrete
should be cured for a sufficient period i.e. at least twice as long as proposed
in section d.12.

Where the abrading action is particularly severe, the provision of a special
wearing surface is advisable (e.g. partial or total replacement of the aggre-
gate by silicon carbide or carborundum).

In the hardened state, the weaker surface zone may be removed by
grinding, especially for interior floors which are not exposed to frost action.

d.6.6.6. Concrete subjected to elevated temperatures
Concrete should not be exposed for prolonged periods to temperatures
higher than 250°C, otherwise there may be a serious loss of strength and
harmful effects on other important concrete properties. High temperatures
below 250°C can have an influence on certain properties, such as creep,
shrinkage or the modulus of elasticity as indicated in section 2.1 of this
Model Code. Only aggregates should be used which have proved to be
suitable for concrete exposed to elevated temperatures. Where concrete is
exposed to high temperatures, it is important to make sure that the concrete
attains a high degree of hydration, and has dried out before it is heated for
the first time. Rapid changes of temperature should be avoided.

Special concretes are required in conditions of prolonged exposure to
temperatures in excess of 250°C.

d.7. Verification of concrete properties

d.7.1. Fresh concrete

d.7.1.1. Consistence

The consistence of {resh concrete may be determined by means of standard
tests such as the slump test (ISO 4109), the Vebe test (ISO 4110), the
compaction test (ISO 4111) or the flow table test (1SO 9812). The classifi-

cations obtained from the various test methods are given in Tables d.5 to
d.8.
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Table d.5. Sitump classes according Table d.6. Vebe classes according to
to ISO 4109 1SO 4110
Ciass | Slump in mm according Class | Vebe seconds according
to ISO 4109* to ISO 4110

S1 10-40 Yo > 31

52 2090 Vi 30-21

53 100150 V2 20-11

S4 > 160 B

V3 10--5

* The slump measured is to be rounded V4 <4

off to the nearest 10 mm.

Table d.7. Compaction classes Table d.8. Flow classes according to
according to ISO 4111 IS0 9812
Class | Degrees of compéctability Class Flow diameter in mm
to ISO 4111 ' according to ISO 9812
Co > 1.46 Fl < 340
Cl 1.45-1.26 F2 350-410
C2 1.25-1.11 F3 420-480
C3 1.10-1.04 F4 490-600

The slump test is not the most suitable test for non-cohesive concrete or
for concrete with a dry consistence. If the slump is less than 10 mm the test
result should be recorded as less than 10 mm. It should also be stated that
the concrete has a consistence stiffer than that for which the slump test is
suitable.

For concrete of fluid consistence, e.g. when high range water reducing
admixtures are used, the flow table test gives the most reliable results.

Since there is no generally valid relationship between the different
methods of measuring consistence, the method should be agreed upon in
each particular case.

d.7.1.2. Air content

The air content of the fresh concrete may be determined by the pressure
method, e.g. according to ISO 4848.

d.7.1.3. Wet density
Where a determination of the wet density of the compacted fresh concrete
is required it may be measured e.g. according to ISO 6276.

d.7.1.4. Water/cement ratic and cement content

Currently, no universally applicable methods are available to determine
water/cement ratio and cement content of the fresh concrete on the site
within a sufficiently short period of time unless additional information such
as type of cement, content of ultrafines etc. is available.

The cement content has to be controlled by careful measurement of the
weight of cement added to the mix. The water/cement ratio has to be
calculated from the weight of water added to the mix taking into account
the water content of liquid admixtures and the effective water content of the
aggregates, and from the weight of cement.

Also the 28-day compressive strength may be used to verify the water/
cement ratio if relations between compressive strength and water/cement
ratio are available for a particular concrete mix.
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d.7.2. Hardened concrete

d.7.2.1, Compressive strength

Concrete compressive strength as defined in subsection d.5.2 should be
determined on cylinders, diameter 150 mm, height 300 mm, which have
been stored in water at 20 + 2°C up to the time of testing at an age of 28
days and which are tested in accordance with ISO 4012. If national
standards require different types of specimens or different storage con-
ditions up to the time of testing, conversion factors which have been verified
by tests have to be applied. In clause 2.1.3.2 of this Model Code conversion
factors are given which relate the strength of cubes 150/150/150 mm to the
strength of cylinders 150/300 mm made of normal welight concrete. For
lightweight aggregate concretes other conversion factors may be valid.

d.7.2.2. Tensile strength
The tensile strength of concrete may be determined by various methods

axial tensile strength according to RILEM CPC 7
splitting tensile strength according to ISO 4108
flexural tensile strength according to ISO 4013 -

In clause 2.1.3.3.1 of this Model Code relations are given to estimate
upper and lower limits of the tensile strength from compressive strength as
well as relations between the results of the three test methods to determine
the tensile strength. If different test methods are used, other correlations
have to be used.

d.7.2.3. Strength development

The development of strength with time may be verified by testing concrete
specimens according to clause d.7.2.1 at suitable time intervals, If the
strength development of the concrete in the structure is to be verified,
curing conditions simulating site exposure and deviating from those speci-
fied in clause d.7.2.1 should be employed.

d.7.2.4. Resistance to abrasion

Currently, there exists no international standard to determine the abrasion
resistance of concrete. Therefore, testing should be done according to
national standards or regulations.

d.7.2.5. Resistance to water penetration

The resistance of concrete to water penetration may be tested, for example,
according to ISO 7031. Currently, few data are available to relate the
results of experiments carried out in accordance with ISO 7031 to the long
term performance of structures. If, deviating from the curing method
- specified in ISO 7031, the specimens are stored in water up to the time of
testing, concrete may be considered to have a high resistance to water
penetration if the maximum values of penetration are less than 50 mm and
if the average penetration is less than 20 mm.

d.7.2.6. Density
The oven-dry density of hardened concrete is used for the classification of

concrete by density. The apparent density may be determined, e.g. accord-
ing to ISO 6275.

d.8. Specification of concrete

This Model Code distinguishes between two modes of concrete specifi-
cation

» designed concrete mix, section d.3, definition (21)
* prescribed concrete mix, section d.3, definition (22).
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d.8.1. Designed concrete mix (C I)

d.8.1.1. General requirements

The composition of designed mixes may be based on previous average
production data for the materials and of the plant producing the concrete
over a period exceeding at least one month and not exceeding one vyear. In
the absence of suitable previous data, trial mixes should be made. Informa-
tion on the composition of designed mixes should be made available to the
user on request. The producer of the concrete is responsible for its compo-
sition, which must be such that the fresh concrete is sufficiently workable,
does not segregate and can be virtually fully compacted. The resulting
concrete, when hardened, must comply with the specification—usually a
prescribed compressive strength. For the trial mixes, therefore, a sufficiently
high strength margin should be obtained in the tests. Furthermore, the
concrete must be durable and afford adequate protection to the reinforce-
ment against corrosion. To achieve this, its composition should be in
accordance with the instructions given in this appendix.

d.8.1.2. Data for specifying designed mixes
The specification of designed mixes should contain the following basic data

(a) strength class

(b)) nominal maximum size of aggregate

(c) consistence of the fresh concrete

(d) limitations for the composition depending on the use of the concrete
according to Table d.2 (e.g. plain conecrete, reinforced or prestressed
concrete and environmental conditions).

Additional data to be verified in trial tests may be specified if required for
special conditions such as

(@) characteristics of the hardened concrete, e.g.

(i) density

(ii) high resistance to water penetration
(i1i) resistance to freezing and thawing
(iv) resistance to chemical attack

(v) resistance to abrasion

(vi) resistance to high temperatures

(b) characteristics of the composition, e.g.

(i) type of cement

(ii) air content

(1ii) accelerated strength development

(iv) heat development during hydration

(v) retarded hydration

(vi) special requirements for aggregates

(vii) special requirements concerning resistance to alkali-silica
reaction

(viii) special requirements for the temperature of the fresh concrete.

d.8.2. Prescribed concrete mix (C Il)

d.8.2.1. General requirements
In this case, the structural designer and/or the user assume responsibility
for the composition of the concrete. They should check the suitability of the
concrete by tests on trial mixes, unless adequate knowledge is available
from previous use of similar mixes. _

The trial mixes are governed by the same criteria as those which apply to
the production of designed mixes (C I).
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d.8.2.2. Data for specifying prescribed mixes

The specification of prescribed mixes should contain at least the following
basic data :

* cement content per cubic metre of compacted concrete

e cement type and strength grade

« counsistence class or waterf/cement ratio of the fresh concrete
« type of aggregate

« nominal maximum size of aggregate ,
» type and, if necessary, quantity of any admixture or addition.

Additional data may be specified such as’
» data with regard to concrete composition

— additional requirements for aggregates including any special
grading
-— air content of fresh concrete

— special requirements regarding the temperature of the fresh _

concrete on delivery
» data with regard to the transportation and the procedures on site

— deli\?ery rate
— limitation of type (agitating/non-agitating equipment), size or
height of transport vehicle.

d.9. Batching and mixing of fresh concrete

d.9.1. Batching
For the batching of the basic materials the accuracies given in Table d.9 are
recommended. These values apply for the total batch volume.

To achieve these accuracies for batching the measuring equipment has to
be sufficiently accurate and comply with the relevant national standards or
regulations. .

When batching cement, the required accuracy can usually be achieved
only by weighing. Alternative systems may be used, provided their reliability
has been proved in practice, and the accuracy of measurement, when
checked by field trials, is within the required tolerances.

Generally, aggregates should also be weighed. (For the batching of
lightweight aggregates see section d.16.) If batching is carried out by
volume, it is necessary to confirm frequently that the dry weight of the
measured particle groups is accurate. In particular, it is necessary to carry

out frequent checks and make corresponding corrections on aggregates
containing variable amounts of moisture because the bulk density (unit
weight) particularly of the finer particle groups will vary considerably with
the water content,

Table d.9. Recommended accuracies for batching of constituent
materials

Constituent Accuracy
Cement -
Water -
Total aggregate + 3% of required quantity
Additions -
Admixtures £ 5% of required quantity
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The added water can be batched by weighing or by volume. The largest
permissible quantity of water depends on the required consistence. Water
shall not be added to the concrete after it has left the mixer. The cement
content of concrete, for which limits of the water/cement ratio are recom-
mended {e.g. according to Table d.2), shall be sufficient to ensure that this
condition is also satisfied. In this case, account shall be taken of moisture
on the surface of the aggregates, the amount of water absorbed prior to
placing the concrete and where appropriate, the water content of additions
and admixtures if they contain water in noticeable amounts.

Admixtures in the form of powders and additions should always be
measured by weight. Fluid or paste-like admixtures and additions can be
measured by volume or by weight,

d.9.2. Mixing

Concrete can be mixed either in a stationary mixer or in a truck mixer. Such
mixers shall be capable of achieving a uniform distribution of the con-
stituent materials and a uniform workability of the mix within the mixing
time and at the mixing capacity.

Truck mixers shall be equipped such that the concrete can be delivered in
a homogeneously mixed state. In addition, they have to have suitable
measuring and dispensing equipment if mixing water or admixtures are to
be added on the site.

Mixing of the various constituents should continue until a uniform
mixture is obtained. The duration of mixing depends on the type and
composition of the concrete and also on the type and condition of the
mixer. It must not be excessive so as to break up aggregates.

The temperature of the fresh concrete before casting should, if possible,
not exceed 30°C and should not fall below 5°C in cold weather or frost.
Frozen aggregates should be completely thawed before or during mixing.
Also refer to sections d.13 and d.14.

If the temperature of the fresh concrete exceeds 30°C (e.g. when using
mixing processes with steam or in hot climates) special measures are
required to ensure that the concrete can still be completely compacted. Such
measures include the use of a retarder or the use of a cement which is
particularly suitable for these conditions. The introduction of steam at the
mixer necessitates the use of special equipment and special experience.

In principle, the composition of the fresh concrete must not change after
leaving the mixer.

d.9.3. Ready-mixed concrete

d.9.3.1. General requirements

When the concrete is delivered its consistence and composition shall be in
accordance with the specification. It should not have segregated and must
not be at an unacceptably high or low temperature (refer to section ¢.9.2).
Furthermore, it shall remain workable for an adequate period. The period
between the addition of the water and the discharge of the transport
vehicle, therefore, should not be excessive,

In general, truck mixers or agitators should be completely unloaded not
more than 90 minutes and other vehicles not more than 45 minutes after the
addition of the mixing water. If accelerated setting of the concrete is likely
to occur (e.g. in hot weather), then the period until the completion of
unloading should be correspondingly shortened, unless the period in which
the concrete can be satisfactorily cast is extended by the use of suitable
admixtures. :

If the duration of transport is very long, it may be advisable to add the
water shortly before delivery. In this case, any liquid admixtures must not
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be introduced prior to adding the water. However, all batching of water
and admixtures at a later stage in transport should be demonstrated to be
adequate by trial mixing and trial casting. The period until completion
of unloading can be longer if the temperature is low or if retarders are
used. Details should be taken from the appropriate national standards or
regulations.

Where high range water reducing admixtures are used, the admixtures
can only be added shortly before casting because of the limited duration of
the fluidifying effect of such admixtures. After adding the admixture, the
concrete should be re-mixed until the high range water reducing admixture
is uniformly distributed and has become fully effective.

d.9.3.2. Information for user i
The user of ready-mixed concrete needs information from the producer of
the ready-mixed concrete on the composition of the concrete, to permit
proper placing and curing of the fresh concrete as well as to assess the
strength development and the durability of the concrete in the structure.
This information should be given to the user either beforehand on request
or at delivery.

Therefore, before discharging the concrete, the producer of the ready-
mixed concrete should provide the user with a delivery ticket for each load
of concrete, which contains the following basic information

» name of ready-mixed concrete plant

+ serial number of delivery ticket

« date and time of loading, i.e. time of first contact between cement and
water

¢ truck number

» name of user

» name and location of the site

« specification of the concrete as well as details or references to specifi-
cations, e.g. code number, order number

« amount of concrete in m?

« name or mark of the certification body where appropriate.

For a designed mix the delivery ticket should, in addition, contain

» strength class

» exposure class for which the concrete is suitable
+ consistence class

» type and strength class of cement

» type of aggregate

« type of admixtures and additions, if any

« . special properties of the concrete.

This information may also be provided by reference to the producer’s
catalogue of concrete mixes which should contain information on strength
and consistence class, batch weights and other relevant data,

For a prescribed mix the delivery ticket should give

» details of the composition, e.g. cement content, type of admixtures and
additions, if any
¢ consistence class.

d.10. Handling, placing and compactlon of fresh concrete

d.10.1. Handling

The method of handling (e.g. in skips, on conveyor belts or through pipes)
and the composition of the concrete have to be co-ordinated in such a way
that segregation is prevented.
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Whereas practically any concrete can be transported in suitable skips,
- concrete that is to be pumped through pipes shall satisfy certain require-
{ ments as to its mix design and workability. (For pumped concrete refer to
L subsection d.11.5.) :

Concrete moved on a conveyor belt shall also be cohesive. It is preferable
F to provide ploughs and devices for holding the concrete together at the

L point of discharge.
Concrete which is cast under water should be composed and handled in -
o] accordance with the recommendations given in subsection d.11.2.

r d.10.2. Time of placing

l Concrete should be placed as soon as possible after mixing or, in the case
' of ready-mixed concrete after delivery, so as to minimize any reduction in
workability and changes in its composition.

d.10.3. Placing
Concrete should not segregate when being placed. Chutes used, when filling
tall column or wall forms, should end a short distance above the place
where the concrete is deposited in order to keep the concrete together. The
concrete should be placed in uniform layers the thickness of which depends
1 on the method and effectiveness of the method of compaction. Dumping
the concrete in large heaps and then distributing it with vibrators is not
7 advisable, because the concrete is liable to segregate. To avoid the forma-
l tion of horizontal layers of laitance the concrete should be deposited in a
sufficiently continuous manner to ensure that, while being compacted, it
will be completely bonded to the previous layer of concrete.

O
: j

pe——

|
L d.10.4. Compaction
The concrete should be compacted as completely as possible, so that it
{ ] contains a minimum amount of entrapped air. Depending upon the work-
ability of the concrete and the type of structural component, the concrete
may be compacted by vibration, rodding, stamping, hammering of the
- formwork etc. Concrete of stiff, plastic or semi-fluid consistence should
j l generally be compacted by vibration. The compaction of fluid concrete
B should be carried out by rodding or, if segregation is not probable, by light
(- vibration.
\ When vibrators are used vibration should be applied continuously during
the placing of each batch of concrete until the expulsion of air practically
ceases and in-a manner which does not promote segregation.
i Particular attention should be paid to ensure that the reinforcing bars are
- embedded in dense concrete. While placing and compacting the fresh
concrete care should be taken to avoid displacement and damage of rein-

forcement, tendons, ducts, anchorages and formwork.

LS Concrete which has already been compacted can be improved by revibra-
tion at a later time, as long as it is still workable. Revibration tends to close

{ plastic shrinkage and settlement cracks and cavities under horizontal rein-

P forcing bars.
Where a special surface finish is required, this should be specified
; 1 additionally.

d.10.5. Construction joints
1 Construction joints are formed in places where the concreting work has to
‘ [ be interrupted for practical reasons. The number of joints should be kept
) to a minimum since they can have low tensile and shear strengths thus
reducing the load-bearing capacity near the joint. Furthermore, there is a

|
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risk that faulty workmanship may impair the watertightness of the concrete
near the construction joint; this can also reduce the protection of the
reinforcement against corrosion. ' ‘

If possible, construction joints should be located at places where they will
not be heavily stressed or where a joint is required for other reasons.
Horizontal joints should not be placed in positions intermittently below the
water level,

To provide a good bond between the old and the new concrete any
faitance on the hardened concrete should be removed before the fresh
concrete is cast,

The older concrete, if dry, should be wetted before further concrete is
placed. At the time of concreting, however, the older concrete should be
somewhat dry on the surface and slightly absorptive, whereas the core
should still be wet, i.e. the concrete should be saturated but surface dry.

d.11. Concrete for special manufacturing or casting
conditions

d.11.1. Concrete containing a combination of admixtures
For some applications (e.g. for mass concrete, for concrete with a high
resistance to freezing and thawing and de-icing chemicals or for concreting
at a very slow rate) frequently the simultaneous use of two or more different
admixtures is advantageous. Different admixtures may influence each
other’s effectiveness with regard to the properties of the fresh or hardened
concrete, and in some instances may not be compatible, e.g. some high
range water reducing admixtures and air entraining admixtures.

Also setting time and strength development may be significantly altered
by combinations of admixtures. Therefore, in such cases special knowledge
is required, and trial tests with the intended combination of admixtures are
mandatory. Furthermore, the manufacturers of the admixtures should
be consulted if any doubts exist concerning the compatibility of the
admixtures.

d.11.2. Concrete cast under water
Concrete placed under water to form load bearing or impermeable struc-
tures should flow as a coherent mass, so that it will attain a dense structure
even without compaction and does not segregate.

The following recommendations apply to the composition of concrete
cast under water.

(a) Consistence. A semi-fluid consistence corresponding to the slump
classes 53 or S4 in Table d.5 should be used. A slump of about 150 mm
or greater is advisable. The optimurm consistence also depends on the
manner in which the concrete is cast. Concrete intended for pumping,
normally should be somewhat stiffer to prevent a blockage of the pipes.
Fluid mixes, however, can be pumped satisfactorily if suitable admix-
tures (high range water reducing admixtures, water retaining admix-
tures) are added.

(6) Aggregates. To achieve good workability combined with a low water/
cement ratio and close, compacted texture without additional means of
compaction, the use of aggregates of rounded or cubic particle shapes
and a smooth surface is preferable. In general, continuous gradings are
preferred, because the danger of segregation is less than with gap
graded mixes. Grading curves near the centre of zone 3 in Figs d.2 to
d.5 are suitable while the proportion of fines up to 4 mm in size should
lie near line B. Maximum coarse aggregate sizes exceeding approx.
32mm can lead to difficulties in casting. In some cases a maximum
aggregate particle size of less than 32 mm is advisable.
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(¢) Cement. Recommendations on the required cement content have not
yet been agreed on. High cement contents of about 350-400 kg/m’ are
often recommended in the literature to improve the cohesion of the
fresh concrete and thus diminish the danger of loss of cement by
leaching, as well as to ensure that an adequate amount of cement
remains in the hardened concrete, in spite of the leaching which will
inevitably occur. It also has been proposed that the cement content
should be limited to 325kg/m’ because high cement contents can
encourage the formation of wide thermal cracks. If the aggregate does
not contain a sufficient quantity of ultrafines, it may be necessary to
introduce additional ultrafine material to optimize the cohesion of the
fresh concrete. The use of cements other than Portland cements (types
CE II-IV) may be appropriate for concrete cast under water, in order
to increase its resistance against chemical attack and to reduce heat of
hydration.

Unless special admixtures or additions are used which improve concrete
cohesion in the fresh state, concrete cast under water should not fall freely
through the water. Otherwise it may be leached out and become segregated.
The following processes have been particularly effective when casting
concrete under water.

(a) Tremie (pipe) method. The concrete is placed through vertical pipes,
the lower end of which is always inserted sufficiently deep into the
concrete which has been placed previously but has not set. The
concrete emerging from the pipe pushes the material that has already
been placed to the side and upwards and thus does not come into direct
contact with the water.

(b) Direct placement with pumps. This is a further development of the
tremie method. As in the case of the tremie method the vertical end
piece of the pipe line has always to be inserted sufficiently deep into the
previously cast concrete and should not move to the side during
pumping.

(¢} Special mix design. This includes the use of admixtures or additions
which assure sufficient cohesion of the fresh concrete. Under these
conditions, the concrete may be freely dropped through the water.

Such methods and concrete compositions may also be used for casting

~concrete in bentonite.

d.11.3. Shotcrete

Shotcrete, or gunite, is the process by which concrete or mortar is sprayed
onto a surface to produce compacted material which is self-supporting.
There are two basic systems. In the dry process the pre-mixed dry materials
are mixed with the water at the spray gun whereas in the wet process the
mixing takes place earlier.

The advantage of shotcrete is that it requires only an inner form (or an
existing surface). Therefore it is particularly suitable for the construction
of curved sections, for tunnel linings or coatings and for the repair or
strengthening of structural elements.

When defining the composition of shotcrete, distinction has to be made
between

« the initial mix which corresponds to the original shotcrete mixture
before it is transported to the shotcreting equipment

« the jetted mix which is the shotcrete which leaves the nozzle

+ shotcrete, which is the material in place; it differs from the jetted mix
by the rebound which occurs during jetting.
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Careful consideration of the mix design is necessary by the shotcrete
contractor to ensure good adhesion, proper compaction and satisfactory
properties of the hardened material. The water/cement ratio of the in-place
concrete or mortar is usually in the range 0.35-0.5. Maximum aggregate
size for sprayed concrete is about 20 mm. The density of the in-place
concrete is similar to equivalent, well compacted, conventional concrete.

Because of the high particle velocities involved in this technique, special
consideration has to be given to the safety of personnel.

The various steps in producing and placing shotcrete and the substantial
differences between the composition of shotcrete and the initial mix require
careful control and testing during the various steps of the entire operation.

d.11.4. Vacuum dewatering

Vacuum dewatering is a technique for removing water from the surface of
freshly cast concrete. It results in much faster stiffening of the fresh concrete
and considerable improvement in the physical properties of the hardened
concrete.

Vacuum dewatering is most commonly used in conjunction with power
trowelling for the production of smooth, hardwearing floor surfaces. In this
application, vacuum dewatering enables the usual delay between casting
and surface finishing to be reduced from several hours to less than one
hour, which can be a considerable advantage in cold weather.

Vacuum dewatering is particularly useful with concrete of fluid con-
sistence but is not suitable for use with air-entrained concrete.

d.11.5. Pumped concrete

Materials for pumpable concrete should be batched consistently and uni-
formly, and should be thoroughly mixed. Quality control of the ingredients
and of the batching and mixing is essential for smooth-running pumping
operations and for good quality of the pumped concrete.

The maximum particle size of angular aggregates should be limited to
one-third of the internal diameter of the pipe or hose, and, in the case of
well rounded aggregate, to 40% of the pipe diameter.

Adequate and uniform grading of the aggregate during the whole pump-
ing operation is very important. Grading should preferably be continuous
and should follow the grading curve B in Figs. d.2 to d.5 as closely as
possible. Gap-graded aggregate should be used with caution, since it is
prone to segregation.

The content of uitrafine materials should be high enough to provide good
cohesion, but the excess may have deleterious effects on the fresh or
hardened-concrete (see clause d.6.5.1.4). Attention should also be paid to
the portion of the fine aggregate passing sieve size 0.25mm, which should
be between 15 and 30%, and to that passing sieve size 0.125 mm, which
should not be less than 5 to 10% of the total volume of the sand. If the fine
aggregate is deficient in either of these two sizes the above recommendation
can be met by blending with selected finer sands or with an adequate type
of addition.

Lightweight aggregates should be pre-wetted in order to offset excessive
absorption under the pressure exerted by pumping and the stiffening of the
concrete during pumping operation.

The required cement content depends on the same basic principles valid
for conventionally placed concrete, though slightly higher amounts of
cement may be necessary due to the higher consistence classes and the
higher amount of ultrafines used for pumping.

Admixtures which increase workability usually improve pumpability by
providing additional lubrication, reduce segregation and decrease bleeding.
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Air-entraining admixtures also improve workability, but too large a
quantity of entrained air may make pumping difficult. Set-retarding admix-
tures may be used when pumping long distances and in hot weather.

The consistence of {resh concrete for pumping, measured by the stump
test, should be in the plastic range i.e. in classes S2 and S3. Too fluid a
consistence may produce excessive bleeding, and, therefore, cause blocking
in the pump line. Maintaining control of proper and uniform consistence
1s essential for a smoothly running pumping operation.

The suitability of the concrete mixture should be verified by, trial mixes
and by performing a pumping test.

Pipes for pumping should not be made of materials having a deleterious
effect on concrete; aluminium alloy, for example, may cause the generation
of hydrogen bubbles and thus a reduction of concrete strength.

Before starting the pumping operation the pipe line should be lubricated
with a properly designed mortar, which should be wasted and not used in
the concrete placement, or with a batch of the regular concrete with the
coarse fraction omitted. :

d.12. Curing and protection

d.12.1. General considerations

In order to obtain the potential properties to be expected from the concrete,
thorough curing and protection over an adequate period of time are vital.
It is essential that curing and protection start immediately after compaction
of the fresh concrete.

In this context curing is a measure to avoid premature drying of the
concrete and to provide the cement paste in the concrete with a sufficient
amount of water over a sufficiently long period of time to achieve a high
degree of hydration within its mass and particularly in its surface layers. In
addition, curing includes measures against the effects of sunshine or wind
and the prevention of cracking due to early shrinkage.

Insufficient curing often has only a minor effect on the strength develop-
ment of the concrete in the structure with the exception of thin sections
because the core of a thicker concrete section maintains a sufficiently high
moisture content for a prolonged period of time even without curing.
However, lack of curing is detrimental to the durability of a concrete
structure which is primarily controlled by the properties of the surface
layers. Premature drying results in a permeable surface layer with little
resistance to the ingress of aggressive media.

Protection is a measure against other external effects which may harm the
young concrete such as leaching due to rain or flowing water, rapid cooling
or freezing, thermal stresses due to heat of hydration, vibration or impact.
Protection against freezing is dealt with in section d.13.

d.12.2. Methods of curing
The principal methods for the curing of the concrete are

o keeping the formwork in place

+ covering with plastic films

« placing of wet coverings

+ sprinkling with water (at temperatures above freezing)

e application of curing compounds which form protective membranes.

These methods may be used separately or in combination.

Not all methods of curing are equally effective. Therefore, it is essential
that the effectiveness of the method chosen is controlled e.g. by frequent
inspection. In general, those methods where water is added result in a
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denser pore structure of the concrete than methods which only prevent the
concrete from drying. Nevertheless, sprinkling of cold water on a concrete
surface which is warm due to the heat of hydration may cause severe
temperature stresses and early cracking of the concrete surface layers.

d.12.3. Duration of curing

d.12.3.1. Parameters influencing the duration of curing

The concrete has to be cured until its surface layers are sufficiently imper-
meable. This generally means that it will also attain the required strength.
Therelore, the duration of curing depends on the following.

o Curing sensitivity of the concrete as influenced by its composition. The
most important characteristics of concrete composition with respect to
curing are the water/cement ratio, the type and strength class of
cement, as well as type and amount of additions. Concrete with a low
water/cement ratio and made of a rapidly hardening cement e.g. R- or
RS-cements according to clause d.4.2.1 reach a required level of imper-
meability more rapidly and, therefore, need less curing than concretes
with a higher water/cement ratio and made of cements which hydrate
slower such as SL-cement according to clause d.4.2.]1 or concretes
containing higher amounts of Type [I-additions.

Also the resistance of the concrete to a particular exposure condition

~ as influenced by the type of cement or additions should be taken into

account. A lower resistance to e.g. carbonation which is characteristic

for some of the blended cements CE II-CE IV according to clause

d.4.2.1 can be offset by the choice of a lower water/cement ratio or
prolonged curing.

«  Concrete temperature. Due to the heat of hydration generated by the
reaction between cement and water the concrete temperature may
increase, thus accelerating hydration. Therefore, the higher the tem-
perature particularly of the surface layers of the concrete, the shorter
the required duration of curing. The temperature of the concrete
depends on the temperature of the ambient air, strength grade and
amount of cement, the dimensions of the structural member and the
insulation properties provided e.g. by the formwork. Thus thin
concrete sections without thermal insulation exposed to low ambient
temperatures during curing and made of cements with a low heat of
hydration need particularly careful curing.

»  Ambient conditions during and after curing. A low relative humidity of
the ambient air, sunshine and high winds accelerate drying of the
unprotected concrete at an early stage of hydration. Therefore, under
such conditions prolonged curing is required, because after termin-
ation of curing the surface layers of the concrete dry out rapidly, and

hydration will no longer continue. On the other hand when concreting.
in a humid environment at moderate temperatures curing will at least
partially be provided by the surrounding atmosphere.

»  Exposure conditions of the finished structure in service. The more severe
the exposure conditions as given in Table d.1, the longer the required
duration of curing.

Thus, an estimate of the required duration of curing is a complex prob-
lem. The best approach is to define limiting values of permeability of the
concrete surface layers which have to be reached before curing can be
terminated. These value should depend on the exposure condition of the
structure in service as well as on the type of cement but not on water/cement
ratio, strength class of the cement and concrete temperature. At this time
neither methods to measure surface permeability nor limiting values of
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permeability are generally accepted. Therefore, the required duration of
curing has to be estimated on the basis of the parameters given above.

Some of these parameters are interrelated particularly with regard to
concrete temperature so that a reliable estimate of the required duration of
curing necessitates preliminary experiments on the concrete in question
and continuous measurements of concrete temperature on site. Such an
approach which is based also on theoretical considerations is given in
‘Durable Concrete Structures—CEB Design Guide’. Rules of thumb for a
quick estimate are given in the following section.

d.12.3.2, Estimates of the duration of curing

In Table d.10 minimum durations of curing are proposed for concrete
members subjected to exposure condition 2a; 2b; 4a and 5a according to
Table d.1. In Table d.10 distinction is made according to expected ambient
conditions during curing and during the period immediately after curing
and according to the rate at which the concrete reaches a certain imper-
meability. This rate depends on the water/cement ratio and strength class
of cement as proposed in Table d.11. There, reference is made to the general
cement classification given in clause d.4.2.1.

Table d.10. Minimum duration of curing in days for T > 10°C for exposure
classes 2a; 2b; 4a and 5a, according to Table d.1

Expected ambient Rate of development of impermeability of
conditions during and concrete
after curing

Very rapid Rapid Medium Slow

I No direct sunshine, J) 2 3 4
relative humidity of
surrounding air
RH > 80%

Il Exposed 10 medium 2 3 4 b
sunshine or medium
wind velocity or
relative humidity RH:
50% < RH < 80%

Il Exposed to strong 3 4 6 8
sunshine or high wind
velocity or relative
humidity RH < 50%

Table d.11. Rate of development of impermeability of concrete

Rate of development wle Class of cement*
of impermeability
. 0.5-0.6 RS

Very rapid <05 RS: R

. 0.5-0.6 R
Rapid <0.5 N

) 0.5-0.6 N
Medium <05 SL
Slow All other cases

* Refer to clause d.4.2.1.
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Tabled.10 is valid for concretes made of Portland cements (CE I) and for

a reference ‘temperature of the concrete of 20°C. For temperatures of
the ambient air during curing < 10°C the duration of curing should be
increased. Then the required increase of curing time may be determined on
the basis of the maturity concept given in clause 2.1.8.2 of this Model Code.
As a rough guide for a concrete temperature of 10°C the required duration
of curing is about twice the required curing time for a concrete temperature
of 20°C. For a concrete temperature of 30°C it is only about half the curing
time at 20°C. Therefore, thermal insulation of the concrete during curing
may be an effective method to reduce curing times, particularly for concrete
made of slowly hydrating cements. In such cases, however, attention has to
be paid to thermal stresses which may be developed when the thermal
insulation is removed. Refer to subsection d.12.4.

Concretes made of cements containing high amounts of constituents
other than Portland cement clinker (CE II 32.5; CE III 32.5; CE IV 32.5)
and concretes containing Type II additions in amounts which approach the
maximum values given in clause d.6.3.3.2 are more sensitive to curing than
concretes made of Portland cements with the same water/cement ratio.
Therefore, for such concretes the duration of curing should be increased by
1 to 2 days beyond the values given in Table d.10 if during curing the
concrete is exposed to conditions II and III. For condition I the rate of
drying after curing is so low, that even the surface layer of the concrete will
continue to hydrate for some time after the termination of curing.

Depending on the type and use of the structural element (e. g. the intended
finish) the minimum duration of curing given in Table d.10 should also be
applied for exposure class 1. Where the concrete is exposed to severe
abrasion or to severe environmental conditions (exposure classes 3, 4b, 5b
and 5¢ according to Table d.5) the length of curing given in Table d.10
should be increased by 3 to 5 days depending on the ambient conditions
during curing according to Table d.10.

d.12.4. Protection against thermal cracking of surface
The hardened concrete has to be protected against damaging effects caused
by heat of hydration generated in the concrete. :

Where no cracking is permitted, adequate measures should be taken to
ensure that the tensile stresses caused by temperature differences are Jess
than the tensile strength at the time these stresses occur. This generally
requires a careful numerical analysis.

To avoid cracking caused by a temperature rise of the concrete at its
surface, the temperature difference between the centre and the surface
should be less than 20°C. Details on measures to prevent cracking by
protection of the young concrete are given in ‘Durable Concrete Structures
—CEB Design Guide’.

d.12.5. Heat treatment
The rate at which concrete hardens can be accelerated by heat treatment,
because a rise of temperature during hardening, within certain limits,
increases the early strength; the final strength, however, may be somewhat
less than that of concrete stored at normal temperatures. Decisive factors
in this respect are the age of concrete at the commencement of heat
treatment, the rate of temperature rise, the level of temperature, the
duration of heat treatment and the rate of cooling. The successful appli-
cation of heat treatment depends on the type of cement used, but generally
applicable rules cannot be given. Hence, before commencing production,
the materials to be used and the method of treatment employed should be
checked for their suitability through trial mixes.

Unless there is sufficiently documented positive experience with the con-
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ditions of a particular heat treatment of a concrete of given composition
and constituent materials, particularly the cement, it is recommended that
for curing of concrete members which will be subjected to exposure classes
2 to 5 (Table d.1), the following limitations with regard to heat treatment
(steam curing) are observed.

«  Concrete temperature during the first 3 hours after mixing should not
exceed 30°C and should not be higher than 40°C during the first 4
“hours.

 The rate of temperature increase should not exceed 20 K/h.

+ The average maximum temperature of the concrete should not exceed
60°C (individual values < 65°C).

»  The concrete should be cooled at a rate not exceeding 10 K/h.

» Theconcrete should be protected against moisture loss throughout the
curing procedure and while cooling.

These limitations in the temperature regime are given to prevent chemical
reactions some time after the heat treatment, generally referred to as
secondary ettringite formation. They are associated with a volume increase
and in turn cracking and disruption of the concrete. Since these reactions
depend on the composition of a particular cement a more seévere heat
treatment than given above does not necessarily lead to such damaging
reactions.

Precautions required when introducing steam into the mixer are discussed
in section d.9.2.

Heat treatment can influence the final properties of the hardened concrete
(e.g. ratio of tensile strength to compressive strength, deformation proper-
ties, durability). This should be taken into account in design.

d.13. Concreting in cold weather or frost

The hydration of the cement paste is retarded at lower temperatures. Apart
from this, frost can permanently impair immature concrete if the water
contained in the pores freezes and disrupts the concrete. Therefore, at low
ambient temperatures appropriate measures should be taken to ensure that
the rate of hardening is adequate and that frost damage is prevented.

Whenever there is a risk of frost or prolonged freezing, the fresh or very
young concrete should be protected from freezing by arrangements for
covering and/or insulating the newly placed concrete or by enclosures for
heating the air surrounding the newly cast structural element. Especially in
the latter case, adequate provisions for maintaining proper moisture con-
ditions are essential.

Before being exposed to freezing temperatures, concrete should have a
compressive strength of at least SMPa. The time required to reach this
minimum freezing strength will be the shorter the higher the temperature
of the concrete and the lower the water/cement ratio. For a more accurate
estimate of this time refer to ‘Durable Concrete Structures—CEB Design
Guide’.

The drop in temperature of any portion of the concrete should be
gradual, not exceeding 10°C in massive structures and 20°C in non-massive
structures throughout the first 42 hours after the end of protection. The safe
removal of formwork and its supports is controlled by the ptoportion of
design strength which should be attained at the time of stripping forms or
removing their supports.

The minimum temperature of fresh concrete at the time of placing shouid
not be lower than + 5°C. However, when concrete is cast in thin sections
this minimum temperature should preferably be at least 10°C. The initial
temperature of fresh concrete as mixed should be raised to offset heat loss
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between concrete mixing and placing, but it should in no case be higher
than 30°C. ,

The desired temperature of the fresh concrete can be achieved by heating
the constitutive materials. Mixing water may be heated up to 100°C. and
the average temperature of aggregates for an individual batch should not
exceed 65°C. To avoid the possibility of flash set, water and aggregate
should be first mixed together in such a way that the temperature of the
.mixture is reduced to less than 40°C, and only after that may cement be
admitted into the mixer. The aggregate should be free of lumps of ice and
snow.

The subgrade on which fresh concrete is placed should not be frozen, and
its minimum temperature should be at least 3°C,

For details reference is made to the appropriate provisions of the various
national standards.

d.14. Concreting at high temperatures

The properties of concrete can be influenced unfavourabiy by hot weather.
In concrete technology hot weather is defined as any combination of high
temperature, low relative humidity and high wind velocity tending to
impair the quality of fresh and hardened concrete or otherwise resulting in
abnormal properties. High temperatures of fresh concrete accelerate
setting, increase the rate of hydration and the water demand, and lead to
diminished final strength. Hot weather also causes difficulties during
placing and the formation of plastic shrinkage cracks in young concrete,

Therefore, every effort should be made to ensure that the temperature of
the concrete at the time of placing is lower than 30°C to 35°C for normal
structures, and less than 15°C for mass concrete. In cases where severe
internal stresses or restraint may develop due to differences between the
increased temperature caused by heat of hydration and the temperature of
the surrounding air, the temperature of the fresh concrete at the time of
casting should be controlled so as to limit this temperature difference. Also
refer to subsection d.12.4.

This should be achieved by

« cooling of the mixing water

» reducing the aggregate temperature by shading the stockpiles and/or
sprinkling or spraying coarse aggregate fractions :

» keeping the cement temperature low: if the initial temperature of the
cement is sufficiently low, this may be achieved by insulating the walls

of the silos

* shading and/or sprinkling the batching, mixing, delivery and placing
equipment

* good co-ordination and speeding-up of placement and finishing
operations

* proper planning of the time of casting, so that the concrete is placed
when the ambient temperature is as low as possible.

Curing should be carried out in accordance with section d.12. When
concreting at high temperatures moist curing is particularly suitable. It
should continue without interruption for a minimum of 7 days. For
flat structures (slabs, pavements), however, the use of an appropriate
membrane-forming curing compound which is evenly applied immediately
alter completion of the finishing operations often is more practical.

During placing and finishing operations, particularly flat structures
should be protected from wind and sunshine by windbreaks and/or shades,
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and any excessive evaporation of water causing early shrinkage cracking
should be prevented by cooling and moistening or fogging the surrounding
air.

d.15. Retempering

Retempering is the addition of water or cement paste with an appropriate
water/cement ratio, or of a high range water reducing superplasticizing
admixture, and the remixing of concrete which, on arrival at the construc-
tion site, has lost so much workability that it has become unplaceable or
unusable.

Retempering with water shall be prohibited outright since it is very likely
to increase the original water/cement ratio, thus reducing the quality of the
hardened concrete. It may be tolerable only if the effective water/cement
ratio remains within specified limits after taking into account estimated
amounts of water already chemically combined or evaporated.

Retempering with a high range water reducing superplasticizing admix-
ture is much more convenient, because it may even allow a reduction of the
water/cement ratio of the initial mix. In such cases a proper amount of
admixture should be added directly into the truck mixer where mixing
should continue until a uniform consistence of the batch is achieved.
Repeated retempering is feasible, but its effectiveness diminishes. There-
fore, it is not advisable to retemper more than twice. Attention should be
paid to the fact that the use of high range water reducing superplasticizing
admixtures may cause a loss of entrained air.

d.16. Structural lightweight aggregate concrete: special
factors

d.16.1. Requirements for aggregates
Lightweight aggregates should satisfy the requirements contained in the
relevant standards.

Water absorbed by the aggregates can affect the resistance of the concrete
to damage due to freezing and thawing, its fire resistance and thermal
resistivity. Where these properties are of importance, suitable measures
should be taken to prevent the absorption of excessive quantities of water
by the aggregate-as it may take a prolonged period, several years in some
cases, before the absorbed water can be liberated.

d.16.2. Mix design

The composition of lightweight aggregate concrete should be based invari-
ably on trial mixes, unless the design is derived from previous experience
with the same constituent materials (C I according to subsection d.8.1 or
C 1I according to subsection d.8.2). For acceptance of a mix design the
results of the tests on the trial mixes should indicate that a strength
appropriate (or the prescribed strength class, the required density and other
required properties can be attained with adequate certainty and that the
workability of the concrete will be satisfactory.

d.16.2.1. Grading of aggregates

Lightweight aggregates shall be delivered and stored separately in a suffi-
cient closed graded range of sizes to allow for the fact that lightweight
aggregale particles may vary in some of their properties with the size of
the aggregate particles (c.g. particle density, strength. water absorption).
Accidental mixing of different gradings or segregation within a group
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may affect the workability, strength and density of lightweight aggregate
concrete. It is recommended that the maximum particle diameter should
not exceed 25mm, in order to avoid segregation and as a consequence
reduction in the strength of the concrete.

Advice on the grading of the aggregates is given in clauses d.6.5.1.2 and
d.6.5.1.3 for continuous and gap-graded mixes.

d.16.2.2. Cement content

The required cement content can be determined from trial mixes. For
reinforced and prestressed lightweight aggregate concrete the cement
content used should not fall below certain minimum values (e.g. 300kg/m*).
Nor should the cement content be allowed to be too high (more than
500 kg/m®) since—as for all other types of concrete—this can lead to
microcracking due to excessive heat development, especially in large com-
ponents and possibly to excessive shrinkage and creep, in the absence of
adequate curing and other preventative measures.

d.16.3. Consistence
In general it is recommended that, immediately before the concrete is cast,
its consistence should lie in the plastic range. Lightweight aggregate
concrete having a stiff consistence should only be used in special circum-
stances since it tends to be more difficult to place and compact.

On the other hand it should be borne in mind that semi-fuid and fluid
lightweight aggregate concrete tends to segregate owing to rising of the
lighter coarse aggregate particles.

d.16.4. Prewetting and batching of aggregates

Water absorption by the aggregates may cause a reduction of the effective
water content of the cement paste. The effective water content of the cement
paste is important with respect to the evolution in time of workability, to
strength and to durability requirements. In order to fix the total amount of
mixing water (i, ) and the effective water content (w,) or the water/cement
ratio (w/c) one of the following procedures is proposed.

Dry aggregates
In this case two methods can be applied.

» Thedry aggregates and the sand are mixed during 1 min with 40-60%
of the total amount of water. This total amount is determined by
adding conventionally to the effective water in the cement paste, the
amount of water absorbed by the aggregates in 30 minutes (measured
on a separate sample).

wle = (W — Wigma)lc

» The dry aggregates remain in water during 30 minutes. Before mixing
the aggregates are drained for 5 minutes. Only the supplementary
water js added during mixing.

wie = wule
Wet aggregates

After the determination of the moisture content (), comparison with the

absorption after 30 minutes indicates whether supplementary water has to
be added

wle = [w,, - (Capmin — M)l ifm < W39 min

wle = w,,fle ifm > wag i
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Trial mixes with a particular aggregate are recommended to fix the total
amount of mixing water leading to the desired workability and strength.

If the moisture content of the aggregate is highly variable, batching the
coarse aggregate by volume may be preferable. The moisture held in the
aggregate particles need not be taken into account but of course, the mixing
water (i.e. the quantity of water to be added at the mixer) must be con-
sidered. However, when batching by weight, the water held in the aggregate
should be taken into account.

d.16.5. Mixing
The mixing process should continue long enough to ensure that the result-
ing fresh concrete is homogeneous. The period required may be longer than
that needed for normal weight concrete. However, in judging the duration
of the mixing process, the enhanced friability of some types of lightweight
aggregate (e.g. most foamed slags) should not be overlooked.

Admixture should not be added to the mix before the aggregate particles
are sufficiently wetted, to prevent a part of the admixture being absorbed
by the aggregate particles, thus reducing the effect of the admixture.

d.16.6. Ready-mixed concrete

In practice lightweight aggregate concrete should be transported in truck
mixers so that it can be intensively re-mixed immediately before delivery on
the site.

Owing to the higher water absorption of lightweight aggregates, loss of
workability during transport and handling can be higher for some types of
lightweight aggregate concrete than for concrete made with normal weight
aggregate.

It is recommended that trial mixes should be produced if a particular
lightweight aggregate is to be used for the first time for a ready-mixed
concrete. For these trial mixes account should be taken of the proposed
working procedure, including length of haul, handling conditions and
casting procedures.

d.16.7. Handling

When handling lightweight aggregate concrete, the greater tendency of
some types of lightweight aggregate to segregate compared with normal
weight aggregate should be taken into account. This tendency will be
enhanced where the concrete is of fluid consistence and the density of the
aggregate particles is low (less than 1000 kg/m®). The cohesion of fresh
concrete can be improved, where necessary, by using admixtures, such as
water reducers, air-entraining agents and stabilizers or by the use of certain
additions.

When pumping lightweight aggregate concrete, careful attention should
be given to the mix design and the type of pumping equipment and aggre-
gate to be used (e.g. natural sand should preferably be used when pumping
is considered), in order to reach the required distance and lift. Depending
on the type of pumping equipment and aggregate used, the effective
pumping distance and lift can be less than those achieved in the case of
concrete with normal weight aggregate.

d.16.8. Casting

For some types of very lightweight aggregate concretes compaction may be
more difficult to achieve, than for concrete made with normal weight
aggregates. Consequently the positions where concrete is placed in the
formwork and the points where vibration is effected should be more closely
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spaced. Lightweight aggregate concrete should always be compacted by
means of vibration, as indeed is the case for normal weight concrete.

In most cases the effective radius of action for poker vibrators in light-
weight aggregate concrete is only about half that observed for concrete
made with normal weight aggregates. Consequently the customary dis-
tances between immersion points should be approximately halved. For
some types of lightweight aggregate concrete, it may be more difficult to
obtain a satisfactory surface finish because the coarse lightweight aggreg-

“ates particles tend to fioat. This can be alleviated by using surface vibrators
or by treating the surface with a roller fitted with a perforated drum, thus
pushing the larger aggregate particles down while allowing the fines to rise.

d.16.9. Curing

Because of the large quantity of water absorbed by lightweight aggregates,
concrete made with such aggregates responds well to curing. As evapor-
ation takes place on the surface of the concrete, water absorbed by the
aggregate is released and transferred to the matrix. Thus, water is auto-
matically available for hydration by continuous replacement for a period
which will depend on the ambient conditions.

In temperate climates it is sufficient to ensure proper hydration without
the use of external devices to prevent evaporation, such as damp sacks or
a plastic membrane, usually required in the case of concrete made with
normal weight aggregates. In hot climates, however, careful attention
should be given to the protection of the concrete surface against rapid
drying out.

Curing of lightweight aggregate concrete may need to be more closely
controlled than that of concrete made with normal weight aggregates,
particularly if the lightweight aggregate is very dry and continues to absorb
much water even after finishing. With regard to the duration of curing the
recommendations given in section d.12 are applicable.

The temperature increase due to heat of hydration tends to be higher for
lightweight aggregate concrete, but owing to the lower thermal expansion
coefficient of lightweight aggregates and closer compatibility of the moduli
of elasticity of aggregate and matrix, the extent of microcracking is gener-
ally less in lightweight aggregate concrete.

d.17. Production of high strength concrete

d.17.1. Principles
The scope of the previous model code MC 78 was limited to strength grades
up to C 50. In the following sections some specific facts relating to the
production of cement based concrete of higher strength, frequently referred
to as high strength concrete, are dealt with. Such concretes may be advan-
tageous not only because of their higher strength, but also because of their
lower permeability thus enhancing the durability of concrete structures,

A strength of concrete in excess of 50 MPa is reached by a reduction of
the water/cement ratio or of the water/cement 4 effective pozzolan ratio
to values below 0.40. This is accomplished by the use of high range water
-reducing superplasticizing admixtures. Sometimes highly reactive additions
such as silica fume or some pulverized fuel ashes substantially contribute to
the development of high strength.

In general no particular equipment. batching and mixing methods or
unusual admixtures or additions are necessary to produce such concretes.
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d.17.2. Choice of materials
d.17.2.1, Cements
The cements used for high strength concrete must satisfy the general
requirements for ordinary concretes,

Since in many instances high amounts of high strength Portland cements
are used, particular attention should be paid to the development of heat of
hydration and its consequences.

d.17.2.2. Aggregates .

The aggregates for high strength concrete should satisfy the requirements
laid down for aggregates for ordinary concrete. When choosing suitable
aggregates, particular attention should be paid to possible alkali-silica
reactions because of the high cement contents of high strength concretes.

d.17.2.3. Admixtures

In most instances, water reducing or high range water reducing super-
plasticizing admixtures are used to reduce the water demand for a given
consistence of the fresh concretes.

d.17.2.4. Additions
In many instances, condensed silica fume or highly reactive pulverized fuel
ashes with a sufficiently high specific surface area are used as additions.

d.17.2.5. Mixing water
The requirements are identical to those for ordinary concrete. ,

d.17.3. Consistence of fresh concrete
Whereas pulverized fuel ash in many instances reduces the water demand,
the use of silica fume results in a substantial increase of the water demand.
For this reason high range water reducing superplasticizing admixtures are
often used in concretes containing silica fume.

For the characterization of consistence the Vebe test proved to be par-
ticularly suitable. In many practical applications it became apparent that
high strength concrete can also have a fluid consistence in the fresh stdte.
For such concrete the flow table is particularly suitable to measure concrete
consistence.

d.17.4. Concrete composition

In principle, there are no differences between the principles for the compo-
sition of ordinary and of high strength concretes. However, particular
attention should be paid to the proper grading of aggregates.

d.17.5. Batching and mixing
For batching and mixing of high strength concrete the rules laid down for
ordinary concrete apply {section d.9).

d.17.6. Handling, placing and compaction

Silica fume reduces the tendency of concrete to segregate. In rnany instances

high strength concrete is very suitable for pumping. Otherwise, the same

rules for handling and placing apply as for ordinary concrete (section d.10}.
In order to achieve the required high strength, proper vibration to remove

entrapped air is of particular significance.
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d.17.7. Curing

Because of the low water/cement ratio early loss of water may stop hydration
of high strength concrete, and the low bleeding rates may cause plastic
shrinkage. Therefore, the concrete has to be cured carefully, employing
curing methods where water is added rather than using methods which only
prevent moisture loss. Irrespective of subsection d.12.3 a minimum curing
period of 3 days is recommended in all cases.

d.18. Personnel, equipment and installations

d.18.1. General requirements

Batching and mixing, handling and placing, curing as well as testing and the
quality control of concrete require reliable supervising personnel with a
successful service record in concrete and reinforced concrete construction,
as well as sufficient knowledge and experience, so that the successful
execution of construction work is ensured. Making and placing the concrete
should be carried out by trained and qualified personnel (concretors).

d.18.2. Supervisor on the construction site

During the course of construction, the contractor or the supervisor assigned
by the contractor or hisfher knowledgeable representative have to be
present on the site during construction. The supervisor has to make sure
that the work is executed according to the applicable specifications,
drawings and regulations. In particular hefshe is responsible for

» the dimensions of the structural members as planned

» the safe construction and stiffening of the formwork

+ quality of the constituent materials as specified

« conformity of the reinforcement with the drawings

» the proper choice of the time of stripping the forms

» prevention of overloading finished structural members A

» climination of damaged prefabricated members which could reduce the
load carrying capacity of the structure

« correct installation of auxiliary supports where needed.

For the batching and mixing, handling and placing, compaction as well
as curing, all installations and equipment, which are required for a high
quality concrete with uniform strength as pointed out in section d.9
through d.17, have to-be available and properly maintained.

d.18.3. Supervisor for precast concrete and ready-mixed

concrete plants
During the working hours the supervisor or his/her knowledgeable repre-
sentative have to be present on the plant. He/she has to fulfil similar tasks
as have been pointed out in subsection d.18.2 as far as they apply to the
work in a plant. .
In addition, the supervisor is responsible fo

+ additional requirements regarding equipment and installations in such
plants

= observation that only such ready-mixed concrete or precast concrete
units leave the plant which satisfy all technical requirements

« delivery tickets which have to contain all necessary information.
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d.18.4. Permanent concrete laboratory

Contractors who use concrete with special properties according to sub-
section d.6.6 or according to section d.1 1, as well as ready-mixed concrete
and precast concrete plants should have access to a permanent concrete
laboratory, which is equipped with all testing apparatus and installations
necessary for preliminary experiments, as well as for quality control. The
laboratory has to be situated such that a close co-operation with the
construction site is possible. If the contractor makes use of an external
testing laboratory, a contract specifying all testing and quaiity control
measures to be conducted by the laboratory has to be issued. Such
contracts should be valid for a prolonged period of time.

Production control of a plant or of a site should not be carried out by a
concrete laboratory which at the same time carries out production control
measures for the constituent materials.

The concrete laboratory has the following tasks

« trial testing of the concrete

» quality control of the concrete, including strength development, as far
as these tests are not conducted by the personnel on the site

* control of equipment on the site and in the plant prior to commence-
ment of the concrete work _

» continuous control as well as advice during manufacturing, handling
and curing the concrete; records have to be kept about the results
‘achieved

* evaluation and judgement of the results of all tests carried out for the
individual plants and sites, and reports of the resuits to the contractor
and his supervisor or the supervisor of a plant

» training of personnel on the site and of the plant.

The concrete laboratory has to be headed by an expert knowledgeable in
concrete technology and concrete production. The expert should have a
certificate indicating such knowledge.

The contractor is responsible that the supervisor as well as the personnel
responsible for manufacturing and testing the concrete are trained and
instructed at suitable intervals, so that they are able to cary out all measures
for the concrete work, including testing and quality control. The supervisor
of a concrete laboratory should keep records on the training of the personnel.
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