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Preface

This book fills in a gap that exists for a textbook that provides a comprehensive design course in
wood, steel, and concrete. It presents up-to-date information and practices of structural design just
at a right level for architecture and construction management majors. It is also suitable for civil
engineering and general engineering undergraduate programs, where the curriculum includes a
joint coursework in structural design with wood, steel, and concrete.

The book is at the elementary level and it has a code connected design focus. In a structural
system, there are three main elements: the tension, compression, and bending members based on
the stress that they are subjected to, singularly or in combination. The book presents these elements
systematically following the latest load resistance factor design (LRFD) approach, and uses several
fully solved examples. If one is interested in designing elements according to the codes for each of
the construction materials, this book is an excellent resource.

The book is divided into 4 parts, spanning 16 chapters. Part I (Chapters 1 through 5) provides
a detailed coverage of loads, load combinations, and the specific code requirements for different
types of loads. The LRFD philosophy and the unified approach to design have also been explained
in this part.

Part IT (Chapters 6 through 8) covers sawn lumber, structural glued laminated timber, and struc-
tural composite lumber; the last of these, which commonly includes laminated veneer lumber, is
finding an increased application in wood structures. First, the conceptual designs of tension, com-
pression, and bending members are reviewed, and then the effects of the column and beam stabili-
ties and the combined forces are discussed.

The frame is an essential component of steel structures. Part III (Chapters 9 through 13) covers
the design of individual tension, compression, and bending members. Additionally it provides a
theoretical background and designs of braced and unbraced frames with fully solved examples.
Open-web steel joists and joist girders, though separate from the American Institute of Steel
Construction, have been included since they form a common type of flooring system for steel-frame
buildings.

Connections are a subject of special interest because of their weak links in structures and neglect
by engineers. Separate detailed chapters on wood (Chapter 8) and steel (Chapter 13) connections
present the design of the common types of connecting elements for the two materials.

In concrete, there is no direct tension member and shear is handled differently. Part IV
(Chapters 14 through 16) covers reinforced beams and slabs, shear and torsion, compression and
combined compression and flexure in relation to basic concrete structures.

This is a self-contained book. Instead of making references to codes, manuals, and other sources
of data, a voluminous amount of material on section properties, section dimensions, specifications,
reference design values, load tables, and other design aids that would be needed for the design of
structures have been included in the book.

During the preparation of the manuscript, help came from many quarters. My wife, Saroj Gupta,
and daughters, Sukirti Gupta and Sudipti Gupta, typed and edited the chapters. The senior students
of my structural design class provided very helpful input to the book; Ignacio Alvarez prepared the
revised illustrations, Andrew Dahlman, Ryan Goodwin, and George Schork reviewed the end-of-
chapter problems. Joseph Clements, David Fausel, and other staff at CRC Press provided valuable
support that led to the completion of the book. I extend my sincere thanks to these individuals and
to my colleagues at Roger Williams University who provided a helping hand from time to time.
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’I Design Criteria

CLASSIFICATION OF BUILDINGS

Buildings and other structures are classified based on the nature of occupancy according to Table 1.1.
The occupancy categories range from I to IV where occupancy category I represents buildings and
other structures that pose no danger to human life in the event of failure and the occupancy category
IV represents all essential facilities. Each structure is assigned the highest applicable occupancy
category. An assignment of more than one occupancy category to the same structure based on the
use and loading conditions is permitted.

BUILDING CODES

To safeguard public safety and welfare, town and cities across the United States follow certain codes
for design and construction of buildings and other structures. Until recently, towns and cities mod-
eled their codes based on the following three regional codes, which are revised normally at 3 year
intervals:

1. The BOCA* National Building Code
2. The Uniform Building Code
3. The Standard Building Code

The International Codes Council was created in 1994 for the purpose of unifying these codes into a
single set of standards. The council included the representatives from the three regional code orga-
nizations. The end result was the preparation of the International Building Code (IBC), which was
first published in 2000, with a second revision in 2003 and a third revision in 2006. Now, practically
all local and state authorities follow the IBC. For the specifications of loads to which the structures
should be designed, the IBC makes a direct reference to the American Society of Civil Engineers’
publication Minimum Design Loads for Buildings and Other Structures commonly referred to as
the ASCE 7-05.

STANDARD UNIT LOADS

The primary loads on a structure are dead loads due to weight of the structural components
and live loads due to structural occupancy and usage. The other common loads are snow loads,
wind loads, and seismic loads. Some specific loads to which a structure could additionally be
subjected to comprise of soil loads, hydrostatic force, flood loads, rain loads, and ice loads
(atmospheric icing). The ASCE 7-05 specifies the standard unit loads that should be adopted
for each category of loading. These have been described in Chapters 2 through 5 for the main
categories of loads.

* Building Officials and Code Administrators.
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TABLE 1.1

Occupancy Category of Buildings and Other Structures

Nature of Occupancy Category
Agriculture, temporary structures, storage I

All buildings and structures except classified as I, III, and IV I
Buildings and other structures that can cause a substantial economic impact I

and/or mass disruption of day-to-day civil lives, including the following:
More than 300 people congregation
Day care with more than 150
School with more than 250 and college with more than 500
Resident health care with 50 or more
Jail
Power generation, water treatment, wastewater treatment,
telecommunication centers
Essential facilities, including the following: v
Hospitals
Fire, police, ambulance
Emergency shelters

Facilities need in emergency

Source: Courtesy of American Society of Civil Engineers, Reston, VA.

TRIBUTARY AREA

Since the standard unit load in the ASCE 7-05 is for a unit area, it needs to be multiplied by the
effective area of the structural element on which it acts to ascertain the total load. In certain cases,
the ASCE 7-05 specifies the concentrated load, then its location needs to be considered for the
maximum effect. In a parallel framing system shown in Figure 1.1, beam CD receives the load from
the floor that extends half way to the next beam (B/2) on each side, as shown by the hatched area.
Thus, the tributary area of the beam is B x L and the load, W=w x B x L, where w is the unit stan-
dard load. Exterior beam AB receives the load from one side only extending half way to the next
beam. Hence the tributary area is 1/2B x L.

Suppose we consider a strip of 1 ft width as shown in Figure 1.1. The area of the strip is (1 x B). The
load of the strip is w x B, which represents the uniform load per running ft (or meter) of the beam.

The girder is point loaded at the locations of beams by the beam reactions. However, if the beams
are closely spaced, the girder could be considered to bear uniform load from the tributary area of
1/2Bx L.

Joists

— oR
u) lft = ~

W 3
o]
S
o]

FIGURE 1.1 Parallel framing system.
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FIGURE 1.2 Triangular loaded frame.

FIGURE 1.3 Load distribution on beam AB.

w o

A¥ L 3\ C

FIGURE 1.4 Load distribution on beam AC.

In Figure 1.2, beam AB supports a rectangular load from an area A, B, 1, 2, the load is wBL/2
and also a triangular load from an area A, B, 3 the load is (1/2)w(B/2) L or wBL/4.

This has a distribution as shown in Figure 1.3. Beam AC supports the triangular load from area
A, C, 3 which is wBL/4. Howeyver, the loading on the beam is not straightforward because the length

of the beam is not L but L, = (\/ ’+B ) The triangular loading will be as shown in Figure 1.4 to

represent the total load (the area under the load diagram) of wBL/4.

The framing of a floor system can be arranged in more than one manner. The tributary area
and the loading pattern on the framing elements will be different for different framing systems, as
shown in Figures 1.5 and 1.6.

Example 1.1

In Figure 1.2, the span L is 30ft, the spacing B is 10ft. The distributed standard unit load on the
floor is 60 Ib/ft2. Determine the tributary area and show the loading on beams AB and AC.
Solution

Beam AB

1. Rectangular tributary area/ft beam length=1 x5 =5 ft/ft
2. Uniform load/ft=(standard unit load x tributary area)=(60 Ib/ft?) (5 ft?/ft) =300 Ib/ft
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FIGURE 1.5 (a) A framing arrangement. (b) Distribution of loads on elements of frame in Figure 1.5.
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FIGURE 1.6 (a) An alternative framing arrangement. (b) Distribution of loads on frame in Figure 1.6.

3. Triangular tributary area (total)=1/2 (5) 30)=75ft?

4. Total load of triangular area=60x 75=45001b

5. Area of triangular load diagram=1/2wL

6. Equating items (4) and (5): 1/2wL=4500 or w=300 Ib/ft
7. Loading is shown in Figure 1.7
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S 300 Ib/ft

300 Ib/ft

A S>-B

AS 30 ft 28

FIGURE 1.7 Distribution of loads on beam AB of Example 1.1.

m }93.93 b/ft

ALN [OX¢

¥ 31.62 ft 2N

FIGURE 1.8 Distribution of loads on beam AC of Example 1.1.

Beam AC
1. Tributary area=75 ft?
2. Total load=60x75=45001b
3. Length of beam AC, L = (+/30° +102)= 31.62ft
4. Area of triangular load diagram=1/2wL=1/2w (31.62)
5. Equating (2) and (4): 1/2w (31.62)=4500 or w=293.93 Ib/ft
6. The loading is shown in Figure 1.8

WORKING STRESS DESIGN, STRENGTH DESIGN,
AND UNIFIED DESIGN OF STRUCTURES

There are two approaches to design: the traditional approach and comparatively a newer approach.
The distinction between them can be understood from the stress—strain diagram. The stress—strain
diagram with labels for a ductile material is shown in Figure 1.9. The diagram for a brittle material
is similar except that there is only one hump indicating both the yield and ultimate strength point,
and the graph at the beginning is not really (it is close to) a straight line.

The allowable stress is the ultimate strength divided by a factor of safety. It falls on the straight
line portion within the elastic range. In the allowable stress design (ASD) or working stress design
(WSD) method, the design is carried out so that when the computed design load, known as the
service load, is applied on a structure, the actual stress created does not exceed the allowable stress
limit. Since the allowable stress is well within the ultimate strength, the structure is safe. This
method is also known as the elastic design approach.

In the other method, known variously as the strength design, the limit design, or the load resis-
tance factor design (LRFD), the design is carried out at the ultimate strength level. Since we do not
want the structure to fail, the design load value is magnified by a certain factor known as the load
factor. Since the structure at ultimate level is designed for loads higher than the actual loads, it does
not fail. In the strength design, the strength of the material is taken to be the ultimate strength, and
a resistance factor (of less than 1) is applied to the ultimate strength to account for the uncertainties
associated with determination of the ultimate strength.

The LRFD method is more efficient than the ASD method. In ASD method, a single factor of
safety is applied to arrive at the design stress level. In LRFD, different load factors are applied
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Ultimate
strength

Yield strength

Proportionality limit

Stress

Allowable
stress

Strain

FIGURE 1.9 Stress—strain relation of a ductile material.

depending upon the reliability to which the different loads could be computed. Moreover, the resis-
tance factors are applied to account for the uncertainties associated with the strength values.

The American Concrete Institute (ACI) was the first regulatory agency to adopt the (ultimate)
strength design approach in early 1970 because concrete does not behave as an elastic material and
it does not display the linear stress—strain relationship at any stage. The American Institute of Steel
Construction (AISC) adopted the LRFD specifications in the beginning of 1990. On the other hand,
the American Forest and Paper Association included the LRFD provisions only recently in the 2005
edition of the National Design Specification for Wood Construction.

The AISC Manual 2005 has proposed a unified approach wherein they have combined the ASD
and the LRFD methods together in a single documentation. The principle of unification is as follows.

The nominal strength of a material is a basic quantity that corresponds to the ultimate strength
of the material. In terms of the force, the nominal (force) strength is equal to the yield or ultimate
strength (stress) times the sectional area of the member. In terms of the moment, the nominal
(moment) strength is equal to the ultimate strength times the section modulus of the member.
Thus,

P.=FA (L1)
M,=FS (1.2)
where
A is the area of cross section

S is the section modulus

In the ASD approach, the nominal strength of a material is divided by a factor of safety to con-
vert it to the allowable strength. Thus,

Allowable (force) strength = % (1.3)
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Allowable (moment) strength = Aé" 1.4

where Q is the factor of safety.
For a safe design, the load or moment applied on the member should not exceed the allowable
strength. Thus, the basis of the ASD design is as follows:

P
P, <= 1.5
0 (1.5)
and
M
M, <" 1.6)
o (
where

P, is the service design load combination
M, is the moment due to service design load application

Using Equations 1.5 or 1.6, the required cross-sectional area or the section modulus of the mem-
ber can be determined.

The common ASD procedure works at the stress level. The service (applied) load, P, is divided
by the sectional area, A, or the service moment, M,, is divided by the section modulus, S, to obtain
the applied or the created stress due to the loading, 6,. Thus, the cross-sectional area and the section
modulus are not used on the strength side but on the load side in the usual procedure. It is the ulti-
mate or yield strength (stress) that is divided by the factor of safety to obtain the permissible stress,
o,. To safeguard the design, it is ensured that the applied stress G, does not exceed the permissible
stress O,

For the purpose of unification of the ASD and LRFD approaches, the above procedure considers
the strength in terms of the force or the moment. In the LRFD approach, the nominal strengths are
the same as given by Equations 1.1 and 1.2. The design strength are given by

Design (force) strength = ¢P, (L.7)
Design (moment) strength = oM, (1.8)
where ¢ is the resistance factor.
The basis of design is
F. < 0P, 1.9
M, < oM, (1.10)

where
P, is the factored design loads
M, is the maximum moment due to factored design loads

From the above relations, the required area or the section modulus can be determined, which are
the parts of P, and M, in Equations 1.1 and 1.2.



10 Principles of Structural Design: Wood, Steel, and Concrete

A link between the ASD and the LRFD approaches can be made as follows:
From the ASD Equation 1.5, at the upper limit

P, =QP, (1.11)
Considering only the dead load and live load, P,=D + L. Thus,
P,=Q(D+L) (1.12)

From the LRFD Equation 1.9 at the upper limit

P, = Lif (1.13)
o
Considering only the factored dead load and live load, P,=1.2D+ 1.6L. Thus,
_(1.2D+1.6L) (1.14)
’ 0
Equating Equations 1.12 and 1.14
M:Q(D-i-L) (1.15)
or
Q= 11.2D+1.6L) (1.16)

o(D+L)

The factor of safety, €2, has been computed as a function of the resistance factor, ¢, for various
selected live-to-dead load ratios in Table 1.2.

The 2005 AISC Specifications has used the relation £ =1.5/¢ throughout the manual to connect
the ASD and the LRFD approaches together. Wood and concrete structures are relatively heavier,
i.e., L/D ratio is less than 3 and the factor of safety €2 tends to be lower than 1.5/¢, but a value of
1.5 could be reasonably used for those structures as well, because the variation of the factor is not
significant. This book uses the LRFD basis of design for all structures.

ELASTIC AND PLASTIC DESIGNS

The underlined concept in the preceding section was that a limiting state is reached when the stress
level at any point in a member approaches the yield strength value of
the material and the corresponding load is the design capacity of the
member.

Let us revisit the stress—strain diagram for a ductile material like
steel. The initial portion of the stress—strain curve of Figure 1.9 has

TABLE 1.2
Q as a Function of ¢
for Various L/D Ratios

been drawn again in Figure 1.10 to a greatly enlarged horizontal scale.  L/D Ratio Q from
The yield point F is a very important property of structural steel. After ~ (Select) Equation 1.16
an initial yield, a steel element elongates in the plastic range without 1 L4/
any appreciable change in stress level. This elongation is a measure of 2 147/
the ductility and serves a useful purpose in steel design. The strainand 3 1.5/
stress diagrams for a rectangular beam due to an increasing loading 4 1.52/¢

are shown in Figures 1.11 and 1.12.
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FIGURE 1.10 Initial portion of stress—strain relation for ductile material.
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FIGURE 1.11 Strain variation in a rectangular section.
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FIGURE 1.12  Stress variation in a rectangular section.

Beyond the yield strain at point b, as a load increases, the strain continues to rise in the plastic
range and the stress at yield level extends from the outer fibers into the section. At point d, the entire
section has achieved the yield stress level and no more stress capacity is available to develop. This
is known as the fully plastic state and the moment capacity as the full plastic moment. The full
moment is the ultimate capacity of a section. Beyond that a structure will collapse. When a full
moment capacity is reached, we say that a plastic hinge has formed. In a statically determinate
structure, the formation of one plastic hinge will lead to the collapse mechanism. Two or more plas-
tic hinges are required in a statically indeterminate structure for a collapse mechanism. In general,
for a complete collapse mechanism,

n=r+l1 (1.17)
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where
n is the number of plastic hinges
r is the degree of indeterminacy

ELAsTic MOMENT CAPACITY

As stated earlier, commonly the structures are designed for elastic moment capacity, i.e., the failure
load is based on the stress reaching a yield level at any point. Consider that on a rectangular beam
of Figure 1.10, at position b when the strain has reached to the yield level, a full elastic moment M
acts. This is shown in Figure 1.13.

Total compression force:

C:lGVAL. :lovﬁ @
2 - 2 72
Total tensile force:
1 1 _ bd
T'=—0c,A=—0,— b
2 yiu 2 ) 2 ( )

These act at the centroids of the stress diagram in Figure 1.13.

M =force X moment arm

16, bd (241) ©
Mg = = — || X | —
2 2 3
2
M, = cy% (1.18)

It should be noted that bd?/6 =S, the section modulus and the above relation is given by M=¢,S. In
terms of the moment of inertia, this relation is M =c6,I/C. In the case of a nonsymmetrical section,
the neutral axis is not in the center and there are two different values of ¢ and, accordingly, two
different section moduli. The smaller M is used for the moment capacity.

PLAsTIC MOMENT CAPACITY

Consider a full plastic moment M, acting on the rectangular beam section at the stress level d of
Figure 1.10. This is shown in Figure 1.14.
Total compression force:

C=06,A.=0, % @)

Az
A;ﬂ:’j
9}

-

Oy

FIGURE 1.13  Full elastic moment acting on a rectangular section.
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Mp

)

FIGURE 1.14 Full plastic moment acting on a rectangular section.

Total tensile force:

T=0,A =0, bd
T2

M, = force X moment arm

bd d
=0,— X—
202
or
bd’
M,=0,—
p Y 4
This is given by
M,=06,Z

13

(b)

©

(1.19)

(1.20)

where Z is called the plastic section modulus. For a rectangle, the plastic section modulus is 1.5
times of the (elastic) section modulus and the plastic moment capacity (M,) is 1.5 times the elastic
moment capacity (My). The ratio between the full plastic and full elastic moment of a section is
called the shape factor. In other words, for the same design moment value, the section is smaller

according to the plastic design.

The plastic analysis is based on the collapse load mechanism and requires knowledge of how a
structure behaves when the stress exceeds the elastic limit. The plastic principles are used in the

design of steel structures.

Example 1.2

For a steel beam section shown in Figure 1.15, determine the (a) elastic moment capacity, (b) plas-

tic moment capacity, and (c) shape factor. The yield strength is 210 MPa.

Solution

a. Elastic moment capacity
1. Refer to Figure 1.15a
2.C=T= %(21O><1O6)(0.05><0.O75) =393.75x10°N
3. M=(393.75x10% x0.1=39.38 x 10> N-m

b. Plastic moment capacity
1. Refer to Figure 1.15b
2. C=T=(210x10%(0.05%x0.075)=787.5x10* N
3. Mp=(787.5x10% x0.075=59.06 x 10> N-m
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Wl

FIGURE 1.15 Beam section. (a) Elastic moment capacity. (b) Plastic moment capacity.

c. Shape factor

SF_%_ 59.06x10°
M: 39.38x10°

Example 1.3

The design moment for a rectangular beam is 40kN-m. The vyield strength of the material is
200MPa. Design a section having the width-to-depth ratio of 0.5 according to the (a) elastic

theory, (b) plastic theory.

Solution

a. Elastic theory

1. Mg=0,5
or
3
s=Me_ 40x10 5 107 m
o, 200x10

2. %bdz =0.2x107

%(o.5d)(d2) =0.2x107

or

d=0.134m

and

b= 0.076 m



Design Criteria 15

b. Plastic theory

1. My=0,7
or
3
z=Mr_ 40000 _ 5102 m?
G,  200x10

2. %bdz =02x10"m’

%(O.Sd)(dz) =0.2x10"m’

or
d=0.117m
and

b=0.058m

THE COMBINATION OF LOADS

Various types of loads that act on a structure were described in the “Standard Unit Loads” section.
For designing a structure, its elements or foundation, the loads are considered to act in the following
combinations with the load factors as indicated in order to produce the most unfavorable effect on
the structure or its element. The dead load, roof live load, floor live load, and snow load are gravity
loads that act vertically downward. Wind load and seismic load have the vertical as well as the lat-
eral components. The vertically acting roof live load, live load, wind load (simplified approach), and
snow load are considered to be acting on the horizontal projection of any inclined surface. However,
the dead load and the vertical component of the earthquake load act over the entire inclined length
of the member.

For the LRFD, the ASCE 7-05 has recommended the following seven combinations with respect
to common types of loads:

1. 14D (1.21)
2. 1.2D+1.6L+0.5(L, or S) (1.22)
3. 1.2D+1.6(L, or S)+ fL or 0.8W (1.23)
4. 12D +1.6W+ fL+0.5(L, or S) (1.24)
5.12D+E +E,+ fL+0.2S (1.25)
6. 0.9D+1.6W (1.26)
7. 09D-E, +E, (1.27)
where

D is the dead load
L is the live load



16 Principles of Structural Design: Wood, Steel, and Concrete

L, is the roof live load

S is the snow load

W is the wind load

E, is the horizontal earthquake load

E, is the vertical earthquake load

f=0.5 for all occupancies when the unit live load does not exceed 100 psf except for garage and
public assembly places and value of 1 is for 100 psf load and for any load on garage and public
place

For other special loads like fluid load, flood load, rain load, and earth pressure, a reference is made
to Chapter 2 of the ASCE 7-05.

Example 1.4

A simply supported roof beam receives loads from the following sources taking into account the
respective tributary areas. Determine the loading diagram for the beam according to the ASCE
7-05 combinations.

. Dead load (1.2 k/ft acting on roof slope 10°)
. Roof live load (0.24 k/ft)

. Snow load (1 k/ft)

. Wind load at roof level (15k)

. Earthquake load at roof level (25 k)

. Vertical earthquake load (0.2 k/ft)

Ul WK —

Solution

1. The dead load and the vertical earthquake load since related with the dead load act on the
entire member length. The other vertical forces act on the horizontal projection, according
to the code.

. Adjusted dead load on horizontal projection=1.2/cos 10°=1.22 k/ft

. Adjusted vertical earthquake load on horizontal project=0.2/cos 10°=0.20 k/ft

. Equation 1.21: W,=1.4D=1.4(1.22)=1.71 k/ft

. Equation 1.22: W, =1.2D+1.6L +0.5 (L, or 5)

This combination is shown in Table 1.3.

. Equation 1.23: W, =1.2D+1.6(L, or 5)+(0.5L or 0.8W)

This combination is shown in Table 1.4.

[S2 IS "NOSI S

(@2

TABLE 1.3
Dead, Live, and Snow loads
Combined
Source D, k/ft L, k/ft L orS, k/ft Value Diagram
Load 1.22 — 1 1.964 k/ft
Load factor 1.2 0.5
Factored 1.464 0.5 1.964 k/ft N ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ u
vertical load 717777 L 77@77

Factored — — —
horizontal load
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7. Equation 1.24: W,=1.2D +1.6W+0.5L+0.5(L, or S)
This combination is shown in Table 1.5.
8. Equation 1.25: W,=1.2D+E, +£,+0.5L+0.25
This combination is shown in Table 1.6.
9. Equation 1.26: W,=0.9D+1.6W
This combination is shown in Table 1.7.
10. Equation 1.27: W,=09D+E, - E,
This combination is shown in Table 1.8.

Items 4, 5, and 9 can be eliminated as they are less than the other combinations. Items 6, 7, and
8 should be evaluated for the maximum effect and item 10 for the least effect.

TABLE 1.4
Dead, Live, Snow, and Wind loads
Combined
Source D, k/ft L, k/ft S, k/ft w, k Value Diagram
Load 1.22 — 1 15 3.06 k/ft
Load factor 1.2 1.6 0.8
Factored 1.464 1.6 3.06 k/ft I VVVVVYVYVYY l12 k
vertical load
TI7777 L

Factored 12 12k

horizontal load
TABLE 1.5

Dead, Live, Snow, and Wind loads

Combined

Source D, k/ft L k/ft S, k/ft W,k Value Diagram

Load 1.22 — 1 15 1.964 k/ft

Load factor 1.2 0.5 1.6

Yy vy vvyvvyy| 2k

Factored 1.464 0.5 1.964 k/ft g 2

vertical load 007 L

Factored 24 24k

horizontal load

TABLE 1.6

Dead, Live, Snow, and Earthquake Loads

Combined

Source D, k/ft L k/ft S, k/ft  E,k/ft  E,k Value Diagram
Load 1.22 — 1 0.2 25 1.864 k/ft

Load factor 1.2 0.2 1 1 H ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ |‘25 k
Factored 1.464 0.2 0.2 1.864 AN I EOM

vertical load

Factored 25 25

horizontal load
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TABLE 1.7

Dead and Wind Loads

Source D, k/ft w, k Combined Value Diagram

Load 1.22 15 1.1 k/ft

Load fact 0.9 1.6 24 |

Foat agort' 1 load 1.1 1.1k/At |+++++++++++§|2 :
actorea vertical 1oa . . L

Factored horizontal load 24 24k

TABLE 1.8

Dead and Earthquake Loads

Source D, k/ft E,, k/ft E, k Combined Value Diagram

Load 1.22 (=) 0.2 25 0.9 k/ft

Load factor 0.9 1 1 NV***VV*V**QZSI(

Factored 1.1 (=) 0.2 0.9k/ft e — L
vertical load

Factored 25 25k

horizontal load

PROBLEMS
Note: In Problems 1.1 through 1.6, the loads given are the factored loads.

1.1 A floor framing plan is shown in Figure P1.1. The standard unit load on the floor is 60 1b/ft.
Determine the design uniform load/ft on the joists and the interior beam.

2 in. x 6 in. joists @ 24 in. OC

\
i
!

i ‘ ‘ ‘

@]

% 20 ft Y 20 ft N

FIGURE P1.1  Floor framing plan.

1.2 In Figure 1.5, length, L=50ft and width, B=30ft. For a floor loading of 1001b/ft?, determine
the design loads on beams GH, EF, and AB.

1.3 In Figure 1.6, length, L=50ft and width, B=30ft and the loading is 1001b/ft?, determine the
design loads on beams GH, EF, and AB.

1.4 An open well is framed so that beams CE and DE sit on beam AB, as shown in Figure P1.4.
Determine the design load for beam CE and girder AB. The combined unit of dead and live
loads is 80 1b/ft2.
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Open

30 ft

— [ —Joists

A 56 B ose B
A A

FIGURE P1.4 An open well frame.

1.5 A roof is framed as shown on Figure P1.5. The load on the roof is 3kN/m?2. Determine the
design load distribution on the ridge beam.

<
Ridge b
|~ Ridge beam
N
End 8m
wall T \
5m
Rafters
L L

K 15 ft 4
FIGURE P1.5 Roof frame.

1.6 Determine the size of a square wood column C, of Problem 1.1 shown in Figure P1.1. Use a
resistance factor of 0.8 and assume no slenderness effect. The yield strength of wood in com-
pression is 4000 psi.

1.7 The service dead and live loads acting on a round tensile member of steel are 10 and 20k,
respectively. The resistance factor is 0.9. Determine the diam-
eter of the member. The yield strength of steel is 36 ksi. Y—2in.—} NS

1.8 A steel beam spanning 30ft is subjected to a service dead load
of 4001b/ft and a service live load of 10001b/ft. What is the size
of a rectangular beam if the depth is twice the width? The resis-
tance factor is 0.9. The yield strength of steel is 50ksi. 5in.

1.9 Design the interior beam of Problem 1.1 in Figure P1.1. The
resistance factor is 0.9. The depth is three times of the width.
The yield strength of wood is 4000 psi.

1.10 For a steel beam section shown in Figure P1.10, determine the
(1) elastic moment capacity, (2) plastic moment capacity, and (3)  FIGURE P1.10 Rectangular
shape factor. The yield strength is 50ksi. beam section.

A

<



20 Principles of Structural Design: Wood, Steel, and Concrete

1.11 For a steel beam section shown in Figure P1.11, determine the (1) elastic moment capacity, (2)
plastic moment capacity, and (3) shape factor. The yield strength is 210 MPa.
[Hint: For the elastic moment capacity, use the relation M,=c, I/C. For the plastic capacity,
find the compression (or tensile) forces separately for web and flange of the section and apply
these at the centroid of the web and flange, respectively.]

S 75 mm

ﬁ?

25 mm
N

N

75 mm

FIGURE P1.11 An I-beam section.

1.12 For a circular wood section as shown in Figure P1.12, determine the (1) elastic moment capac-
ity, (2) plastic moment capacity, and (3) shape factor. The yield strength is 2000 psi.

10 in.

FIGURE P1.12 A circular wood section.

1.13 For the asymmetric section shown in Figure P1.13, determine the plastic moment capacity. The
plastic neutral axis (where C=T) is at 20mm above the base. The yield strength is 275 MPa.

20 mm
100 mm
20 mm
H 200 mm H T

FIGURE P1.13  An asymmetric section.
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1.14 The design moment capacity of a rectangular beam section is 2000 ft-Ib. The material’s
strength is 10,000 psi. Design a section of width-to-depth ratio of 0.6 according to the (1)
elastic theory, (2) plastic theory.

1.15 For Problem 1.14, design a circular section.

1.16 The following vertical loads are applied on a structural member. Determine the critical verti-
cal load in psf for all the ASCE 7-05 combinations.

1. Dead load (on a 15° inclined member) 10 psf

2. Roof live load 20 psf
3. Wind load (vertical component) 15pst
4. Snow load 30psf
5. Earthquake load (vertical only) 2 psf

1.17 A floor beam supports the following loads. Determine the load diagrams for the various loads

combinations.
1. Dead load 1.15k/ft
2. Live load 1.85k/ft
3. Wind load (horizontal) 15k
4. Earthquake load (horizontal) 20k
5. Earthquake load (vertical) 0.3k

1.18 A simply supported floor beam is subject to the loads as shown in Figure P1.18. Determine the
loading diagrams for load combinations according to Equations 1.22, 1.24, and 1.25.

Transferred from roof

D; 8k
S; 20k
Wind load 18 k L. 15L fL21.121£<//fftt
EEEEEEEEEEEEEEEEREEE
—_—
Seismic load 25 k 10ft ;7;
¥ 30 ft N

FIGURE P1.18 Loads on a beam.






2 Primary Loads: Dead
Loads and Live Loads

DEAD LOADS

Dead loads are due to the weight of all materials that constitute a structural member. This also
includes the weight of fixed equipment that are built into the structure such as piping, ducts, air
conditioning, and heating equipment. The specific or unit weights of materials are available from
different sources. The dead loads are, however, expressed in terms of uniform loads on a unit area
(e.g., pounds per square ft). The weights are converted to dead loads taking into account the tribu-
tary area of a member. For example, a beam section weighting 4.5 1b/ft when spaced 16in. (1.33 ft)
on center will have a uniform dead load of 4.5/1.33=3.38 psf. If the same beam section is spaced
18in. (1.5 ft) on center, the uniform dead load will be 4.5/1.5=3.5 psf. The spacing of beam section
may not be known to begin with, as this might be an objective of the design.

Moreover, the estimation of dead load of a member requires knowledge as to what items and
materials constitute that member. For example, a wood roof comprises of the roof covering, sheath-
ing, framing, insulation, and ceiling.

It is expeditious to assume a reasonable dead load for the structural member, only to be revised
when found grossly out of order.

The dead load of a building of light frame construction is about 101b/ft? for a flooring or roofing
system without the plastered ceilings, and 20 1b/ft> with the plastered ceiling. For concrete flooring
system, each 1in. thick slab has a uniform load of about 12 psf; 36 psf for 3 in. slab. To this at least
10 psf should be added for the supporting system. Dead loads are gravity forces that act vertically
downward. On a sloped roof the dead load acts over the entire inclined length of the member.

Example 2.1

The framing of a roof consists of the following:

Asphalt shingles (2psf), 3/4in. plywood (2.5 psf), 2x 8 framing @ 12in. on center (2.5psf),
fiberglass 0.5 in. insulation (1 psf), and plastered ceiling (10 psf). Determine the roof dead load.
Make provisions for reroofing (3 psf).

Solution

psf
Shingles 2
Plywood 2.5
Framing 2.5
Insulation 1
Ceiling 10
Reroofing 3

Roof dead load 21

23
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LIVE LOADS

Live loads also act vertically down like dead loads but are distinct from the latter as they are not
an integral part of the structural element. Roof live loads, L,, are associated with maintenance of a
roof by workers, equipment, and material. They are treated separately from the other types of live
loads, L, that are imposed by the use and occupancy of the structure. The ASCE 7-05 specifies the
minimum uniformly distributed load or the concentrated load that should be used as a live load for
the intended purpose. Both, the roof live load and the floor live load are subjected to a reduction
when they act on a large tributary area since it is less likely that the entire large area will be loaded
to the same magnitude of high unit load. This reduction is not allowed when an added measure of
safety is desired for important structures.

FLOOR LIVE LOADS

The floor live load is estimated by the equation

L=kL, 2.1

where
L, is the basic design live load (see the “Basic Design Live Load, L,” section below)
k is the area reduction factor (see the “Effective Area Reduction Factor” section below)

Basic DEesiGN Live Loap, L,

The ASCE 7-05 provides a comprehensive table for basic design loads arranged by occupancy and
use of a structure. This has been consolidated under important categories in Table 2.1.

To generalize, the basic design live loads are as follows.

Above the ceiling storage areas: 20psf; one or two family sleeping area: 30psf; normal use
rooms: 40 psf; special use rooms (office, operating, reading, fixed sheet arena): 50—60 psf; public
assembly places: 100 psf; lobbies, corridors, platforms, and stadium*: 100 psf for first floor, 80 psf
for other floors; light industrial uses: 125 psf; and heavy industrial uses: 250 psf.

ErrecTive AREA RepucTiON FACTOR

The members that have more than 400 ft?> of influential area are subject to a reduction of the stan-
dard live loads. The influence area is defined as the tributary area, A;, multiplied by an element
factor, K, as listed in Table 2.2.

The following cases are excluded from the live load reduction:

1. Heavy live load that exceeds 100 psf
2. Passenger car garages

3. Public assembly areas

Except the above three items, for all other cases the reduction factor is given by

kz(me 02

\V KLLAT

* In addition to vertical loads, horizontal swaying forces as follows are applied to each row of sheets: 241b per linear ft of
seat in the direction to each row of sheets, and 101b per linear ft of sheet in the direction perpendicular to each row of
sheets. Both horizontal forces need not be applied simultaneously.
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TABLE 2.1
Summarized Basic Design Live Loads
Category Uniform Load, psf
Residential

Storage area 20

Sleeping area (dwelling) 30

Living area, stairs (dwelling) 40
Hotel room 40
Garage 40
Office 50
Computer room/facility 100
School classroom 40
Hospital

Patient room 40

Operation room/lab 60
Library

Reading room 60

Stacking room 150
Industrial manufacturing/warehouse

Light 125

Heavy 250
Corridor/lobby

First floor 100

Above first floor 80
Public places® 100

2 Balcony, ballroom, fire escape, gymnasium, public stairs/exits,
restaurant, stadium, store, terrace, theatre, yard, etc.

TABLE 2.2
Live Load Element Factor K,

Structure Element Ky,

Interior columns

Exterior columns without cantilever slabs
Edge columns with cantilever slabs
Corner columns with cantilever slabs
Edge beams without cantilever slabs
Interior beams

—_ NN W R A

All other members not identified including

Edge beams with cantilever slabs

Cantilever beams

One-way slabs

Two-way slabs

Members without provisions for continuous shear
transfer normal to their span
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e = = &l AT/ Joists
L
|~ Beam
AL 2 S D
i = = T35 ft
L = = g -%
AS 60 ft

FIGURE 2.1 Floor framing plan.

As long as the following limits are observed, Equation 2.2 can be applied to any area. However with
the limits imposed, the factor k becomes effective when K, ; A, > 400 as stated earlier:

1. k factor should not be more than 1.
2. k factor should not be less than 0.5 for members supporting one floor and 0.4 for members
supporting more than one floor.

Example 2.2

The first floor framing plan of a single family dwelling is shown in Figure 2.1. Determine the mag-
nitude of the live load on the interior column C.

Solution

. From Table 2.1, L,=40psf

. Tributary area A;=20x17.5=350ft?
. From Table 2.2, K, =4

. K, A;=4x350=1400

. From Equation 2.2,

U B~ W N —

6. From Equation 2.1, L=kL,=0.65 (40)=26 psf.

OTHER PROVISIONS FOR FLOOR LIVE LOADS

Besides the uniformly distributed live loads, the ASCE 7-05 also indicates the concentrated live
loads in certain cases that are assumed to be distributed over an area of 2.5 ft x 2.5 ft. The maximum
effect of either the uniformly distributed or concentrated load has to be considered. In most cases,
the uniformly distributed load controls.

The buildings where partitions are likely to be erected, a uniform partition live load is provided
in addition to the basic design loads. The minimum partition load is 15 psf. The partition live loads
are not subjected to reduction for large effective area.
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Live loads include an allowance for an ordinary impact. However, where unusual vibrations and
impact forces are involved, the live loads should be increased. The moving loads shall be increased
by an impact factor as follows: (1) elevator, 100%; (2) light shaft or motor-driven machine, 20%;
(3) reciprocating machinery, 50%; and (4) hangers for floor or balcony, 33%. Including these effects

Total LL/unit area = unit LL (1+1IF)+PL {min 15 psf} 2.3)

where
LL is the live load
IF is the impact factor
PL is the partition load

ROOF LIVE LOADS, L,

Roof live loads happen for a short time during the roofing or reroofing process. In the load combina-
tions, either the roof live load L, or the snow load S is included, since both of these are not likely to
occur simultaneously.

The standard roof live load for ordinary flat, sloped, or curved roofs is 20 psf. This can be reduced
to a minimum value of 12 psf based on the tributary area being larger than 200 ft> and/or the roof
slope being more than 18.4°. When less than 20 psf of the roof live loads are applied to a continuous
beam structure, the reduced roof live load is applied to adjacent spans or to alternate spans, which-
ever produces the greatest unfavorable effect.

The roof live load is estimated by

L =RR,L, Q.4

where
L, is the reduced roof live load on a horizontally projected surface
L, is the basic design load for ordinary roof =20 psf
R, is the tributary area reduction factor, see the “Tributary Area Reduction Factor, R,” section
below
R, is the slope reduction factor, see the “Slope Reduction Factor” section below

TriBUTARY AREA REDUCTION FACTOR, R,

This is given by
R =1.2-0.001A;, (2.5)

where A is the horizontal projection of roof tributary area in ft2.
This is subject to the following limitations:

1. R, should not exceed 1
2. R, should not be less than 0.6

Srope RebpucTtioN FacTORr
This is given by
R, =12-0.6tan0 (2.6)

where 0 is the roof slope angle.
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1. R, should not exceed 1

2. R, should not be less than 0.6

Example 2.3

The horizontal projection of a roof framing plan of a building is similar to Figure 2.1. The roof pitch
is 7 on 12. Determine the roof live load acting on column C.

Solution
1. L,=20psf
2. Ar=20x17.5=3501ft?
3. From Equation 2.5: R;=1.2 = 0.001 (350)=0.85
4, Pitch of 7 on 12, tan 6=7/12 or 6=30.256°
5. From Equation 2.6: R,=1.2 — 0.6 tan 30.256°=0.85
6. From Equation 2.4: L,=(0.85) (0.85) (20)=14.45 psf > 12 psf OK

The above computations are for an ordinary roof. Special purpose roofs such as roof gardens have
loads up to 100 psf. These are permitted to be reduced according to the floor live load reduction
as discussed in the “Floor Live Loads” section.

PROBLEMS

21

22

2.3

24

2.5

A floor framing consists of the following:

Hardwood floor (4 psf), 1in. plywood (3 psf), 2in.x 12in. framing @ 4in. on center (2.6 psf),
ceiling supports (0.5 psf), gypsum wallboard ceiling (5 psf).

Determine the floor dead load.

In Problem 2.1, the floor covering is replaced by a 1in. concrete slab and the framing by
2in.x 12in. at 3in. on center. Determine the floor dead load.

[Hint: Weight of concrete/unit area=11ftx 1 ftx 1/12ftx 150.]

For the floor framing plan of Example 2.2, determine the design live load on the interior
beam BC.

An interior steel column of an office building supports loads from two floors. The column-to-
column distance among all columns in the floor plan is 40 ft. Determine the design live load
on the column.

The framing plan of a light industrial building is shown in Figure P2.5. Determine the live
load on column A.

DS 50 ft 50 ft N

M~
—t

N
S
=3

>
o
+

N
S
=

1]
+

)
S
=

|
,—

FIGURE P2.5 Framing plan of a building.
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2.6 Determine the live load on the slab resting on column A of Problem 2.5.

2.7 The building in Problem 2.5 includes partitioning of the floor and it is equipped with a recipro-
cating machine that induces vibrations on the floor. Determine the design live load on beam AB.

2.8 Determine the roof live load acting on the end column D of a roofing plan shown in
Figure P2.8.

24 ft

&+

24 ft sloped length
~ atpitch 6.3 to 10
& = H] ¢ Purlins
Ne—20 ft—%—20 ft—f—20 ft—}

i

FIGURE P2.8 Roofing plan.

2.9 Determine the roof live load on purlins of Figure P2.8 if they are 4 ft apart.
2.10 A roof framing section is shown in Figure P2.10. The length of the building is 40 ft. The ridge
beam has supports at two ends and at mid-length. Determine roof live load on the ridge beam.

Ridge beam
1
A

30 ft

Wall

FIGURE P2.10 Side elevation of a building.

2.11 Determine the load on the walls due to roof live load of Problem 2.10.
2.12 An interior column supports loads from a roof garden. The tributary area to the column is
250ft?. Determine the roof live load. Assume a basic roof garden load of 100 psf.






3 Snow Loads

INTRODUCTION

Snow is a controlling roof load in about half of all the states in the United States. It is a cause of
frequent and costly structural problems. Snow loads have the following components:

. Balanced snow load

. Extra load due to rain on snow

. Partial loading of the balanced snow load

. Unbalanced snow load due to a drift on one roof

. Unbalanced load due to a drift from an upper to a lower roof
. Sliding snow load

NN WN —

Snow loads are assumed to act on the horizontal projection of the roof surface.

BALANCED SNOW LOAD

This is the basic snow load to which a structure is subjected to. The procedure to determine the
balanced snow load is as follows:

1. Determine the ground snow load, p,, from the snow load map in the ASCE 7-05, repro-
duced in Figure 3.1.

2. Convert the ground snow load to flat roof snow load (roof slope <5°), p;, with consideration
given to the (1) roof exposure, (2) roof thermal condition, and (3) occupancy category of
the structure.

3. Apply a roof slope factor to the flat roof snow load to determine the sloped (balanced) roof
snow load.

4. Combining the above steps, the sloped roof snow load is calculated from

p, =0.7C,C.C,Ip, G.1)

where
P, is the 50 year ground snow load from Figure 3.1
I is the importance factor (see the “Importance Factor” section)
C, is the thermal factor (see the “Thermal Factor, C,” section)
C, is the exposure factor (see the “Exposure Factor, C,” section)
C, is the roof slope factor (see the “Roof Slope Factor, C,” section)

The slope of a roof is defined as a low slope if (1) it is a mono-slope roof having a slope of less
than 15°% (2) it is a hip and gable roof having a slope of less than (i) 2.4° or (ii) (70/W)+0.5 which-
ever is higher, where W is the horizontal distance from eave to ridge of the roof in feet; and (3) it is
a curved roof having the vertical angle from the eave to crown of less than 10°.

31
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In CS areas, site-specific case studies are required to
establish ground snow loads. Extreme local variations
in ground snow loads in these areas preclude mapping
at this scale.

Numbers in parentheses represent the upper elevation limits
in feet for the ground snow load values presented below.
Site-specific case studies are required to establish ground
snow loads at elevations not covered.

To convert Ib/sq ft to kN/m? multiply by 0.0479.

To convert feet to meters, multiply by 0.3048.

Lo aa | | |
0 100 200 300 miles

()

FIGURE 3.1 Ground snow loads, p,, for the United States (Ib/ft?). (Courtesy of American Society of Civil
Engineers, Reston, VA.)

For a low sloped roof, the magnitude of p, from Equation 3.1 should not be less than the

following values:

1. When the ground snow load, Dy is 201b/ft? or less, the minimum roof snow load for the
low-slope roof is given by

ps = Cilp, (3.2)
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FIGURE 3.1 (continued)

2. When p, exceeds 201b/ft*, the minimum roof snow load for the low-slope roof is given by

ps =20C1 (3.3)
IMPORTANCE FACTOR

Depending upon the occupancy category identified in the “Classification of Buildings” section in
Chapter 1, the importance factor is determined from Table 3.1.
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TABLE 3.1

Importance Factor for Snow Load

Category of Occupancy Importance Factor
I. Structures of low hazard to human life 0.8

II. Standard structures 1.0

III. High occupancy structures 1.1

IV. Essential structures 1.2

Source: Courtesy of American Society of Civil Engineers,

Reston, VA.

TrermAL FacTOR, C,

The factors are given in Table 3.2. The intent is to account for the
heat loss through the roof and its effect on snow accumulation. For
modern, well-insulated, energy-efficient construction with eave
and ridge vents, the common C, value is 1.1.

Exposure FacTor, C,

The factors, as given in Table 3.3, are a function of the surface
roughness (terrain type) and the location of the structure within the
terrain (sheltered to fully exposed).

It should be noted that Exposure A representing centers of large
cities where over half the buildings are in excess of 70ft is not
recognized separately in the ASCE 7-05. This type of terrain is
included into Exposure B.

TABLE 3.2

Thermal Factor for Snow
Load

Thermal Condition G

Green house with interior 0.85
temperature of at least 50°

Well above freezing (warm 1.0
or hot) roofs

Just above freezing or 1.1
well-insulated, ventilated
roofs

Below freezing structure 1.2

The sheltered areas correspond to the roofs that are surrounded on all sides by the obstructions
that are within a distance of 104, where £, is the height of the obstruction above the roof level. Fully
exposed roofs have no obstruction within 10/, on all sides including no large roof top equipment

TABLE 3.3
Exposure Factor for Snow Load

Fully Partially

Terrain Exposed  Exposed
B. Urban, suburban wooded 0.9 1.0
C. Open, flat open grasslands, 0.9 1.0
water surfaces in hurricane-prone
regions
D. Open, smooth mud and salt 0.8 0.9

flats, water surfaces in
non-hurricane-prone regions

Above the tree line in 0.7 0.8
mountainous region

Alaska: treeless 0.7 0.8

Sheltered

1.2
1.1

1.0
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TABLE 3.4
Roof Slope Factor,

Thermal Factor

Warm roofs (C,< 1) 0=0°-5°C,=1 0=0°-30°C,=1
e=5°—7oocs=1—e_5 e=30°—70°c5=1—9_30
65° 40°
8> 70° C,=0 8> 70° C,=0
Cold roofs (C,=1.1) 9=0°-10° C,=1 9=0°-37.5°C,=1
9:10°—70°Cx:1—e_10 e=37.5°—70°c5=1—ﬂ
60° 32.5°
8> 70° C,=0 8> 70° C,=0
Cold roofs (C,=1.2) 9=0°-15° C,=1 0=0°-45° C,=1
0:150—70%}:1—9715 92450_70(,&:1_9745
55° 25°

C

S
Unobstructed Slippery Surface
R>30ft2 F/Btu for unventilated and
R>20ft> F/Btu for ventilated

0>70° C,=0

Other Surfaces

0> 70° C,=0

35

Note: 0 is the slope of roof.

or tall parapet walls. The partially exposed roofs represent structures that are not sheltered or fully
exposed. The partial exposure is a most common exposure condition.

RooF Stope FACTOR, C,

This factor decreases as the roof slope increases. Also, the factor is smaller for the slippery roofs
and for the warm roof surfaces.

The ASCE 7-05 provides the graphs of C, versus roof slope for three separate thermal factor, C,
values, i.e., C, of <1.0 (warm roofs), C, of 1.1 (cold well-insulated and ventilated roofs), and C, of 1.2
(cold roofs). On the graph for each value of the thermal factor, two curves are shown. The dashed
line is for an unobstructed slippery surface and the solid line is for other surfaces. The dashed line
of unobstructed slippery surfaces has smaller C, values.

The unobstructed surface has been defined as a roof on which no object exists that will prevent
snow from sliding and that a sufficient space is available below the eaves where the sliding snow can
accumulate. The slippery surface includes metal, slate, glass, and membranes. For warm roof case
(C,<1), to qualify as an unobstructed slippery surface there is a further requirement with respect to
the R (the thermal resistance) value. The values of C, can be expressed mathematically, as given in
Table 3.4. It will be seen that for a non-slippery surface like asphalt shingles, which is a common
case, the C, factor is relevant only for roofs having a slope larger than 30°; for slopes larger than
70°, C,=0.

RAIN-ON-SNOW SURCHARGE

An extra load of 51b/ft? has to be added due to rain on snow for locations where the following two
conditions apply: (1) the ground snow load, p,, is <201b/ft* and (2) the roof slope is less than W/50;
W being the horizontal eave-to-ridge roof distance. This extra load is only for the balanced snow
load case and should not be used in the partial, drift, and sliding load cases.



36

FIGURE 3.2

Example

Principles of Structural Design: Wood, Steel, and Concrete

¥ 125 ft K 125 ft N

3/8
12

Low slope roof.

3.1

Determine the balanced load for an unheated building of ordinary construction shown in Figure 3.2
in suburban area having trees obstruction less than 10h,. The ground snow load is 20 psf.

Solution

A. Parameters

—_

2
3
4.
5
6.

7.
8.

9.

10.

B. Sno
1.

2.

3.

Example

Pg=20psf
. Unheated roof C,=1.20
. Ordinary building /=1.0
Suburban area (terrain B), sheltered, Exposure factor, C,=1.2
. Roof angle, tan6 = ?;/—28 =0.0313;6=1.8°
E+0.5 = £+O.5 =1.06
w 125
6<2.4° it is a low slope, the minimum load equation applies
W _125 _,¢
50 50
0<2.5°% and p,=20psf, rain-on-snow surcharge =5 Ib/ft?

From Table 3.4, C,=1.0
w loads
From Equation 3.1

ps =0.7C,C.Cilp,
=0.7(1(1.2)(1.2)1(20) = 20.16b/ft>

Minimum snow load, from Equation 3.2

ps = (1)(1)(20) = 20 Ib/ft?

Add rain-on-snow surcharge

pp =20.16+5 = 25.16 Ib/ft?

3.2

Determine the balanced snow load for an essential facility in Seattle, Washington, having a roof
eave to ridge width of 100ft and a height of 25ft. It is a warm roof structure.

Solution

A. Parameters

1.
2.
3.
4.

Seattle, Washington, p,=20 psf

Warm roof C,=1.00

Essential facility, /1=1.2

Category B, urban area, partially exposed (default), Exposure factor, C,=1.00
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Roof slope, tan® = 25 =0.25;0=14°
100

5
6. Itis not a low slope, the minimum snow equation is not applicable
7. ®is not less than W/50, there is no rain-on-snow surcharge

. For a warm roof, other structures, from Table 3.4. C,=1

now loads

ps =0.7C,C.Clp,

=0.7(N(N(1)(1.2)(20) = 16.81b/ft>

8
S

PARTIAL LOADING OF THE BALANCED SNOW LOAD

The partial loads are different from the unbalanced loads. In unbalanced loads, snow is removed
from one portion and is deposited on another portion. In the case of partial loading, snow is removed
from one portion via scour or melting but it is not added to another portion. The intent is that in
a continuous span structure, a reduction in snow loading on one span might induce the heavier
stresses in some other portion than those occur with the entire structure being loaded. The provision
requires that a selected span or spans should be loaded with one-half of the balanced snow load and
the remaining spans with the full balanced snow load. This should be evaluated for various alterna-
tives to assess the greatest effect on the structural member.

UNBALANCED SNOW LOAD DUE TO DRIFT

The unbalanced loading condition results from the drifting process when a blowing wind
depletes snow from the upwind direction to pile it up in the downward direction. There are two
drift cases:

1. Across the ridge drift when snow is removed from the windward panel of roof and is
deposited on the leeward side of the same roof.
2. Drift from an upper roof on to a lower roof when two different levels are involved.

The unbalanced snow loading for hip and gable roofs is discussed below. For curved, saw tooth, and
dome roofs, a reference is made to the ASCE 7-05.

ACROSS THE RIDGE SNOW DRIFT ON A ROOF

Across the ridge drift, the balanced load and unbalanced load should be analyzed separately. For the
drift to occur on any roof, it should neither be a low-slope roof nor a steep roof. Thus, the following
two conditions should be satisfied for across the ridge unbalanced snow loading:

1. The roof slope should be equal or larger than both (1) 2.4° and (2) (70/W)+0.5,
where W is the horizontal eave-to-ridge distance in feet.
2. The roof slope should be less than 70°.

When the above two conditions are satisfied, the unbalanced load distribution is expressed in two
different ways:

1. For narrow roofs (W<20ft) of simple structural systems like the prismatic wood rafters or
light gauge roof rafters spanning from eave to ridge, the windward side is taken as free of
snow, and on the leeward side the total drift is represented by a uniform load from eave to
ridge as follows. (Note this is the total load and is not an addition to the balanced load.)
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Pu=1Ip, 34

2. For wide roofs (W > 20ft) of any structures as well as the narrow roofs of other than the
simple structures stated above, the drift is triangular in shape but is represented by a more
user friendly rectangular surcharge over the balanced load.

On the windward side a uniform load of 0.3p, is applied, where p, is the balanced snow load from
the “Balanced Snow Load” section. On the leeward side, a rectangular load is placed adjacent to the
ridge, on top of the balanced load, p,, as follows:

. hayy
Uniform load, p, = —= 3.5
p \/; (3.5)
Horizontal extent from ridge, L = Shd;/; (3.6)
where
1 is the roof slope
s
v is the unit weight of snow in Ib/ft3, given by
Y=0.13p, +14 <30 Ib/ft’ (3.7)
h, is the height of drift in feet on the leeward roof, given by
hy =0.43(W)"(p, +10)"* —1.5 (3.8)

W is the horizontal distance from eave to ridge of roof in feet

If W<25ft, use W=25ft.

Example 3.3

Determine the unbalanced drift snow load for Example 3.1.

Solution

1. Roof slope, 8=1.8°
2. Since roof slope <2.4°, there is no unbalanced drift snow load

Example 3.4

Determine the unbalanced drift snow load for Example 3.2.

Solution

A. On leeward side
1. Roof slope, 8=14°, it is not a low-slope roof
2. W > 20ft, itis a wide roof
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% 26.23 psf

5.04 pof © 16,85 ft 7)) 168 pst
% 100 ft N 100 ft 1

FIGURE 3.3 Drift snow load on a roof.

3. py=20psf and p,=16.8 Ib/ft> (from Example 3.2)

4. slope:l=i0r5=4
s 12

5. hy =0.43W)"(p, +10)"* =1.5
=0.43(100)"3(20+10)"* =1.5=3.16 ft

6. Unit weight of snow

¥=0.13p, +14<30
=0.13(20)+ 14 =16.6 |b/ft?

_hay
Js

= 8.10)06.6) _ 5 a2

N

8. Horizontal extent, | = 8hy/s _ 831 614

7. Pu

=16.85ft

B. On windward side
9. p,=0.3 p,=0.3 (16.8)=5.04 psf
10. This is sketched in Figure 3.3

SNOW DRIFT FROM A HIGHER TO A LOWER ROOF

39

In a higher—lower level roofs combination, the drift from the higher roof accumulates on the lower
roof. This drift is a surcharge that is superimposed on the balanced snow roof load of the lower roof.
The drift accumulation, when the higher roof is on the windward side, is shown in Figure 3.4. This

is known as the leeward snow drift.

When the higher roof is on the leeward side, the drift accumulation, known as the windward
snow drift, is more complex. It starts as a quadrilateral shape because of the wind vortex and ends

up in a triangular shape, as shown in Figure 3.5.

L =qy v
W@ind ' hd_t_ hvyﬁﬁ
T ~
e W —]

FIGURE 3.4 Leeward snow drift.
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hq

Wind  h, | | e

Ly

H

FIGURE 3.5 Windward snow drift.

LEEwARD SNow DRIFT

In Figure 3.4, if h/h, is less than 0.2, the drift load is not applied, where 4, is the balanced snow
depth determined by dividing the balanced snow load, p,, by unit load of snow, ¥y, computed by
Equation 3.7. The term £, represents the difference of elevation between high and low roofs sub-
tracted by £, as shown in Figure 3.4.

The drift is represented by a triangle, as shown in Figure 3.6:

hy =0.43(L,)"(p, +10)"* -1.5 (3.9

where L, is the horizontal length of the roof upwind of the drift, as shown in Figure 3.4.
The corresponding maximum snow load is

Pa="Yhy (3.10)

The width of the snow load (base of the triangle) has the following value for two different cases:

1. For h,<h,
w=4h, (3.11)
2. Forh,>h,
2
W= “}Zﬂ (3.12)

but w should not be greater than 8 &,.

L, T
h
S~
Pa=Yhy ~
™~
™~
I ~
d ~—_
™~
I~
hy,
/||/ w /||/

FIGURE 3.6 Configuration of snow drift.
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Although in Equation 3.12 w is computed by the value of 4, from Equation 3.9 which is higher
than £, and since the drift height cannot exceed the upper roof level, the height of the drift itself is
subsequently changed as follows:

hy=h, (3.13)

If width, w, is more than the lower roof length, L,, then the drift shall be truncated at the end of the
roof and not reduced to zero there.

WINDWARD SNOw DRIFT

In Figure 3.5, if h/h, is less than 0.2, the drift load is not applied. The drift is given by a triangle
similar to the one shown in Figure 3.6. However, the value of 4, is replaced by the following:

hy =0.75[0.43(L,)""(p, +10)"* =1.5] (3.14)

where L, is the lower roof length as shown in Figure 3.5.

Equations 3.11 and 3.12 apply to windward width also.

The larger of the leeward and windward heights from the “Leeward Snow Drift” and the
“Windward Snow Drift” sections is used in the design.

Example 3.5

A two-story residential building has an attached garage, as shown in Figure 3.7. The residential
part is heated and has well-insulated, ventilated roof, whereas the garage is unheated. Both roofs
of 4 on 12 slope have metal surfaces consisting of the purlins spanning eave to ridge.

The site is a forested area in a small clearing among huge trees. The ground snow load is 40 psf.
Determine the snow load on the lower roof.

Solution

1. The upper roof is subjected to the balanced snow load and the unbalanced across the ridge
drift load due to wind in transverse direction.

% 60 ft 2
7L
k—30 ft——}
40 ft Residence Garage 24 ft
7L
6«67_& Roof
1 ,
4ft Roof
16 ft 1
8 ft
2

FIGURE 3.7 Higher—lower roof drift.
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2. The lower roof is subjected to the balanced snow load, the unbalanced across the ridge
load due to transverse directional wind, and the drift load from upper to lower roof due to
longitudinal direction wind. Only the lower roof is analyzed here.

3. For the lower roof, the balanced load

Unheated roof, C,=1.2

Residential facility, /=1.0

Terrain B, sheltered, C,=1.2

4 on 12 slope, 6=18.43°

For slippery unobstructed surface at C,=1.2, from Table 3.4

® 0 o®

Co1_0-15) | (1843-15) o,
55 55

f. p.=0.7C.C.Clp,
=0.7(0.94)(1.2)(1.2)(1(40) = 37.90 Ib/ft>

4. For the lower roof, across the ridge unbalanced load
a. W=12<20ft, roof rafter system, the simple case applies
b. Windward side no snow load
c. Leeward side

pu = Ip, = 1(40) = 40 psf

5. For lower roof, upper—lower roof unbalanced load
a. From Equation 3.7

v=0.13p, +14=0.13(40)+14=19.2 Ib/ft?

b, hy=L 2379 1974
Yy 19.2
c. h.=(22.67-12)-1.97=8.7 ft

he = 87 = 4.4 > 0.2 drift load to be considered
h, 1.97

d. Leeward drift
From Equation 3.9

hy =0.43(L,)"*(p, +10)"* =15
=0.43(60)"3(40 +10)V* —1.5 = 2.97 ft
Since h. > hy, hy=2.97 ft

e. py=vhy=(19.2)(2.97)=57.03 Ib/ft2
f. From Equation 3.11

w = 4hy = 4(2.97) =11.88 ft
g. Windward drift
hy =0.75[0.43(L,)"(p; +10)"* = 1.5]

= 0.75[0.43(30)”3(40+ 10074 —1/5]

=1.54 ft < 2.97 ft, Leeward controls

6. Figure 3.8 presents the three loading cases for the lower roof.
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37.9 psf (Balanced snow load)

¥ 12 ft #* 12 ft A

40 psf (Across the ridge
unbalanced snow load)

¥ 12 ft # 12 ft A
Windward Leeward

57.03 psf Upper to lower roof drift surcharge

37.9 psf (Balanced snow load)

4—11.88 ft—] |

FIGURE 3.8 Loading on lower roof.

SLIDING SNOW LOAD ON LOWER ROOF

A sliding snow load from an upper to a lower roof is superimposed on the balanced snow load.
The sliding load (plus the balanced load) and the lower roof drift load (plus the balanced load) are
considered as two separate cases and the higher one is used. One basic difference between a slide
and a drift is that in the former case, snow slides off the upper roof along the slope by the action of
gravity and the lower roof should be in front of the sloping surface to capture this load. In the latter
case, wind carries the snow downstream and thus the drift can take place lengthwise perpendicular
to the roof slope, as in Example 3.5.

The sliding snow load is applied to the lower roof when the upper slippery roof has a slope of
more than 6=2.4° (1/4 on 12) or when the non-slippery upper roof has the slope greater than 9.5°
(2 on 12).

With reference to Figure 3.9, the total sliding load per unit distance (length) of eave is taken as
0.4 p,W, which is uniformly distributed over a maximum lower roof width of 15ft. If the width of
the lower roof is less than 15ft, the sliding load is reduced proportionately. The effect is that it is
equivalent to distribution over a 15 ft width.

Thus,

S, 1b/ft? (3.15)

where
Py is the flat upper roof snow load (psf)
W is the horizontal distance from ridge to eave of the upper roof

—15 ft max—

FIGURE 3.9 Sliding snow load.
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4 ft

40 ft 18 ft

FIGURE 3.10 Sliding snow load on a flat roof.

Example 3.6

Determine the sliding snow load on an unheated flat roof garage attached to a residence, as
shown in Figure 3.10, It is in an suburban area with scattered trees. The p,=20psf. Assume that
the upper roof flat snow load is 18 psf.

Solution

A. Balanced load on garage

1. Unheated roof, C,=1.2
Normal usage, /=1
Terrain B, partial exposure, C.=1
Flat roof, C;=1
Since p,=20 and 8=0, the minimum load applies
Since p,=20 and 8 <W/50, rain-on-snow surcharge applies, but not included in the
sliding load case
7. ps =0.7C,C.Clpg

=0.7((M(1.2)(N(20) = 16.8 Ib/ft>

8. Minimum snow load

SR

pmin = Cslpg
= (1)(120 = 20psf « Controls

9. Rain-on-snow surcharge =5 psf
B. Sliding snow load
1. Upper roof slope 6=14° > 9.5°, sliding applies
2. p;=18Ib/ft? (given)
0.4psW _ (0.4)(18)(20)
3.5, = -
15 15

= 9.6 psf distributed over 15 ft length
Figure 3.11 presents the loading cases for garage.

- 5 psf (Rain on snow surcharge)

20 psf (Balanced snow load)

¥ 18 ft A
(@)

f—15 &—4’/ 9.6 psf (Sliding snow load)

l l 20 psf (Balanced snow load)

¥ 18 ft A
(b)

FIGURE 3.11 Loading on lower roof. (a) Balanced load and (b) balanced plus sliding snow load.
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PROBLEMS

3.1

Determine the balanced snow load on a residential structure shown in Figure P3.1 in a
suburban area. The roof is well insulated and ventilated. There are few trees behind the build-
ing to create obstruction. The ground snow load is 20 1b/ft2.

K 130 ft + 130 ft &

1/2
12

FIGURE P3.1 Suburban residence.

3.2
3.3

34

3.5
3.6
3.7
3.8
3.9

Solve Problem 3.1 except that the eave-to-ridge distance is 30ft.

It is a heated warm roof structure in an urban area surrounded by obstructions from all sides.
The eve to ridge distance is 25 ft and height is 7 ft. The ground snow load is 30 psf. Determine
the balanced snow load.

The roof of a high occupancy structure is insulated and well ventilated in a fully open
countryside. The eve to ridge distance is 20 ft and height is 4 ft. The ground snow load is
25 psf. Determine the balanced snow load.

Determine the unbalanced load for Problem 3.1.

Determine the unbalanced load for Problem 3.2.

Determine the unbalanced snow load for Problem 3.3.

Determine the unbalanced snow load for Problem 3.4.

Determine snow load on the lower roof of a building where ground snow load is 301b/ft?. The
elevation difference between the roofs is 5 ft. The higher roof is 70 ft wide and 100 ft long. It is
a heated and unventilated office building. The lower roof is 60ft wide and 100 ft long. It is an
unheated storage area. Both roofs have 5 on 12 slope of metallic surfaces without any obstruc-
tions. The building is located in an open country with no obstructions. The building is laid out
lengthwise, as shown in Figure P3.9.

N K 100 ft F 100 ft +
I~ A(
[a\] [a\]
3| 3|2
2|8 2|8
mn mn
70t —fmmm e m e - - 60 ft
N -~

<

FIGURE P3.9 Different level roofs lengthwise.

3.10 Solve Problem 3.9 except that the roofs elevation difference is 3 ft.
3.11 Solve Problem 3.9 when the building is laid out side by side, as shown in Figure P3.11. The

lowest roof is flat.

3.12 Solve Problem 3.11 for the sliding snow load.



46

Principles of Structural Design: Wood, Steel, and Concrete

4 100 ft X
~
60ft+-————————————————
;T
70 ft4———-—————————————
N
Hp
&6
n
;T

FIGURE P3.11 Different level roofs side by side.

3.13 Determine the snow load due to sliding effect for a heated storage area attached to an office

building with a well-ventilated/insulated roof in an urban area in Rhode Island having scattered
obstructions, as shown in Figure P3.13.

K 50 ft * 50 ft +

nN

—20 ft—}

FIGURE P3.13 Urban building sliding snow.

3.14 Determine the sliding load for an unheated garage attached to a cooled roof of a residence
shown in Figure P3.14 in a partially exposed suburban area. The ground snow load is
151b/ft2.

K

4 40 ft {

FIGURE P3.14 Suburban residence sliding snow.



4 Wind Loads

INTRODUCTION

The ASCE 7-05 prescribes three procedures to determine design wind loads for buildings and other
structures:

Method 1: Simplified procedure
Method 2: Analytical procedure
Method 3: Wind tunnel procedure

In these procedures, two separate categories have been identified for wind load provisions:

1. Main wind force-resisting system (MWFRS): MWEFRS represents the entire structure
comprising of an assemblage of the structural elements constituting the structure that can
sustain wind from more than one surface.

2. Components and cladding (C and C): These are the individual elements that face wind
directly and pass on the loads to the MWFRS.

The broad distinction is apparent. The entire lateral force—resisting system (LFRS) as a unit that
transfers loads to the foundation belongs to the first category. In the second category, the cladding
comprises of wall and roof coverings like sheathing and finish material, curtain walls, exterior win-
dows, and doors. The components include fasteners, purlins, girts, and roof decking.

However, there are certain elements like trusses and studs that are part of the MWFRS but could
also be treated as individual components.

The C and C loads are higher than MWFRS loads since they are developed to represent the peak
gusts over small areas that result from localized funneling and turbulence of wind.

An interpretation has been made that while using MWFRS, the combined interactions of the
axial and bending stresses due to the vertical loading together with the lateral loading should be
used. But in the application of C and C, either the axial or the bending stress should be considered
individually. They are not combined together since the interaction of loads from multiple surfaces
is not intended to be used in C and C.

THE SIMPLIFIED PROCEDURE FOR MWEFRS

The simplified procedure is used for the regular-shaped diaphragm buildings with flat, gabled, or
hipped roofs. The building height should not exceed 60 ft and also the height should not exceed the least
horizontal dimension. Any special wind effects or torsion loading also prevents the use of this method.
However, the simplified procedure can be applied to one- and two-story buildings in most locations.

The combined windward and leeward net wind pressure, p,, is determined by the following
simplified equation:

Ps = szrIPSSO (41)

where
I is the importance factor, Table 4.1
A is the adjustment factor for structure height and exposure, Tables 4.2 and 4.3
K., is the topographic factor
Do 18 the simplified standard design wind pressure, Table 4.4

47
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TABLE 4.1

Importance Factor for Wind Load

Occupancy Category

I. Low hazard to human life structures
II. Normal structures

III. High occupancy structures

IV. Essential structures

Non-Hurricane-Prone Regions
or Hurricane-Prone Regions of
Velocity <100 mph and Alaska

0.87

1.00

1.15

1.15

Hurricane-Prone
Regions of Velocity
>100mph
0.77
1.00
1.15
1.15

TABLE 4.2

Exposure Category for Wind Load

Surface Roughness

Urban and suburban areas, wooded areas,

closely spaced dwellings

Open terrain-flat open country, grasslands,

Exposure Category

water surfaces in hurricane-prone regions

Smooth mud and salt flats, water surfaces in

non-hurricane-prone regions, ice

B

c

TABLE 4.3

Adjustment Factor for Height
and Exposure

Mean Roof
Height (ft)
15
20
25
30
35
40
45
50
55
60

Exposure
B C D
1.00 1.21 1.47
1.00 1.29 1.55
1.00 1.35 1.61
1.00 1.40 1.66
1.05 1.45 1.70
1.09 1.49 1.74
1.12 1.53 1.78
1.16 1.56 1.81
1.19 1.59 1.84
1.22 1.62 1.87

The pressure p, is the pressure that acts horizontally on the vertical and vertically on the horizon-
tal projection of the structure surface. It represents the net pressure that algebraically sums up the
external and internal pressures acting on a building surface. Furthermore in the case of MWFRS,
for the horizontal pressures that act on the building envelope, the p, combines the windward and

leeward pressures.

The plus and minus signs signify the pressures acting toward and away, respectively, from the

projected surfaces.
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The following are the steps of the procedure:

1. Determine the basic wind speed, V, for the location from Figure 4.1, reproduced from the
ASCE 7-05.

2. Determine the importance factor, , based on the occupancy category from Table 4.1.

3. Determine the upwind exposure category depending upon the surface roughness that pre-
vails in the upwind direction of the structure, as indicated in Table 4.2.

4. Determine the height and exposure adjustment coefficient A from Table 4.3.

5. The topographic factor, K_,, has to be applied to a structure that is located on an isolated
hill of at least 60 ft height for exposure B, and of at least 15 ft height for exposure C and
D and that it should be unobstructed by any similar hill for at least a distance of 100
times the height of the hill or two miles, whichever is higher. The factor is assessed by
the three multipliers that are presented in Figure 6-4 of the ASCE 7-05. For usual cases
K, =1

6. Determine p 5, from Table 4.4, reproduced from the ASCE 7-05.

HorizoNTAL PressURE ZONES FOR MWERS

The horizontal pressures acting on the vertical plane are separated into the following four pressure
zones, as shown in Figure 4.2:

A: End zone of wall

B: End zone of (vertical projection) roof

C: Interior zone of wall

D: Interior zone of (vertical projection) roof

The dimension of the end zones A and B are taken equal to 2a, where the value of a is the smaller
of the following two values:

1. 0.1 times the least horizontal dimension
2. 0.4 times the roof height, 1

The height, £, is the mean height of roof from the ground. For roof angle <10°, it is the height to
the eave.

If the pressure in zone B or D is negative, treat it to be zero in computing the total horizontal
force.

For wind in longitudinal direction (wind acting on width), the zones B and D do not exist, as in
Figure 4.2.

VERTICAL PRESSURE ZONES FOR MWERS

The vertical pressures on the roof are likewise separated into the following four zones:

E: End zone of (horizontal projection) windward roof

F: End zone of (horizontal projection) leeward roof

G: Interior zone of (horizontal projection) windward roof
H: Interior zone of (horizontal projection) leeward roof

Where the end zones E and G fall on a roof overhang, the pressure values under the columns Eqy
and Gy in wind Table 4.4 are used for windward side. For leeward side, the basic values are used.

For transverse wind direction, the dimension of the end zones E and F is taken to be the hori-
zontal distance from edge to ridge, as shown in Figure 4.3. For longitudinal wind direction, the
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roof angle=0 is used and the zones E and F are to the mid-length of the structure, as shown in
Figure 4.3.
MiNniMum Pressure FOR MWFRS

The minimum wind load computed for MWFRS should not be less than 101b/ft> multiplied by the
vertically projected building area. It is equivalent to the pressure p, of 101b/ft?> on zones A, B, C, and
D and the pressure of zero on zones E, F, G, and H.

P 90(40)
100(45)

110(49)

120(54)

N 90(40),

130(58)
140(63)
130(58)
140(63) 140(63)
140(63) 150(67)
150(67)

i Special wind region
90(40) &

100(45) 130(58)

Location Vmph (m/s)
110(49) 120(54) Hawaii 105 (47)
Puerto Rico 145 (65)
Guam 170 (76)
Virgin Islands 145 (65)
American Samoa 125 (56)

Notes:

1. Values are nominal design 3 s gust wind speeds in miles per hour (m/s) at 33 ft (10 m) above ground for
Exposure C category.

2. Linear interpolation between wind contours is permitted.
3. Islands and coastal areas outside the last contour shall use the last wind speed contour of the coastal area.

4. Mountainous terrain, gorges, ocean promontories, and special wind regions shall be examined for
unusual wind conditions.

(a)

FIGURE 4.1 Basic wind speed. (Courtesy of American Society of Civil Engineers, Reston, VA.)
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Reference
center

)
SQ]I}GCI‘[ L @l
o, .
7 Reference ‘ /i&}ve
center "‘\Za height

Transverse

Longitudinal

FIGURE 4.2 Horizontal pressure zones.

2a
Transverse Longitudinal

FIGURE 4.3 Vertical pressure zones.

Example 4.1

A two-story essential facility shown in Figure 4.4 is an enclosed wood frame building located in
Seattle, Washington. Determine the design wind pressures for MWFRS in both principal directions
of the building and the forces acting on the transverse section of the building. The wall studs and
roof rafters are 16in. on center. K,,=1.0.

Solution

I. Design parameters
1. Roof slope, 6=14°
2. hpn=22 +6.25/2=25.13ft
3. End zone dimension, a: smaller of
a. 0.4 h,., =0.4(2513)=10ft
b. 0.1width=0.1(50) = 5ft « controls
Length of end zone=2a=10ft



FIGURE 4.5

Wind Loads

— 12
6.25ft | 3

7r

11 ft

7|4

11 ft

Basic wind speed, V=85 mph

Exposure category =B

A from Table 4.3 up to 30ft=1.0
K,.=1.00 (given)

ps:}"KztIpsm
pe=(LO)X1.0)X115)pss0=1.15ps30

. For transverse wind direction

N

JL \/
\||\ 50 ft \||\

FIGURE 4.4 Two-story framed building.

Importance factor for essential facility=1.15

/(

100 ft

A.1 Horizontal wind pressure on wall and roof projection

57

Pressure (psf) (Table 4.4)

Zone Roof Angle=10° Roof Angle=15° Interpolated for 14°  p,=1.15p, (psf)
A. End zone wall 12.9 14.4 14.1 16.22
B. End zone roof -54 —4.8 -4.92 -5.66
C. Interior wall 8.6 9.6 9.4 10.81
D. Interior roof -3.1 2.7 -2.78 -3.20
These pressures are shown in the section view in Figure 4.5a.
Wind direction
—5.66 psf -3.2 psf
12,486 1b
Tributary
12,486 1b
Tributary
16.22 psf 10.81 psf
(a) Endzone Interior zone (b)

(a) Horizontal pressure distribution and (b) horizontal force on story—transverse wind.
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A.2 Horizontal force at the roof level

Tributary
Location Zone Height (ft) Width (ft) Area (ft2) Pressure (psf) Load (Ib)
End A 112 2a=10ft 110 16.22 1,784
B 6.25 10 62.5 -5.66 >0 0
Interior C 11 L —2a=90ft 990 10.81 10,702
D 6.25 90 562.5 -32-50 0
Total 12,486

@ Tt is also a practice to take 1/2 of the floor height for each level. In such case, the wind force on the 1/2 of
the first floor height from the ground is not applied.
Taking pressures in zones B and D to be zero.

A.3 Horizontal force at the second floor level

Tributary
Location Zone Height (ft) Width (ft) Area (ft?) Pressure (psf) Load (Ib)
End A 11 10 110 16.22 1,784
Interior C 11 90 990 10.81 10,702
Total 12,486

The application of the forces is shown in Figure 4.5b.

B.1 Vertical wind pressure on the roof

Pressure (psf) (Table 4.4)

Zone Roof Angle =10° Roof Angle=15° Interpolated to 14° p,=1.15p 3, (psf)
E: End, windward -13.8 -13.8 -13.8 -15.87
F: End, leeward -84 -9.0 -8.88 -10.21
G: Interior, windward -9.6 -9.6 -9.6 -11.04
H: Interior, leeward -6.5 -6.9 -6.82 -7.84

The pressures are shown in the sectional view in Figure 4.6a.

B.2 Vertical force on the roof

Tributary
Zone Length (ft)  Width (ft)  Area (ft2)  Pressure (psf) Load (Ib)
Windward  End 25 2a=10 250 -15.87 -3,968
Interior 25 L—-2a=90 2250 -11.04 —24.,840
Total —-28,808
Leeward End 25 10 250 -10.21 2,552
Interior 25 90 2250 -7.84 17,640
Total -20,192

The application of vertical forces is shown in Figure 4.6b.
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—11.04 psf
—7.84 pst
Interior 28,808 1b 20,192 Ib
Wind direction
—15.87 psft
-10.21 psf ;
End
(2) (b)

FIGURE 4.6 (a) Vertical pressure distribution on roof and (b) vertical force on roof—transverse wind.

C. Minimum force on MWEFRS by transverse wind
The minimum pressure is 10 psf acting on the vertical projection the building. Thus,

Minimum wind force = 10x [(22+6.25)x 100] = 28,250 Ib

D. Applicable wind force
The following two cases should be considered for maximum effect:
1. The combined A.2, A.3, and B.2
2. Minimum force C

1. For longitudinal wind direction

A.1 Horizontal wind pressures on wall and roof projection
Zones B and D do not exist, pressure on zone A=16.22 psf and zone C=10.81 psf from
step A.1, p. 60.

A.2 Horizontal force at the roof level
From Figure 4.7

Tributary areaforend zone A = ! 11+13.5)(10) =122.5ft?

5(
Tributary areaforinterior zone C = %(1 3.5+17.25(15)+ %(1 7.25+11(25)

=230.63+353.12 = 583.75ft’

#~ ¥
P 6.25
Pl i T
|
©
o7 1725 135 k] 11 ft
|
|
: *
\\0 |
Q |
&> ! 11 ft
|
|
124 =10 ft
¥ 25 ft 2N 25 ft A

FIGURE 4.7 Horizontal wind force on wall and roof projection—longitudinal direction wind.
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Zone Tributary Area (ft?)  Pressure (psf) Load? (Ib)

A 122.5 16.22 1987
C 583.75 10.81 6310
Total 8297

2 The centroids of area are different but the force is assumed to
be acting at roof level.

A.3 Horizontal force at the second floor level

Tributary area for end zone A=11x10 =110 ft’

Tributary area for interior zone C=11x 40 = 440 ft’

Zone Tributary Area (ft?) Pressure (psf) Load (Ib)
A 110 16.22 1784
C 440 10.81 4756
Total 6540

The application of forces is shown in the sectional view in Figure 4.7.

B.1 Vertical wind on the roof (longitudinal case)

Zone Pso (psf)  ps=1.15pg,
End E —-13.8 -15.87
End F -7.8 -8.97
Interior G -9.6 -11.04
Interior H -6.1 -7.02

Pressures with roof angle 6=0. The
pressures are shown in Figure 4.8.

—11.04 psf FI X F L FFF § A-702psf Interior

STt PEEEETTEL tosorpst ena

30,015 1b

Y 18,435 Ib
Eave height

(b)

FIGURE 4.8 (a) Vertical distribution of pressures and (b) force on roof—longitudinal direction wind.
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B.2 Vertical force on the roof

Tributary
Zone Length (ft)  Width (ft)  Area (ft?)  Pressure (psf) Load (Ib)
Windward E 2a=10 L/2=50 500 -15.87 -7,935
G B —-2a=40 50 2000 -11.04 -22,080
Total -30,015
Leeward F 10 50 500 -8.79 -4,395
H 40 50 2000 -7.02 —-14,040
Total -18,435

The application of forces is shown in Figure 4.8.

THE SIMPLIFIED PROCEDURES FOR COMPONENTS AND CLADDING

The C and C cover the individual structural elements that directly support a tributary area against
the wind force. The conditions and the steps of the procedure are essentially similar to the MWFRS.
The pressure, however, acts normal to each surface, i.e., horizontal on the wall and perpendicular
to the roof. The following similar equation is used to determine the wind pressure. The adjustment
factor, A, the topographic factor, K,,, and the importance factor, /, are determined from similar
considerations:

Pret = sztIpnet?yO (42)

where
I is the importance factor (Table 4.1)
A is the adjustment factor for structure height and exposure (Tables 4.2 and 4.3)
K, is the topographic factor
Doero 18 the simplified standard design wind pressure (Table 4.5)

However, the pressures p,,,.;, are different from p_;,. Besides the basic wind speed, the pressures
are a function of the roof angle, the effective wind area supported by the element, and the zone of
the structure surface. The p,,, represents the net pressures that are the algebraic summation of the
internal and external pressures acting normal to the surface of the component and cladding.

The effective area is the tributary area of an element but need not be lesser than the span length
multiplied by the width equal to one-third of the span length, i.e., A = L / 3.

Table 4.5 reproduced from the ASCE7-05 lists p,, 5, values for effective wind areas of 10, 20,
50, and 100ft? for roof and additionally 500 ft? for wall. A roof element having an effective area in
excess of 100 ft? should use pressures corresponding to an area of 100 ft?. Similarly, a wall element
supporting an area in excess of 500 ft? should use pressures corresponding to 500 ft>. A linear inter-
polation is permitted for intermediate areas. Table 4.6 lists p,,,;, values for roof overhang.

The following zones shown in Figure 4.9 have been identified for the C and C.

The dimension a is the smaller of the following two values:

1. 0.4 times the mean height to roof, 4,,,,,
2. 0.1 times the smaller horizontal dimension

but, the value of a should not be less than the following:

1. 0.04 times the smaller horizontal dimension
2. 3ft
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FIGURE 4.9 Zones for C and C. (a) Elevation and (b) plan.

There are two values of the net pressure that act on each element: a positive pressure acting inward
(toward the surface) and a negative pressure acting outward (away from the surface). The two pres-
sures must be considered separately for each element.

MINIMUM PRESSURES FOR COMPONENTS AND CLADDING

The positive pressure, p,,,, should not be less than +10psf and the negative pressure should not be
less than —10 psf.

Example 4.2
Determine design wind pressures and forces for studs and rafters of Example 4.1.

Solution

A. Parameters
1. 0=14°
2. a=5ft (from Example 4.1) which is more than (1) 0.04 (50)=2ft and (2) 3 ft
3. Prer=1.15p,0130 (from Example 4.1)
B. Wind pressures on studs (wall) at each floor level
1. Effective area

A:LxW:Hx%’:MJﬂZ

2o

Amin= - = = 4O3ft2
3

2. Net wall pressures for V=85 mph

Preso at Interpolated
Zone 40.3 ft? (psf) Pret=1.15Pei30 (psf)
End: 5 11.86 -15.19 13.64 -17.47
Interior: 4 11.86 -12.96 13.64 —-14.90
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C. Wind forces on studs 200.5 1b 256.8 b
C.1 On end studs with the higher pressures
1. W=p,,, (tributary area)

=13.64 (14.7) = 200.5 Ib (inward) 11 ft 11 ft
2. W=p, (tributary area) l l
=-17.47 (14.7) = =256.8 |b (outward)
These are shown in Figure 4.10 HgUth 4.10 Wind force on
D. Wind pressures on rafters (roof) end studs.
1. Lengthofrafter = 2 25.76ft
0s14°
16 )
2. A=(25.76)] — | =34.351t
12
2 2
3. Ann= % _2576F _ 221ft%,use 100 ft*
4. Net roof pressures
Zone Prerso at 1007 (ps) e =1.15p,13 (psf)
Corner 3 53 -24.0 6.12 -27.6
End 2 5.3 -15.2 6.12 -17.48
Interior 1 5.3 -10.8 6.12 -12.42

2 Use a minimum of 10 psf.

E. Wind forces on rafters
E.1 On end rafters
1. W=p,,, (tributary area)
=10 (34.35)=343.5 Ib (inward)

2. W=p,,, (tributary area)
=-17.48 (34.35) = —600 Ib (outward)

3. These are shown in Figure 4.11

PROBLEMS

4.1 Determine the horizontal wind pressures and the horizontal forces on the wall due to wind act-
ing in the transverse direction on an MWFRS shown in Figure P4.1. It is a standard occupancy
single-story building located in an urban area in Rhode Island where the basic wind speed is
100mph. K_,=1.

343.51b 600 Ib

— —

2576 ¢ X/ls.%k

FIGURE 4.11 Wind force on end rafters.
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Ja
A

100 ft

T

50 ft

l

FIGURE P4.1 A single-story building in urban area.

50 ft +x

69

4.2 An enclosed two-story heavily occupied building located in an open, flat terrain in Portland,
Oregon is shown in Figure P4.2. Determine the wind pressures on the walls and roofs of the
MWERS in both principal directions. Also determine the design wind forces in both direc-

tions. K_,=1.

T

40 ft

l

T

K

80 ft

A

x

FIGURE P4.2 A double-story building in open terrain.

¥ 40 ft &

4.3 A three-story industrial steel building, located in open terrain in Honolulu, has a plan dimen-
sion of 200ftx90ft. The structure consists of nine moment-resisting steel frames spanning
90ft at 25 ft on center. It is roofed with steel deck, which is pitched at 1.25° on each side from
the center. The building is 36 ft high with each floor height of 12 ft. Determine the MWFRS
horizontal and vertical pressures and the forces due to wind in the transverse and longitudinal
directions of the building. K,,=1 (Figure P4.3).

1.25°
¥ 200 ft A _J

> T A
12 ft
90 ft 12 ft
12 ft

4 | el L
Vs 90 ft A

Steel frames with steel
at 25 ft on center

FIGURE P4.3 A three-story industrial building.

deck

4.4 The building in Problem 4.1 has the wall studs and roof trusses spaced at 12in. on center.
Determine the elemental wind pressures and forces on the studs and roof trusses.
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4.5 The building in Problem 4.2 has the wall studs and roof trusses spaced at 16in. on center.
Determine the elemental wind pressures and forces on the studs and roof trusses.

4.6 Determine the wind pressures and forces on the wall panel and roof decking of Problem 4.3.
Decking is supported on joists that are 5 ft on center, spanning across the steel frames shown
in Figure P4.3.



5 Earthquake Loads

SEISMIC FORCES

The earth’s outer crust is composed of very big, hard plates as large or larger than a continent.
These plates float on the molten rock beneath. When these plates encounter each other, appreciable
horizontal and vertical ground motion of the surface occurs known as the earthquake. For example,
in the western portion of the United States, earthquake is caused by the two plates comprising of
the Northern American continent and the Pacific basin. The ground motion induces a very large
inertia force known as the seismic force in a structure that often results in the destruction of the
structure. The seismic force acts vertically like dead and live loads and laterally like wind load. But
unlike the other forces that are proportional to the exposed area of the structure, the seismic force
is proportional to the mass of the structure and is distributed in proportion to the structural mass at
various levels.

In all other types of loads including the wind load, the structural response is static wherein the
structure is subjected to a pressure applied by the load. However, in a seismic load, there is no such
direct applied pressure.

If ground movement could take place slowly, the structure will ride it over smoothly moving
along with it. But the quick movement of ground in an earthquake accelerates the mass of the struc-
ture. The product of the mass and acceleration is the internal force created within the structure.
Thus, the seismic force is a dynamic entity.

There are three approaches to evaluate this dynamic seismic force:

1. Nonlinear dynamic analyses
2. Linear dynamic analyses
3. Static analyses

The first two consider the vibration modes of the structure and compute the induced forces for each
mode. In the last approach, the seismic forces are represented by a set of supposedly equivalent
static loads on the structure. It should be understood that no such simplified forces are truly equiva-
lent to the complicated seismic forces but it is considered that a reasonable design of a structure can
be produced by this approach.

The seismic analyses have been dealt in detail in ASCE 7-05 in eight chapters from Chapters
11 through 18. Six procedures of analysis have been presented, three of which pertain to the static
analysis. The most commonly used method is the equivalent lateral load procedure, applicable to
most light framed structures. This has been covered in the book.

SEISMIC PARAMETERS

FUNDAMENTAL PERIOD OF STRUCTURE

The basic dynamic property of a structure is its fundamental period of vibration. When a mass of
body (in this case structure) is given a horizontal displacement (in this case due to earthquake),
the mass oscillates back and forth. This is termed as the free vibration. The fundamental period is
defined as the time (in seconds) it takes to go through one cycle of free vibration. The magnitude

71
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TABLE 5.1

Value of Parameters, C, and x

Structure Type G, X
Moment-resisting frame of steel 0.028 0.8
Moment-resisting frame of concrete 0.016 0.9
Braced steel frame 0.03 0.75
All other structures 0.02 0.75

depends upon the mass of structure and its stiffness. It can be determined by theory. The ASCE
7-05 provides the following formula to approximate the fundamental time ¢,:

t,=Ch, 3.D

where
t, is the approximate fundamental period in seconds
h,, is the height of the highest level of the structure in ft
C, is the building period coefficient as given in Table 5.1
x is the exponential coefficient as given in Table 5.1

Example 5.1

Determine the approximate fundamental period for a five-story office building of moment-resisting
steel, each floor having a height of 12 ft.

Solution

1. Height of building from ground=5x 12 =601t
2. t,=0.028(60)°8=0.74s

GROUND SPECTRAL RESPONSE MAPS

At the onset, the maximum considered earthquake (MCE)* spectral response accelerations for a
place are read from the spectral maps of United States. There are two types of the mapped accel-
erations: (1) short-period (0.2s) spectral acceleration, S, which is used to study the acceleration-
controlled portion of the spectra, and (2) 1s spectral acceleration S, which is used to study the
velocity-controlled portion of the spectra. These acceleration parameters represent 5% damped
ground motions at 2% probability of exceedance in 50 years. The maps reproduced from Chapter 22
of the ASCE7-05 are given in Figures 5.1 and 5.2. A CD containing the spectral maps are distrib-
uted with the International Building Code (IBC). The maps are also available at the USGS site at
http://feqghazmaps.usgs.gov. The values given in Figures 5.1 and 5.2 are percentages of the gravita-
tional constant, g, i.e., 200 means 2.0g. The parameters, S, and S, are used to apply the provisions of
the ASCE7-05 with respect to earthquake analysis.

ADJUSTED SPECTRAL RESPONSE ACCELERATIONS

The mapped values of Figures 5.1 and 5.2 are for the site soil category B. The site soil classification
is given in Table 5.2.

* For practical purposes, it represents the maximum earthquake that can reasonably occur at the site.
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FIGURE 5.2 (a) Maximum considered earthquake ground motion for the conterminous United States of
1.0s spectral response acceleration (5% of critical damping), site class B. (Courtesy of American Society of
Civil Engineers, Reston, VA.)
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For a soil of the classification other than soil type B, the spec-

tral response accelerations are adjusted as follows: TABLE 5.2
Soil Classification for
Sus = FuSs (5:2)  Spectral Acceleration
Sy = F.S, (5.3) Class Type
A Hard rock
The values of factors F, and F, reproduced from the ASCE 7-05 B Rock
. . C Soft rock or very dense soil
are given in Tables 5.3 and 5.4. b Stiff sol
The factors are 0.8 for soil class A, 1 for soil class B, and higher E S:)lft ss(())lll
than 1 for soils C onward; up to 3.5 for soil type E. The site class . . .
F Requires the site-specific

D should be used when the soil properties are not known in a suf-
ficient detail.

evaluation

DESIGN SPECTRAL ACCELERATION

These are the primary variables to prepare the design spectrum. The design spectral accelerations

are 2/3 of the adjusted acceleration as follows:

SDS = 2/3SMS

(5.4)

TABLE 5.3
Site Coefficient, F,

Mapped Maximum Considered Earthquake Spectral
Response Acceleration Parameter at Short Period

Site Class §,<0.25 $,=0.5 $,=0.75 $,=1.0
A 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0
D 1.6 1.4 1.2 1.1

E 2.5 1.7 1.2 0.9

F See Section 11.4.7 of ASCE 7-05

Note: Use straight-line interpolation for intermediate values of Sg.

$621.25

0.8

1
1
1

.0
.0
.0

0.9

TABLE 5.4
Site Coefficient, F,

Mapped Maximum Considered Earthquake Spectral
Response Acceleration Parameter at 1s Period

Site Class ~ §,<0.1  §,=0.2 §,=03 §=04 5,205

A 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4
D 2.4 2.0 1.8 1.6
E 3.5 32 2.8 24
F See Section 11.4.7 of ASCE 7-05

Note: Use straight-line interpolation for intermediate values of ;.

0.8
1.0
1.3
1.5
2.4
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Spectral response acceleration, S, (g)

T, T, 1.0 T,
Period, T (s)

FIGURE 5.3 Design response spectrum. (Courtesy of American Society of Civil Engineers, Reston, VA.)

SDl :2/3SM1 (55)

DEsSIGN RESPONSE SPECTRUM

This is a graph that shows the design value of the spectral acceleration for a structure based on the
fundamental period. A generic graph is shown in Figure 5.3 from which a site-specific graph is cre-
ated based on the mapped values of accelerations and the site soil type.

The controlling time steps at which the shape of the design response spectrum graph changes
are as follows:

1. Initial period

T,=0.2 Soi (5.6)
SDS
2. Short-period transition for small structure
7 =301 G7)
Sps

3. Long-period transition for large structures

T, =shown in Figure 5.4 which is reproduced from Figure 22-15 of the ASCE 7-05.
The characteristics of the design response spectrum are as follows:

1. For the fundamental period, ¢, having a value between 0 and 7;, the design spectral accel-
eration, S, varies as a straight line from a value of 0.4S ), and S, as shown in Figure 5.3.

2. For the fundamental period, ¢, having a value between T, and T, the design spectral accel-
eration, S, is constant at Sy.

3. For the fundamental period, ¢, having a value between 7, and T, the design spectral accel-
eration, S, is given by
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s, =>2bL 5.8)

where T is the time period between T, and 7.
4. For the fundamental period, ¢, having a value larger than 7, the design spectral accelera-
tion is given by

_ STy

Sa T2

5.9
The complete graph is shown in Figure 5.3.
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FIGURE 5.4 (a) Long-period transition period, 7, (s). (Courtesy of American Society of Civil Engineers,
Reston, VA))

(continued)
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FIGURE 5.4 (continued) (b) Continuation of long-period transition period, T, (s). (Courtesy of American
Society of Civil Engineers, Reston, VA.)

Example 5.2

At a location in California, the mapped values of the MCE accelerations S, and S, are 1.5g and 0.75g,
respectively. The site soil class is D. Prepare the design spectral response curve for this location.

Solution
1. Adjustment factors for soil class D are as follows:

£L=1.0

f=15
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FIGURE 5.5 Design spectral acceleration Example 5.2.

2. Sus = RS
=(1.0)(1.5g) =1.5g
S =S
=(1.5)(0.758)=1.13g
3. Sps = 2/35ys = 2/3(1.5g)=1g
Sp1=2/35n = 2/3(1.13g) = 0.75g
4. Ty = 0.25x/5ps = 0.2(0.75g)/(1g) = 0.155s
T,=0.75g/1g =0.75s

T, = 8's (from Figure 5.4)

5. The design spectral acceleration at time 0 is 0.4(1g) or 0.4g. It linearly rises to 1g at time
0.15s. It remains constant at 1g up to time 0.75s. From time 0.75 to 8s, it drops at a rate
0.75g/T. At 0.75s it is 0.75g/0.75=1g to a value of 0.75g/8=0.094g at time 8s. Thereafter,

the rate of drop is Sp,T,/T? or 6g/T2. This is shown in Figure 5.5.

IMPORTANCE FACTOR, /

The importance factor, I for seismic coefficient which is based on
the occupancy category of the structure is indicated in Table 5.5. The
occupancy category is discussed in the “Classification of Buildings”
section in Chapter 1).

SEISMIC DESIGN CATEGORIES

A structure is assigned a seismic design category (SDC) from A
through F based on the occupancy category of the structure and the
design spectral response acceleration parameters, S, and S, of the
site. The seismic design categories are given in Tables 5.6 and 5.7.

TABLE 5.5
Importance Factor for
Seismic Coefficient

Occupancy Importance
Category Factor
Tand II 1.0

1 1.25

v 1.5
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TABLE 5.6
SDC Based on S
Occupancy Category

I or Il (Low Risk and 11 (High IV (Essential
Sps Range Standard Occupancy) Occupancy)  Occupancy)
01t0<0.167¢g A A A
0.167g to<0.33g B B C
0.33g t0<0.5¢ C C D
>0.5g D D D
When §,20.75g E E F
TABLE 5.7
SDC Based on S,

I or Il (Low Risk and 11 (High IV (Essential
Range S, Standard Occupancy)  Occupancy)  Occupancy)
0t0<0.067g A A A
0.067g to<0.133g B B C
0.133g t0<0.20g C C D
>0.2¢ D D D
When §,20.75¢ E E F

A structure is assigned to the more severe of the category determined from the two tables except for
the following cases:

1. When S, is 0.75g or more, a structure is assigned the category E for I, II, and IIT occupan-
cies and it is assigned the category F for occupancy category I'V.

2. When S, is less than 0.75g and the certain conditions of the small structure are met, as
specified in 11.5.2 of the ASCE7-05, only Table 5.6 is applied.

EXEMPTIONS FROM SEISMIC DESIGNS

International Building Code exempts the following structures from seismic designs:

1. The structures belonging to SDC A

2. The detached one and two family dwellings in SDC A, SDC B, and SDC C

3. The conventional wood frame one and two family dwellings up to two stories in any SDC
4. The agriculture storage structures used only for incidental human occupancy

5. The structures located where S,<0.15g and S,<0.04g

EQUIVALENT LATERAL FORCE PROCEDURE TO DETERMINE SEISMIC FORCE

The design base shear, V, due to seismic force is expressed as

v=Cw (5.10)
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where
W is the effective dead weight of structure discussed in the “Effective Weight of Structure, W”
section below
C, is the seismic response coefficient discussed in the “Seismic Response Coefficient” section below

EFrecTive WEIGHT OF STRUCTURE, W

Generally this is taken as the dead load of the structure. However, where a structure carries a large
live load, a portion is included in W. For a storage warehouse, 25% of floor live load is included with
the dead load in W. Where the location of partitions (nonbearing walls) are subject to relocation, a
floor live load of 10 psf is added in W. When the flat roof snow load exceeds 30 psf, 20% of the snow
load is included in W.

Seismic ResPONSE COEFFICIENT, C

s

The value of C, for different time periods of the design spectrum is shown in Figure 5.6. Besides
depending upon the fundamental period and design spectral accelerations, C, is a function of
the importance factor and the response modification factor. The importance factor, / is given in
Table 5.5. The response modification factor, R is discussed in the “Response Modification Factor”
section below.

RespONSE MODIFICATION FACTOR, R

The response modification factor accounts for the following:

1. Ductility, which is the capacity to withstand stresses in the inelastic range.

2. Overstrength, which is the difference between the design load and the failure load.

3. Damping, which is the resistance to vibration by the structure.

4. Redundancy, which is an indicator that a component’s failure does not lead to failure of the
entire system.

A large value of the response modification factor reduces the seismic response coefficient and
hence the design shear. The factor ranges from 1 to 8. The ductile structures have a higher value
and the brittle ones have a lower value. The braced steel frames with moment-resisting connections

_ Sps
(RIT)

s

Coefficient C,

|
|
Minimum C, = 0.01 l
|
|
|

T = Sp1/Sps T
Period, T (s)

FIGURE 5.6 Seismic response coefficient for base shear.
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have the highest value and the concrete and masonry shear walls have the smallest value. For
wood-frame construction, the common R-factor is 6.5 for wood and light metal shear walls and 5
for special reinforced concrete shear walls. An exhaustive listing is provided in Table 12.2-1 of the
ASCE 7-05.

Example 5.3

The five-story moment-resisting steel building of Example 5.1 is located in California where S, and
S, are 1.5g and 0.75g, respectively. The soil class is D. Determine (1) the SDC and (2) the seismic
response coefficient, C.,.

Solution
1. From Example 5.1
t,=0.74s
2. From Example 5.2
Sps =1g and Sp; =0.75¢g
To=0.15s and T, =0.75 s

3. To compute the SDC

a. Occupancy category I

b. From Table 5.6, for 5,20.75g and category Il, SDC is E.
4. To compute the seismic coefficient:

a. Importance factor from Table 5.5, /=1

b. Response modification factor, R=8

c. t,(0f0.749)<T, (of 0.755)

d. From Figure 5.6, for t,<T,, C,=Sp4/(R/I)

C, =1g/(8/1)=0.125g

DISTRIBUTION OF SEISMIC FORCES

The seismic forces are distributed throughout the structure in a reverse order. The shear force at the
base of the structure is computed from the base shear Equation 5.10. Then story forces are assigned
at the roof and floor levels by distributing the base shear force over the height of the structure.

The primary lateral force resisting system (LFRS) consists of horizontal and vertical elements.
In conventional buildings, the horizontal elements consist of roof and floors acting as horizontal
diaphragms. The vertical elements consist of studs and end shear walls.

The seismic force distribution for vertical elements (e.g., walls), designated by F,, is different
from the horizontal distribution of forces designed by F,, that are applied to design the horizontal
elements. It should be understood that both F, and F,, are horizontal forces that are differently dis-
tributed at each story level. The forces acting on horizontal elements at different levels are not addi-
tive, whereas all of the story forces on vertical elements are considered to be acting concurrently
and are additive from top to bottom.

DisTRIBUTION OF SEISMIC FORCES ON VERTICAL WALL ELEMENTS

The distribution of horizontal seismic forces acting on the vertical element (wall) is shown in Figure
5.7. The lateral seismic force induced at any level is determined from the following equations:

F.=C,V (6.11)
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FIGURE 5.7 Distribution of horizontal seismic force to vertical elements.

and

k
C. = (.12)

Substituting Equation 5.12 into Equation 5.11

(Vh_f ) W,
F,=xr—r (5.13)
Wih;

where
i is the index for floor level, i=1, first level etc.
F ., is the seismic force on vertical elements at floor level x
C,, is the vertical distribution factor
V is the shear at the base of the structure from Equation 5.10
W, or W, is the effective seismic weight of the structure at index level i or floor level x
h; or h, is the height from base to index level i or floor x
k is an exponent related to the fundamental period of structure, ¢,, as follows: (a) for 7,<0.5, k=1
and (b) for 7, > 0.5, k=2

The total shear force, V, in any story is the sum of F, from the top story up the x story. The shear
force of an x story level, V, is distributed among the various vertical elements in that story on the
basis of the relative stiffness of the elements.

DisTrRIBUTION OF SEIsMIC FORCES ON HORIZONTAL ELEMENTS (DIAPHRAGMS)

The horizontal seismic forces transferred to the horizontal components (diaphragms) are shown in
Figure 5.8. The floor and roof diaphragms are designed to resist the following minimum seismic
force at each level:

S
P o i .14

px n
i=x
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FIGURE 5.8 Distribution of horizontal seismic force to horizontal elements.

where

F,, is the diaphragm design force

F, is the lateral force applied to level i which is the summation of F, from level x (being evalu-
ated) to the top level

W, is the effective weight of diaphragm at level x. The weight of walls parallel to the direction
of F,, need not be included in W,

W, is the effective weight at level i which is the summation of weight from level x (being evalu-
ated) to the top

The force determined by Equation 5.14 is subject to the following two conditions:
The force should not be more than

F,.(max) = 0.4S,sIW,, (5.15)

The force should not be less than

F,(min) = 0.28psTW,,, (5.16)

DESIGN EARTHQUAKE LOAD

An earthquake causes the horizontal accelerations as well as the vertical accelerations. Accordingly,
the earthquake load has two components. In load combinations, it appears in the following two
forms:

E= Ehorizontal + Everlical (ln Equation 125) (517)

and

E= Ehorizonlal - Everlical (ln Equation 127) (518)

when

Ehorizomal = pQE (5 19)
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and
Evertical = OZSDSD (520)
where
Qp is the horizontal seismic forces F, or F,,, as determined in the “Distribution of Seismic Forces”

section
D is the dead load W in the “Distribution of Seismic Forces” section
p is the redundancy factor

The redundancy factor p is 1.00 for seismic design categories A, B, and C. It is 1.3 for SDC D,
SDCE, and SDCF, except for special conditions. Redundancy factor is always 1.0 for F,, forces.

E\ izontal 15 combined with horizontal forces and E, ., With vertical forces.

The seismic forces are at the LRFD (strength) level as have a load factor of 1. To be combined for
the allowable stress design (ASD), these should be multiplied by a factor of 0.7.

Example 5.4

A two-story wood-frame essential facility as shown in Figure 5.9 is located in Seattle, Washington.
The structure is a bearing wall system with reinforced shear walls. The loads on the structures are
as follows. Determine the earthquake loads acting on the structure.

Roof dead load=20psf (in horizontal plane)
Floor dead load =15 psf

Partition live load =15 psf

Exterior wall load =60 psf

Solution

A. Design parameters:
1. Occupancy category =Essential, IV
2. Importance factor from Table 5.5 for IV category=1.5
3. Mapped MCE response accelerations
(ASCE 7-05 or USDS CD) S,=1g or S, =0.4g
4. Site soil class (default)=D
5. Seismic force resisting system
Bearing wall with reinforced shear walls
6. Response modification coefficient=5

+— f——p 100 f— "

FIGURE 5.9 A two-story wood frame structure.
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B. Seismic response parameters

Principles of Structural Design: Wood, Steel, and Concrete

1. Fundamental period t,= C,h*. From Table 5.1, C,=0.02, x=0.75.

t, =0.02(22

)0.75

2. From Table 5.3, F,=1.1

Sws=FS, =1.1(1)=1.1g

3. From Table 5.4, F,=1.6

=0.20s

Swi=FS=1.6(0.48)=0.64g

4. Sps=2/3 5,,5=2/3(1.1g)=0.73 g

So1=2/3S1 =2/3(0.64)=0.43g

5. Based on occupancy and S, SDC=D.
Based on occupancy and S,,, SDC=D.
6. T.=Sp/Sps=0.43g/0.73 g=0.59s.

Since t,<T,, C,=5p4/(R/I)=

0.73 g/(5/1.5)=0.22 g*

C. Effective seismic weight at each level

1. W atroof level*

(1) Area(roof DL)=(50x 100)(20)/1000=100k
(2) 2-longitudinal walls = 2(wall area)(wall DL)

=2(100x11)(60)/1000 =132k

(3) 2-end walls = 2(wall area)(DL)
=2(50x11)(60)/1000 = 66k

Total =298 k
2. W atsecond floor*

(1) Area(floor DL + partition loads)
= (50x 100)(15+10)/1000=125k

(2) 2-long walls=132k
(3) 2-end walls=323k
Total =323k

Total effective building weight W=621k

D. Base shear

V=CW=022(621)=136.6k

E. Lateral seismic force distribution on the vertical shear walls
1. From Equation 5.13, since t,<0.5s, k=1

~(vhW,

ZWh

2. The computations are arranged in Table 5.8.

* This is for the mass of structure. For weight the value is 0.22.

T It is also a practice to assign at the roof level one-half the second floor wall height.

# Itis also a practice to assign at the second floor level, the wall load from one-half of the second floor wall and one-half of
the first floor wall. This leaves the weight of one-half of the first floor wall not included in the effective weight.

8 ASCE-05 prescribes 15 psf for partition live load but it recommends that for seismic load computation the partition load

should be taken as 10 psf.



Earthquake Loads

F. Earthquake loads for the vertical members
1. The redundancy factor p for SDC D is 1.3.
2. The horizontal and vertical components of the earthquake loads for vertical members
(walls) are given in Table 5.9.
3. The earthquake forces are shown in Figure 5.10.

Example 5.5

For Example 5.4, determine the earthquake loads acting on the horizontal members (diaphragms)

A. Lateral seismic force distribution on the horizontal members

1. From Equation 5.14
(S

Fpmn /.
W,

n
i=x

2. The computations are arranged in Table 5.10.

TABLE 5.8
Seismic Force Distribution on Vertical Members

Level, x w,, k h,, ft W,h3, k  Vh, or 136.6h, k ft FS k VY (Shear at Story), k
(1) (2) 3) “4) S) (6) 7

Roof 298 22 6,556 3005.2 88.60 88.60
Second 323 11 3,553 1502.6 48.00 136.60
z 621 10,109

2 Column 2 x column 3.

b 136.6x column 3.

¢ Column 2 x column 5/summation of column 4.
4" Cumulate column 6.

TABLE 5.9
Earthquake Loads on Vertical Elements

LeVeI, X er k Fx! k Ehorizonlal = prf k Everlical = 0'2SDSWXI k

Roof 298 88.6 115.2 43.5
Second 323 48.0 62.4 47.2
Ehorizonta[ =1152k ‘
—_—

yEvertical =43.5k

Ehorizontal =624k 4
kEvertical =472k

FIGURE 5.10 Earthquake loads on vertical elements—Example 5.4.
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TABLE 5.10

Seismic Force Distribution on Horizontal Members

Level,x W,k W3k F fromTable5.8, k =F"k
() ) 3) 4) S)

Roof 298 232 88.60 88.60
Second 323 257 48.00 136.60

2 W, — parallel exterior walls weight=298 — 66=232k.
b Summation of column 4.

¢ Summation of column 2.

4" Column 3 x column 5/column 6.

¢ 0.48ydW,. =0.4(0.73)(1.5)(232)=101.62 k.

px

T Since 56.5k is less than 112.57k and more than 56.3Kk, it is OK.

WSk
(6)
298
621

Max.® Min.

Fok  0.4S5IW,, k  0.25,dW,, k
) 3 ©
89.09 101.62 58.8
56.5¢ 112.57 56.3

69.0

F, k

Evertical = O'ZSDS pr; k
33.81

TABLE 5.11

Earthquake Loads on Horizontal Elements
Level, X pr; k pr; k Ehorizontal =p

Roof 232 69.0

Second 257 56.5

56.5

37.52

B. Earthquake loads for vertical members

1. The redundancy factor p for F,, is always 1.0
2. The horizontal and vertical components of the earthquake loads for horizontal mem-

bers (diaphragms) are given in Table 5.11.

3. The earthquake forces on the horizontal members are shown in Figure 5.11.

PROBLEMS

5.1 Determine the approximate fundamental period for a five-
story concrete office building with each floor having a height

of 12ft.
5.2

Erorizontal = 69 K

Determine the approximate fundamental period for a three-

story wood framed structure having a total height of 25 ft.

5.3

At a location in California, the mapped values of MCE accel-

Ehorizontal = 565 k

|
}33.81 k

3752k
f

erations S, and S, are 1.4g and 0.7g, respectively. The site soil

class is C. The long-period transition period is 8s. Prepare the

design response acceleration curve for this location.

54

FIGURE 5.11

Earthquake loads

on horizontal elements—Example

5.4.

In Salt Lake City, UT, the mapped values of S and S are 1.8g

and 0.75g. The site soil class is B. The long-period transition
period is 6. Prepare the design response acceleration curve.

5.5

For a five-story concrete office building with each floor of 12 ft height of Problem 5.1 located in

California where S, and S, are 1.4g and 0.7g respectively, and the site soil class is C, determine
(1) the SDC, (2) the seismic response coefficient. Assume R=2.0.

5.6

For the three-story wood framed building of total height 25 ft of Problem 5.2, located in Salt

Lake City where S, and S, are 1.8g and 0.75g, respectively, and the soil group is B, determine
(D) the SDC and (2) the seismic response coefficient. Assume R=6.5.
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F—S—ke-kEy
5

* 40’ % 80’ +

FIGURE P5.7 An office building in Portland, OR.

5.7 A two-story office building, as shown in Figure P5.7, is located in Portland, OR. The building
has the plywood floor system and plywood sheathed shear walls (R=6.5). The soil in founda-
tion is very dense. The loads on the building are as follows:

Roof dead load (on horizontal plane) =20 psf
Floor load =15 psf

Partition load =15 psf

Exterior wall load =50 psf

Determine the lateral and vertical earthquake loads that will act on the vertical elements and
horizontal elements of the building.

5.8 A three-story industrial steel building (Figure P5.8) located where S, and S, from figures

in the ASCE7-05 are 0.61g and 0.18g, respectively, has the plan dimension of 200 ft x 90 ft.

Roof
steel joists @ 5" OC Steel frames
@25 OC .
% Steel decking
) * / 200" / \ w/joists @ 5" OC
T =272 e /
= T
- 127
90’ ’|‘,
12
f / 1
2 I
7 /4* 90’ K
Floor beam Insulated V
@ 10" OC Girders wall panels Flooring system

_L/ \J_ / as shown
—|= '

!
\

Concrete flooring

FIGURE P5.8 An industrial steel building.
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The structure consists of nine gable moment-resisting steel frames spanning 90 ft at 25 ft on
center; R=4.5. The building is enclosed by insulated wall panels and is roofed with steel
decking. The building is 36 ft high with each floor height of 12 ft. The building is supported
on spread roofing on medium dense sand (soil class D).

The steel roof deck is supported by joists at 5ft on center, between the main gable
frames. The flooring consists of the concrete slab over steel decking, supported by floor
beams at 10ft on center. The floor beams rest on girders that are attached to the gable
frames at each end.

The following loads have been determined in the building:

Roof dead load (horizontal plane)= 15 psf

Third floor storage live load =120 psf

Slab and deck load on each floor=40psf

Weight of each framing=10K

Weight of non-shear-resisting wall panels =10 psf

Include 25% of the storage live load for seismic force

Since the wall panels are non-shear resisting, these are not to be subtracted for F,,
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6 Wood Specifications

ENGINEERING PROPERTIES OF SAWN LUMBER

The National Design Specifications (NDS) for wood construction of the American Forest and Paper
Association (AF&PA 2005 edition) provide the basic standards and specifications for the sawn lum-
ber and the engineered wood (e.g., glued laminated timber) in the United States. The second part
of the NDS, referred to as the NDS supplement, contains the numerical values for the strength of
different varieties of wood grouped according to the species of trees. The pieces of wood sawn from
the same species or even from the same source show a great variation in engineering properties.
Accordingly, the lumber is graded to establish the strength values. The pieces of lumber having the
similar mechanical properties are placed in the same class known as the grade of the wood. Most
lumber is visually graded. However, a small percentage is graded mechanically. In each grade, the
relative size of the wood section and the suitability of that size for a structural application are used
as additional guides to establish the strength.

A lumber is referred to by the nominal size. However, the lumber used in construction is mostly
a dressed lumber. In other words, the lumber is surfaced to a net size, which is taken to be 0.5in.
less than the nominal size. In the case of large sections, sometimes the lumber is rough sawed. The
rough sawed dimensions are approximately 1/81in. larger than the dressed size. The sectional prop-
erties of the standard dressed sawn lumber are given in Table B.1.

The sawed lumber is classified according to the size into (1) the dimension lumber and (2) the
timber. The dimension lumber has smaller sizes. It has a nominal thickness of 2—4in. and a width*
of 2—161in. Thus, the sizes of the dimension lumber range from 2in.x 2 in. to 4in.x 16in. Timber has
a minimum nominal thickness of 5Sin.

The dimension lumber and the timber are further subdivided based on the suitability of the spe-
cific size for use as a structural member. The size and use categorization of the commercial lumber
is given in Table 6.1.

REFERENCE DESIGN VALUES FOR SAWN LUMBER

The numerical values of the permissible level of stresses for design with respect to bending, tension,
compression, shear, modulus of elasticity, and modulus of stability of a specific lumber are known
as the reference design values. These values are arranged according to the species. Under each spe-
cies, the size and use categories as listed in Table 6.1 are arranged. For each size and use category,
the reference design values are listed for different grades of lumber. Thus, the design value may be
different for the same grade name but in a different size category. For example, the select structural
grade appears in SLP, SJ & P, B & S, and P & T categories and the design values for a given species
are different for the select structural grade in all of these categories.
The following reference design values are provided in tables:

Table B.2: Reference design values for dimension lumber other than Southern Pine
Table B.3: Reference design values for Southern Pine dimension lumber
Table B.4: Reference design values for timber

* In the terminology of the lumber grading, the smaller cross-sectional dimension is thickness and the larger dimension is
width. In the designation of engineering design, the dimension parallel to the neutral axis of a section as placed, is width and
the dimension perpendicular to the neutral axis is depth. Thus, a member loaded about the strong axis (placed with the smaller
dimension parallel to the neutral axis) has the “width” what is referred to as the “thickness” in the lumber terminology.
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TABLE 6.1
Categories of Lumber and Timber

Nominal Dimension

Thickness (Smaller
Name Symbol Dimension) Width

A. Dimension lumber

1. Light framing LF 2-4in. 2-in.

2. Structural light framing SLF 2-4in. 2-4in.

3. Structural joist and plank ~ SJ & P 2—4in. 5in. or more

4. Stud 2-4in. 2in. or more

5. Decking 2-4in. 4in. or more

B. Timber

1. Beam and stringer B&S 5in. or more At least 2in. more than thickness
2. Post and timber P&T 5in. or more Not more than 2in. than thickness

Although the reference design values are given according to the size and use combination, the
values depend on the size of the member rather than its use. Thus, a section 6 x 8 listed under the
post and timber (P & T) with its reference design values indicated therein can be used for beam and
stringer (B & S) but its design values as indicated for P & T will apply.

ADJUSTMENTS TO THE REFERENCE DESIGN VALUES FOR SAWN LUMBER

The reference design values in the NDS tables are the basic values that are multiplied by many fac-
tors to obtain the adjusted design values. To distinguish an adjusted value from a reference value, a
prime notation is added to the symbol of the reference value to indicate that the necessary adjust-
ments have been made. Thus,

F/) = F,x (products of adjustment factors) 6.1)

The () is replaced by a property like tensile, compression, and bending.

For wood structures, the allowable stress design (ASD) is a traditional basis of design. The LRFD
provisions have been introduced in 2005. The reference design values given in the NDS are based
on the ASD (i.e., these are permissible stresses). The reference design values for LRFD have to be
converted from the ASD values.

To determine the nominal design stresses for LRFD, the reference design values of the NDS
tables, as reproduced in the appendixes, are required to be multiplied by a format conversion
factor, K. The format conversion factor serves a purpose reverse of the factor of safety to obtain
the nominal strength values for LRFD application. In addition, the format conversion factor
includes the effect of the load duration. It adjusts the reference design values of the normal (10
years) duration to the nominal strength values for a short duration (10 min) which have a better
reliability.

In addition to the format conversion factor, a resistance factor, ¢ is applied to obtain the LRFD
adjusted values. A subscript of n is added to recognize that it is a nominal (strength) value for the
LRFD design. Thus, the adjusted nominal design stress is expressed as

F ) =0F \Kr 6.2)
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TABLE 6.2

Time Effect Factor

Load Combination A

1.4D 0.6

1.2D+0.5 (L, or S) 0.6

1.2D+1.6L+0.5 (L, or S) 0.7 when L is from storage

0.8 when L is from occupancy
1.25 when L is from impact
1.2D+1.6 (L, or S)+(fL or 0.8W) 0.8

1.2D+1.6W+fL+0.5 (L, or S) 1.0
1.2D+1.0E+fL+0.28 1.0
0.9D+1.6W 1.0
0.9D+1.0E 1.0

The adjustment factors are discussed below:

1. The wet-service factor is applied when the wood in a structure is not in a dry condition; its
moisture content exceeds 19% (16% in the case of laminated lumber). Most structures use
dry lumber for which C,,=1.

2. The reference design values are for the bending about the major axis, i.e., the load is applied
on to the narrow face. The flat use factor refers to members that are loaded about the weak
axis, i.e., the load is applied on the wider face. The reference value is increased by a factor,
C;, in such cases. Conservatively, C;, =1 can be used.

3. The temperature factor is used if a prolonged exposure to higher than normal temperature
is experienced by a structure. The normal condition covers the ordinary winter to summer
temperature variations and the occasional heating up to 150°F. For normal conditions,
C=1

4. Some species of wood do not accept the pressure treatment easily and require incisions
to make the treatment effective. An incision factor of 0.8 is applied for dimension lumber
only and that too in a limited species that are subjected to the incision. The factor is applied
to bending, tension, shear, and compression parallel to grains.

5. In addition, there are some special factors like the column stability factor, C, and the
beam stability factor, C, that are discussed in the context of column and beam designs in
Chapter 7.

The following are the other adjustment factors that are applied frequently.

Time EFrect FACTOR,* A

Wood has a unique property that it can support a higher load when applied for a short duration.
The nominal reference design values are representative of the short duration loading. For loading
of long duration, the reference design value has to be reduced by a time effect factor. The different
types of loads represent different load durations. Accordingly, the time effect factor depends on the
combination of the loads. For various load combinations, the time effect factor is given in Table 6.2.
It should be remembered that the factor is applied to the nominal reference (stress) value and not to
the load.

* The time effect factor is relevant only to the LRFD. For ASD, this factor known as the load duration factor, C, has
different values.
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Size FacTor, C;

The size of a wood section has an effect on its strength. The factor for size is handled differently for
the dimension lumber and for the timber.

Size Factor, C, for Dimension Lumber

For visually graded dimension lumber, the size factors for species other than Southern Pine are
given in Tables 4A and 4F of the NDS. These tables are presented together with the reference design
values in Table B.2. For visually graded Southern Pine dimension lumber, the factors are generally
built into the design values except for the bending values for 4 in. thick (breadth) dimension lumber.
The factors for Southern Pine dimension lumber are given together with the reference design values
in Table B.3. No size factor adjustment is required for the mechanically graded lumber.

Size Factor, C, for Timber
For timber sections exceeding 12in. depth, a reduction factor is applied only to bending as

follows:
1/9
12
Cr= (d ) 6.3)

where d is the dressed depth of the section.
This factor is not included in the reference design values in Table B.4.

RepeTiTivVE MEMBER FACTOR, C,

This factor is applied only to the dimension lumber and that only to the bending strength value.
A repetitive member factor C,=1.15 is applied when all of the following three conditions are met:

1. The members are used as joists, truss chords, rafters, studs, planks, decking, or similar
members that are joined by floor, roof, or other load distributing elements

2. The members are in contact or are spaced not more than 24 in. on center

3. The members are not less than 3 in number

FORMAT CONVERSION FACTOR, K|

The format conversion factors for the different types of stresses are reproduced in Table 6.3 from
Table N1 of the NDS.

TABLE 6.3

Conversion Factors for Stresses

Application Property Ke
Member Bending, tension, shear, compression  2.16/¢

parallel to grain
Compression perpendicular to grain 1.875/0

Ein L.5/¢
E 1
Connection All connections 2.16/¢

Source: Courtesy of American Forest & Paper Association,
Washington, DC.
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REsISTANCE FACTOR, ¢

The resistance factor, also referred to as the strength reduction
factor, is used to account for all uncertainties whether related to
the materials manufacturing, structural construction, or design
computations that may cause actual values to be less than the theo-
retical values. The resistance factor, given in Table 6.4, is a func-
tion of the mode of failure.

The applicable factors for different loading and types of lumber
are summarized in Table 6.5.

101
TABLE 6.4
Resistance Factor
Property ]
Bending 0.85
Tension 0.80
Shear 0.75
Compression (parallel, 0.90

perpendicular)

Stability, E,;, 0.85

LRFD DESIGN WITH WOOD

As discussed in the “Working Stress, Strength Design, and Unified Design of Structures” section in
Chapter 1, the LRFD designs are performed at the strength level in terms of the force and moment.
Accordingly, the adjusted nominal design stress values from the “Reference Design Values for
Sawn Lumber” section are changed to the strength values by multiplying by the cross-section area

or the section modulus. Thus, the basis of design in LRFD is as follo

WS

Bending: Mu = q)Mn = Fb’nS = ¢Fb7\«CMCtCFCrCfuCi(CL)KFS

Tension: T, = 0T, = ¢F;LC,C,CrC:K A

Compression: P, = OP, = ¢F-ACyC,CrC; (Cp

F.= 0P, = ¢FCL7\'CMCt CKrpA

JKrA

Shear: V, = ¢V, = 0F,ACy,C,.C;K (2/3A")

Stability: E,;,n): = OE,;,CyC,C:KF

Modulus of elasticity: E(,,, = EC,C,C;

(6.4)

6.5)

(6.6)

6.7)

6.8)

6.9)

(6.10)

The LHS of the above equations are the factored loads combination and the factored moments
combination. In Table 6.3, the format conversion factors contain ¢ in the denominator, which is can-
celled with the multiplication by factor ¢ in Equations 6.4 through 6.10. Hence, the factor ¢ does not
appear in wood design since it is a built in component of the format conversion factor.”

L =L or V = 1,0, (2/34).
2A
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Example 6.1

103

Determine the adjusted nominal reference design values and the nominal strength capacities
of the Douglas Fir-Larch #1 2in.x8in. roof rafters at 18in. on center that support the dead and
roof live loads. Consider the dry-service conditions, normal temperature range, and no-incision

application.

Solution

1. The reference design values of Douglas Fir-Larch #1 2 in. x 8 in. section from Appendix B.2
2. The adjustment factors are given below and the adjusted nominal reference design values

are computed in the following table:

Adjustment Factors

Reference Design

Property Value (psi) Afor D+L,
Bending 1000 0.6
Tension 675 0.6
Shear 180 0.6
Compression 1500 0.6
Compression* 625 0.6

E 1.7x10°

E,, 0.62x10°

‘min

(Kr)
G G 5

1.2 1.15  2.16

1.2 2.16
2.16

1.05 2.16
1.875
L5

Fon (psi)
1788.48
1049.76
233.28
2041.2
703.13
1.7%10°
0.93x 10°

3. Strength capacities

For section 2in.x 8in. section, S=13.14in.3, A=10.88in.2

M,= F;,S = (1788.48)(13.14) = 23500.6 |b
T,= FnA=(1049.76)(10.88) = 11,4211b

V,=F(2/3A) =(233.28)(2/3%10.88) = 1692.1lb

P, = F;,A=(20412)(10.88) = 22,208 Ib

Example 6.2

Determine the adjusted nominal reference design values and the nominal strength capacities of
a Douglas Fir-Larch #1 6in.x 16in. floor beam supporting a combination of load comprising of
dead, live, and snow loads. Consider the dry-service conditions, normal temperature range, and

no-incision application.

Solution

1. The reference design values of Douglas Fir-Larch #1 6in.x 16in. beams and stringers from

Table B.4

2. The adjustment factors and the adjusted nominal reference design values are given in the

table below:
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Adjustment Factors

Reference Design Kr) 0
Property Value (psi) rforD,L,S C2 ¢ F,, (psi)
Bending 1350 0.8 0.97 2.16 2262.8
Tension 675 0.8 2.16 1166.4
Shear 170 0.8 2.16 293.8
Compression 925 0.8 2.16 1598.4
E 1.6x10° 1.6x10°
E,. 0.58x 106 15 0.87x 105

119 119
voe=[2) o[ =00
d 15.5

Strength capacities
For section 6in.x 16in., $=220.2in.3, A=85.25in.?
M, = F;,S =(2262.8)(220.2) = 498,270 Ib

T,=f,A=(1166.4)(85.25)=99,436 Ib
V,=F,(2/3A)=(293.8)(2/3x85.25)=16,700 Ib
P,=F,A=(1598.4)(85.25)=136,264 b

Example 6.3

Determine the unit load (per square foot load) that can be imposed on a floor system consisting of
2in.x 6in. Southern Pine select structural joists spaced at 24 in. on center spanning 12 ft. Assume
that the dead load is one-half of the live load. Ignore the beam stability factor.

Solution

Ul Wi

. For Southern Pine 2in. x 6in. structural dressed lumber, the reference design value

F, = 2550 psi

. Size factor is included in the tabular value

. Time effect factor for dead and live loads=0.8
. Repetitive factor=1.15

. Format conversion factor=2.16/¢

. Nominal reference design value

Fon= 0RACWUC,C.CrCr CiKr
=((2550)(0.8)(1.15)(2.16/¢) = 5067.36 psi

7. For 2in.x6in. §=7.56in.3

. M,=F;,5=(5067.36)(7.56)=38309.24 in-lb or 3192.44ft-Ib

M, = w2
8
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or

_8M, _ 8(3192.44)

i Gap = 177:361b/t

u

24
10. Tributary area/ft of joists = EM = 2ft*/ft

11. w,=(design load/ft?)(tributary area/ft)

177.36 = (12D +1.6L)(2)

or

177.36 =[12D+16(2D)](2)

or

D = 20.15 Ib/ft?

and

L = 40.3 Ib/ft?

Example 6.4

For a Southern Pine No. 1 floor system, determine the size of the joists at 18 in. on center, span-
ning 12 ft and the column receiving loads form an area of 100ft? acted upon by a dead load
of 30psf and a live load of 40 psf. Assume that the beam and column stability factors are not a
concern.

Solution

A. Joist design
1. Factored unit combined load=1.2(30) + 1.6(40) = 100 psf
. Tributary area/ft=(18/12)x 1=1.5ft?/ft
. Design load/ft w,=100(1.5) =150 Ib/ft
2 2
WgL = % = 2,700 ft-Ib or 32,400 in-Ib
. For a trial section, select the reference design value of 24 in. wide section and assume the
nominal reference design value to be one-and-half times of the table value.
From Table B.3, for Southern Pine No. 1, F,=1850psi
Nominal reference design value=1.5(1850)=2775 psi

M, =

6. Trial size
S= M, _32,400 _ 11.68in.?
Fn 2,775

Use 2in.x8in. $=13.14in.?
7. From Table B.3, F,=1500psi
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Adjustment factors
A=0.8
G=115

Ki=2.16/¢

. Adjusted nominal reference design value

F, = $(1500)(0.8)(1.15)(2.16/¢) = 2980.8 psi

- My =1FS
or
Sreqd = M, _ 32,400 10.87 <13.14in?
F5, 2980.8

Selected size 2 in. x 8in. is OK.

B. Column design

1.
2.

Factored unit load (Step A.1 above) =100 psf
Design load = (unit load)(tributary area)
= (100)(100) = 10,000 Ib

. For a trial section, select the reference design value of 24 in. wide section and assume the

nominal reference design value to be one-and-half times of the table value
From Table B.3, for Southern Pine No. 1, F.=1850psi
Nominal reference design value=1.5(1850)=2775 psi

. Trial size

=L 19999 _ 5 6in.
F, 2,775

Use 2in.x4in. A=5.25in.?
f, =1850 psi

A=0.8
Ke=2.16/0

. Adjusted nominal reference design value

F, = ¢(1850)(0.8)(2.16/0) = 3196.8 psi

£, 10,000
Areqd = T Lo

= =3.13<5.25in.?
F,  3196.8

Selected size 2 in. x4 in. is OK.
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STRUCTURAL GLUED LAMINATED TIMBER

Glued laminated timber (GLULAM) members are composed of individual pieces of dimension
lumber that are bonded together by an adhesive to create the required size. For Western species,
the common width* (breadth) are 3-8, 5-Y8, 6-34, 8-34, 10-34, and 12-%2 in (there are other interim
sections as well). The laminations are typically in 1¥2 in. incremental depth. For Southern Pine, the
common widths are 3, 5, 6-%, 8-%2 and 10-2 in. and the depth of each lamination is 1-3 in. Usually
the lamination of GLULAM is horizontal (the wide faces are horizontally oriented). A typical cross
section is shown in Figure 6.1.

The sectional properties of Western species structural glued laminated timber are given in
Appendix B.5 and for Southern Pine structural glued laminated timber in Appendix B.6.

Because of their composition, large GLULAM members can be manufactured from smaller trees
from a variety of species such as Douglas Fir, Hem Fir, and Southern Pine. GLULAM has much
greater strength and stiffness than sawn lumber.

REFERENCE DESIGN VALUES FOR GLULAM

The reference design values for GLULAM is given in Appendix B.7 for members stressed primar-
ily in bending (beams) and that in Appendix B.8 for members stressed primarily in axial tension or
compression.

Appendix B.7 relating to bending members is a summary table based on the stress class. The
first part of the stress class symbol refers to the bending stress value for the grade in hundreds of psi
followed by the letter F. For example, 24F indicates a bending stress of 2400 psi for normal duration
loaded in the normal manner, i.e., loads are applied perpendicular to the wide face of lamination.
The second part of the symbol is the modulus of elasticity in millions of psi. Thus, 24F-1.8E indi-
cates a class with the bending stress in 2400 psi and the modulus elasticity of 1.8 x 10°psi. For each
class, the NDS provides the expanded tables that are according to the combination symbol and the
types of species making up the GLULAM. The first part of the combination symbol is the bending
stress level, i.e., 24F referring to 2400 psi bending stress. The second part of the symbol refers to the
lamination stock; V standing for visually graded and E for mechanically graded or E-rated. Thus,
the combination symbol 24F-V5 refers to the grade of 2400 psi bending stress of visually graded

Width 3-%, 5-%, .. . 10% Western species
I Width 3, 5, . . .10% Southern Pine

Side

Edge of lamination

Lamination

thickness 1y, in Western species

1-% in. Southern Pine

Wide face of
lamination

FIGURE 6.1 [Illustration of a structural glued laminated timber section.

* Not in terms of the lumber grading terminology.
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lumber stock. Under this, the species are indicated by abbreviations, i.e., DF for Douglas Fir, SP for
Southern Pine, and HF for Hem Fir.

The values listed in Appendix B.7 are more complex than sawn lumber. The first six columns
are the values for bending about strong (X—X) axis when the loads are perpendicular to wide face of
lamination. These are followed up values for bending about Y-Y axis. The axially loaded values are
also listed in case the member is picked up for the axial load conditions.

For F,,, two values have been listed in column 1 and 2 of Appendix B.7 (for bending) as F, +
and F, —. In a rectangular section, the compression and tension stresses are equal in extreme fibers.
However, it has been noticed that the outer tension laminations are in a critical state and therefore
high-grade laminations are placed at the bottom of the beam which is recognized as the tensile
zone of the beam. The other side is marked as “top” of the beam in the lamination plant. Placed in
this manner, the top marked portion is subjected to compression and the bottom to tension. This is
considered as the condition in which “tension zone is stressed in tension” and the F, + value of first
column is used for bending stress. This is a common condition.

However, if the beam is installed upside down or in the case of a continuous beam when
the negative bending moment condition develops, i.e., the top fibers are subject to tension, the
reference values in the second column known as the “compression zone stressed in tension”
F,,— should be used.

Appendix B.8 lists the reference design values for principally axially load-carrying members.
Here members are identified by the numbers such as 1, 2, 3 followed by the species such as DF, HF,
SP, and by the grade. The values are not complex like Appendix B.7 (the bending case).

It is expected that the members with bending combination in Appendix B.7 will be used as beam
as they make efficient beams. However, it does not mean that they cannot be used for axial loading.
Similarly, an axial combination member can be used for a beam. The values with respect to all types
of loading modes are covered in both tables.

ADJUSTMENT FACTORS FOR GLULAM

The reference design values of Appendices B.7 and B.8 are applied by the same format conversion
factors and the time effect factors, as discussed in the “Adjustments to the Reference Design Values
Sawn Lumber” section.

Additionally, the other adjustment factors listed in Table 6.6 are applied to the structural
GLULAM.

For GLULAM, when moisture content is more than 16% (as against 19% for sawn lumber), the
wet-service factor, has been specified in a table in the NDS. The values are different for sawn lum-
ber and GLULAM. The temperature factor is the same for GLULAM as for sawn lumber.

The other factors that are typical to GLULAM are described below:

FLAT Use Factor FOrR GLULAM, C,,

The flat use factor is applied to the reference design value only for the case bending that is loaded
parallel to the laminations. The factor is
119
C :(12) 6.11)

where d is the depth of the section.

Equation 6.11 is similar to the size factor (Equation 6.3) of sawn timber lumber that is applied
for depths exceeding 12in. But the GLULAM (Equation 6.11) is applicable to any depth. Thus, the
flat use factor is more than 1 for less than 12in. depth and less than 1 for depths exceeding 12in.
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VoLuME Factor For GLULAM, C,

The volume factor is applied to bending only for horizontally laminated timber (for loading applied
perpendicular to laminations). The beam stability factor, C, and the volume factor, C, are not used
together; only the smaller of the two is applied to adjust F,. The concept of the volume factor for
GLULAM is similar to the size factor of sawn lumber because the test data have indicated that the
size effect extends to volume in the case of GLULAM. The volume factor is

1/x 1/x 1/x
¢, —(5125)" (12)" (2Lf 612
b d L ft

where
b is the width (in.)
d is the depth (in.)
L is the length of member between points of zero moments (ft)
x=20 for Southern Pine and 10 for other species

CurvAaTURE FACTOR FOR GLULAM, C,

The curvature factor is applied to bending stress only to account for the stresses that are introduced
in laminations when they are bent into curved shapes during manufacturing. The curvature factor is

2
C, = 1—2000(’) 6.13)
R

where
t is the thickness of lamination, 1-%2 in. or 1-3%in.
R is the radius of curvature of the inside face of lamination

The ratio #/R may not exceed 1/100 for Southern Pine and 1/125 for other species. The curvature
factor is not applied to straight portion of a member regardless of curvature in the other portion.

Example 6.5

Determine the adjusted nominal reference design stresses and the strength capacities of a
6-% in.x 18in. GLULAM from Doulas Fir-Larch of stress class 24F-1.7E, used primarily for bending.
The span is 30ft. The loading consists of the dead and live loads combination along the major axis.

Solution

1. The adjusted reference design values are computed in the table below:

Reference Design Adjustment Factors

Property Value (psi) A C, oK R, (psi)
Bending 2400 0.8 090* 2.16 3732.48
Tension 775 0.8 2.16  1339.2
Shear 210 0.8 2.16  362.88
Compression 1000 0.8 2.16  1728.0

E 1.7x10° 1.7x10°
E, 0.88x 10° 1.5 1.32x10°

min

1710 1710 1710
coo =22 (2] () —ov.
675 ) \18) (30
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2. Strength capacities
For section 6-% in. x 18 in. section, 5,=364.5in.3, A=121.5in.?
Bending: oM, =F;,5 =(3732.48)(364.5)=1.36 x 10¢ in.-Ib
Tension: o7, = F;,A=(1339.2)(121.5)=162.71 x10° Ib
Shear: ¢V, =F,(2/3A)=(362.88)(2/3 x121.5)=29.39x 10° Ib
Compression: ¢P,=F,A=(1728)(121.5)=210x 10° |b

Example 6.6
The beam in Example 6.5 is installed upside own. Determine the design strengths.
Solution
1. Bending reference design value for compression zone stressed in tension=1450psi from

Appendix B.7
2. Adjustment factors from Example 6.5

A =0.80
C, =0.90
OK; =2.16

3. Adjusted nominal design value

F, = $1450(0.80)(0.9)(2.16/¢) = 2255 psi
4. Strength capacity

FonS =(2255)(364.5) = 0.822x10° in-Ib.

5. The other values are the same as in Example 6.5.

Example 6.7
The beam used in Example 6.5 is flat with loading along minor axis; determine the design strengths.

Solution

1. The adjusted reference design values are computed in the table below:

Adjustment Factors

Reference Design

Property Value (psi) A Cp OK:  F). (psi)
Bending 1050 0.8 1.066* 2.16 1934.15
Tension 775 0.8 2.16 1339.2
Shear 185 0.8 2.16  319.68
Compression 1000 0.8 2.16  1728.0

E 1.3x10° 1.3x10°
E, 0.67x 106 1.5 1.01x10°
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2. Strength capacities
For section 6-% in.x 18in. section, 5,=136.7in.3, A=121.5in.?2
Bending: oM, =F;,5=(1934.15)(136.7*)=0.26 x 10° in.-Ib
Tension: 0T, =F,A=(1339.2)(121.5)=162713 Ib
Shear: ¢V, =F(2/3A)=(319.68)(2/3 x121.5)=25.89x 10° Ib
Compression: ¢P,=F,A=(1728)(121.5)=209 x 10° |b

Example 6.8

What are the unit dead and live loads (per ft?) that are resisted by the beam in Example 6.5 that is
spaced 10ft on center. Assume that the unit dead load is one-half of the live load?

Solution

1. From Example 6.5

M, = oM, = F;,S =(3732.48)(364.5) =136 x10° in-Ib. or 113333.33 ft-Ib

2
2. M, =113333.33 = Yol

or

_113333.33(8)

) Gor " 1007.411b/ft

3. Tributary area/ft of beam=10x 1 =10ft*/ft
11.w,=(design load/ft?)(tributary area, ft*/ft)

1007.41= (12D +16L)(10)

or

1007.41=[12D+16(2D)](10)

or

D =229 Ib/ft?

and

L = 45.8 Ib/ft?

STRUCTURAL COMPOSITE LUMBER

The structural composite lumber (SCL) commonly includes the laminated veneer lumber (LVL)
and the parallel strand lumber (PSL). Like the GLULAM, the SCL also have laminations.
However, the LVL is manufactured from thin veneers that are rotary peeled from a log, and then
dried and laminated together by an adhesive under heat and pressure. The grains on each ply are
oriented in the same direction as the length of the member. The PSL is manufactured from wood
strands (veneers that have been further sized up into long and narrow strips) glued into parallel
lamination.

*§, value.
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The lamination of LVL and PSL is vertical (wide faces of lams are oriented vertically) as com-
pared to the horizontal lamination of GLULAM (wide faces oriented horizontally). The strength
and stiffness of LVL and PSL are higher than GLULAM.

The typical reference design values for LVL are listed in Appendix B.9. A wide brand of LVL
and PSL are available. The reference values and technical specifications for the specific brand might
be obtained from the manufacturer’s literature.

The same time effect factors and the format conversion factors are applied to the reference design
values as for the sawn lumber and the GLULAM, as discussed in the “Adjustments to the Reference
Design Values Sawn Lumber” section.

In addition, the adjustment factors listed in Table 6.7 are applied to the SCL. The wet-service
factors, Cy,, and the temperature factors, C, are the same GLULAM and SCL. To the members used
in repetitive assembly, as defined in the “Repetitive Member Factor, C,” section, a repetitive factor
C, of 1.04 is applied. The value of the size (volume) factor is obtained from the SCL manufacturer’s
literature.

PROBLEMS

6.1-6.5 Determine the adjusted reference design values and the strength capacities for the following
members. In all cases, consider the dry-service conditions, the normal temperature range, and the
no-incision application. In practice, all loading combinations must be checked. However, in these
problems only a single load condition should be considered for each member, as indicated in the
problem.

6.1 Floor joists are 2in.x 6in. at 18in. on center (OC) of Douglas Fir-Larch #2. They support the
dead and live loads.

6.2 Roof rafters are 2in. x 8in. at 24in. OC of Southern Pine #2. The loads are dead load and roof
live load.

6.3 Five floor beams are of 4in.x 8in. dimension lumber Hem Fir #1, spaced 5 ft apart. The loads
are dead and live loads.

6.4 Studs are 2in.x 8in. at 20in. OC of Hem Fir #2. The loads are dead load, live load, and wind
load.

6.5 Interior column is Sin.x 5in. of Douglas Fir-Larch #2 to support the dead and live loads.

6.6 Determine the unit dead and live loads (on per sq ft area) that can be resisted by a floor system
consisting of 2in. x4 1in. joists at 18 in. OC of Douglas Fir-Larch #1. The span is 12 ft. The dead
and live loads are equal.

6.7 Determine the unit dead load on the roof. The roof beams are 4in.x 10in. of Hem Fir #1. The
beams are located at 5 ft on center and the span is 20 ft apart. They support the dead load and
a snow load of 20 psf.

6.8 A 6in.x6in. column of Douglas Fir-Larch #1 supports the dead load and live load on an area
of 100 ft?. Determine the per square ft load if the unit dead load is one-half of the unit live load.

6.9 A floor system is acted upon by a dead load of 20 psf and a live load of 40 psf. Determine the
size of the floor joists of Douglas Fir-Larch Structural. They are located 18in. OC and span
12 ft. Assume that the beam stability factor is not a concern.

6.10 Determine the size of a column of Southern Pine #2 that receives loads from an area of
20ftx 25 ft. The unit service loads are 20 psf dead load and 30 psf live load. Assume that the
column stability factor is not a concern.

6.11 A GLULAM beam section is 6-% in.x37.5in. from Douglas Fir 24F-1.7E Class. The loads
combination comprises the dead load, snow load, and wind load. The bending is about the
X-axis. Determine the adjusted nominal reference design stresses and the strength capacities
for bending, tension, shear, compression, modulus of elasticity, and modulus of stability (E,;,).
The span is 30 ft.
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6.12

6.13
6.14

6.15

6.16

6.17

6.18

6.19

6.20

Determine the wind load for Problem 6.11 if the unit dead load is 50 psf and the unit snow and
wind loads are equal. The beams are 10 ft apart.

The beam in Problem 6.11 is installed upside down. Determine the strength capacities.

The beam in Problem 6.11 is used flat with bending about minor axis. Determine the design
capacities.

A 5-Y%8in.x28.51n., 26F-1.9E Southern Pine GLULAM is used to span 35 ft. The beam has
a radius of curvature of 10ft. The load combination is the dead load and the snow load.
Determine the adjusted nominal reference design stresses and the strength capacities for load-
ing perpendicular to the laminations for the beam installed according to the specifications.
The beam in Problem 6.15 is installed upside down. Determine the percent reduction in the
strength capacities.

The beam in Problem 6.15 is loaded along the laminations, about the minor axis. Determine
the percent change in the strength capacities.

A 1-% in.x7-% in. size LVL of 1.9E. Class is used for the roof rafters spanning 20 ft, located
241in. on center. Determine the strength design capacities for the dead and snow loads combi-
nations. The size factor is given by (12/d)"73.

2-1-% in.x 161in. (two sections side by side) of LVL of 2.0E class are used for a floor beam
spanning 32 ft, spaced 8 ft on center. The loading consists of the dead and live loads. Determine
the strength capacities for bending, tension, composition, and shear. The size factor is given
by (12/d)"75.

Determine the unit loads (per ft?) on the beam in Problem 6.19 if the live load is one-and-half
times of the dead load.






Flexure and Axially Loaded
Wood Structures

INTRODUCTION

The conceptual design of wood members was presented in Chapter 6. The underlying assumption
of design in that chapter was that an axial member was subjected to axial tensile stress or axial
compression stress only and a flexure member to normal bending stress only. However, the com-
pression force acting on a member tends to buckle a member out of the plane of loading, as shown in
Figure 7.1. This buckling occurs in the columns and in the compression flange of the beams unless
the compression flange is adequately braced. The beam and column stability factors C; and Cp,
mentioned in the “Reference Design Values for Sawn Lumber” section of Chapter 6, are applied to
account for the effect of this lateral buckling.

This chapter presents the detailed designs of flexure members, axially loaded tensile and com-
pression members, and the members subjected to the combined flexure and axial force made of
sawn lumber, GLULAM, and LVL.

DESIGN OF BEAMS

In most cases, for the design of a flexure member or beam, the bending capacity of the material is
a critical factor. Accordingly, the basic criterion for the design of a wood beam is developed from a
bending consideration.

In a member subjected to flexure, compression develops on one side of the section; under com-
pression, lateral stability is an important factor. It could induce a buckling effect that will under-
mine the moment capacity of the member. An adjustment factor is applied in wood design when the
buckling effect could prevail, as discussed subsequently.

A beam is initially designed for the bending capacity. It is checked for the shear capacity. It is
also checked from the serviceability consideration of the limiting state of deflection. If the size is
not found adequate for the shear capacity or the deflection limits, the design is revised.

The bearing strength of a wood member is considered at the beam supports or where loads from
other members frame onto the beam. The bearing length (width) is designed on this basis.

BENDING CRITERIA OF DESIGN

For the bending capacity of a member as discussed before

Mu = F‘b,nS (71)

M, represents the design moment due to the factored combination of loads. The design moment for
a uniformly distributed load, w,, is given by M, =w,L?*/8 and for a concentrated load, P, centered at
mid-span, M, =P,L/4. For other cases, M, is ascertained from the analysis of structure.

The span length, L is taken as the distance from the center of one support to the center of the
other support. However, when the provided (furnished) width of a support is more than what is
required from the bearing consideration, it is permitted to take the span length to be the clear dis-

tance between the supports plus one-half of the required bearing width at each end.

117
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F,, is the adjusted LRFD reference design value for bending. To start l
with, the reference bending design value, F, for the appropriate species and \|\
grade is obtained. These values are listed in Appendices B.2 through B.4 \

for sawn lumber and Appendices B.7 through B.9 for GLULAM and LVL. W
Then the value is adjusted by multiplying the reference value by a string of ll
factors. The applicable adjustment factors for sawn lumber were given in |
Table 6.5, and for GLULAM in Table 6.6 and for LVL in Table 6.7. ]

For sawn lumber, the adjusted reference bending design value is I

restated as A/

E:n = ¢Fh7LCMCtCFCrCfu CC Ky (7.2) Lf

FIGURE?7.1 Buckling
For GLULAM and SCL, the adjusted reference bending design value is  due to compression.

restated as

F}, = 0FACyC,C.C.i(C, or C)K (7.3)

where
F, is the tabular reference bending design value
0 is the resistance factor for bending=0.85
A is the time factor (Table 6.2)
C,, is the wet-service factor
C, is the temperature factor
C is the size factor
C, is the repetitive member factor
C;, is the flat use factor
C, is the incision factor
C, is the beam stability factor
C. is the curvature factor
C, is the volume factor
K. is the format conversion factor=2.16/¢

Using the assessed value of F,, from Equations 7.2 or 7.3, based on the adjustment factors
known initially, the required section modulus, S is determined from Equation 7.1 and a trial section
is selected having the section modulus S higher than the computed value. In the beginning, some
section-dependent factors such as Cy, C,, and C; will not be known while the others such as A, K,
and ¢ will be known. The design is performed considering all possible load combinations along with
the relevant time factor. If loads are of one type only, i.e., all vertical or all horizontal, the highest
value of the combined load divided by the relevant time factor determines which combination is
critical for design.

Based on the trial section, all adjustment factors including C, are then computed and the magni-
tude of F,, is reassessed. A revised S is obtained from Equation 7.1 and the trial section is modified,
if necessary.

BEAM STABILITY FACTOR, C,

As stated earlier, the compression stress, besides causing an axial deformation, can cause a lateral
deformation if the compression zone of the beam is not braced against the lateral movement. In the
presence of the stable one-half tensile portion, the buckling in the plane of loading is prevented.
However, the movement could take place sideways (laterally), as shown in Figure 7.2.
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FIGURE 7.2 Buckling of a bending member. (a) Original position of the beam. (b) Deflected position with-
out lateral instability. (c) Compression edge buckled laterally.

The bending design described in Chapter 6 had assumed that no buckling was present and adjust-
ments were made for other factors only. The condition of no buckling is satisfied when the bracing
requirements, as listed in Table 7.1, are met. In general, when the depth-to-breadth ratio is 2 or less,
no lateral bracings are required. When the depth-to-breadth ratio is more than 2 but does not exceed
4, the ends of the beam should be held in position by one of these methods: full-depth solid block-
ing, bridging, hangers, nailing, or bolting to other framing members. The stricter requirements are
stipulated to hold the compression edge in line for a depth-to-breadth ratio of higher than 4.

When the requirements of Table 7.1 are not met, the following beam stability factor has to be
applied to account for the buckling effect.

c _(1+oc)_ (1+oc)2_( o ) (74
“Tl1o 1.9 0.95 '

TABLE 7.1
Bracing Requirements for Lateral Stability

Depth/Breadth Ratio* Bracing Requirements

Sawn lumber

<2 No lateral bracing required

>2 but <4 The ends are to be held in position, as by full-depth solid blocking, bridging, hangers, nailing,
or bolting to other framing members, or other acceptable means

>4 but <5 The compression edge is to be held in line for its entire length to prevent lateral displacement,
as by sheathing or subflooring, and the ends at points of bearing are to be held in position to
prevent rotation and/or lateral displacement

>5 but <6 Bridging, full-depth solid blocking, or diagonal cross bracing is to be installed at intervals not
exceeding 8 ft, the compression edge is to be held in line for its entire length to prevent lateral
displacement, as by sheathing or subflooring, and the ends at points of bearing are to be held
in position to prevent rotation and/or lateral displacement

>6 but <7 Both edges of a member are to be held in line for their entire length, and the ends at points of
bearing are to be held in position to prevent rotation and/or lateral displacement

Combined bending and The depth/breadth ratio may be as much as 5 if one edge is held firmly in line. If under all load

compression conditions, the unbraced edge is in tension, the depth/breadth ratio may be as much as 6

Glued laminated timber
<1 No lateral bracing required
>1 The compression edge is supported throughout its length to prevent lateral displacement, and
the ends at point of bearing are laterally supported to prevent rotation

2 Nominal dimensions.
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where
o= —F”‘?" (7.5)
By

where

F}¥ is the reference bending design value adjusted for all factors except C,, C» and C;
F, g, is the Euler-based LRFD critical buckling stress for bending

1 '2’E';min(n)>:<
Fp=——>— 7.6
where
Einny s the adjusted nominal stability modulus of elasticity
R is the slenderness ratio for bending
L.d
Ry =55 <50 (77

where L, is the effective unbraced length, discussed in the “Effective Unbraced Length” section
below.

When R exceeds 50 in Equation 7.7, the beam dimensions should be revised to limit the slender-
ness ratio to 50.

ErrecTivE UNBRACED LENGTH

The effective unbraced length is a function of several factors such as the type of span (simple, canti-
lever, continuous), the type of loading (uniform, variable, concentrated loads), the unbraced length,
L, which is the distance between the points of lateral supports, and the size of the beam.

For a simple one span or cantilever beam, the following values can be conservatively used for
the effective length.

For % <7, L,=2.06L, (7.8)
L,

For 7<-<143, L =163L,+3d (7.9)
Lll

For ~>143, I, =184L, (7.10)

Example 7.1

A 5- in.x24in. glued laminated timber beam is used for a roof system having a span of 32ft,
which is braced only at the ends. GLULAM consists of the Douglas Fir 24F-1.8E. Determine the
beam stability factor. Use the dead and live conditions only.

*  Use Y-axis.
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Solution

1. Reference design values
F,=2400 psi
E=1.8x10°psi
E, iy =0.83 x 10° psi

2. Adjusted design values

Fbﬁ = M‘—bq)KF

= (0.8)(2400)(¢)@%6> = 4147 psi or 4.15 ksi

E%in(n) = E

y(min)KF

= (O.83x106)(¢)(1(fj =1.25x10° psior 1.25x10° ksi

3. Effective unbraced length

L, 32x12

=16>14.3
d 24

From Equation 7.10

L. =184L,=184(32)=58.88 ft

4. From Equation 7.7

Ld

RB = [;2

(58.88x12)(14)
(5.5)°

=23.68<50 OK

1.2E;

min(n)

5. FbEn = R2
B

1.2(1.25x103)
= T 2.675ksi
(23.68)

= fom _2:675_ g 645
B, 415

1+ T+o)’ o
7.C = - -
1.9 1.9 0.95
1645 (1.645)2_(0.645)
1.9 1.9 0.95

=0.6

6. 0
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SHEAR CRITERIA

A transverse loading applied to a beam results in vertical shear stresses in any transverse (vertical)
section of a beam. Due to the complimentary property of shear, an associated longitudinal shear
stress acts along the longitudinal plane (horizontal face) of a beam element. In any mechanics of
materials text, it can be seen that the longitudinal shear stress distribution across the cross section
is given by

Vi
f= TQ (7.11)

where
f, is the shear stress at any plane across the cross section
V is the shear force along the beam at the location of the cross section
Q is the moment of the area above the plane where stress is desired to the top or bottom edge of
the section. Moment is taken at neutral axis
I is the moment of inertia along the neutral axis

Equation 7.11 also applies for the transverse shear stress at any plane of the cross section as well
because the transverse and the longitudinal shear stresses are complimentary, numerically equal
and opposite in sign.

For a rectangular cross section that is usually the case with wood beams, the shear stress distri-
bution by above relation is parabolic with the following maximum value at the center.

ﬁ/ma}c = Fv’n =4 (712)

In terms of V,, the basic equation for shear design of beam is
V, =2/3F,A (7.13)

where
V, is the maximum shear force due to factored load on beam
F,, is the adjusted reference shear design value
A is the area of the beam

The NDS permits that the maximum shear force, V,, might be taken to be the shear force at a dis-
tance equal to the depth of the beam from the support. However, usually V, is usually taken to be
the maximum shear force from the diagram, which is at the support for a simple span.
For sawn lumber, the adjusted reference shear design value is
F, = 0FACyC,CKp (7.14)
For GLULAM and SCL, the adjusted reference shear design value is

F, =0FACyC.Kp (7.15)

where
F, is the tabular reference shear design value
0 is the resistance factor for shear=0.75
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A is the time factor (see the “Time Effect Factor, X’ section)
C,, is the wet-service factor

C, is the temperature factor

C, is the incision factor

K is the format conversion factor=2.16/¢

DEFLECTION CRITERIA

The actual maximum deflection for the beam is calculated using the service load (not the factored
load). The maximum deflection is a function of the type of loading, type of beam span, moment of
inertia of the section, and modulus of elasticity. For a uniformly loaded simple span member, the
maximum deflection at mid-span is

SwL!

= 7.16
384F'I (716)

where
w is the uniform combined service load per unit length
L is the span of beam
E’ is the adjusted modulus of elasticity

E’ = ECMC,C,

E is the reference modulus of elasticity
I is the moment of inertia along neutral axis

The actual maximum deflection should be less than or equal to the allowable deflections, A. Often
a check is made for live load alone as well as for the total load. Thus,

Max. §; <allow. A, (7.17)

Max. 87, <allow. Ay (7.18)

The allowable deflections are given in Table 7.2.

TABLE 7.2
Recommended Deflection Criteria
Classification Live or Applied Load Only  Dead Load Plus Applied Load
Roof beams
No ceiling Span/180 Span/120
Without plaster ceiling Span/240 Span/180
With plaster ceiling Span/360 Span/240
Floor beams? Span/360 Span/240
Highway bridge stringers Span/300
Railway bridge stringers Span/300-Span/400

Source: American Institute of Timber Association, Timber Construction Manual, 5th edn., John
Wiley & Sons, New York, 2005.
2 Additional limitations are used where increased floor stiffness or reduction of vibrations is desired.
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When the above criteria are not satisfied, a new beam size is determined using the allowable

deflection as a guide and computing the desired moment of inertia on that basis.

Example 7.2

Design the roof rafters spanning 16 ft and spaced 16in. on center (OC). The plywood roof sheath-
ing prevents the local buckling. The dead load is 12 psf and the roof live load is 20psf. Use

Douglas Fir-Larch #1 wood.

Solution

A. Loads

1. Tributary area/ft = %M =1.333 ft* /ft

2. Loads per feet
wp=12x1.333 =16 Ib/ft
w,=20x%1.333=26.66 Ib/ft

3. Loads combination

w, =12wp +1.6w,

=1.2(16)+1.6(26.66) = 61.86 Ib/ft

4, Maximum BM

9 2
M, = WgL - (61‘8?(16) =1974.52 ft Ib or 23.75 in.-k

5. Maximum shear

W;L _ Wiﬂ —494.91b

V.=

B. Reference design values (Douglas Fir-Larch #1, 2 in. and wider)

1. F,=1000psi

2. F,=180psi

3. E=1.7x10%psi

4. E,,,=0.62 x10°psi

C. Preliminary design
1. Initially adjusted bending design value

F;, (estimated) = OAFKC,

= ¢(0.8)(1000)(2.16/0)(1.15) = 1987 psi

23.75x1000 ;
2 Seg e Mu_(23.75X1000) 1y oo
F;, (estimated) 1987




Flexure and Axially Loaded Wood Structures

3. Try2in.x8in. S=13.14in’
A=10.88in.’
I=47.63in.*

D. Revised design

1. Adjusted reference design values

Reference Design

Values (psi) A Cr C, K F) (psi)
£ 1000 08 12 115 2.16/0 23846
F 180 0.8 2.16/6 311
E 1.7x10° — — 1.7x10°
E’ 0.62x10° — 1.5/¢ 0.93x 106

‘min(n)

2 Without the C, factor.

2. Beam stability factor C;=1.0
E. Check for bending strength

Bending capacity = F,S in.-k

 (2384.6)(13.14)
- 1000

=31.33in.-k > 23.75in.k OK

F. Check for shear strength

Shear capacity = F, (?) =31 1(§x10.88) =2255lb>494.5lb OK

G. Check for deflection

1. Deflection is checked for service load, w=16+26.66=42.66 Ib/ft
5 w5 (42.66)(16)'(12)

=2 wh =0.78in.
384 E'l 384 (1.7x10°)(47.63) "

3. Allowable deflection

A= L _T6X12 4 674 S 0.78in. OK.
180 180
Example 7.3

125

A structural glued laminated timber is used as a beam to support a roof system. The tributary
width of the beam is 16 ft. The beam span is 32 ft. The floor dead load is 15 psf and the live load is

40psf. Use Douglas Fir GLULAM 24F-1.8E. The beam is braced only at the supports.
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Solution

A. Loads

1. Tributary area/ft=16 x 1 =16ft*/ft
2. Loads per ft

wp= 15 x 16 =240 Ib/ft

w, =40 x 16 =640 Ib/ft
3. Designload, w, =1.2wp +1.6w,

=1.2(240)+1.6(640) = 1312 Ib/ft or 1.31k/ft

4. Design bending moment

M,

w2 (1.31)(32)
N 8

5 =167.88 ft-k or 2012.16 in.-k

5. Design shear

w,l _1.31(32)

Vi, =
2

=20.96 k

B. Reference design values
F,=2400 psi
F,=265psi
E=1.8x10°psi
Eymin=0.83 x 106 psi

C. Preliminary design

1. Initially adjusted bending reference design value
= (0.8)(2400)0(2.16/¢) =4147 psi or 4.15 ksi
2012.16

2. Seqd = =484.86in.’
“T 415 '

Try 5 1/2in.x24in. $=528in.3

A=132in.2

1=6336in.*

D. Revised adjusted design values

Reference Design

Type Values (psi) A K F)n (psi)
F . 2400 0.8 2.16/0 4147.2 (F
F, 265 0.8 2.16/¢ 4579

E 1.8x10° — — 1.8x10°
Einy 0.83x 10° — 15/  125x10°

E. Volume factor, C,

C ~ 5125 1710 E 1/10 ﬂ 1/10
Y b d L
1710 110 1710
_(5.125 12 21} _ 89
5.5 24 32
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F. Beam stability factor, C,
From Example 7.1, C;=0.60
Since C, < C,, use the C, factor
G. Bending capacity

1. Fp,=(4147.2) (0.6)=2488.32 psi or 2.488 ksi

2. Moment capacity =F;,S
= 2.488(528)
=1313.7in.-k < 2012.16(M,) NG

A revised section should be selected and steps E, F, and G should be repeated.
H. Check for shear strength*

Shear capacity = F, (%) = 457.9(§>< 1 32) =40295lbor 40.3k>20.29k OK

1. Check for deflection

1. Deflection checked for service load w=240+640=3880 Ib/ft
_ 5 w5 (880)(32)'(12) Cie2in
384 El 384 (1.8x10°)(6336)

3. Permissible deflection

A=t 232X12 5 30 S182in. OK

180 180

BEARING AT SUPPORTS

The bearing perpendicular to the grains occurs at the supports or wherever a load bearing member
rests onto the beam, as shown in Figure 7.3. The relation for bearing design is

P,=F. A (7.19)

Bearing
area

FIGURE 7.3 Bearing perpendicular to grain.

* Based on the original section.
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The adjusted compressive design value perpendicular to grain is obtained by multiplying the refer-
ence design value by the adjustment factors. Including these factors, Equation 7.19 becomes
For sawn lumber

P, =0F.. ACyC,CC,KpA (7.20)

For GLULAM

P, = 0F..ACyC,C,K s A (7.21)

where
P, is the reaction at the bearing surface due to factored load on the beam
F,.. is the reference compressive design value perpendicular to grain
F/, is the adjusted compressive design value perpendicular to grain

q)Cis the resistance factor for compression=0.9

A is the time effect factor (see the “Time Effect Factor, A section in Chapter 6)
C,, is the wet-service factor

C, is the temperature factor

C, is the incision factor

C, is the bearing area factor as discussed below

K is the format conversion factor for bearing=1.875/¢

A is the area of bearing surface

BEARING AREA FACTOR, C,,

The bearing area factor is applied only to a specific case when the bearing length /, is less than 6in.
and also the distance from the end of the beam to the start of the contact area is larger than 3in.,
as shown in Figure 7.4. The factor is not applied to the bearing surface at the end of a beam that
may be of any length or where the bearing length is 6 in. or more at any other location than the end.
This factor accounts for the additional wood fibers that could resist the bearing load. It increases the
bearing length by 3/8in. Thus,

_1,+3/8

C
b I

(7.22)
where /, is the bearing length is the contact length parallel to the grain.

l
Less than b

6 in. \_/ More than 3 in. |
[ ————————————————————————
|

| |
| |
| |
| |
| |
End of beam
3).
Iy + = |in.
8

FIGURE 7.4 Bearing area factor.
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Since C, is only for a specific case and is always greater than 1, conservatively it could be taken
as unity and disregarded.

Example 7.4
For Example 7.3, determine the bearing surface area at the beam supports.
Solution

1. Reaction at the supports

w,l _1.31(32)
=

R, = =20.96k

2. Reference design value for compression perpendicular to grains Fe.,=650 psi
3. Adjusted perpendicular compression reference design value

C/Ln = (I)FCL)LCMCIC;C[)KF

=(0)(650)(0.8)(1)(1)(1)(1.875/¢) = 975 psi or 0.975 ksi

4. Acgd = ﬁ = % =21.50in.2
ctn °

5. Bearing length

A 2150 .
L, =2=%22_39in
""" 55

DESIGN OF AXIAL TENSION MEMBERS

Axially loaded wood members generally comprise of studs, ties, diaphragms, shear walls, and
trusses where loads directly frame into joints to pass through the member’s longitudinal axis or with
a very low eccentricity. These loads exert either tension or compression without any appreciable
bending in members. For example, a truss has some members in compression and some in tension.
The treatment of a tensile member is relatively straightforward because only the direct axial stress
is exerted on the section. However, the design is typically governed by the net section at the connec-
tion since in a stretched condition, an opening separates out from the fastener.
The tensile capacity of a member is given by

T,=FA, (7.23)

Axial tension members in wood generally involve relatively small force for which a dimensional
lumber section is used which requires inclusion of a size factor.

Including the adjustment factors, the tensile capacity is represented as follows:

For sawn lumber

T, = OFACyC,CrCiK A, (7.24)

For GLULAM

T, = OFACyC KA, (7.25)
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where
T, is the factored tensile load on member
F, is the reference tension design value parallel to grain
F,, is the adjusted tension design value parallel to grain
0 is the resistance factor for tension=0.8
A is the time effect factor (see the “Time Effect Factor, A section in Chapter 6)
C,, is the wet-service factor
C, is the temperature factor
C, is the incision factor
C is the size factor for sawn dimension lumber only
K. is the format conversion factor for tension=2.16/¢
A, is the net cross-sectional area as follows

A, =A,—ZA, (7.26)

where
A, is the gross cross-sectional area
YA, is the sum of projected area of holes

In determining the net area of a nail or a screw connection, the projected area of nail or screw is
neglected. For bolted connection, the projected area consists of rectangles given by

A, = nbh (7.27)

where
n is the number of bolts in a row
b is the width (thickness) of the section
h is the diameter of hole, usually d+ 1/16, in.
d is the diameter of bolt

Example 7.5

Determine the size of the bottom (tension) chord of the truss shown in Figure 7.5. The service
loads acting on the horizontal projection of the roof are dead load =20 psf and snow load =30 psf.

W =360 Ib/ft

EEEEEEEEEEEEEEEEEEREEE RN

G

*
2.5 ft
T

5 ft

A47> B C D §7}E

¥ 4at7.5ft 2 ¥

FIGURE 7.5 Roof truss of Example 7.5.
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The trusses are 5 ft on center. The connection is made by one bolt of 3/4in. diameter in each row.
Lumber is Douglas-Fir Larch #1.

Solution

A. Design loads

1. Factored unit loads=1.2D+1.65=1.2(20)+ 1.6(30) =72 psf
2. Tributary area, ft¥/ft=5x1=5ft?/ft

3. Load/ft, w,=72(5)=360 Ib/ft

4. Load at joints

Exterior = 360(%) =13501lbor1.5k

Interior = 360(7.5)=2700 Ib or 2.7 k

B. Analysis of truss

1. Reaction at A: A, :1.35+2.7+2—;: 5.4k

2. For members at joint A, taking moment at H,
(5.4-1.35)7.5 — F,3(5)=0
Fr3=6.075k
Foe=Fas=6.075k

C. Reference design value and the adjustment factors

1. F,=675psi
2. 2=0.8
3. $=0.8
4. Assume a size factor C,=1.5, which will be checked later
5. K;=2.16/0
6. i, =¢ 675(0.8)(1.5)(2.16/¢) =1750psi or 1.75ksi
D. Design
1. An/’eqd = & = 607*5 =3.47 in.z
Fi 1.75

2. For one bolt in a row and an assumed 2 in. wide section

h=i+i=0.813in.
4 16

Y nbh = (1)(1.5)(0.813)=1.22in.?

3. A=A, +A,=3.47 +1.22=4.69in.2
Select a 2in. x4 in. section, A=5.25in.2

4. Verify the size factor and revise the adjusted value if required
For 2in.x4in., C;=1.5 as assumed
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DESIGN OF COLUMNS

The axial compression capacity of a member in terms of the nominal strength is

P =F,A (7.28)

In Equation 7.28, F,, is the adjusted LRFD reference design value for compression. To start with,
the reference design compression value, F, for the appropriate species and grade is ascertained.
These values are listed in Appendices B.2 through B.4 for sawn lumber and Appendices B.7 through
B.9 for GLULAM and LVL. Then the adjusted value is obtained multiplying the reference value
by a string of factors. The applicable adjustment factors for sawn lumber are given in Table 6.5, for
GLULAM in Table 6.6, and for LVL in Table 6.7.

For sawn lumber, the adjusted reference compression design value is

Fc,n = q)Fc}\'CMCrC rCiCpKp (729

For GLULAM and SCL, the adjusted reference compression design value is

where
F, is the tabular reference compression design value parallel to grain
¢ is the resistance factor for compression=0.90
A is the time factor (see the “Time Effect Factor, X’ section in Chapter 6)
C,, is the wet-service factor
C, is the temperature factor
C is the size factor for dimension lumber only
C, is the incision factor
C, is the column stability factor discussed below
K is the format conversion factor=2.16/¢

Depending upon the relative size of a column, it might act as a short column when only the direct
axial stress will be borne by the section or it might behave as a long column with a possibility of
buckling and a corresponding reduction of the strength. This latter effect is considered by a column
stability factor, C,. Since this factor can be ascertained only when the column size is known, the
column design is a trial procedure.

The initial size of column is decided using an estimated value of F,, by adjusting the reference
design value, F, for whatever factors are initially known in Equation 7.29 or 7.30.

Based on the trial section, the adjusted F,, from Equations 2.29 or 7.30 is assessed again and the
revised section is determined from Equation 7.28.

COLUMN STABILITY FACTOR, C,

As stated, the column stability factor accounts for buckling. The slenderness ratio expressed as KL/r
is a limiting criteria of buckling. For wood, the slenderness ratio is adopted in a simplified form as
KL/d, where d is the least dimension of the column section. The factor, K known as the effective
length factor, depends upon the end support conditions of the column. The column end conditions
are identified in Figure 7.6 and the values of the effective length factors for these conditions, adopted
from Appendix G of the NDS, are also indicated therein.

When a column is supported differently along the two axes, the slenderness ratio K is determined
with respect to each axis and the larger of the ratios is used in design.
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Condition a b c d e f
v v
v Z vy % vy vy
/ \ / |
I / ] \ ! |
/ | / \ | !
! | / ! I ,'
Buckling modes l’ |‘ / : I |
| \ / | / I
| \ | 1 | !
\ \ h I
\ \ / /I
\ // ;
) yo = | >
) )
Theoretical K, value 0.5 0.7 1.0 1.0 2.0 2.0
Recommended design K,
when ideal conditions 0.65 0.80 1.2 1.0 2.10 2.0
approximated
% Rotation fixed, translation fixed
End condition code f Rotation free, translation fixed
2] Rotation fixed, translation free
Q@ Rotation free, translation free

FIGURE 7.6 Buckling length coefficients, K,. (Courtesy of American Forest & Paper Association,
Washington, DC.)

The slenderness ratio should not larger than 50.
The expression for a column stability factor is similar to that of the beam stability factor, as follows:

(7.31)

where

B= L (7.32)

where
F¥ is the reference design value for compression parallel to grain adjusted by all factors except Chp.

F ., is the Euler critical buckling stress
_ 0.822E,,,,) (7.33)
cEn — 2 .
(KL/d)

Use E,,,» value corresponding to d dimension in the equation. Determine F, for both axes and

use the smaller value.
% <50 (7.34)

where
E; iy =adjusted modulus of elasticity for buckling

=0E,,;,,C,,C.CK,

min
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where
c=buckling—crushing interaction factor
=0.8 for sawn lumber
=0.85 for round timber poles
=0.9 for GLULAM or SCL
0 is the resistance factor for stability modulus of elasticity =0.85
K. is the format conversion factor for stability modulus of elasticity = 1.5/¢

The column behavior is dictated by the interaction of the crushing and buckling modes of failure.
When C, is 1, the strength of a column is F¥ (the adjusted reference compressive design value
without C,), and the mode of failure is by crushing. As the C, reduces, i.e., the slenderness ratio is
effective, the column fails by the buckling mode.

Example 7.6

Design a 12ft long simply supported column. The axial loads are dead load=15001b, live
load =17001b, and snow load=2200Ib. Use Southern Pine #1.

Solution

A. Loads

The controlling combination is the highest ratio of the factored loads to the time effect factor.

, 14D _ 1.4(1500)

=35001b
A 0.6
5 12D+1.6L+0.55 _ 1.2(1500)+1.6(1700)+0.5(2200) _ -0251b
N 0.8
3 1.2D+1f5+0.5L _1.2(1500)+1 .6(02200)+O.5(1 700) _ 2713 1b < Controls

So P,=1.2D+1.65+0.5L.=61701b

B. Reference design values:
For 2-4in. wide section
F.=1850psi
E=1.7 x10°psi

E, 1in=0.62 x 106 psi

C. Preliminary design

Fy = 0FAKe = ($)1850(0.8)(2.16/0) = 3196.8 psi

6170
3196.8

=1.93in.

reqd =
Try 2in.x4in. section, A=5.25in.

D. Adjusted design values

Reference Design

Type Values (psi) ¢ A C; K F)n (psi)
Compression 1850 0.9 0.8 1 2.16/0  3196.8 (E’,l*)
E 1.7x10° — — 1.7x10°
E,.. 0.62x10° 08 — 1.5/¢ 0.93x10°
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E. Column stability factor

1. Both ends hinged, K=1.0
KL 1(12x12)
d 15
3. Revise the section to 4in.x4in., A=12.25in.2
KL 1(12x12)
d 35
0.822(0.93><106)
5. Fin = —— 5
(41.14)
Fen  451.68
6-B= FZ 7 3196.8

o
- 11..164 - (11..164)2 _(06.]84)

=0.713-,/(0.508)—(0.175) =0.136

2. =96>50 NG

4. =41.14<50 OK
=451.68 psi

0.14

F. Compression capacity

1. P, =FC,A

=(3196.8)(0.136)(12.25)=53251b < 61701b NG

Use section 4in.x6in.,, A=19.25in.2
. KL/d=41.14
. Fop=451.68psi
. B=0.14
. C,=0.136
. Capacity =(3196.8)(0.136)(19.25)=8369 > 6170lb OK

Ul Wi

DESIGN FOR COMBINED BENDING AND COMPRESSION

The members stressed simultaneously in bending and compression are known as beam-columns.
The effect of combined stresses is considered through an interaction equation. When bending
occurs simultaneously with axial compression, a second order effect known as the P-A moment
takes place. This can be explained this way. First consider only the transverse loading that causes a
deflection, A. Now, when an axial load P is applied, it causes an additional bending moment equal
to P-A. In a simplified approach, this additional bending stress is not computed directly. Instead, it
is accounted for indirectly by amplifying the bending stress component in the interaction equation.
This approach is similar to the design of the steel structures.
The amplification is defined as follows:

Amplification factor = S (7.35)

1 — PLl
E'Ex( n) A
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where F,, is the Euler-based stress with respect to the x-axis slenderness as follows

0.822E;m,-,,(,,) (7.36)
HT KL/d) |

E;,m-n(n) = adjusted stability modulus of elasticity along x-axis
= q)ExminCMCtCiKF
E. .in1s the stability modulus of elasticity along the x-axis

(KL/d),is the slenderness ratio along the x-axis

As P-A increases, the amplification factor or the secondary bending stresses increases.

From Equation 7.35, the amplification factor increases with the larger value of P,. The increase
of A is built into the reduction of the term F,,.

In terms of the load and bending moment, the interaction formula is expressed as follows:

2
],J" + ! M <1 (7.37)
F,A | P, FoS
_7)A

EEX( n

where
F!, is the reference design value for compression parallel to grain adjusted for all factors. See
Equations 7.29 and 7.30
F.;.»y=see Equation 7.36
F,, is the reference bending design value adjusted for all factors. See Equations 7.2 and 7.3
P, is the factored axial load
M, is the factored bending moment
A is the area of cross section
S is the section modulus along the major axis

It should be noted that while determining the column adjustment factor Cp, for F}, in Equation 7.33,
the maximum slenderness ratio (generally with respect to the y-axis) is used, whereas the F,, (in
Equation 7.36) is based on the x-axis slenderness ratio.

Equation 7.37 should be evaluated for all the load combinations.

The design proceeds with a trial section which in the first iteration is checked by the interaction
formula with the initial adjusted design values (without the column and beam stability factors) and
without the amplification factor. The resultant value should be only a fraction of 1, preferably not
exceeding 0.5.

Then the final check is made with the fully adjusted design values including the column and
beam stability factors together with the amplification factor.

Example 7.7

A 16ft long column in a building is subjected to a total tributary dead load of 4k, and the roof
live load of 5k, in addition to the lateral wind force of 125 Ib/ft. Design the column of 2DF
GLULAM.
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Solution

A. Load combinations
a. Vertical loads

1.
2.
3.

1.4D=1.4(4)=5.6k

1.2D+1.6L+0.5L,=1.2(4)+1.6(0)+0.5(5)=7.3 k
1.2D+1.6L,+0.5L=1.2(4)+1.6(5)+ 0.5(0)=12.8 k

b. Vertical and lateral loads

4.
4a.
4b.

5.
5a.
5b.

1.2D+1.6L,+0.8W broken down into (4a) and (4b) as follows:

1.2D+1.6L,=1.2(4)+1.6(5)=12.8k (vertical)
0.8W=0.8(125)=100 Ib/ft (lateral)

1.2D+1.6W+0.5L+0.5L, broken down into (5a) and (5b) as follows:

1.2D+0.5L,=1.2(4)+0.5(5)=7.3 k (vertical)
1.6W=1.6(125)=200 Ib/ft (lateral)

Either 4 (4a+4b) or 5 (5a+5b) could be critical. Both will be evaluated.

B. Initially adjusted reference design values

Reference Design

Property
Bending
Compression
E

E

X min

y min

Values (psi)
1,700
1,950
1.6x10°
830,000
830,000

A

0.8
0.8

K¢
2.16/¢
2.16/0

1.5/
1.5/

Foa
(psi) (ksi)
2937.6 2.94
3369.6 3.37
1.6 x10° 1.6x 103
12,450,000 1.245%x 103
12,450,000 1.245x 103

I. Load case 4:

C. Design loads

p,=12.8k

M,

w2 100(16)’

8

D. Preliminary design

=3200 ft-Ib 38.4 in.-k

1. Try a section 5-%in. x 7-2in. section, 5,=48.05in.> A=38.44in.2
2. Equation 7.37 with the initial design values but without the amplification factor

[3.37(38.44)

2
12.8 ] [ 38.4
+

E. Column stability factor, C,

1. Hinged ends, K=1

2. (KL/d)

« Ickn

_(N(16x12)
vy 5.125

B 0.822(1 .245><103)

2.94(48.05)

(37.46)°

=37.46<50 OK

=0.729 ksi

] =0.27 asmall fraction of T OK

137
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4.B= ’EfE" _0729 _ 4516
Fz 337

5. ¢=0.9 for GLULAM

o[ pene] [tme) (022 0o

7. F5, =3.37(0.21)=0.71ksi

F. Volume factor, C,

1/10 1710 110 110 110 1710
C, = 2125 12 21 = 2125 E) 21 =1.07, usel.0.
b d L 5.125 7.5 16

G. Beam stability factor:

16(12

1 ke o )=25.6>14.3
d 75
L.=1.84L,=1.84(16x12)=353.28n.

(353.28)(7.5)

2. Ry = >~ =10.04
(5.125)
1.2(1 .245><10")
3 Fopp =L = 14.82 ksi
(10.04)
4 — Foen =%= 5.04
: Fox 2.94 '

2
5. ¢, :(1+5.04)_ (1+5.04) _(5.04) _0.99
1.9 1.9 0.95
6. Fn =(2.94)(0.99)=2.91 ksi

H. Amplification factor

1. Based on the x-axis (KL/d) = M =25.6
0.822E, 1)
2. FcEx(n) =3
(KL/d),
0.822(1.245x10°) _
= =1.56ksi

(25.6)’

3. Amplification factor = [

_ 1 1

= = =1.27

12.8 0.787
1T-—— -
(1.56)(38.44)
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I. Interaction equation, Equation 7.36

128 [ [ 127(384) ] .
[(0.71)(38.44)] +|:(2.91)(48.O5)]_0'22+0’35_0'57<1 OK

I1. Design load case 5:

J. Design loads:

P =73k

w2 200(16)°

M,
8

= 6400 ft-Ib or 76.8 in.-k

K. Column stability factor C,=0.21 and F},=0.71 ksi from step E

L. Beam stability factor C,=0.99 and £, =2.91ksi from step G
M. Amplification factor

1

=
FcEx(n)A

1 I
73 ] ©0.878

[1 ~(1.56)(38.44)

L. Interaction equation, Equation 7.36

7.3 ’ 1.14(76.8) | ~
[(0.71)(38.44)] +|:(2.91)(48.05)}_0'07+O'626_0'7<1 OK

PROBLEMS

7.1 Design the roof rafters with the following information:

. Span: 10ft

. Spacing: 16in. on center (OC)

. Species: Southern Pine #1

. Dead load =15 psf

. Roof live load =20 psf

. Roof sheathing provides the full lateral support

AN B~ W=

7.2 Design beam of Problem 7.1 except that the beam is supported only at the ends.
7.3 Design the roof rafters in Figure P7.3 with the following information:

1. Spacing 24in. on center
2. Species: Douglas Fir Larch #1

139
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* 12 ft 1

12
4

FIGURE P7.3 Roof rafters for Problem 7.3.

3. Dead load: 15 psf

4. Snow Load: 40 psf

5. Wind load (vertical): 18 psf

6. Unbraced length: support at ends only.

7.4 Design the floor beam in Figure P7.4 for the following conditions:

1. Span, L=121t

2. P,=5001b (service)

3. P,=10001b (service)

4. Unbraced length: one-half of the span
5. Species: Hem Fir #1

Pp,=5001b
P, =1000 Ib
I 1 1
» 1
¥ 12 ft ¥

FIGURE P7.4 Floor beam for Problem 7.4.

7.5 Design the beam of Problem 7.4 for the unbraced length equal to the span.
7.6 Design the floor beam in Figure P7.6 with the following information:

1. w,=1001b/ft (service)

2. P,=4001b (service)

3. Species: Douglas Fir Larch Select Structural

4. Unbraced length: at the supports

5. The beam section should not be more than 10in. deep

P, =4001b

W) = 100 Ib/ft

NN NN RN NN

[
¥ L,=10ft ¥ Ly=4ft ¥

FIGURE P7.6 Floor beam for Problem 7.6.
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7.7 The floor framing plan of a building is shown in Figure P7.7.
Dead loads are as follows:

Floor=12psf
Joists =7 psf
Beams =9 psf
Girders =10 psf
Live load =40 psf

Design the beams of Southern Pine select structural timber. The beam is supported only at the
ends. The beam should not have more than 12in. depth.

#— 20 ft —F— 20 ft —F— 20 ft —F—20 ft —F

I

20 ft

N

~

ALGirder
20 ft

N

20 ft

S {

8 ftt
Joists at 24

in OC Beam

i i

FIGURE P7.7 Floor framing plan for Problem 7.7.

7.8 Design girders for Problem 7.7 of 24F-1.8E Southern Pine GLULAM of 6-%in. width having
a lateral bracing at the supports only.

7.9 A Douglas Fir structural glued laminated timber of 24F-1.8E is used to support a floor system.
The tributary width of the beam is 12 ft and the span is 40 ft. The dead and live loads are 15 psf
and 40 psf, respectively. Design the beam of 10-3% width which is braced only at the supports.

7.10 To the beam shown in Figure P7.10 the loads are applied by purlins spaced at 10ft on center.
The beam has the lateral supports at the ends and at the locations where the purlins frame onto
the beam. Design the beam of 24F-1.8E. Douglas Fir GLULAM. Use 8-3 wide section.

1.0kDL 1.0kDL 1.0kDL 1.0kDL
2.0k SL 4.0k SL 4.0k SL 2.0k SL

l | !

— 10 ft # 10 ft # 10 ft —

FIGURE P7.10 Load on beam by parlins for Problem 7.10.

7.11 Design Problem 7.10. The beam is used flat with bending along the minor axis. Use 10-3% wide
section.

7.12 Design the bearing plate for the supports of Problem 7.4.

7.13 Design the bearing plate for the support of Problem 7.9.

7.14 Determine the length of bearing plate placed under the interior loads of the beam of
Problem 7.10.
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7.15

7.16

717

7.18

7.19

7.20

7.21

7.22

7.23

7.24

7.25

7.26

7.27

7.28

7.29
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Roof trusses, spanning 24 ft at 4 ft on center, support a deal load of 16 psf and a snow load
of 50 psf only. The lumber is Hem Fir #1. The truss members are connected by a single
row of % in. bolts. Design the bottom chord. By truss analysis, the tensile force due to the
service loads in the bottom chord members is 5.8 k. Assume the dry wood and normal
temperature conditions.

[Hint: Divide the force in the chord between dead and snow loads in the above ratio of unit
loads for factored load determination]

A warren type truss supports only dead load. The lumber is Douglas Fir-Larch #2. The end
connection consists of two rows of Y2 in. bolts. Determine the size of the tensile member. By
truss analysis, the maximum force due to service load in the bottom chord is 5.56 k tension.
Assume the dry wood and normal temperature conditions.

Design a simply supported 10 ft long column using Douglas Fir-Larch #1. The loads comprise
of 10k of dead load and 10k of roof live load.

Design a 12 ft long simply supported column of Southern Pine #2. The axial loads are dead
load=10001b, live load=20001b, and snow load =22001b.

Design the column of Problem 7.18. A full support is provided by the sheeting about the
smaller dimension.

What is the largest axial load that can be applied to a 4in. x61in. #1 Hem Fir Column? The
column is 15 ft long fixed at the both ends.

A 6in.x81n. column carries the dead and snow loads of equal magnitude. Lumber is Douglas
Fir-Larch #1. If the unbraced length of the column, which is fixed at the one end and hinged at
the other end, is 9 ft, what is the load capacity of the column?

Determine the axial compression capacity of a 20 ft long GLULAM 6-% in. x 11 in. column of
24F-1.7E Southern Pine.

Determine the capacity column of Problem 7.22. It is braced at the center in the weaker
direction.

A GLULAM column of 24F-1.8E Douglas Fir carries a dead load of 20k and a roof live load
of 40k. The column has a simply supported length of 20ft. Design a 8-3 in. wide column.
The column in Problem 7.24 is braced along the weaker axis at 8 ft from the top. Design a
6-% in. wide column.

A 2in.x61in. exterior stud wall is 12 ft tall. The studs are 16in. on center. The studs carries the
following vertical loads per foot horizontal distance of the wall:

Dead =4001b/ft
Live=10001b/ft
Snow =15001b/ft

The sheathing provides the lateral support in the weaker direction. The lumber is No. 1
Douglas Fir-Larch. Check the studs. Assume a simple end support condition and the loads on
studs act axially.

The first floor (10ft high) bearing wall of a building consists of 2in.x6in. studs at 16in. on
center. The following roof loads are applied: roof dead load=10psf, roof live load =20 psf,
wall dead load =5 psf, floor dead load =7 psf, live load =40 psf, lateral wind load =25 psf. The
tributary width of the roof framing to the bearing wall is 8 ft. The sheathing provides a lateral
support to studs in the weaker direction. Check whether the wall studs made of Douglas Fir
Larch #2, are adequate?

A beam column is subjected to an axial dead load of 1k, a snow load of 0.8k, and the lateral
wind load of 1001b/ft. The column height is 10 ft. Design the beam-column of Southern Pine #1.
A tall 20ft long building column supports a dead load of 4k and a live load of 5k along with
the lateral load of 1501b/ft. Design the beam-column of 5 1/8in.x____ section made of 2-DF
GLULAM.
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7.30 A vertical 4in.x 12in. Southern Pine dense #1, 12 ft long member is embedded at the base to

7.31

7.32

provide the fixidity. The other end is free to sway without rotation along the strong axis and
is hinged along the weaker axis. The bracing about the weak axis is provided at every 4 ft by
wall girts and only at the ends about the strong axis. The dead load of 10001b and the roof live
load of 40001b act axially. A uniform wind load of 1501b/ft acts along the strong axis. The
sheathing provides a continuous lateral support to the compression side. Check the member
for adequacy.

[Hint: Consider that the member is fixed at one end and has a spring support at the other end.
Take the spring supported bending moment to be 70% of the maximum bending moment on
the column acting like a cantilever.]

Solve Problem 7.30 when no lateral support to the compression side is provided. If 4in.x 12in.
section in not adequate, select a new section of a maximum 12 in. depth.

Choose a Southern Pine E GLULAM column supporting two beams, as shown in Figure
P7.32. The beam reactions cause bending about the major axis only. The bottom is fixed and
the top is hinged.

Ry Ry

|
Beam A I...:._.I Beam B

2 in. =//‘:}

Beam A reaction R
Dy =20001b
S;. =8000 Ib

Beam B reaction Ry
Dy =2001b
Sp. =2000 b

FIGURE P7.32 A column supporting two beams—Problem 7.32.






8 Wood Connections

TYPES OF CONNECTIONS AND FASTENERS

Broadly there are two types of wood connections: (1) the mechanical connections that attach mem-
bers with some kind of fasteners and (2) the adhesive connections that bind members chemically
together under the controlled environmental conditions such as the GLULAM. The mechanical
connections, with the exception of moment splices, are not expected to transfer any moment from
one element to another. The mechanical connections are classified according to the direction of load
on the connector. Shear connections or lateral load connections have the load or the load component
applied perpendicular to the length of the fastener. The withdrawal connections have the tensile load
applied along (parallel to) the length of the fastener. When the load along the fastener length is in
compression, a washer or a plate of sufficient size is provided so that the compressive strength of the
wood perpendicular to the grain is not exceeded.
The mechanical type of connectors can be grouped as

1. Dowel-type connectors

2. Split ring and shear plate connectors
3. Timber rivets

4. Pre-engineered metal connectors

Dowel-type connectors comprising of nails, staples and spikes, bolts, lag bolts, and lag screws are the
common type of fasteners; these are discussed in this book. The split ring and shear plate connec-
tors fit into precut grooves and are used in shear-type connections to provide additional bearing area
for added load capacity. Timber rivets or GLULAM rivets are nail-like fasteners of hardened steel
(minimum strength of 145ksi) with a countersunk head and rectangular-shaped cross section; they
have no similarity to the steel rivets. These are primarily used in GLULAM members for large loads.

Pre-engineered metal connectors comprise of joist hangers, straps, ties, and anchors. These are
used as accessories along with the dowel-type fasteners. They make connections simpler and easier
to design and in certain cases, like earthquakes and high winds, as an essential requirement. The
design strength values for specific connectors are available from the manufacturers.

DOWEL-TYPE FASTENERS (NAILS, SCREWS, BOLTS, PINS)

The basic design equation for dowel-type fasteners is

R, or Ry <NZ. 8.1)

where
R, is the factored lateral design force on a shear-type connector
R, is the factored axial design force on a withdrawal-type connector
N is the number of fasteners
Z, is the adjusted reference design value of fastener given as

Z;, = reference design value (Z) x adjustment factors 8.2)

145
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The term reference design value, Z, refers to the basic load capacity of a fastener. The shear-type
connections rely on the bearing strength of wood against the metal fastener or the bending yield
strength of the fastener (not the shear rupture of the fastener as in steel design). The withdrawal-type
connections rely on the frictional or interfacial resistance to the transfer of loads. Until the 1980s, the
capacities of fasteners were obtained from the empirical formulas based on the field and laboratory
tests. However, in the subsequent approach, the yield mechanism is considered from the principles
of engineering mechanics. The yield-related approach is limited to the shear-type or laterally loaded
connections. The withdrawal-type connections are still designed from the empirical formulas.

YIELD LIMIT THEORY FOR LATERALLY LOADED FASTENERS

The yield limit theory considers the various modes by which a connection can yield under a lateral
load. The capacity is computed for each mode of yielding. Then the reference value is taken as the
smallest of these capacities.

In yield limit theory, the primary factors that contribute to the reference design value comprise
the following:

1. Fastener diameter, D

2. Bearing length, /

3. Dowel-bearing strength of wood, F,,, controlled by the (1) specific gravity of wood;
(2) angle of application of load to the wood grain, 8; and (3) relative size of the fastener

4. Bearing strength of metal side plates, F,,

5. Bending yield strength, F,

A subscript m or s is added to the above factors to indicate whether they apply to the main member
or the side member. For example, /, and [, refer to bearing lengths of main member and side mem-
ber, respectively. For bolted connections, the bearing length / and member thickness are identical,
as shown in Figure 8.1.

For nail, screw, or lag bolt connections, the bearing length of main member, /,, is less than the
main member thickness, as shown in Figure 8.2.

Depending upon the mode of yielding, one of the strength terms corresponding to items 3, 4,
or 5 above or their combinations are the controlling factor(s) for the capacity of the fastener. For
example, in the bearing-dominated yield of the wood fibers in contact with the fastener, the term
F, for wood will be a controlling factor; for a metal side member used in a connection, the bearing
strength of metal plate F,, will control.

For a fastener yielding in bending with the localized crushing of the wood fibers, both F,, and F,,,
will be the relevant factors. The various yield modes are described in the next section.

1. The dowel-bearing strength of wood, also known as the embedded strength, F,,, (item 3

ew

above), is the crushing strength of the wood member. Its value depends on the specific
gravity of wood. For large-diameter fasteners (=% in.), the bearing strength also depends

Single shear bolted connections Double shear bolted connections

D D
- - - |

Itm =l [tm b

FIGURE 8.1 Bolted connection bearing length.
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on the angle of load to grains of wood. The NDS provide n } ol

the values of specific gravity, G, for various species and ' ”’i e
their combinations and also include the formulas and tables T t=1
for the dowel-bearing strength, F,,, for the two cases of
loading—the load acting parallel to the grains and the load FIGURE 8.2 Nail or screw
applied perpendicular to the grains. connection bearing length.

2. The bearing strength of steel members (item 4 above)
is based on the ultimate tensile strength of steel. For hot-rolled steel members (usually
of thickness 2% in)), F,,=1.5 F,, and for cold-formed steel members (usually <% in.)
F,,=1375F,.

3. The fastener bending yield strength, F,, (item 5 above), has been listed by the NDS for
various types and diameters of fasteners. These values can be used in the absence of the
manufacturer’s data.

YIELD MECHANISMS AND YIELD LIMIT EQUATIONS

The dowel-type fasteners have the following four possible modes of yielding.

MODE I Bearing yield of wood fibers when stress distribution is uniform over the entire thick-
ness of the member.

In this case, due to the high lateral loading, the dowel-bearing stress of a wood member uniformly
exceeds the strength of wood. This mode is classified as I, if the bearing strength is exceeded in the
main member and as L if the side member is overstressed, as shown in Figure 8.3.

MODE II: Bearing yield of wood by crushing due to maximum stress near the outer fibers.

The bearing strength of wood is exceeded in this case also. However, the bearing stress is not
uniform. In this mode, the fastener remains straight but undergoes a twist that causes the flexure-
like nonuniform distribution of stress with the maximum stress at the outer fibers. The wood fibers
are accordingly crushed at the outside face of both members, as shown in Figure 8.4.

Single shear connections Double shear connections
<
d .
Mode [ =
» " «
Mode I »

FIGURE 8.3 Mode I yielding. (Courtesy of American Forest & Paper Association, Washington, DC.)

Single shear connection Double shear connection

Mode II (not applicable)

FIGURE 8.4 Mode II yielding. (Courtesy of American Forest & Paper Association, Washington, DC.)
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Single shear connection Double shear connection

Mode III,, (not applicable)
»

Mode III

FIGURE 8.5 Mode III yielding. (Courtesy of American Forest & Paper Association, Washington, DC.)

Single shear connection Double shear connection

Mode IV

FIGURE 8.6 Mode IV yielding. (Courtesy of American Forest & Paper Association, Washington, DC.)

Mode II yield occurs simultaneously in the main and side members. It is not applicable to a
double-shear connection because of symmetry by the two side plates.

MODE III: Fastener bends at one point within a member and wood fibers in contact with the
fastener yield in bearing.

This is classified as III,, when the fastener bending occurs in the main member and the wood
bearing strength is exceeded in the main member. Likewise, III indicates the bending and crushing
of wood fibers in the side member, as shown in Figure 8.5.

Mode IIL,, is not applicable to a double-shear connection because of symmetry by the two side
plates.

MODE 1V: Fastener bends at two points in each shear plane and wood fibers yield in bearing near
the shear plane(s).

Mode IV occurs simultaneously in the main and side members in a single shear, as shown in
Figure 8.6. However, in a double shear, this can occur in each plane, hence yielding can occur sepa-
rately in the main member and the side member.

To summarize, in a single-shear connection, there are six modes of failures comprising of I,
I, IL, II1,,,, ITI, and I'V. Correspondingly, there are six yield limit equations derived for the single-
shear connections. For a double-shear connection, there are four modes of failures comprising
of I, I, IV,,, and IV,. There are four corresponding yield limit equations for the double-shear

m> 7s?

connections.

REFERENCE DESIGN VALUES FOR LATERAL LOADS (SHEAR CONNECTIONS)

For a given joint configuration, depending upon the single or the double-shear connection, six- or
four-yield limit equations are evaluated and the smallest value obtained from these equations is used
as a reference design value, Z.
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Instead of using the yield limit equations, the NDS provide the tables for the reference design
values that evaluate all relevant equations and adopt the smallest values for various fastener proper-
ties and specific gravity of species. The selected reference design values for the lateral loading are
included in Appendices B.10 through B.16 for different types of fasteners.

As stated previously, for fasteners of % in. or larger, the angle of loading with respect to the wood
grains also affects the reference design values. The NDS tables include two cases: one for the loads
parallel to the grains and one for the perpendicular loads. The loads that act at other angles involve
the application of Hankinson formula, which has not been considered in this book.

A reference design value, Z, obtained by the yield limit equations or from the NDS tables, is
then subjected to the adjustment factors to get the adjusted reference design value, Z,, to be used
in Equation 8.1. The adjustment factors are discussed in the “Adjustments of the Reference Design
Values” section.

REFERENCE DESIGN VALUES FOR WITHDRAWAL LOADS

Dowel-type fasteners are much less stronger in withdrawal capacity. The reference design values for
different types of fasteners in lb/in. of penetration is given by the empirical formulas that are the
functions of specific gravity of species and diameter of the fasteners. The NDS provide the tables
based on these formulas. The selected reference design values for withdrawal loading are included
in the tables for different types of fasteners.

ADJUSTMENTS OF THE REFERENCE DESIGN VALUES

Table 8.1 specifies the adjustment factors that apply to the lateral loads and withdrawal loads for
dowel-type fasteners.

The last three factors, K, ¢,, and A are relevant to the LRFD only. For connections, their
values are

K=2.16/0,

¢.=0.65

A=as given in the “Time Effect Factor, X section in Chapter 6

The other factors are discussed below.

WET Service FAcTOR, C,,

For connections, the listed reference design values are for seasoned wood having a moisture con-
tent of 19% or less. For wet woods or those exposed to wet conditions, the multiplying factors of
less than 1 are specified in the NDS Table 10.3.3 of the National Design Specifications for Wood
Construction cited in References and Bibliography.

TemperATURE FACTOR, C;

For connections that will experience sustained exposure to higher than 100°F temperature, a fac-
tor of less than 1 shall be applied, as specified in the NDS Table 10.3.4 of the National Design
Specifications for Wood Construction cited in References and Bibliography.

Group AcTioN FAcTor, C,

The load carried by a row of fasteners is not equally divided among the fasteners; the end fasteners
in arow carry a larger portion load as compared to the interior fasteners. A row consists of a number
of fasteners in a line parallel to the direction of loading. The unequal sharing of loads is accounted
for by the group action factor, C,.
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For dowel-type fasteners of diameter less than % in. (i.e., nails
and wood screws), C,=1. For % in. or larger diameter fasteners, C, is TABLE 8.2
given by a formula, which is quite involved. The NDS provide tabu- Conservative Value of
lated values for simplified connections. The number of fasteners in a the Group Action Factor
single row is the primary consideration. For bolts and lag screws, con-  Number of Fasteners

servatively, C, has the following values (nails and screws have C,=1)  in One Row C,
(Table 8.2). 2 0.97
3 0.90
4 0.80

GEOMETRY FAcTOR, C,

When the diameter of a fastener is less than % in. (nails and screws), C,=1. For larger diameter
fasteners, the geometry factor accounts for the end distance, edge distance, and spacing of fasteners,
as defined in Figure 8.7.

Spacing between End ditance
rows of bolts S
}

<d s
OO\ O

Spacing between\
bolts in a row Row

Parallel to grain loading

Edge dist?nce

ey
@_@_B§ ﬁtance

Spacing between
bolts in a row >

J
D
Unloaded

edge distance

p
)

Spacing between
Row rows of bolts

A

Perpendicular to grain loading

FIGURE 8.7 Connection geometry. (Courtesy of American Forest & Paper Association, Washington, DC.)
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1. The edge distance requirements, according to the NDS, are given in Table 8.3, where I/D
is lesser of the following two:

. L _ bearing length of bolt in main member
D bolt diameter

b 13 _ combined bearing length of bolt in all side members
D bolt diameter

2. The spacing requirements between rows, according to the NDS, are given in Table 8.4,
where /D are defined above

3. The end distance requirements, according to the NDS, are given in Table 8.5

4. The spacing requirements for fasteners along a row, according to the NDS, are given in
Table 8.6

TABLE 8.3
Minimum Edge Distance
Direction of Loading Minimum Edge Distance
1. Parallel to grains
When I/D<6 1.5D
When I/D>6 1.5D or Y2 spacing between

rows, whichever is greater
2. Perpendicular to grains

Loaded edge 4D
Unloaded edge 1.5D
TABLE 8.4
Minimum Spacing Between Rows
Direction of Loading Minimum Spacing
1. Parallel to grains 1.5D
2. Perpendicular to grains
When I//D<2 2.5D
When I/D > 2 but <6 (51+10D)/8
When /D=6 5D
TABLE 8.5
Minimum End Distance
End Distance Minimum End
Direction of Loading for C,=1 Distance for C,=0.5
1. Parallel to grains
Compression 4D 2D
Tension—softwood 7D 3.5D
Tension—hardwood 5D 2.5D

2. Perpendicular to grains 4D 2D
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TABLE 8.6

Minimum Spacing in a Row

Direction of Loading Spacing for C,=1 Minimum Spacing
1. Parallel to grains 4D 3D

2. Perpendicular to grains ~ On side plates (attached member) 3D

spacing should be=4D

The provisions for C, are based on the assumption that the edge distance and the spacing between
rows are met in accordance with Tables 8.3 and 8.4, respectively.

The requirements of the end distance and the spacing along a row for C,=1 are given in the sec-
ond column of Tables 8.5 and 8.6. The tables also indicate the (absolute) minimum requirements.
When the actual end distance and the actual spacing along a row are less than those indicated for
C,=1, the value of C, should be computed by the ratio as follows:

actual end distance or actual spacing along a row

A7 end distance for C, =1from Table 8.5 or spacing C, =1 from Table 8.6

END GRAIN FAcTOR, C,

In a shear connection, load is perpendicular to the length (axis) of the fastener, and in a withdrawal
connection, load is parallel to the length of the fastener. But in both cases, the length (axis) of the
fastener is perpendicular to the wood fibers (fastener is installed in the side grains). However, when
a fastener penetrates into an end grain so that the fastener axis is parallel to the wood fibers, as
shown in Figure 8.8, it is a weaker connection.

For a withdrawal-type loading, C,,=0.75. For a lateral (shear)-type loading, C,,=0.67.

L ==

DiapHRAGM FACTOR, C;

This applies to nails and spikes only. When nails or spikes are
used in a diaphragm construction, C,=1.1.

ToenaL FacTor, C,,

This applies to nails and spikes only. In many situations, it is
not possible to directly nail a side member to a holding member.
Toenails are used in the side member at an angle of about 30°
and starts at about 1/3 of the nail length from the intersection of
the two members, as shown in Figure 8.9.

For lateral loads, C,,=0.83. For withdrawal loads, C,,=0.67.
For withdrawal loads, the wet service factor is not applied together

FIGURE 8.8 End grain factor.

with C,. 30
gN
Example 8.1 /%/b L/3
AR
The reference lateral design value for the parallel-to-grain loaded ></ /

lag screw connection shown in Figure 8.10 is 1110 Ib. Determine
the adjusted reference design value. Diameter of screws is FIGURE 8.9 Toenail factor.
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1% in. J
) )

Direction of
loading

_—

1% in.

Y¥—4 in.—% 3 in. =\

FIGURE 8.10 Parallel-to-grain loaded connection.

7/81in. The connection is subjected to dead and live tensile loads in a dry softwood at normal
temperatures.

Solution

U1 A W —

[e)]

. Adjusted reference design value, Z;=27x (9,AK,C,C,); since Cy, and C,;=1
. 0,=0.65

. A=0.8

. K, =216/,

. Group action factor, C,

For three fasteners in a row, C,=0.90 (from Table 8.2)

. Geometry factor, C,

a. End distance=4in.
b. End distance for C,=1, 7D:7(Z)=6.125 in.
8

End factor= 4.0 =0.65

d. Spacing along a row =3 n.
e. Spacing for C,=1, 4D=3.5in.

. 3.0
f. Spacing factor= 35° 0.857
C,=(0.65)(0.857)=0.557

8.
. Z,=1110(¢,)(0.8)(2.16/0,) (0.9)(0.557)=961.5 b

Example 8.2

The reference lateral design value for the perpendicular-to-grain loaded bolted connection shown
in Figure 8.11 is 7401b. Determine the adjusted reference design value. Bolt diameter is 7/8in.
Use soft dry wood and normal temperature condition. The connection is subjected to dead and
live loads.

Solution

UGl B W N —

[e)]

. Adjusted reference design value, Z; =Zx (9,AK;C,C,); since C,,and C;=1
. 0,=0.65

. A=0.8

. K, =2.16/0,

. Group action factor, C,

For two fasteners in a row, C,=0.97 (from Table 8.2)

. Geometry factor, C,
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FIGURE 8.11

a.

f.
g.

2in. :42—i:|r3in.4k :
x| o] o] |
3in i i
s ol

3% in. i i
| !

Direction of loading

Perpendicular-to-grain loaded connection.

End distance=2in.
End distance for C, =1, 4D:4(Z):3.5 in.
End factor= 20 =0.57 ’
nd factor= S~ =0.
Spacing along a row=3in.
7
Spacing for C, =1, 4D:4(§)=3'5 in.
Spacing factor= % =0.857

C,=(0.57)(0.857) =0.489

7. Z,=740(0,)(0.8)(2.16/0,) (0.97)(0.489)=606.5 b

Example 8.3

% in. bolts

155

The connection of Example 8.1 when loaded in withdrawal mode has a reference design value of

5001b. Determine the adjusted reference withdrawal design value.

Solution

1. Adjusted reference design value, Z;=Z x (,AK});
2. ¢,=0.65

3. A=0.8

4. K;=2.16/0,

5. Z;=500(¢,)(0.8) (2.16/0,) =864 Ib

NAIL AND SCREW CONNECTIONS

Once the adjusted reference design value is determined, Equation 8.1 can be used with the factored
load to design a connection for any dowel-type fasteners. The nails and wood screws generally fall
into small-size fasteners having a diameter of less than Y4 in. For small-size fasteners, the angle of
load with respect to grains of wood is not important. Moreover, the group action factor, C,, and the

geometry factor, C,, are not applicable. The end grain factor, C

the diaphragm factor, C,;, and

the toenail factor, C,, apply to specific cases. Thus, for a common type of dry wood under normal
temperature conditions, no adjustment factors are required to be used except for the special LRFD
factors of ¢, A, and K.

The basic properties of nails and wood screws are described below.
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L
1
H| 1111 I
T+
— D
Common or box
L | :

D = Diameter
n l L = Length

H = Head diameter
H||[111]
T+

b

Sinker

FIGURE 8.12 Typical specifications of nails.

NAILS

Nails are specified by the pennyweight, abbreviated as d. A nail of a specific pennyweight has a
fixed length, L, the shank diameter, D, and head size, H. There are three kinds of nails: common,
box, and sinker. The common and box nails have a flat head and the sinker nails have a countersunk
head, as shown in Figure 8.12.

For the same pennyweight, the box and sinker nails have a smaller diameter and, hence, a lower
capacity as compared to common nails.

The reference lateral design values for the simple nail connector is given in Appendix B.10. The
values for the other cases are included in the NDS specifications. The reference withdrawal design
values for nails of different sizes for various wood species are given in Appendix B.11.

WooD ScrRews

Wood screws are identified by a number. A screw of a specific number has a fixed diameter (outside
to outside of threads) and a fixed root diameter, as shown in Figure 8.13. Screws of each specific
number are available in different lengths. There are two types of screws known as cut thread screws
and rolled thread screws. The thread length, 7, of a cut thread screw is approximately 2/3 of the
screw length, L. In rolled thread screw, the thread length, 7, is at least four times the screw diameter,
D, or 2/3 of the screw length, L, whichever is greater. The screws that are too short to accommodate
the minimum thread length have threads extended as close to the underside of the head as practical.

Cut thread
D = Diameter
:[D, iD D, = Root diameter
T L = Screw length
L T = Thread length
Rolled thread

FIGURE 8.13 Typical specifications of wood screws.



Wood Connections 157

The screws are inserted in its lead hole by turning with a screw driver and not driven by a ham-
mer. The minimum penetration of the wood screw into the main member for single shear or into the
side member for double shear should be six times the diameter of the screw. Wood screws are not
permitted to be used in withdrawal-type connection in end grain.

The reference lateral design values for simple wood screw connection are given in Appendix
B.12. The values for other cases are included in the NDS specifications. The reference withdrawal
design values for wood screws are given in Appendix B.13.

Example 8.4

A 2in.x6in. diagonal member of No. 1 Southern pine is connected to a 4in.x6in. column. It
is acted upon by a service wind load component of 1.25k, as shown in Figure 8.14. Design the
nailed connection. Neglect the dead load.

Solution

1. Factored design load, R,=1.6 (1.25)=2k or 2000b

2. Use 30d nails, 3 in a row

3. Reference design value for a side thickness of 1.5in.
From Appendix B.10, Z=203 Ib

4. For nails, the adjusted reference design value

70 = ZX(0.K)

where
0,=0.65
A=1.00
K.=2.16/0,

Z, =203 (0,)(1)(2.16/0,) = 438.5 Ib

5. From Equation 8.1

_ Rz _ 2000 = 4.56 nails

N=22 =
Z, 438.5

6. For number of nails per row, n=3

Number of rows = % =1.52 (use 2)

Provide 2 rows of 3 nails each of 30d size.

Live load

/

TN Nail

connection

FIGURE 8.14 Diagonal member nail connection.
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BOLT AND LAG SCREW CONNECTIONS

Bolts and lag screws are used for larger loads. The angle of load to grains is an important consid-
eration in large diameter (=1/4in.) connections comprising of bolts and lag screws. However, this
book makes use of the reference design tables, in lieu of the yield limit equations, that include only
the two cases of parallel-to-grain and perpendicular-to-grain conditions. The group action factor,
C,, and the geometry factor, C,, apply to bolts and lag screws. Although the end grain factor, C,,,
is applicable, it is typical to a nail connection. The other two factors, the diaphragm factor, C,;, and
the toenail factor, C,,, also apply to nails.

The larger diameter fasteners often involve the use of prefabricated steel accessories or hard-
ware. The NDS provide details of the typical connections involving various kinds of hardware.

Bolts

In steel structures, the trend is to use high strength bolts. However, this is not the case in wood
structures where low strength A307 bolts are commonly used. Bolt sizes used in wood construction
range from Y2 in. through 1in. diameter, in increments of 1/8in. The NDS restrict the use of bolts
to a largest size of 1in. The bolts are installed in the predrilled holes. The NDS specify that the
hole size should be a minimum of 1/32in. to a maximum of 1/161in. larger than the bolt diameter for
uniform development of the bearing stress.

Most bolts are used in the lateral-type connections. They are distinguished by the single-shear
(two members) and the double-shear (three members) connections. For more than double shear, the
single-shear capacity at each shear plane is determined and the value of the weakest shear plane is
multiplied by the number of shear planes.

The connections are further recognized by the types of main and side members, such as wood-
to-wood, wood-to-metal, wood-to-concrete, and wood-to-masonry connections. The last two are
simply termed as anchored connections.

Washers of adequate size are provided between the wood member and the bolt head, and between
the wood member and the nut. The size of washer is not of a significance in shear. For bolts in ten-
sion and compression, the size should be adequate so that the bearing stress is within the compres-
sion strength perpendicular to the wood grain.

The reference lateral design values for simple bolted connection are given in Appendix B.14.

LAG SCREwsS

Lag screws are relatively larger than wood screws. They have wood screw threads and a square or
hexagonal bolt head. The dimensions for lag screws include the nominal length, L; diameter, D;
root diameter, D,; unthreaded shank length, S; minimum thread length, 7} length of tapered tip,
E; number of threads per in., N; height of head, H; and width of head across flats, F, as shown in
Figure 8.15.

H L
S = Unthreaded shank length
T = Minimum thread length
r\\ \ jDr D E = Length of tapered tip
N = Number of threads/inch
el |
f

T-E ! E

N

FIGURE 8.15 Typical specifications of lag screws.
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Lag screws are used when an excessive length of bolt will be required to access the other side or
when the other side of a through bolted connection is not accessible. Lag screws are used in shear
as well as withdrawal applications.

Lag screws are installed with a wrench as against wood screws by screwdrivers. Lag screws
involved prebored holes with two different diameter bits. The larger diameter hole has the same
diameter and length as the unthreaded shank of the lag screw and the lead hole for the threaded
portion is similar to that for wood screw, the size of which depends on the specific gravity of
wood. The minimum penetration (excluding the length of the tapered tip) into the main member
for single shear and into the side member for double shear should be four times the lag screw
diameter, D.

The reference lateral design values for simple lag screw connection are given in Appendix B.15.
The other cases are included in the NDS specifications. The reference withdrawal design values for
lag screws are given in Appendix B.16.

Example 8.5

The diagonal member of Example 8.4 is subjected to a wind load component of 2.5 k. Design the
bolted connection. Use 5/8in. bolts.

Solution

1. Factored design load, R,=1.6(2.5)=4k or 40001b
2. Use 5/8in. bolts, three in a row
3. Reference design value

a. For aside thickness of 1.5in.

b. Main member thickness of 3.5in.

c. From Appendix B.14, Z=9401b
4. Adjusted reference design value, Z;=27x (¢, AK;C,C,)
5. ¢,=0.65

A=1.0

Kr=2.16/0,
6. Group action factor, C,

For three fasteners in a row, C,=0.90 (from Table 8.2)
7. Geometry factor, C,

a. Enddistance for C,=1, 7D=4.375in.

b. Spacing for C,=1, 4D=2.5in.

c. C,=1 (assuming above conditions are satisfied)
8. Z;,=940(0,)(1)(2.16/9,)(0.90)=1827.4 Ib
9. From Equation 8.1

_ Rz _ 4000 =2.2 (use 3)
Z, 1827.4

10. For number of bolts per row, n=3

Number of rows = % =1

Provide 1 row of three 5/8in. bolts
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PROBLEMS

8.1 The reference lateral design value of a parallel-to-grain loaded lag screw connection shown in
Figure P8.1 is 7401b. The screw diameter is 5/8in. The loads comprise of dead and live loads.
Determine the adjusted reference design value for soft dry wood at normal temperature.

AN

1in.
x o] o] o} o

2 in. I
*x o o] ] 0]

1in.
R

<

kz%in.+21n.+2m+2m~k
FIGURE P8.1 A parallel-to-grain lag screw connection.
8.2 The reference lateral design value of a perpendicular-to-grain loaded lag screw connection

shown in Figure P8.2 is 5001b. The screw diameter is 5/8in. The loads comprise of dead
and live loads. Determine the adjusted reference design value for soft dry wood at normal

temperature.

1.5in. 2in
T T
lin.| | |
1 o o |
| |
| |
2in. | | |
| |
# | o 5] :
| |
. | |
2in. |, |
| |
* 1 o o] |
| |
| |
2.51n. : :
| |
| |

FIGURE P8.2 A perpendicular-to-grain lag screw connection.

8.3 The connection of Problem 8.1 has a reference withdrawal design value of 4001b. Determine
the adjusted reference design value.

8.4 Problem 8.2 has the nailed connection of 0.225in. diameter nails. The holding member has
fibers parallel to the nail axis. The reference design value is 2301b. Determine the adjusted
reference design value.

8.5 A parallel-to-grain loaded connection uses two rows of 7/8in. lag screws with three fasteners in
each row, as shown in Figure P8.5. The load carried is 1.2D + 1.6L. The reference design value
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is 15001b. The connection is in hard dry wood at normal temperature. Determine the adjusted
reference design value.

%2.5 in.%— 3 in.—~k 3 in.—\

1.5in. |

+ + + : + + +
|

- 3in. | —_—

|

+ + + | + + +
1.5in. |

FIGURE P8.5 Spliced parallel-to-grain connection.

8.6 The connection of Problem 8.5 is subjected to a perpendicular-to-grain load from top only. The
reference design value is 10001b. Determine the adjusted reference design value.

8.7 The connection of Problem 8.5 is subjected to withdrawal loading. The reference design value
is 5001b. Determine the adjusted reference design value.

8.8 The connection shown in Figure P8.8 uses 3% in. diameter bolts in a single shear. There are
two bolts in each row. The reference design value is 20001b. It is subjected to lateral wind load
only (no live load). Determine the adjusted reference design value for soft dry wood at normal
temperature.

§<_

-

FIGURE P8.8 A single shear connection.

8.9 For the connection shown in Figure P8.9, adjust the reference design value which is 10001b. Use
dry wood under normal temperature conditions.

\/\/\/ Pp

¥
Pg (snow load)

/

1% in.
1 in. dia bolts

FIGURE P8.9 A perpendicular-to-grain bolted connection.
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8.10
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Toenails of 50d pennyweight (0.244 in. diameter, 51/2 in. length) are used to connect a beam to
the top plate of a stud wall, as shown in Figure P8.10. It is subjected to the dead and live loads.
The reference design value is 2501b. Determine the adjusted reference design value for soft
wood under normal temperature and dry conditions. Show the connection.

4 in. x 10 in.
beam

Wall plate

Stud

FIGURE P8.10 Toenails connection to a top plate.

8.11

8.12

8.13

Design a nail connection to transfer tensile service dead and live loads of 400 and 6001b,
respectively, acting along the axis of a 2in. x 6in. diagonal member connected to a 4in. x4 in.
vertical member. Use No. 1 Southern Pine soft dry wood. Assume two rows of 30d nails.
Determine the number and show the placement of 20d nails to transfer the factored dead
and snow load of 1.5k from a 2in.x8in. diagonal member attached at an angle of 30° to a
4in.x 61n. vertical member. The loads act vertically downward. Use No. 1 Douglas Fir-Larch
dry wood. [Hint: The reference design value requires the adjustment for a load that acts at an
angle to wood fibers. However, ignore this effect.]

Determine the tensile capacity of a spliced connection acted upon by the dead and snow loads.
The joint connects two 2in. X 6in. No. 1 Southern Pine members together by 10d nails through
two side plates of 11in. thickness, as shown in Figure P8.13.

-0 | i-

o o o) ) o o Pp
+
-— o o ) o o ) — Pg (snow)
o o o) ) o e

FIGURE P8.13 A spliced nailed connection.

8.14

Two 2in.x81in. members of No. 1 Douglas Fir-Larch are to be spliced connected with a
single 1%z in. thick plate on the top with two rows of nine size screws. The service loads
comprise of 2001b of dead load and 5001b of live load that act normal to the fibers. Design
the connection.



Wood Connections 163

8.15 Southern Pine #1, 10 ft long 2 in.x4in. wall studs, spaced at 16 in. on center are nailed on to
Southern Pine #1 top and bottom plates with two 10d nails at each end. The horizontal service
wind load of 30 psf acts on the toenails. Is the connection adequate?

8.16 The service dead load and live load in Problem 8.11 are increased five folds. Design a lag
screw connection using three rows of % in. lag screws. Assume the edge distance, end distance
and bolt spacing of 4 in. each.

8.17 Design a Y2 in. lag screw connection to transfer 1.5k of unfactored snow load. A 2in.x61n. is
connected to a 4in. x 6in. member, as shown in Figure P8.17. The wood is soft Hem Fir-Larch
No. 1 in dry condition at normal temperature.

4 in. x 6 in. 6in. e

4 in. x 6 in.

2in. x 6 in.

e~~~ 2in. x6in.

Pg (snow)

FIGURE P8.17 A beam—column single shear connection.

8.18 Determine the number and placement of % in. bolts to transfer a service snow load of 3k
through a joint, as shown in Figure P8.18. Use a reference design value of 830 Ibs.

3k

2-2in. x 6 in.

6in. x 10in. /Southern Pine #1

Item Fir #1

1.5k 1.5k

FIGURE P8.18 A beam-column double shear connection.

8.19 The controlling load on the structural member of Problem 8.17 is an unfactored wind load of
2k that acts horizontally. Design the %2 in. bolted connection.

8.20 A bolted spliced joint consists of 3 in.x 10 in. main member and one 2 in. x 10 in. side mem-
ber of Southern Pine #1 soft dry wood, connected by 6 1in. bolts in two rows in each splice.
Determine the joint capacity for dead and live loads. The edge distance, end distance and bolt
spacing are 3 in. each.
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9 Tension Steel Members

PROPERTIES OF STEEL

Steel structures commonly consist of frames made of column and beam elements. The bracing in
the form of diagonal members are provided to resist the lateral loads. For steel elements, gener-
ally, the standard shapes that are specified according to the American Society of Testing Materials
(ASTM) standards are used and the properties of these elements are listed in the beginning of
the manual of the American Institute of Steel Construction (AISC) under the “Dimensions and
Properties” section. A common element is an I-shaped section having horizontal flanges that are
connected at the top and bottom of a vertical web. This type of section is classified into W, M, S, and
HP shapes, the difference in these shapes essentially being in the width and thickness of flanges. A
typical designation “W14 x68” means a wide flange section having a nominal depth of 14in. and
a weight of 681b/ft of length. The other standard shapes are channels (C and MC), angles (L), and
tees (WT, MT, and ST).

Tubular shapes are common for compression members. The rectangular and square sec-
tions are designated by letters HSS along with the outer dimensions and the wall thickness. The
round tubing is designated as HSS round (for Grade 42) and pipes (for Grade 35) along with the
outer diameter and the wall thickness. The geometric properties of the frequently used wide
flange sections are given in Appendix C.1, channel sections in Appendix C.2, angle sections in
Appendix C.3, rectangular tubing in Appendix C.4, square tubing in Appendix C.5, round tubing
in Appendix C.6, and pipes in Appendix C.7.

The structural shapes are available in many grades of steel classified according to the ASTM
specifications. The commonly used grades of steel for various structural shapes are listed in
Table 9.1.

The yield strength is a very important property of steel because so many design procedures are
based on this value. For all grades of steel, the modulus of elasticity is practically the same at a level
of 29 x 103 ksi, which means the stress—strain relation of all grades of steel is similar.

A distinguished property that makes steel a very desirable structural material is its ductility—a
property that indicates that a structure will withstand extensive amount of deformation under very
high level of stresses without failure.

THE 2005 UNIFIED DESIGN SPECIFICATIONS

A major unification of the codes and specifications has been done by the American Institute of
Steel Construction (AISC). Formerly, the AISC provided four design publications, one separately
for the allowable stress design (ASD) method, the load resistance factor design (LRFD) method,
the single-angle members and the hollow tubular structural sections. The 13th edition of the Steel
Construction Manual of AISC 2005 combined and updated all these provisions in a single volume.
In addition, the 2005 AISC specifications have established the common requirements of these meth-
ods for the analyses and designs of the structural elements and to apply the same sets of specifica-
tions for the ASD and LRFD.

167
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TABLE 9.1
The Common Steel Grades

Yield Strength, Ultimate Strength,

ASTM Classification F, (ksi) F, (ksi) Applicable Shapes
A36 36 58 W, M, S,HP, L, C, MC, WT
A572 Grade 50 50 65 Same

A992 Grade 50 50 65 Same

A500 Grade B 46 58 HSS—rectangular and square
A500 Grade B 42 58 HSS—round

A53 Grade B 35 60 Pipe—round

The factors unifying the two approaches are as follows:

1.

4.

The nominal strength is the limiting state for failing of a steel member under different
modes like compression, tension, or bending. It is the capacity of the member. The same
limits must be considered under both philosophies of design.

. For the ASD, the available strength is the allowable strength, which is the nominal strength

divided by a factor of safety. The available strength for the LRFD is the design strength,
which is the nominal strength multiplied by a resistance (uncertainty) factor.

. The required strength for a member is given by the total of the service loads that act on the

structure for the ASD method. The required strength for the LRFD method is given by the
total of the factored (magnified) loads.
The required strength for loads should not exceed the available strength of the material.

Since the allowable strength of the ASD and the design strength of the LRFD are both connected
with the nominal strength as indicated in item 2 above, there can be a direct relationship between
the factor of safety of the ASD and the resistance factor of the LRFD. This has been discussed in the
“Working Stress Design, Strength Design, and Unified Design of Structures” section in Chapter 1.

LiMiT STATES OF DESIGN

All designs are based on checking of the limit states. For each member type (tensile, column, beam),
the AISC specifications identify the limit states that should be checked. The limit states consider all
possible modes of failures like yielding, rupture, and buckling, and also consider the serviceability
limit states like deflection and slenderness.

The limit states design process consists of the following:

2.

3.
4.

. Determine all applicable limit states (modes of failures) for the type of member to be

designed.

Determine the expression for the nominal strength (and the available strength) with respect
to each limit state.

Determine the required strength for the loads and their combinations.

Configure the member size equating items 2 and 3 above of this section.

In the ASD, the safety is established through a safety factor, which is independent of the types of
loading. In the LRFD, the safety is established through a resistance factor and a load factor that
varies with load types and load combinations.
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DESIGN OF TENSION MEMBERS

In the AISC Manual (2005), Chapter D of Part 16 applies to the members that are subject to axial
tension and Section J4 of Chapter J applies to the connections and the connecting elements like gus-
set plates that are in tension.

The limiting states for the tensile members and the connecting elements are controlled by the
following modes:

1. Tensile strength
2. Shear strength of connection
3. Block shear strength of connection along the shear/tension failure path

The shear strength of connection (item 2) will be discussed in Chapter 13 on steel connection.

TENSILE STRENGTH OF ELEMENTS

The design tensile strength of a member shall be lower of the values obtained for the limit states of
(1) the fensile yielding at the gross area and (2) the tensile rupture at the net area.
Thus, the strength is lower of the following two values.

* Based on the limit state of yielding in the gross section
P,=09F A, ©.DH
* Based on the limit state of rupture in the net section

P, =0.75F,A, 9.2)

where
P, is the factored design tensile load
F | is the yield strength of steel
F;A is the ultimate strength of steel
A, is the gross area of member
A, is the effective net area

In connecting members, if a portion of a member is not fully connected like a leg of an angle sec-
tion, the unconnected part is not subjected to the full stress. This is referred to as a shear leg. A
factor is used to account for the shear lag. Thus,

A, =AU 9.3)
where
A, is the net area

U is the shear lag factor

The serviceability limit state of the slenderness ratio L/r* to be less than 300 for members in ten-
sion has been relaxed in the new specifications although it is still followed in the practice.

* L is the length of the member and r is the radius of gyration given by ~/I/A.
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/@___
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|
|
T
T
L2y

FIGURE 9.1 Zigzag pattern of holes.

NET AREA, A,

The net area is the product of the thickness and the net width of a member. To compute net width,
the sum of widths of the holes for bolts is subtracted from the gross width. The hole width is taken
as 1/8in. greater than the bolt diameter.

For a chain of holes in a zigzag line shown as a-b-c in Figure 9.1, a quantity s?/4g is added to the
net width for each zigzag of the gage space, g in the chain, e.g., for a-b and b-c in Figure 9.1. Thus,

A, = bt —th+ Z(j;)’ 9.4)

where
s is the longitudinal (in the direction of loading) spacing between two consecutive holes
(pitch)
g is the transverse (perpendicular to force) spacing between the same two holes (gage)

For angles, the gage for holes in the opposite legs, as shown in Figure 9.2,is g=g,+g, — t.

Example 9.1

An angle L 5 x5 x 1/2* has a staggered bolt pattern, as shown in Figure 9.3. The holes are for bolts
of 7/8in. diameter. Determine the net area.

Solution

1. A,;=4.75in.2, t=0.5in.

2. h=d+(1/8)=(7/8)+(1/8)=T1in.
3.8=8,+8,-t=3+2-0.5=4.5in.

4. Section through line a-b-d-e: deducting for two holes

An:Ag—th &

=4.75-21(0.5)=3.75in.?

L T T
£

5. Section through line a-b-c-d-e: deducting for three holes FIGURE 9.2 Gage for holes in
and adding s?/4g for b-c and c-d angle section.

* Properties of this section not included in the appendix.
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FIGURE 9.3 Bolts pattern for Example 9.1.

s? s
8 bc g cd

=4.75—3(1)(o.5)+[ 2 ]0.5+[ 2 ]0.5

4(4.5) 4(1.5)

=3.69in.2 « Controls

SHEAR LAG FACTOR FOR UNATTACHED ELEMENTS

1. For plates, U=1 except for item 2.
2. For plates with longitudinal welds only (in the direction of loading) and no transferred
weld (Figure 9.4),
U=10for L 22w
U=0.87 for L < 2w and 21.5w
U=0.75 for L < 1.5w
3. For single angles,
U=0.8 for four or more bolts in the direction loading
U=0.6 for two to three bolts in the direction of loading
4. For W, M, S, HP, WT,
U=0.9 for flange connection with three or more bolts in the direction of loading where
width of section 22/3 depth

L

FIGURE 9.4 Welded members—definition sketch.
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U=0.85 for flange connection with three or more bolts in the direction of loading where
width of section <2/3 depth

U=0.7 for web connection through four or more bolts in the direction of loading.

In the older AISC manuals, a factor of 0.75 was recommended for all shapes and categories
not covered above.

Example 9.2

Determine the effective net area for the single-angle member in Example 9.1.

Solution

1. Since the number of bolts in the direction of loading are 2, U=0.6.
2. From Example 9.1, A, =3.69in.?
3. A.=A,U=(3.69)(0.6)=2.21in.2

Example 9.3

What is the design strength of element of Example 9.1 for A36 steel?

Solution

1. A,=4.75in.?
2. A,=2.21in.2 (from Example 9.2)
3. From Equation 9.1,

P, =0.9F,A, =0.9(36)(4.75) =153.9 k.

4. From Equation 9.2,

P, =0.75F,Ac = 0.75(58)(2.21) = 96.14 k « Controls.

BLOCK SHEAR STRENGTH

In certain connections, a block of material at the end of the member may tear out. In a single-angle
member shown in Figure 9.5, the block shear failure may occur along the plane abc. The shaded
block will fail by shear along the plane ab and tension in the section bc.

Figure 9.6 shows a tensile plate connected to a gusset plate. In this case, the block shear failure

could occur in both the gusset plate and the main tensile member. The tensile failure occurs along
the section ad and the shear failure along the planes ab and cd.

D

a//w%jb

FIGURE 9.5 Block shear in a single angle member.
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Y
\

FIGURE 9.6 Block shear in a plate member.

C d

FIGURE 9.7 Block shear in a welded member.

A welded member shown in Figure 9.7 experiences the block shear failure along the welded
planes abcd. It has the tensile area along bc and the shear area along ab and cd.

Both the tensile area and shear area contribute to the strength. The resistance to shear block will
be the sum of the strengths of the two surfaces.

The resistance (strength) to shear block is given by a single two parts equation

R, =0R, = 0(0.6F,A,, +UyF,A, )< 0(0.6F,A, +UyF,A,) 9.5)

where
¢ is the resistance factor=0.75
A, is the net area subjected to shear
A, is the net area subjected to tension
A,, is the gross area along the shear surface
U,,=1.0 when the tensile stress is uniform (most cases)
= 0.5 when the tensile is nonuniform

Example 9.4

An L6x4x1/2* tensile member of A36 steel is connected by three 7/8in. bolts, as shown in
Figure 9.8. Determine the strength of the member.

3] VU0

N N N |
N N N nN

2in. 4in. 4 in.

FIGURE 9.8 A three-bolt connection—Example 9.4.

* Section properties not included in the appendix.
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Solution

I. Tensile strength of member
A. Yielding in gross area
1. A;=4.75in2
2. h=(7/8)+(1/8)=1in.
3. From Equation 9.1,

P, =0.936)(4.75)=153.9 k

B. Rupture in net area
1. A,=A;—one hole area
=4.75 -(1)(1)(1/2)=4.25in.?
2. U=0.6 for three bolts in a line
A.=UA,=0.6 (4.25)=2.55in.?
4. From Equation 9.2

bl

P, =0.75(58)(2.55) =110.9 k « Controls

. Block shear strength
A. Gross shear area along ab

Ag =10(1):5 in.2
2

B. Net shear area along ab

A = Ag —2 J3holes area

1

= 5—2.5(1)(2]= 3.75in.?

C. Net tensile area along bc

Ay = 2.5t=1/2 hole

= 2.56)—;(1)(;): 1.0 in.?

D. U,=10
E. From Equation 9.4

&(0.6F, A, + UpsFuAn) = 0.75[0.6(58)(3.75) + (1(58)(1.0)] = 141.4 k
$(0.6f, Ag, + UpsFyAn) = 0.75[0.6(36)(5) + (1)(58)(1.0)] = 124.5 k

The strength is 110.9 k controlled by rupture of the net section.

DESIGN PROCEDURE FOR TENSION MEMBERS

The type of connection used for a structure affects the choice of the tensile member. The bolt-type
connections are convenient for members consisting of the angles, channels W and S shapes. The
welded connection suits the plates, channels, and structural tees.
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The procedure to design a tensile member consists of the following:

—_—

. Determine the critical combination(s) of factored loads.

2. For each critical load combination, determine the gross area required by Equation 9.1 and
select a section.

3. Make provision for the holes or for weld based on the connection requirements, and deter-
mine the effective net area.

4. Compute the loading capacity of the effective net area of the selected section by Equation
9.2. This capacity should be more than the design load(s) of step 1. If it is not, revise the
selection.

5. Check for the block shear strength by Equation 9.5. If it is not adequate, either revise the
connection or revise the member size.

6. The limitation of the maximum slenderness ratio of 300 has been removed in the AISC

2005. However, it is still a preferred practice except for rods and hangers.

Although rigid frames are common in steel structures, roof trusses having nonrigid connec-
tions are used for industrial or mill buildings. The members in the bottom chord of a truss are
commonly in tension. Some of the web members are in tension and the others are in compression.
With changing of the wind direction, the forces in the web members alternate between tension and
compression. Accordingly, the web members have to be designed to function both as tensile as well
as compression elements.

Example 9.5

A roof system consists of a warren type roof truss, as shown in Figure 9.9. The trusses are spaced
25ft apart. The following loads are passed on to the truss through the purlins. Design the bottom
chord members consisting of the two angles section separated by a 3/8in. gusset plate. Assume
one line of two 3/4in. diameter bolts at each joint. Use A572 steel.

Dead load (deck, roofing, insulation) =10 psf

Snow =25psf

Roof LL =20psf

Wind (vertical) =18 psf
Solution

A. Computation of loads
1. Adding 20% to dead load for the truss weight, D= 12 psf.
2. Consider the following load combinations:
@ 1.2D+1.6(L or $)+0.8W =1.2(12)+1.6(25)+0.8(18)
= 68.8 psf « Controls
(b) 1.2D+1.6W+0.5(L, or $)=1.2(12)+1.6(18) + 0.5(25) = 55.7 psf

Purlins

4 ft

7‘{3

¥ 6at 6 ft = 36

FIGURE 9.9 A warren roof truss.
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3.
4.
5.
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Tributary area of an entire truss=36 x25=900ft2.

Total factored load on the truss=68.8 x900=61,9201b or 61.92 k.

This load is distributed through 6 purlins comprising of 5 interior purlins and one-half
on each ends since the exterior joint tributary is one-half that of the interior joints.
Thus, the joint loads are

Interior joints = % =10.32k

Exterior joints = ¥ =5.16k.

B. Analysis of truss

1.
2.
3.

4.

The loaded truss is shown in Figure 9.10.

Reaction @ [, and L,=61.62/2=30.96k

The bottom chord members L,L, and L;L, are subjected to the maximum force. A free-
body diagram of the left of section a-a is shown in Figure 9.11.

M@ U,=0

~30.96 (12)+5.16 (12)+10.32 (6) + Fpp 5 (4)=0

Fo3=61.92k « P,

C. Design of member

1.

From Equation 9.1

Try2 L. 3x2x1/4 A;=2.4in.2

5.16 k 10.32 k 1032k 1032k 10.32 k 10.32 k 5.16 k
u, u u, A u, Us U
|
|
4ft |
|
L l
0 Ll LZ | L3 L4 LS L6 792'
} 3096 k 6@6 ft a 30.96 k 4
FIGURE 9.10 Analysis of truss.
516k 1032k 10.32 k
U, u, U,
4ft
N
N
N
N
Lo N
6fc L, 6ft L, Ly
30.96 k

FIGURE 9.11

Free body diagram of truss.
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2. h=(3/4)+(1/8)=(7/8) in.

A, = A, —one hole area

=2.40 —(1)(%)(%) =2.18in.?

U=0.6 for 2 bolts per line
A,=0.6 (2.18)=1.31in.2
3. From Equation 9.2

P, =0.75F,A.
=0.7565)(1.37)=63.86 k > 61.92 k OK

D. Check for block shear strength
Similar to Example 9.4

PROBLEMS

9.1 A 1/2in.x101in. plate is attached to another plate by means of six 3/4in. diameter bolts, as
shown in Figure P9.1. Determine the net area of the plate.

2in.  2in. 2in. 2in.
N N, | N, |
K ~ ~ ~ N

O] O —| ¥

FIGURE P9.1 Plate to plate connection.

9.2 A 3/4in.x10in. plate is connected to a gusset plate by 7/8 in. diameter bolts, as shown in Figure
P9.2. Determine the net area of the plate.

2 in. i
o : (0] (O]
L o
1—in x : o) O]
o
x o o}
2in. :

N, \
2in. 2in. 2in T

FIGURE P9.2 Plate to gusset plate connection.
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9.3 An L 5x5x1/2 has staggered holes for 3/4in. diameter bolts, as shown in Figure P9.3.
Determine the net area for the angle. (A,=4.75 in.?)

3in. 2in 2in 2 in
N ¥ F Y 3
[ ] [ ]
3in 3in

FIGURE P9.3 Staggered angle connection.

9.4 An L 8x4x1/2 has staggered holes for 7/8in. diameter bolts, as shown in Figure P9.4.
Determine the net area. (A,=5.75 in.?)

1. 1. 1.
2in. 2in. N 3in \Izz I’l.\l 2—11’1\.] 2_111'
Y k k N
AN
1T |T [ [
3in.
e O O
3in.
0f -0 O
2 in.
A

<

FIGURE P9.4 Staggered long leg angle connection.

9.5 A channel section C9x20 has the bolt pattern shown in Figure P9.5. Determine the net area
for 3/4in. bolts.

1.
L in  2in. 135in
FY—F—F—% =
T 1 T
1=in. 1=in.
N 0] O] O
3in 3in
NS 0] o) > [
3in. 3in
NS ® ® > M
l_m* I l_m* T
1.
1=in.
2

FIGURE P9.5 Staggered channel connection.
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9.6
9.7
9.8
9.9
9.10
9.11
9.12

9.13

9.14

Determine the effective net area for Problem 9.2. 6 in.
Determine the effective net area for Problem 9.3.

Determine the effective net area for Problem 9.4.

Determine the effective net area for the connection shown in
Figure P9.9 for an L 5x5x Y.

For Problem 9.9 with welding both in the longitudinal and trans-
verse directions, determine the effective net area.

Determine the tensile strength of the plate in Problem 9.1 for A36

steel.

A tensile member of Problem 9.4 is subjected to a dead load of 30k  FIGURE P9.9 Welded
and a live load of 60k. Is the member adequate? Use A572 steel. connection.

Is the member of Problem 9.9 adequate to support the following

loads all acting in tension? Use A992 steel.

Dead load=25k
Live load=50k

Snow load=40k
Wind load=35k

An angle of A36 steel is connected to a gusset plate with six 3/4in. bolts, as shown in Figure
P9.14. The member is subjected to a dead load of 50k and a live load of 110k. Design a 6in.
size (6 x 7) member. (6xX6x% 1, A,=11 in.2; 6x4x7%, Ag=7.98; 6x3VaxVa, Ag:4.5)

11in.
I} }—5 spaces @ 3 in.

AN

éin, bolts
4

FIGURE P9.14 A connection for Problem 9.14.

9.15

An angle of A36 steel is connected by 7/8in. bolts, as shown in Figure P9.15. It is exposed
to a dead load of 60k, a live load of 100k, and a wind load of 40k. Design a 8in. size (8§ x ?)
member. (8x6x7%, A,=11.5; 8x4x%, A,=8.44; 8x8x'2, A,=775)

© © © ©
21 in.:|:
2
© © © ©

« ~3spaces @ 3in.}, l

|

1Lin. 1Lin.
2 2

FIGURE P9.15 Two rows connection for Problem 9.15.
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9.16 Compute the strength including the block shear capacity of a member comprising L
3Y2x3Y2x 1/2 as shown in Figure P9.16. The bolts are 3/4in. Steel is A36.

3in.  3in. ;1
2
FIGURE P9.16 A tensile member for Problem 9.16.

9.17 A tensile member comprises of W 12 x30 section of A36 steel, as shown in Figure P9.17 with
each side of flanges having three holes for 7/81in. bolts. Determine the strength of the member
including the block shear strength.

I%in.
e N
x T
. | |
2 in. | |
¥ e |1 o
| |
| |
4in. : :
| |
Do
X O @]
| |
| |
4in. b
| |
Do
=< © 11 O
| |
| |
| |
| |
| |
N N

I bf I

FIGURE P9.17 A wide flange tensile member for Problem 9.17.

9.18 Determine the strength of the welded member shown in Figure P9.18 including the block shear
capacity. Steel is A572.

4 in

Plate 1 x8
2

—_—

SN IS —— N

A
/

Plate l>< 10
2

FIGURE P9.18 A welded member for Problem 9.18.
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STRENGTH OF COMPRESSION MEMBERS OR COLUMNS

The basic strength requirement or compression in the LRFD format is

P, < 0P, (10.1)

where
P, is the factored axial load
0=0.9, resistance factor for compression
P, is the nominal compressive strength of column

For a compression member that fails by yielding, P,=F,A,, similar to a tensile member. However,
the steel columns are leaner, i.e., the length dimension is much larger than the cross-sectional
dimension. Accordingly, the compression capacity is more often controlled by the rigidity of the
column against buckling instead of the yielding. There are two common modes of failure in this
respect.

1. Local instability: 1f the parts (elements) comprising a column are relatively very thin,
a localized buckling or winkling of one or more of these elements may occur prior to
the instability of the entire column. Based on the ratio of width to thickness of the ele-
ment, a section is classified as a slender or a non-slender section for the purpose of local
instability.

2. Overall instability: Instead of an individual element getting winkled, the entire column
may bend or buckle lengthwise under the action of the axial compression force. This can
occur in three different ways.

2a. Flexural buckling: A deflection occurs by bending about the weak axis, as shown in
Figure 10.1. The slenderness ratio is a measure of the flexure buckling of a member. When
the buckling occurs at a stress level within the proportionality limit of steel, it is called the
elastic buckling. When the stress at buckling is beyond the proportionality limit, it is an
inelastic buckling. The columns of any shape can fail in this mode by either the elastic or
inelastic buckling.

2b. Torsional buckling: This type of failure is caused by the twisting of the member longitu-
dinally, as shown in Figure 10.2. The standard hot-rolled shapes are not susceptible to this
mode of buckling. A thinly built-up section may be exposed to torsional buckling.

2c. Flexural-torsional buckling: This failure occurs by the combination of flexure and tor-
sional buckling when a member twists while bending, as shown in Figure 10.3. Only the
section with a single axis of symmetry or an nonsymmetric section such as a channel, tee,
and angle is subjected to this mode of buckling.

The nominal compressive strength, P, in Equation 10.1 is the lowest value obtained according to
the limit states of flexural buckling, torsional buckling, and flexural-torsional buckling.

181
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The flexural buckling limit state is applicable to all sections. For sin- é)
gly symmetric, nonsymmetric, and certain double symmetric cruciform
and built-up sections, torsional buckling or flexural—torsional buckling ///
are also applicable. !
The limit states are considered separately for the categories of the non- 'I
slender or the slender sections according to the local instability criteria. I
The torsional buckling alone or in combination with the flexural buck- 1:__?
ling can be too complex to evaluate. It is desirable to prevent it when ‘1\
feasible. This could be done by bracing the member to prevent twisting. \\
\
\

LOCAL BUCKLING CRITERIA ?

In the context of local buckling, the elements of a structural section are

|
classified in two categories: :

=,
e
i}

FIGURE 10.1 Flexural

1. Unstiffened element: It has an unsupported edge (end) parallel to buckling.

(along) the direction of the load, like an angle section.
2. Stiffened element: It is supported along both of its edges, like the
web of a wide flange section.

The two types of elements are illustrated in Figure 10.4.

When the ratio of width to thickness of an element of a section is greater than the specified limit
A,» as shown in Table 10.1, it is classified as a slender shape. The cross section of a slender element
is not fully effective in resisting a compressive force. Such elements should be avoided or else their
strength should be reduced, as discussed in the “Slender Compression Members” section. The sepa-
rate provisions for strength reduction are made in the AISC manual for stiffened and unstiffened
sections. The terms are explained in Figure 10.4.

FLEXURAL BUCKLING CRITERIA

The term (KL/r), known as the slenderness ratio is important in column design. Not only the com-
pression capacity of a column depends upon the slenderness ratio, the ratio sets a limit between the
elastic and nonelastic buckling of the column. When the slenderness ratio é)

exceeds a value of 4.71 E/ F,, the column acts as an elastic column and
the limiting (failure) stress level is within the elastic range.

According to the classic Euler formula, the critical load is inversely
proportional to (KL/r)?, where K is the effective length factor (coefficient)
discussed in the “Effective Length Factor for Slenderness Ratio” sec-
tion, L is the length of the column, and r is the radius of gyration given
by JIA. \

Although it is not a mandatory requirement in the AISC Manual 2005,
the AISC recommends that the slenderness ratio for a column should not
exceed a value of 200.

\
|
|
|
I
I
)

i

EFFECTIVE LENGTH FACTOR FOR SLENDERNESS RATIO —<
The original flexural buckling or Euler formulation considered that the 'f{rL‘;'

column is pinned at both ends. The term K was introduced to account
for the other end conditions because the end condition will make a FIGURE10.2 Torsional
column to buckle differently. For example, if a column is fixed at both  buckling.
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ends, it will buckle at the points of inflection about L/4 distance away
from the ends, with an effective length of one-half of the column
length. Thus, the effective length of a column is the distance at which
the column is assumed to buckle in the shape of an elastic curve. The
length between the supports, L is multiplied by a factor to calculate the
effective length.

When columns are part of a frame, they are constrained at the ends
by their connection to beams and to other columns. The effective length
factor for such columns is evaluated by the use of the alignment charts or
nomographs given in Figures 10.5 and 10.6; the former is for the braced
frames where the sidesway is prevented and the latter is for the moment
frames where the sidesway is permitted.

In the nomographs, the subscripts A and B refer to two ends of a col-
umn for which K is desired. The term G is the ratio of the column stiff-
ness to the girder stiffness expressed as

P

where
1. is the moment of inertia of column section
L, is the length of column
I, is the moment of inertia of girder beam meeting the column
L, is the length of girder

183

FIGURE10.3 Flexural—
torsional buckling.

(10.2)

Y. is the summation of all members meeting at joint A for G, and at joint B for G

The values of /. and I, are taken about the axis of bending of the frame. For a column base con-
nected to the footing by a hinge, G is taken as 10 and when the column is connected rigidly (fixed)

to the base, G is taken as 1.

U = Unstiffened
S = Stiffened

C———
’ T
u d S|ft, h od
t L
u t u u fl u u fll
. [ | [ 1
Fbﬁr /II/ bf /II/ /II/ bf /II/
&
T |
+t,
D
S S| &
s ] l
—b—F ¢

FIGURE 10.4 Stiffened and unstiffened elements.
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TABLE 10.1
Slenderness Limit for Compression Member

Width:Thickness

Element Ratio A
W, S, M, H b,/2t; 0.56,/E/F,
hit,, 1.49,/E/F,
C b/t 0.56,/E/F,
hit,, 1.49,/E/F,
T byl2t; 0.56,/E/F,
dit, 0.75,/E/F,
Single L or double L with blt 0.45,/E/F,
separation
Box, tubing blt 1.4,/E/F,
Circular D/t 0.11E/F,
Ga K Gg
500> T 10 <500
10.0 3 1 = 10.0
3 14
3.0 7 T - 3.0
2.0 1 - 2.0
- 0.8
1.0 H - 1.0
0.9 1 0.9
0.8 0.8
0.7 ~ 0.7
0.6 L on ~ 0.6
0.5 — 0.5
0.4 1 - 0.4
0.3 ~ 0.3
| —+ 0.6 I
0.2 ~ 0.2
0.1 T 0.1
0.0 - - 05 - 0.0

FIGURE 10.5 Alignment chart, sidesway prevented. (Courtesy of American Institute of Steel Construction,
Chicago, IL.)
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Gy 1<[ - Gp
e ) I 200 oo
100.0 + 100 - 100.0
50.0 T = 50.0
30.0 450 - 30.0
20.0 | 140 - 20.0
10.0 -+ 3.0 - 10.0
8.0 T - 8.0
7.0 T - 7.0
6.0 4 - 6.0
5.0 ] 1 - 5.0
4.0 190 - 4.0
3.0 1 - 3.0
2.0 T - 2.0

-+ 15
1.0 1 - 1.0
0.0 - L 1.0 - 0.0

FIGURE 10.6 Alignment chart, sidesway not prevented. (Courtesy of American Institute of Steel
Construction, Chicago, IL.)

After determining G, and Gy for a column, K is obtained by connecting straight line between
points G, and Gy on the nomograph. Since the values of / (moment of inertia) of the columns and
beams at the joint are required to determine G, the factor K can not be determined unless the size
of the columns and the beams are known. On the other hand, the factor K is required to determine
the column size. Thus, these nomographs need some preliminary assessments of the value of K and
the dimensions of the columns and girders.

One of the conditions for the use of the nomographs or the alignment charts is that all columns
should buckle elastically, i.e., KL>4.71,/E/F, . If a column buckles inelastically, a stiffness reduc-
tion factor, T, has to be applied. The factor T, is the ratio of the tangent modulus of elasticity to the
modulus of elasticity of steel. The value has been tabulated in the AISC manual as a function of
P JA,. Without 1, the value of K is on a conservative side.

However, in lieu of applying the monographs, in a simplified method the factors (coefficients)
listed in Figure 7.6 are used to ascertain the effective length. Figure 7.6 is used for isolated columns
also. When Figure 7.6 is used for the unbraced frame columns, the lowest story (base) columns
are approximated by the condition (f) with K=2, and the upper story columns are approximated
by the condition (c) with K=1.2. For braced frames, the condition (a) with K=0.65 is a good
approximation.

Example 10.1

A rigid unbraced moment frame is shown in Figure 10.7. Determine the effective length factors
with respect to weak axis for members AB and BC.
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7777

W12 x 14 C W12 x 14
O
N
X
(e}
—

W14 x 22 8 B W14 x 26
o
o
X
S
=

20 ft A 20 ft

FIGURE 10.7 An unbraced frame.

Solution

12 ft

15 ft

1. The section properties and G ratios are arranged in the table below:

Column Girder
Joint Section I,in% L, ft I/L Section I in% L, ft I/L
A Fixed
B W10x33 171 15 11400 W14x22 199 20 9.95
W10x26 144 12 12.00 W14 x26 245 20 12.25
s 23.40 22.20
C W10x26 144 12 12.00 WIi2x14 88.6 20 443
Wi2x 14 88.6 20 4.43
> 12.00 8.86

¢ Mixed units (/ in in.* and L in ft) can be used since the ratio is being used.

23.4/22.20=1.05

12.00/8.86=1.35

2. Column AB

From Figure 10.6, the alignment chart for unbraced frame (side sway permitted) connecting

a line from G,=1to Gz=1.05, K=1.3.
3. Column BC

From the alignment chart with G,=1.05 (point B) and G;=1.35 (point C), K=1.38.

LIMIT STATES FOR COMPRESSIVE STRENGTH

The limit states of design of a compression member depends upon the category to which the com-
pression member belongs, as described in the “Strength of Compression Members or Columns”
section. The limit states applicable to all categories of columns are summarized in Table 10.2. The
strength requirements for each of the limiting states of the table are discussed below.

NON-SLENDER MEMBERS

FLEXURAL BUCKLING OF NON-SLENDER MEMBERS IN ELASTIC AND INELASTIC REGIONS

Based on the limit state for flexural buckling, the nominal compressive strength P, is given by

B, = F,A,

(10.3)
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TABLE 10.2

Applicable Limit States for Compressive Strength

Type of Column

Overall Instability
1. Hot rolled members

2. Built-up or cruciform doubly
symmetric members

3. Singly symmetric and
unsymmetric members

Local Buckling (Local Instability)

Non-Slender Column, A <),

Flexure buckling in elastic or
inelastic region

Lowest of the following two
limits:
1. Flexure buckling in elastic or
inelastic region
2. Torsional buckling
Lowest of the following three
limits:
1. Flexure buckling in elastic or
inelastic region
2. Torsional buckling

3. Flexure—torsional buckling

Slender Column, A>2,

Flexure buckling in elastic or inelastic region
incorporating the reduction factors for slender
element

Lowest of the following two limits, incorporating
the reduction factors for slender element:

1. Flexure buckling in elastic or inelastic region

2. Torsional buckling

Lowest of the following three limits, incorporating
the reduction factors for slender element:

1. Flexure buckling in elastic or inelastic region

2. Torsional buckling

3. Flexure—torsional buckling

where

F,, is the flexure buckling state (stress)
A, is the gross cross-sectional area

Including the nominal strength in Equation 10.1, the strength requirement of a column can be

expressed as

The flexural buckling stress, F,, is determined as follows:

INELASTIC BUCKLING

P, = 0F, A,

(10.4)

When KL/r <4.71] E/F,, it is an inelastic buckling, for which

F, = (0.658"")F,

(10.5)

where F, is the elastic critical buckling or Euler stress calculated according to Equation 10.6.

ELAsTIC BUCKLING

n’E
(KL/r)’

F;:

(10.6)

When KL/r >4.71/E/F, , it is an elastic buckling, for which

F, =0.877F,

(10.7)
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The value of 4_71ﬁ , at the threshold of inelastic and elastic
buckling, is given in Table 10.3 for various types of steel. TABLE _10'3 L.

The available critical stress ¢F,, in Equation 10.4 for both the Numer.lcal Limits of .
inelastic and elastic regions are given in Table 10.4 in terms of KL/r, Inelastic-Elastic Buckling

adapted from the AISC Manual 2005. Type of Steel 4.71JEJF,
A36 1337

TORSIONAL AND FLEXURAL-TORSIONAL A992 113.43

BUCKLING OF NON-SLENDER MEMBERS AST2 113.43

This section applies to the singly symmetric, nonsymmetric, and

certain doubly symmetric members, such as cruciform and built-up sections. The nominal strength
is governed by Equation 10.3. Also the F,, value is determined according to Equations 10.5 and 10.7
above, except for two-angle members and tee-shaped members. However, for determining the Euler
stress F,, instead of Equation 10.6, a different set of formulas are used that involve the warping and
the torsional constants for the section. For two-angle and tee-shaped members, the F,, is determined
directly by a different type of equation. For the set of equations for torsional-related buckling, a
reference is made to Section E4 of Chapter 16 of the AISC manual.

SLENDER COMPRESSION MEMBERS

The approach to design slender members having A > A, is similar to the non-slender members in all

categories except that a slenderness reduction factor, Q is included in the expression 4.7 /E/F, to
classify the inelastic and elastic regions and Q is also included in the equations for F,. The slender-
ness reduction factor Q has two components: Q, for the slender unstiffened elements and Q,, for the
slender stiffened elements. These are given by a set of formulas for different shapes of columns. A
reference is made to the Section E7 of Chapter 16 of the AISC manual.

All W shapes have non-slender flanges for A992 steel. All W shapes listed for the columns in the
AISC manual have non-slender web (except for W14 x43). However, many W shapes meant to be
used as beams have slender webs in the compression.

This chapter considers only the doubly symmetric non-slender members covered in the “Non-
Slender Members” section. By proper selection of a section, this condition, i.e., A<A, could be satisfied.

USE OF THE COMPRESSION TABLES

Section 4 of the AISC Manual 2005 contains the tables “available strength in axial compression,
in kips” for various shapes and sizes. These tables directly give the capacity as a function of effec-
tive length (KL) with respect to least radius of gyration for various sections. Design of columns is a
direct procedure from these tables. An abridged table for F,=50%ksi is given in Appendix C.3.

When the values of K and/or L are different in the two directions, both K L, and K L, are com-
puted. If KL, is bigger, it is adjusted as K,L,/(r,/r,). The higher of the adjusted IQLX/(rX'/r)',) and KL,
value is entered in the table to pick up a section that matches to the factored design load P,.

Designing for a case when KL is bigger, the adjustment of K. L /(r/r)) is not straight forward
because the values of r, and r, are not known. The initial selection could be made based upon the
KL, value and then the adjusted value of K,L /(r,/r,) is determined based on the initially selected
section, to make a revised selection.

Example 10.2

A 25 ft long column is rigidly fixed to the foundation. The other end is braced in the weak axis and
free to translate in the strong axis. It is subjected to a dead load to 120k and a live load of 220k.
Design the column of A992 steel.
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TABLE 10.4

Available Critical Stress ¢F,, for Compression Members (F,=50 ksi and $=0.90)

KL/r OF., ksi  KL/r  QF,, ksi KL/r OF,,, ksi KL/r  §F, ksi  KL/r  §F,, ksi
1 45.0 41 39.8 81 27.9 121 154 161 8.72
2 45.0 42 39.5 82 27.5 122 15.2 162 8.61
3 45.0 43 39.3 83 272 123 14.9 163 8.50
4 449 44 39.1 84 26.9 124 147 164 8.40
5 449 45 38.8 85 26.5 125 145 165 8.30
6 449 46 38.5 86 26.2 126 142 166 8.20
7 44.8 47 38.3 87 25.9 127 14.0 167 8.10
8 44.8 48 38.0 88 25.5 128 13.8 168 8.00
9 447 49 377 89 252 129 13.6 169 7.89

10 447 50 375 90 249 130 13.4 170 7.82

11 44.6 51 372 91 24.6 131 132 171 7.73

12 445 52 36.9 92 242 132 13.0 172 7.64

13 444 53 36.7 93 23.9 133 12.8 173 7.55

14 444 54 36.4 94 23.6 134 12.6 174 7.46

15 443 55 36.1 95 233 135 12.4 175 7.38

16 442 56 35.8 9 229 136 122 176 7.29

17 44.1 57 35.5 97 226 137 12.0 177 7.21

18 439 58 35.2 98 223 138 11.9 178 7.13

19 43.8 59 34.9 99 22.0 139 11.7 179 7.05

20 437 60 34.6 100 21.7 140 115 180 6.97

21 43.6 61 343 101 21.3 141 114 181 6.90

22 434 62 34.0 102 21.0 142 1.2 182 6.82

23 433 63 337 103 20.7 143 11.0 183 6.75

24 43.1 64 334 104 20.4 144 10.9 184 6.67

25 43,0 65 33.0 105 20.1 145 10.7 185 6.60

26 42.8 66 327 106 19.8 146 10.6 186 6.53

27 2.7 67 324 107 19.5 147 10.5 187 6.46

28 425 68 32.1 108 19.2 148 10.3 188 6.39

29 423 69 31.8 109 18.9 149 10.2 189 6.32

30 42.1 70 314 110 18.6 150 10.0 190 6.26

31 41.9 71 31.1 111 183 151 9.91 191 6.19

32 41.8 72 30.8 112 18.0 152 9.78 192 6.13

33 41.6 73 30.5 113 17.7 153 9.65 193 6.06

34 414 74 30.2 114 17.4 154 9.53 194 6.00

35 412 75 29.8 115 17.1 155 9.40 195 5.94

36 40.9 76 29.5 116 16.8 156 9.28 196 5.88

37 40.7 77 29.2 117 16.5 157 9.17 197 5.82

38 40.5 78 28.8 118 16.2 158 9.05 198 5.76

39 403 79 28.5 119 16.0 159 8.94 199 5.70

40 40.0 80 28.2 120 15.7 160 8.82 200 5.65

Source: Courtesy of American Institute of Steel Construction, Chicago, IL.
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Solution

A. Analytical solution
1. Assume a dead load of 100 Ib/ft

Weight of column=25(0.1)=2.5k
2. Factored design load
P,=1.2(120+2.5)+1.6(220) =499 k

3. For yield limit state

4. The size will be much larger than the step 3 for the buckling mode of failure

Select a section W14x61 A=17.9in.2
r, =5.98in.
r,=2.45in.

b 55
2t;

£=30.4

t\'\/

0.56 | £ =0.56,|22990 _13 49
F, 50

1.49 [£ 21.49 [29990 _35 g5
F, 50

5. Since by/2t; <0.56,/E/F, and h/t, <1.49,/E/F, , itis a non-slender section
6. K,=1.2from Figure 7.6

K, = 0.65

KoL, 1.2025x12)
r, 5.98

=60.2

KL, _0.6525x12)
3 2.45

=79.59« Controls

Since 79.59 < 200 OK

7. From Table 10.3, 4.71,JE/F, =113.43
Since 79.59 < 113.43, inelastic buckling
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n’E

(KL/rY’
_ 1(29,000)
T (79.59)

9. F.,=(0.6584514) 50 =31.45 ksi
10. oP,=(0.9)(31.45)(17.9)=507 k OK

=45.14ksi

B. Use of Appendix C.8
1. KL =1.2(25)=30ft
K,L, = 0.65(25) = 16.25ft
2. Select preliminary section
Based on K/[,=16.25ft, section W14 x 61, capacity =507k, from Appendix C.8.
3. Forsection W14 x61, r,=5.98in., r,=2.45in.

K., 1.2025)

=222 1229
r/r,  5.98/2.45

Adjusted

Use the larger value of KL, of 16.25 ft
4. Section from Appendix C.8 W14 x 61 with capacity =507 k
Example 10.3

A column as shown in Figure 10.8 is fabricated from Grade 50 steel. Determine the limit state that
will control the design of the column.

Solution

1. The doubly symmetric built-up section will be subjected to the flexure and the torsional

buckling.
2 B0 4
t 025

1.4 |E 214 29000 _33 79
F, 50

Since 40 > 33.72, it is a slender column; the reduction factors have to be applied

10 in.

10 in. 20 ft

<— 0.251in.

FIGURE 10.8 Built-up column.
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3. 1= lout = linside

1 , 1 ,
=—(10)(10)* = —(9.5)(9.
12( 0)(10) 12(9 5)(9.5)

=154.58in.*
A=(10)(10)=(9.5)(9.5)

=9.75in.2
rz\ﬁz /154'58 =3.98in.
A 9.75
4. K=2.0
KL _2.020x12) 1206
r 3.98

From Table 10.2,4.71\/? =113.43
y

KL > 4.71\/?, elastic flexural buckling
y

r

5. The lowest of the following two limit states will control
a. Elastic flexure buckling with reduction factors
b. Torsional buckling with reduction factors

PROBLEMS
10.1 A W8x31 column of A36 steel is 20ft long. Along Y-axis it is Lot Lot
hinged at both ends. Along X-axis, it is hinged at one end and 10 ft
free to translate at the other end. In which direction it is likely
to buckle? (r,=3.47in., r,=2.02in.) 20 ft ¢ Hinged
10.2 An HSS 5x2%xV column is supported, as shown in Figure
P10.2. Determine the controlling (higher) slenderness ratio. 10 ft
10.3 A single-story single-bay frame has the relative I values, as
shown in Figure P10.3. Determine the effective length of the 7 7T
Strong axis Weak axis

columns along X-axis. The sway is permitted in X-direction.
10.4 The frame of Figure P10.4 is braced and bends about X-axiS. EFIGURE P10.2 An HSS

All beams are WI18x35 and all columns are W10x54. column.

Determine the effective length factors for AB and BC.

)

15 ft

¥ 40 ft Ny

FIGURE P10.3 Frame for Problem 10.3.
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7T
\
L3
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T T
10 ft
15 ft
A l
77T 77T
20 ft o 20 ft =

FIGURE P10.4 Frame of Problem 10.4.

10.5 An unbraced frame of Figure P10.5 bends along X-axis. Determine the effective length fac-

tors for AB and BC.

W14 x 30 A
14 ft
W14 x 34 f W14 x 30
/ B
15 ft
’ / \
(=} mn
% W16 x 36 C Wi16x36 3
= N °
= x =2
\ ? /
18 ft =
» »D »
¥ 25 ft * 20 ft

FIGURE P10.5 Frame of Problem 10.5.

10.6 Determine the effective length factors for AB and BC of the frame of Figure P10.5 for bend-
ing along Y-axis. Whether the factors of Problems 10.5 or 10.6 control?
10.7 Determine the strength of column of Figure P10.7 of A992 steel, when (a) the length is 15 ft

and (b) the length is 30ft.

FIGURE P10.7 Column of Problem 10.7.

W12 x72
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10.8 Compute the strength of the member shown in Figure P10.8 of A36 steel.

A=24.61in2
d=1228in.
r,=5.141in.

16 ft | HP12 x84 Ty=2:941n.

b
2_f -8.97
i

o149
777 t,

FIGURE P10.8 Column of Problem 10.8.

10.9 Compute the strength of the member shown in Figure P10.9 of A500 Grade B steel.

-
A=246in>
1 ry=3.6 in.
HSS 1 = - i
156 SS O><6><2 ry—2‘39 in.
A500 Grade B % =9.90
ho_
2=185
7777

FIGURE P10.9 Column of Problem 10.9.

10.10 A W18x 130 section is used as a column with one end pinned and the other end is fixed
against rotation but is free to translate. The length is 12 ft. Determine the strength of the
A992 steel column.

10.11 Determine the maximum dead and live loads that can be supported by the compression mem-
ber shown in Figure P10.11. The live load is twice of the dead load.

.QL/.

W12 x 79

12ft A992 steel

FIGURE P10.11 Column of Problem 10.11.

10.12 Determine the maximum dead and live loads to be supported by the column of Figure P10.12.
The live load is one-and-a-half times of the dead load.

A A=524in?
r,=2.8in
. ry= 1.66 in
205 [HSS8 x4 x T -14.2

b
t

A500 Grade Bsteel /1 _g373
? .

7777

FIGURE P10.12 Column of Problem 10.12.
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10.13 Determine whether the member in Figure P10.13 of A992 steel is adequate to support the
loads as indicated.

lD:IOOk

L =250k
7

W12 x 72

25 ft A992 steel

FIGURE P10.13 Column of Problem 10.13.

10.14 Check whether the member of Figure P10.14 of A36 steel is adequate for the indicated loads.

D =100k
L =250k
A=16.8in.?
i o i
T HP 10x57 7,x=418in.
6 ft r,=2.45 in.
b
~-9.05
15 ft P T 2ty
9 ft ho_139
l tw
7777 7777
X-axis Y-axis

FIGURE P10.14 Column of Problem 10.14.

10.15 An HSS6x4x5/16 section (46ksi steel) shown in Figure P10.15 is applied by a dead load of
40k and a live load of 50k. Check the column adequacy.

D=40k
L =50k

Ava Ava T
7 ft

5

15 6t P =’c HSS 6x4x 72
8 ft

*rr r
FIGURE P10.15 Column of Problem 10.15.

10.16 Select an HSS section for the column shown in Figure P10.16.
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D =50k
L =150k
-
12 ft
7777

FIGURE P10.16 Column of Problem 10.16.

10.17 Design a standard pipe section of A53 Grade B steel for the column shown in Figure P10.17.

D =50k
L =100k
o
15 ft
+r

FIGURE P10.17 Column of Problem 10.17.

10.18 Select a W14 shape of A992 steel for a column of 25 ft length shown in Figure P10.18. Both
ends are fixed. There are bracings at 10ft from top and bottom in the weaker direction.

l D =350k
L =1000 k
o o T

10 ft

e 4

25 ft 5 ft
P T

10 ft
7777 7777 ’L

X-axis Y-axis

FIGURE P10.18 Column of Problem 10.18.

10.19 Design a W14 section column AB of the frame shown in Figure P10.19. It is unbraced along
X-axis and braced in the weak direction. The loads on the column are dead load=200k and
live load=600k. First determine the effective length factor using Figure 7.6. After selecting
the preliminary section, use the alignment chart with the same size for section BC to revise
the selection. Use W16 x 100 for the beam sections meeting at B.
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D 100 k 200 k 100 k
L 300 k 600 k 300 k
12 ft
- 4’>
12 ft
: %
12 ft
A L
77T 7777 77T
* 20 ft * 20 ft L

FIGURE P10.19 Braced frame of Problem 10.19.

10.20 Design the column AB of Problem 10.19 for the frame braced in both directions.

10.21 A WT12x34 column of 18ft length is pinned at both ends. Show what limiting states will
determine the strength of the column. Use A992 steel.

10.22 An A572 steel column in Figure P10.22 is fixed at one end and hinged at the other end.
Indicate the limit states that will control the strength of the column.

.QL/.

12 ft | C12 x 30

FIGURE P10.22 Column of Problem 10.22.

10.23 A double-angle section with a separation 3/8in. is subjected to the loads shown in Figure
P10.23. Determine the limit states that will govern the design of the column. Use Grade

50 steel.

D =50k
L =100k
o

16 ft 2|_4><4><%

FIGURE P10.23 Column of Problem 10.23.
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10.24 A cruciform column is fabricated from the Grade 50 steel, as shown in Figure P10.24.
Determine the limit states that will control the design.

7
1 1 1
4|_32><32><4
15 ft
Fr

FIGURE P10.24 A cruciform column of Problem 10.24.

10.25 For the column section and the loading shown in Figure P10.25, determine the limit states for
which the column should be designed. Use A992 steel.

l D =200k
L =500k
& &
1 x 20 plate T
C— —
12 ft
1 x 18 plate
25 ft 2‘><E
I — 13 ft
1 x 20 plate l
77 77
Strong axis Weak axis

FIGURE P10.25 A built-in column of Problem 10.25.
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THE BASIS OF DESIGN

Beams are the structural members that support transverse loads on them and are subjected to flexure
and shear. An [ shape is a common cross section for a steel beam where the material in the flanges
at the top and bottom is most effective in resisting the bending moment and the web provides for
most of the shear resistance. As discussed in the context of wood beams, the design process involves
selection of a beam section on the basis of the maximum bending moment to be resisted. The selec-
tion is, then, checked for the shear capacity. In addition, the serviceability requirement imposes the
deflection criteria for which the selected section should be checked.
The basis of design for bending or flexure is as follows:

M, < oM, 11.1)

where
M, is the factored design (imposed) moment
¢ is the resistance factor for bending=0.9
M, is the nominal moment strength of steel

NOMINAL STRENGTH OF STEEL IN FLEXURE

Steel is a ductile material. As discussed in the “Elastic and Plastic Designs” section in Chapter 1,
steel can acquire the plastic moment capacity M, wherein the stress distribution above and below
the neutral axis will be represented by the rectangular blocks corresponding to the yield strength of
steel, i.e., M,=FZ;Z being the plastic moment of inertia of the section.

However, there are certain other factors that undermine the plastic moment capacity. One
such factor relates to the unsupported (unbraced) length of the beam and another factor relates
to the slender dimensions of the beam section. The design capacity is determined considering
both of these. The effect of the unsupported length on the strength has been discussed first in
the “Lateral Unsupported Length” section. The beam’s slender dimensions effect the strength
similar to the local instability of the compression members. This is described in the “Slender
Beam” section.

LATERAL UNSUPPORTED LENGTH

As a beam bends, it develops the compression stress in one part and the tensile stress in the other

part of the cross section of the beam. The compression region acts analogous to a column. If the

entire member is slender, it will buckle outward similar to a column. However, in this case, the

compression portion is restrained by the tensile portion. As a result, a twist will occur in the section.

This form of instability, as shown the Figure 11.1, is called the lateral torsional buckling (LTB).
The lateral torsional buckling could be prevented in two ways:

199
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e

FIGURE 11.1 Buckling and twisting effect in a beam.

1. Lateral bracings could be applied to the compression flange at close I
intervals that would prevent the lateral translation (buckling) of the
beam, as shown in Figure 11.2. This support could be provided by a
floor member securely attached to the beam.

2. The cross bracings or diaphragm could be provided between adjacent
beams, as shown in Figure 11.3, which will directly prevent the twist-
ing of the sections.

FIGURE 11.2 Lateral
bracing of compression
flange.

Depending upon the lateral support condition on the compression side, the strength of the limit state
of a beam is either due to the plastic yielding of the section or the lateral torsional buckling (LTB)
of the section. The latter condition has two further divisions: the inelastic LTB or the elastic LTB.
These three zones of the limit states are shown in Figure 11.4 and described in the following section.

In Figure 11.4, the first threshold value for the unsupported or the unbraced length is L, given by
the following relation:

E
L,=1.76r, |— 11.2
v \F (11.2)
where
L, is the first threshold limit unsupported length (in.)
r, is the radius of gyration about Y-axis, listed in the Appendices C.1 through C.7
The second threshold value is L, which is conservatively given by the following relation:
E
L =nr |[——— (11.3)

0.7F,

=1 V72

|
M, - ! Inelastic
¥ | LTB

= |

5 l !

g 0.7 4F, I | Elastic
|

& Adequate | Partial : LTB

e lateral : adequate |

‘g support | lateral support :

ZO : | Inadequate
: : lateral support
h 1

L, L

Unbraced length, L,

FIGURE 11.4 Nominal moment strength as a function of unbraced length.
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where
L, is the second threshold unsupported length (in.)
r,, is the special radius of gyration for L, listed in the Appendices C.1 through C.7

FULLY PLASTIC ZONE WITH ADEQUATE LATERAL SUPPORT

When the lateral support is continuous or closely spaced so that the unbraced (unsupported) length
of a beam, L, is less than or equal to L, from Equation 11.2, the beam could be loaded to reach the
plastic moment capacity throughout the section.

The limit state in this case is the yield strength given as follows:

M, = 0F,Z, with ¢=0.9 (11.4)

The LTB does not apply in this zone.

INELASTIC LATERAL TORSIONAL BUCKLING (I-LTB) ZONE

When the lateral unsupported (unbraced) length, L, is more than L, but less than or equal to L,, the
section will not have a sufficient capacity to develop the for full yield stress, F, in the entire section.
Some fibers will be stressed to F, before the buckling occurs. This will lead to the inelastic lateral
torsional buckling.

At L,=L,, the moment capacity is the plastic capacity M,. As the length L, increases beyond
the L, value, the moment capacity becomes less. At the L, value of the unbraced length, the section
buckles elastically attaining the yield stress only at the top or the bottom fiber. Accounting for the
residual stress in the section during the manufacturing, the effective yield stress is (F, — F,), where
F, is the residual stress. The residual stress is taken as 30% of the yield stress. Thus, at L,=L,, the
moment capacity is (F, — F,)S, or 0.7F,S.

When the unbraced length, L, is between the L, and L, values, the moment capacity is interpo-
lated linearly between the magnitudes of M, and 0.7F,, S as follows:

r P

M, = ¢[Mp ~(M, -0.7Fys)(]£b L H o (11.5)

A factor C, has been introduced in Equation 11.5 to account for a situation when the moment within
the unbraced length is not uniform (constant). On a conservative side, C,=1.

ELASTIC LATERAL TORSIONAL BUCKLING (E-LTB) ZONE

When the unbraced length, L, exceeds the threshold value of L, the beam buckles before the
effective yield stress (0.7F)) is reached anywhere in the cross section. This is the elastic buck-
ling. The moment capacity is made up of the torsional resistance and the warping resistance of
the section.

M, <0.70F,S (11.6)

SLENDER BEAM SECTIONS

The above discussion of the beam strength did not account for the shape of a beam, i.e., it assumed
that the beam section is robust enough so as not to create any “localized” problem. However, if the
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K
i

FIGURE 11.5 Local buckling of section.

TABLE 11.1
Shape Classification Limits

Element A A A,

P

. E E
Flange bel2t* 0.38 a 1.0 s
Yy y

Web W, 376 | £ 570 £
F, F,

@ For channel shape, this is bf/tf.

flange and the web of a section are relatively thin, they might get buckled, as shown in Figure 11.5,
even before the lateral torsional buckling happens. This mode of failure is called the flange local
buckling (FLB) or the web local buckling (WLB).

The sections are divided in three classes based on the width-to-thickness ratios of the flange and
the web. The threshold values of classification are given in Table 11.1.

When A<A,, the shape is compact
When A>A,, but A<A,, the shape is noncompact
When A >, the shape is slender

Both the flanges and web are evaluated by the above criteria. Based on the above limits, the
flange of a section might fall into one category whereas the web of the same section might fall into
the other category.

The values of A, and A, for various types of steel are listed in Table 11.2.

In addition to the unsupported length, the bending moment capacity of a beam also depends on
the compactness or width:thickness ratio, as shown in Figure 11.6.

This localized buckling effect could be the FLB or the WLB depending upon which one falls
into the noncompact or slender category. All W, S, M, HP, C, and MC shapes listed in the AISC
Manual 2005 have the compact webs at F\, <65 ksi. Thus, only the flange criteria need to be applied.
Fortunately, most of the shapes satisfy the flange compactness requirements also.

Without accounting for the lateral unsupported length effect, i.e., assuming a fully laterally
supported beam, the following strength limits are applicable based on the compactness criteria.

COMPACT FULL PLASTIC LIMIT

As long as A<\, the beam moment capacity is equal to M, and the limit state of the moment is
given by the yield strength expressed by Equation 11.4.



Flexural Steel Members 203

TABLE 11.2
Magpnitude of the Classification Limits
A572
A36 A992

Element Limits F,=36ksi F,=50ksi

Flange 038 /£ 10.79 9.15
F,
10| £ 28.38 24.08
F,

Web 3.76 F£ 106.72 90.55
E
5.70 /7 161.78 137.27
Y
Full plastic
moment ! Local buckling of
Mp N | noncompact
§= : section
= I
g I !
§ : ) Local buckling of
E : : slender section
oot
[=} | |
g | :
ZO Compact : Noncompact Slender
section | section : section
|
A 1
A, A,

FIGURE 11.6 Nominal moment strength as a function of compactness.

NONCOMPACT FLANGE LOCAL BUCKLING (N-FLB)*

For sections having the value of A between A, and A, limits shown in Table 11.1, the moment capac-
ity is interpolated between M, and 0.7F, S as a gradient of the A values on the same line like Equation
11.5, expressed as follows:

M, = (D[M,, -(M, - O.7FyS)( i‘ __7;:’ ﬂ (11.7)
r r

SLENDER FLANGE LOCAL BUCKLING (S-FLB)

For sections with A>A,, the moment-resisting capacity is inversely proportional to the square of
slenderness ratio as follows:

_ 0.90Fk.S

Y (11.8)

* All webs are compact for F,=36 ksi and 50 ksi.
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4
where, kczT/t; k. being 20.35 and <0.76.

SUMMARY OF BEAM RELATIONS

Considering both the lateral support and the compactness criteria, the flexural strength (the moment
capacity) is taken to be the lowest value obtained according to the limit states of the LTB and the
compression FLB. The applicable limits and the corresponding equations are shown in Table 11.3.
Most of the beam sections fall in the full plastic zone where Equation 11.4 could be applied. In this
chapter, it has been assumed that the condition of the adequate lateral support will be satisfied, if
necessary, by providing the bracings at intervals less than the distance L, and also the condition of
the flange and the web compactness is fulfilled.

As stated earlier, all W, S, M, HP, C, and MC shapes have the compact webs for F, of 36, 50, and
65ksi. Al W, S, M, C, and MC shapes have the compact flanges for F, of 36 and 50ksi, except for
the sections listed in Table 11.4. Thus, a beam will be compact if the sections listed in Table 11.4 are
avoided.

DESIGN AIDS

The AISC Manual 2005 provides the design tables. A beam can be selected by entering the table
either with the required section modulus or with the design bending moment.

These tables are applicable to adequately support compact beams for which yield limit state is
applicable. For simply supported beams with uniform load over the entire span, tables are provided,
which show the allowable uniform loads corresponding to various spans. These tables are also for
the adequately supported beams but extend to the noncompact members.

Also included in the manual are more comprehensive charts that plot the total moment capac-
ity against the unbraced length starting at spans less than L, and continuing to spans greater than

TABLE 11.3
Applicable Limiting States of Beam Design

Flange Local Buckling (FLB)?

Noncompact (Inelastic) A> A,

Unbraced Length, L, Compact A<A, and<), Slender (Elastic) A > A,
Adequate lateral support Limit state: Limit state: Limit state:
L,<L, Yield strength: Inelastic FLB: Elastic FLB:
Equation 11.4° Equation 11.7 Equation 11.8
LTB does not apply  LTB does not apply LTB does not apply
Lateral ~ Partial inadequate  Limit state: Limit states: Limit states:
torsional  support Inelastic LTB: Lower of the following two: Lower of the following two:
buckling L,>L,and L,<L,  Equation 11.5 1. Inelastic LTB: Equation 11.5 1. Inelastic LTB: Equation 11.5
(LTB) 2. Noncompact FLB: Equation 11.7 2. Slender FLB: Equation 11.8
Inadequate Limit state: Limit states: Limit states:
support, L, > L,  Elastic LTB: Lower of the following two: Lower of the following two:
Equation 11.6 1. Elastic LTB: Equation 11.6 1. Elastic LTB: Equation 11.6

2. Noncompact FLB: Equation 11.7 2. Slender FLB: Equation 11.8

2 The WLB are not included since all I-shaped and C-shaped sections have compact web. In the case of a WLB member, the
LTB and FLB categories of formulas are similar to the above equations but are modified for (1) the web plastification factor
(R,.) and (2) the bending strength reduction factor (R,,).

b Most beams fall into the adequate laterally supported compact category. This chapter considers only this state of design.
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L, covering compact as well as noncompacting members. These charts
are applicable to the condition when the bending moments within the TABI-E 11.4
unbraced length is greater than that at both ends, i.e., C,=1. The charts List of Noncompact

can be directly used to select a beam section. Flange Sections
A typical chart is given at Appendix C.9. Enter the chart with given W21x48
unbraced length on the bottom scale, proceed upward to meet the hori- Wi4x99
zontal line corresponding to the design moment on the left-hand scale. W14%90
Any beam listed above and to the right of the intersection point will meet WI12x65
the design requirement. The section listed at the first solid line after the W10x12
intersection represents the most economical section. W8x3l
W8x10
W6x15
Example 11.1 W6x9
W6x8.5
A floor system is supported by steel beams, as shown in Figure 11.7. The M4 x6

live load is 100 psf. Design the beam. Determine the maximum unbraced
length of beam to satisfy the requirement of the adequate lateral support.
F,=50ksi
Y

Solution

A. Analytical
1. Tributary area of beam/ft=10x1=10ft?/ft

2. Weight of slab/ft=1x10 x% x 150 = 750 Ib/ft

Estimated weight of beam/ft=30Ib/ft
Dead load/ft=780 Ib/ft

Live load/ft=100x 10=1000 Ib/ft
Design load/ft

oA W

w, =12(780)+1.6(1000) = 2536 Ib/ft or 2.54 k/ft
7. Design moment

M, =198.44 ft-k

_w,l’ 2.54025)°
8 8

Girder

Beam / .

f 6 in. concrete slab

T

25 ft

A | I

T N 10 fe—k— 10 ft—k— 10 ft—%\

FIGURE 11.7 A floor system supported by beams.
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10.

11.
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From Equation 10.4:

_ 198.44(12)
~(0.9)(50)

=52.91in?

Select W16 x 31
Z=54in.3
r,=6.41in.
r,=117in.

b =6.28
2t

D516
t

b

P 6.28 < 9.15 from Table 11.2, it is a compact flange
f

h =51.6 <90.55 from Table 11.2, it is a compact web

Equation 11.4 applies, selection OK
Unbraced length from Equation 11.2

L, =1.76ry\/?
FY
= 1.76(1.17),| 22090
50

=49.59in.or 4.13 ft

B. Use of chart

1.

From Appendix C.9

For an unbraced length of 4ft and a design moment of 198ft-k, the most suitable

section is W16 x 31 (same as above).

If the beam is supported at mid-span, i.e., the unbraced length is 12.5ft, from Appendix

C.9, most suitable section is W16 x 40.

If the beam is supported only at end, i.e., the unbraced length is 25 ft, from Table 3-10 in
the AISC Manual 2005 (not included in the text), the most suitable section is W12 x 53,
which accounts for all necessary adjustments for partial or inadequate support and
compactness and noncompactness of the selected section.

SHEAR STRENGTH OF STEEL

The section of beam selected for the moment capacity is checked for its shear strength capacity. The

design relationship for shear strength is

where

V=0V,

V, is the factored shear force applied
0, is the resistance factor for shear
V, is the nominal shear strength
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The shear in an I-shaped section is primarily resisted by the web. As such, the web area, A, is
taken to be equal to the depth of beam (d) times the web thickness (¢,). The AISC Manual 2005
assigns the shear yield strength F, to be 60% of the tensile yield strength of steel, F,.

Thus, the limit state for shear yielding is expressed as A

V. =$,0.6FA, (11.10)

The above relation is for a compact web section when ¢,=1. However, as the ratio of depth to
thickness of web, h/t, exceeds 2.24,/E/F, for W, S, HP sections or 2.46,/E/F, for other type of
shapes (except the round shapes), the inelastic web buckling occurs whereby ¢, is reduced to 0.9 and
Equation 11.10 is further multiplied by a reduction factor C,.

At hft, exceeding 3.06 /E/F, , the elastic web buckling condition sets in and the factor C, is
further reduced. However, most of the sections of F,<50ksi steel have the compact shapes that
satisfy Equation 11.10.

Example 11.2

Check the beam of Example 11.1 for shear strength.

Solution
1y, = wil
2
2.54(25)

=31.75k

2. For W16 x 31
A,=dt,=15.9(0.275) = 4.37 in.
3. From Equaiton 11.10

$,0.6F, A, = (1)(0.6)(50)(4.37)=131.1k>31.75 OK

BEAM DEFLECTION LIMITATIONS

Deflection is a service requirement. A limit on deflection is imposed so that the serviceability of a
floor or a roof is not impaired due to the cracking of plastic, or concrete slab, the distortion of the
partitions or any other kind of undesirable occurrence. There are no standard limits because such
values depend upon the function of a structure. For cracking of plaster, usually a live load deflection
limit of span/360 is observed. It is imperative to note that being a serviceability consideration, the
deflections are always computed with the service (unfactored) loads and moments.

For a common case of the uniformly distributed load on a simple beam, the deflection is given
by the following formula:

_ 5 L'
384 EI

11.11)

* In FPS units, the numerator is multiplied by (12) to convert & in inch unit when w is is k/ft, L is in ft, E is in ksi, and [ is
in in.* Similarly, Equation 11.12 is also multiplied by (12)3 when M is in ft-k.
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However, depending upon the loading condition, the theoretical derivation of the expression for
deflection might be quite involved. For some commonly encountered load conditions, when the
expression of the bending moment is substituted in the deflection expression, a generalized from of
deflection can be expressed as follows:

ML
CEI

11.12)

where
w is the service loads combination
M is the moment due to the service loads

The values of constant C are indicated in Table 11.5 for different load cases.

In a simplified form, the designed factored moment, M, can be converted to the service moment
dividing by a factor of 1.5 (i.e., M=M,/1.5). The service live load moment, M, is approximately 2/3
of the total moment M (i.e., M, =2M,/4.5). The factor C from Table 11.5 can be used in Equation
11.12 to compute the expected deflection, which should be checked against the permissible deflec-
tion, A to satisfy the deflection limitation.

Example 11.3

Check the beam of Example 10.1 for deflection limitation. The maximum permissible live load
deflection is L/360. Use (1) the conventional method, (2) the simplified procedure.

Solution

(@) Convention method
1. Service live load=1000 Ib/ft or 1 k/ft
2. For W16x31, [=375in.*

TABLE 11.5
Deflection Loading Constants

Constant C for
Diagram of Load Condition Equation 11.2

w

[ EEEEEEERRAREERA 9.6
> L e}

tp

S
@ L3 T L£3 IR 9.39
| L

P L4 L/4LL/4 L/4 # 10.13
4 w
2 2 2 2 2 I 4

L
4 P
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5wt
384 El

_i(1.0)(25)4(12)3
384 (29,000)(375)

x(12)°

=0.81in.

4 A= Lx12
360

_25x12
360

=0.83in.

(b) Simplified procedure

M, = 2M, _ 2(198.44)
4.5 4.5
2. From Equation 11.12

=88.20 ft-k

M x(12)
CEl

_ (88.20)(25)*(12)°
(10)(290,000)(375)

=0.88in.

o=

3. A<d NG (border case)

PROBLEMS

11.1 Design a beam of A992 steel for the loads in Figure P11.1. Determine the maximum unbraced

length of beam to satisfy the requirement of the adequate lateral support.

D =1 k/ft (excluding weight)
L=2k/ft

[ ]
> o
Y 30 ft +

FIGURE P11.1 Beam of Problem 11.1.

11.2

11.3

11.4

Design a simply supported 20ft span beam having the following concentrated loads at the
mid-span. Determine the maximum unbraced length of beam to satisfy the requirement of the
adequate lateral support.

Service dead load=10k
Service live load=25k

Design a beam of A992 steel for the loading shown in Figure P11.3. The compression flange
bracing is provided at each concentrated load. The selected section should be such that the
full lateral support condition is satisfied. Determine the maximum unbraced length of beam
to satisfy the requirement of the adequate lateral support.

Design a cantilever beam of A992 steel for the loading shown in Figure P11.4. The compres-
sion flange bracing is provided at each concentrated load. The selected section should be such
that the full lateral support condition is satisfied. Determine the maximum unbraced length of
beam to satisfy the requirement of the adequate lateral support.
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P =25k P, =25k

¢ l D =2 k/ft (excluding weight)
7 7

> 79}
*—10 ft—%— 10 ft—%—10 fr—%

FIGURE P11.3 Beam of Problem 11.3.

P =25k P =25k
l D =2 k/ft | (excluding weight)

4
4
10 ft—f——10ft—%

FIGURE P11.4 Beam of Problem 11.4.
11.5 A floor system supporting a 6in. concrete slab is shown in Figure P11.5. The live load is
100 psf. Design the beam of A36 steel. Recommend the compression flange bracing so that

the beam has a full lateral support.

Beam Girder

30 ft

I\I'— 3at15 ft = 45 ft ——————}
FIGURE P11.5 Floor system of Problem 11.5.

11.6 Design an A992 steel girder of Problem 11.5. Recommend the compression flange bracing so
that the beam has a full lateral support.

11.7 From the sections listed, sort out which of the sections of A992 steel are compact, noncom-
pact, and slender?

(1) W21 x93, (2) W18x97, 3) W14 x99, (4) W12 x 65, (5) W10x 68, (6) W8x 31, (7) W6 x 15.

11.8 A grade 50 W21 x62 section is used for a simple span of 20ft. The only dead load is the
weight of the beam. The beam is fully laterally braced. What is the largest service concen-
trated load that can be placed at the center of the beam? What is the maximum unbraced
length?

11.9 A WI18x97 beam of A992 steel is selected to span 20ft. If the compression flange is sup-
ported at the end and at midpoint. Which formula do you recommend to solve for the moment
capacity? Determine the maximum unbraced length of beam to satisfy the requirement of the
adequate lateral support.

11.10 A W18x97 beam of A992 steel is selected to span 20ft. It is supported at the ends only.
Which formula do you recommend to solve for the moment capacity?

11.11 A W21 x48 section is used to span 20ft and is supported at the ends only. Which formula do
you recommend to solve for the moment capacity?

11.12 A W21 x 48 section is used to span 20ft and is supported at the ends and at the center. Which
formula do you recommend to solve for the moment capacity?
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11.13
11.14
11.15
11.16

Check the selected beam section of Problem 11.1 for the shear strength capacity.
Check the selected beam section of Problem 11.2 for the shear strength capacity.
Check the selected beam section of Problem 11.3 for the shear strength capacity.
What is the shear strength of the beam of Problem 11.9?

11.17 What is the shear strength of the beam of Problem 11.11?

11.18

11.19

11.20

11.21

11.22

Compute the total load and the live load deflections for the beam of Problem 11.1 by (1) the
conventional method and (2) the simplified procedure. The permissible deflection for total
load is L/240 and for live load L/360.
Compute the total load and the live load deflections for the beam of Problem 11.2 by (1) the
conventional method and (2) the simplified procedure. The permissible deflection for total
load is L/240 and for live load L/360.
Compute the total load and the live load deflections for the beam of Problem 11.3 by (1) the
conventional method, and (2) the simplified procedure. The permissible deflection for total
load is L/240 and for live load L/360.
Check the total load and the live load deflections for the beam of Problem 11.5 by (1) the
conventional method and (2) the simplified procedure. The permissible deflection for total
load is L/240 and for live load L/360.
Check the total load and the live load deflections for the beam of Problem 11.6 by (1) the
conventional method and (2) the simplified procedure. The permissible deflection for total
load is L/240 and for live load L/360.






12 Combined Forces on
Steel Members

DESIGN APPROACH TO THE COMBINED FORCES

Design of tensile, compression, and bending members was separately treated in Chapters 9, 10, and
11, respectively. In actual structures, the axial and the bending forces generally act together, spe-
cifically the compression due to gravity loads and the bending due to lateral loads. An interaction
formula is a simplest way for such cases wherein the sum of the ratios of the factored design load to
the limiting axial strength and the factored design moment to the limiting moment strength should
not exceed 1.

The test results show that assigning of an equal weight to the axial force ratio and the moment
ratio in the interaction equation provides sections that are too large. Accordingly, the AISC sug-
gested the following modifications to the interaction equations in which the moment ratio is reduced
when the axial force is high and the axial force ratio is reduced when the bending moment is high.

1. For F. >0.2
OP,

n

P 8 Mu My |, (12.1)
q)Pn 9 (bem( q)any

2. For F, <0.2

’ M,
1A + M +—2 <1 (12.2)
2 q)l)n q)anx q)th_v
where
¢ is the resistance factor for axial force (0.9 or 0.75 for tensile member, 0.9 for compression
member)

0, is the resistance factor for bending (0.9)

P, is the factored design load determined by structural analysis (required force)

P, is the nominal axial capacity, determined according to Chapter 9 or 10.

M,,, M, are factored design moments about X- and Y-axes as determined by structural analysis
including the second-order effects (required moments)

M,., M, are nominal bending capacities along X- and Y-axes, if only bending moments were

present, which are determined by different methods mentioned in Chapter 11.

COMBINATION OF TENSILE AND FLEXURE FORCES

Some members of a structural system are subjected to axial tension as well as bending. An example
is the bottom chord of a trussed bridge. The hanger type of structures acted upon by transverse loads
is another example.

213
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W, = 2 k/ft

10k 'y y v § v v v ¥ v v ¥ ¥ v v y P =100k
A 7+
¥ 12 ft N

FIGURE 12.1 A tensile and flexure forces member.

The analysis, where a member size is known and the adequacy of the member to handle a certain
magnitude of force is to be checked, is a direct procedure by Equations 12.1 and 12.2. However,
the design of a member that involves selecting of a suitable size for a known magnitude of load is a
trial-and-error procedure by the interaction equations, Equations 12.1 and 12.2. The AISC Manual
2005 presents a simplified procedure to make an initial selection of a member size. This procedure,
however, necessitates the application of the factors that are available from the special tables in the
manual. Since the manual is not a precondition for this text, that procedure is not used here.

Example 12.1

Design a member to support the load shown in Figure 12.1. It has one line of four holes for 7/8 in.
bolt in the web for the connection. The beam has adequate lateral support. Use Grade 50 steel.

Solution

A. Analysis of structure
1. Assume a beam weight of 50 Ib/ft
2. W,=1.2(2.05)=2.46 k/ft

_ WL _(246)(12)
8

3. M, 3 =44.28ft-k or 531.4in.-k
4. P,=1.6(100)=160k
B. Design
1. Try W 10x 26 section*
2. A,=761in.2
3. 1,=144in
4. Z,=31.3in>
5. t,=0.26in.
6. by/2t,=5.70
7. hit,=29.5
C. Axial (tensile) strength
1. U=0.7 from “Shear Lag” section of Chapter 9, h=7/8+1/8=1, A,=1(0.26)=0.261in.?
2. A,=A,~A,=7.61-0.26=7.35in.
3. A.=0.7(7.35)=5.15in.2
4. Tensile strength

0F,A;=0.9(50)(7.62)=342.9k
oF A.=0.75(65)(5.15)=251.06 k < Controls
D. Moment strength

1. 0.38\/F? =9.15> 5.7, itis a compact flange
Y

3.76\/? =90.55>29.5, it is a compact web
y

P, 160

= =3.55 in.” The selected section is twice
F, 0.9(50)

* As a guess, the minimum area for axial load alone should be A, =
this size because a moment M, is also acting. ¢
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2. Adequate lateral support (given)
3. Moment strength
0,F,Z=0.9(50)(313)=1400.5 in.-k
E. Interaction equation

1. i:ﬂ:0.64>0.2,UseEquation12.1
0P, 251.06

2. o B M :(O.64)+§(ﬂ):0.97<1 oK
o 9\ dMoy 9\ 1400.5

COMBINATION OF COMPRESSION AND FLEXURE
FORCES: THE BEAM-COLUMN MEMBERS

Instead of axial tension, when an axial compression acts together with a bending moment, which
is a more frequent case, a secondary effect sets in. The member bends due to the moment. This
causes the axial compression force to act off center resulting in an additional moment equal to the
axial force times the lateral displacement. This additional moment causes further deflection, which
in turn produces more moment, and so on until an equilibrium is reached. This additional moment
known as the second-order moment is not as much of a problem with the axial tension, which tends
to reduce the deflection.
There are two kinds of the second-order moments, as discussed below.

MEMBERS WITHOUT SIDESWAY

Consider an isolated beam-column member AB of a frame in Figure 12.2. Due to load w, on the
member itself a moment M, results assuming that the top joint B does not deflect with respect to
the bottom joint A (i.e., there is no sway). This causes the member to bend, as shown in Figure 12.3.
The total moment consists of the primary (the first order) moment, M,, and the second-order

moment, P,J. Thus,

M, =M, +Pd (12.3)

where M,, is the first-order moment in a member assuming no lateral movement (no translation).

Pu Pu
B C

n

w,

n

N

N

n

N

N

n

EE P

FIGURE 12.2 Second-order effects on a frame.
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MEMBERS WITH SIDESWAY P,
Now consider that the frame is subject to a sidesway where the ends M '/\A

of the column can move with respect to each other, as shown in "N
Figure 12.4. M, is the primary (first order) moment caused by the \
lateral translation of the frame only. Since the end B is moved by A |
with respect to A, the second-order moment is PA. J 8

Therefore, the total moment is
M, =M,+PA (12.4) /

where M, is the first-order moment caused by the lateral translation.

It should be understood that the moment M, (Equation 12.3) is the
property of the member and M,, (Equation 12.4) is a characteristic
of a frame. When a frame is braced against sidesway, M,, does not FIGURE 12.3 Second-order
exist. For an unbraced frame, the total moment is the sum of M,; and moment within a member.
M,,. Thus,

M,=(M, +Pd)+(M,+PA) (12.5) B AT

The second-order moments are evaluated directly or through the fac-
tors that magnify the primary moments. In the second case,

M,=BM, +BM, (12.6)

where B, and B, are the magnification factors when the first-order

moment analysis is used. A
For braced frames, only the factor B, is applied. For unbraced T

frames, the factors B, and B, both are applied. Py

FIGURE 12.4 Second-order
moment with sideway.

MAGNIFICATION FACTOR, B,

This factor is determined assuming the braced (no sway) condition. It can be demonstrated that for
a sine curve, the magnified moment directly depends on the ratio of the applied axial load to the
elastic (Euler) load of the column. The factor is expressed as follows:

B=—Cn 3 12.7)

C1=(R/Py)

where C,, is an expression that accounts for the nonuniform distribution of the bending moment
within a member as discussed in the “Moment Modification Factor, C,,” section below.

P,; = Euler buckling strength

n’EA
(KL/r)
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The slenderness ratio ((KL)/r) is along the axis in which the bend-
ing occurs and P, is the applied factored axial compression load.

Equation 12.7 suggests that B, should be greater or equal to 1; it
is a magnification factor.

MoMmenT MobiricaTiON FacTor, C,,

In Equation 12.7 for B, a factor C,, appears. Without this factor,
B, may be over-magnified. When a column is bent in a single cur-
vature with equal end moments, the deflection occurs, as shown in
Figure 12.5a. In this case, C,,=1. When the end moments bend a
member in a reverse curvature, as shown in Figure 12.5b, the max
deflection that occurs at some distance out from the center is smaller
than the first case; using C,,=1 will overdo the magnification. The
purpose of the modifier C,, is to reduce the magnified moment when
the variation of the moment within a member requires that B, should
be reduced. The modification factor depends on the rotational restraint
placed at the member ends. There are two types of loading for C,,.
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FIGURE 12.5 Deflection of
a column under different end
moment conditions.

1. When there is no transverse loading between the two ends of a member:

The modification factor is given by

C,=0.6— 0.4(“) <1
M

2

where
M, is the smaller end moment
M, is the larger of the end moments

(12.8)

The ratio (M,/M,) is negative when the end moments have the opposite directions caus-
ing the member to bend in a single curvature. (This is opposite of the sign convention for
concrete column in the “Short Columns with Combined Loads” section in Chapter 16.) The
ratio is taken to be positive when the end moments have the same directions causing the

member to bend in a reverse curvature.

2. When there is a transverse loading between the two ends of a member:

The C,, value is as follows:

a. C,=0.85 for a member with the restrained (fixed) ends
b. C,,=1.0 for a member with the unrestrained ends

Example 12.2

The service loads on a W12 x 72 braced frame member of A572 steel are shown in Figure 12.6.
The bending is about the strong axis. Determine the magnification factor B,. Assume the pinned

end condition.

Solution

A. Design loads
1. P,=1.2(100)+1.6(200)=440k
2. (M)g=1.2(15)+1.6(40) =82 ft-k
3. (M,),=1.2(20)+1.6(50) = 104 ft-k
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Pp =100k
P, =200k

M =15 ft-k
VN M =40 frk

14 ft
- A
Mp =20 ft-k
M; =50 ft-k

FIGURE 12.6 A braced frame for Example 12.2.

B. Modification factor
M _ =82 _ 788
M, 104
2. C,=0.6 -0.4(-0.788)=0.915
C. Euler buckling strength
1. K=1
2. ForW12x72, A=21.1in.2
r,=>5.31in., bending in X-direction
N(14x12
5 KL_((4x12) .o,
I 5.31
T’EA
(ku/r)!
%(29,000)(21.2
_m(29,000)21.2) _ 55,
(31.64)
Cn

T1=(R,/Pa)
0.915

- (440
6,055

UseB;, =1

4. Py=

5. B

=0.99<«1

BRACED FRAME DESIGN

To braced frames, only the magnification factor B, is applied. As stated earlier, the use of the
interaction equation, Equations 12.1 or 12.2, is direct in analysis when the member size is known.
However, it is a trial-and-error procedure for designing of a member.

Instead of making a blind guess, design aids are available to make a feasible selection prior
to application of the interaction equation. The procedure presented in the AISC Manual 2005 for



Combined Forces on Steel Members 219

initial selection needs an intensive input of the data from the special tables included in the manual.
In a previous version of the AISC manual, a different approach was suggested, which was less data
intensive. This approach is described below.

The interaction equations can be expressed in terms of an equivalent axial load. With respect to
Equation 12.1, this modification has been demonstrated below:

P, 8(Mm M]
+ + — =1

¢P,, 5 (DbMu (l)any
Multiply the both sides by ¢P,,

M,,
p+ 300 | Mu My )_\p (12.9)
9 ¢h Mnx Mny

Treating ¢F, as P, this can be expressed as

Py =P, +mM, +mUM,, (12.10)

where
P, is the factored axial load
M, is the magnified factored moment about X-axis
M, is the magnified factored moment about Y-axis

The values of the coefficient m, reproduced from the AISC manual, are given in Table 12.1.

The manual makes an iterative application of Equation 12.10 to determine the equivalent axial
compressive load, P, for which a member could be picked up as an axially loaded column only.
However, this also requires the use of an additional table to select the value of U.

This chapter suggests an application of Equation 12.10 just only to make an educated guess for a
preliminary section. The initially selected section will then be checked by the interaction equations.

The procedure is as follows:

1. With the known value of the effective length, KL select a value of m from Table 12.1 for the
shape category proposed to be used, i.e., W12. Assume U=3.

2. From Equation 12.10, solve for P,

3. Pick up a section having the cross-sectional area larger than the following:

_ Py

g_(be

4. Confirm the selection by the appropriate interaction equation, Equation 12.1 or
Equation 12.2

Example 12.3

For a braced frame, the axial load and the end moments obtained from structural analysis are
shown in Figure 12.7. Design a W14 member of A992 steel. Use K=1 for the braced frame.
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FIGURE 12.7 A column member of a braced frame.

Solution

lPD=8O k
P, =200k

Mpy = 15 ft-k
My =45 ft-k

14 ft

B
Mpy =20 ft-k T

My = 50 ft-k

Gravity load

A. Critical load combinations

(@

(b)

1.2D+1.6L

1. Assume a member weight of 100 Ib/ft, total weight=100(14)=14001b or 1.4k
2. P,=1.2(81.4)+1.6(200)=417.7 k

3. (M), at A=1.2(15)+1.6(45) =90 ft-k

4. (M,), at B=1.2(20)+ 1.6(50) = 104 ft-k

1.2D+L+1.6W
1. P,=1.2(84)+200=297.7k

2. (M,), at A=1.2(15)+45=63 ft-k
3. (M), at B=1.2(20)+50=74ft-k

4. (M,),=1.6(120)=192 ft-k

B. Trial selection

1.

For the load combination (a)

From Table 12.1 for KL=14ft, m=1.7

Py =417.7+1.7(104) = 594.5 k

For load combination (b), Let U=3

=
M, =120 ft-k

14 ft

.-

M, =120 ft-k

Wind load

Py =297.7+1.7(74)+1.7(3)(192) = 1402.7 k « Controls

_ Py _ 14027
*oF  (0.9)(50)
Select W14 x 109 A=32.0in.2
Z,=192in.3

Z,=92.7in

r,=6.22in.

r,=3.73in.

b/2t=8.49

h/t, =217

=31.17

in.2

Checking of the trial section for the load combination (b)
C. Along the strong axis

1.

2.

Moment strength

OM,, = 0F, Z,=0.9(50)(192) = 8640 in.-k or 720ft-k

Modification factor: reverse curvature

(M) @A _ 63 _, o
(My), @B 74

Cmx =0.6-0.4(0.85)=0.26

221
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3. Magnification factor

K=1

n’EA _ ©*(29,000)(32)

(Pa) = = 2 =12551
© (Kt (27.0)
Cvm
4. (31)X:%
0.26

=< =0256<Tuse
1-(297.7/12,551)

5' (Mu)x:Bl(Mm)x
=1(74)=741t-k
D. Along the minor axis
1. Moment strength
d)Mny = d)FyZy: 0.9(50)(92.7)=4171.5in.-k or 347.63 ft-k
2. Modification factor: reverse curvature

(Mn), @A _ 208 _
(M) @B 208
y

Cnx =0.6-0.4(1)=0.2
3. Magpnification factor

K=1

ﬁ:(1)(14><12)

=45.0
r 3.73
2 2
(Pa), - n EA2 T (29,0002)(32) 45184
(KL/r,) (45.0)
G
4. (B) =—m
SUNSRATN
0.2 =0.21<T;use 1

" 1-(297.7/4518.4)
5. (M,),=(B,y),(M,),
=1(192)=192 ft-k
E. Compression strength
: KL (1)(14x12)
on 622
KL (1)(14x12)
o 3.73

=27.0

2. = 45.0 « Controls
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3. 4. 71( 4.71 /29000 =113.43 > 45 Inelasticbuckling

7*(29,000)
(KL/ry) (45.0)°
5. F,=(0.658141-50=43.11
6. 0F,=09F,A,
=0.9(43.11)(32)=1241.6k
F. Interaction equation

4. =141.2

P, 297.7
0P, 12416

R 8 My | My
+— +
¢R1 9 q)anx q)any

024+8(74+ 192 )
9\ 720 347.63

=0.24>0.2

=0.82 <1 OK

MAGNIFICATION FACTOR FOR SWAY, B,

The term B, is used to magnify the column moments under sidesway condition. For sidesway to
occur in a column on a floor, it is necessary that all of the columns on that floor should sway simul-
taneously. Hence the total load acting on all columns on a floor appears in the expression for B,. The
AISC Manual 2005 presents the following two relations for B,:

B, = 1 (12.11)
1_Zh (AH
sH\ L
or
Bi=— (12.12)
2 — 1_ ZI)M .
2P,
where

AH is the lateral deflection of the floor (story) in question

L is the story height

2H is the sum of horizontal forces on the floor in question

2P, is the total design axial force on all the columns on the floor in question

P, is the summation of the elastic (Euler) capacity of all columns on the floor in question,
given by

n’EA
(KL/r)’

SP,=3% (12.13)
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Pp =240k 360 k 360 k 240 k

| ! ! |
|

W12 x 96 | 151t W12 x 120 W12 x 120 W12 x 96

¥ 30 ft 2 30 ft 3 30 ft 2

FIGURE 12.8 An unbraced frame.

The term P, is similar to the term P,;, except that the factor K is determined in the plane of bending
for an unbraced condition (K in P,;, was for the braced condition).

The designer can use either of the Equation 12.11 or Equation 12.12; the choice is a matter
of convenience. In Equation 12.11, initial size of the members is not necessary since A and r as
a part of P,, are not required unlike in Equation 12.12. Further, a limit on AH/L, known as the
drift index, can be set by the designer to control the sway. This is limited to 0.004 with factored

loads.

Example 12.4

An unbraced frame of A992 steel at the base floor level is shown in Figure 12.8. The loads are

factored

dead loads. Determine the magnification factor for sway for the column member (1)

bending in Y-axis.

Solution

A. Exterior columns

1.

2.
3.
4.

Factored weight of column=1.2(0.096 x 15)=1.7k

P,=240+1.7=241.7k
K=2
For W12x96, A=28.2in.2
r,=3.09in.
KL_2015x12) 65
r, 3.09
2 2
p,= ™ /EA2 _= (29,000)(228.2) 5941k
(KL/r,) (116.5)

B. Interior columns

1.
2.
3.

4.

Factored weight of column=1.2(0.12x 15)=2.2k
P,=360+2.2=362.2k

K=2
For W12 x 120, A=35.3in.2
r,=3.13in.
KL _ 2(15><12):115.0
I3 3.13
2 2
_.n EA2 _ *(29,000)(35.3) 7632k
(KL/r,) (115.0)

C. For the entire story,

1.
2.

¥P,=2(241.7)+2(362.2)=1208 k
2P, =2(594.1)+2(763.2)=2714.6
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3. From Equation 12.12,
o 1
1- Zh
P,
L =1.80

(1208
2714.6

Example 12.5
In Example 12.4, the total factored horizontal force on the floor is 200k and the allowable drift

index is 0.002. Determine the magnification factor for sway.

Solution
From Equation 12.11,
P B
|_ZP.(AH
TH\ L

= ! =1.01

1- (@) (0.002)
200

UNBRACED FRAME DESIGN
The interaction equations, Equations 12.1 and 12.2 are used for the unbraced frame design as well.
M, and M, in the equations are computed by Equation 12.6 magnified for both B, and B,.

The trial size can be determined from Equation 12.10 following the procedure stated in the
“Braced Frame Design” section. When an unbraced frame is subjected to the symmetrical vertical
(gravity) loads along with a lateral load, as shown in Figure 12.9, the moment M,, in member AB
is computed for the gravity loads. This moment is amplified by the factor B, to account for the P—
effect. The moment M, is computed due to the horizontal load H. It is then magnified by the factor

B, for P-A effect.

When an unbraced frame supports an asymmetric loading, as shown in Figure 12.10, the eccen-
tric loading causes it to deflect sideways. First, the frame is considered braced by a fictitious support
called an artificial joint restraint (AJR). The moment M, and the deflection d are computed, which

is amplified by the factor B,.

P P P
A

H l |’/;
—_— — — 1 -
B B~ "———"~ \ I I
! \ I 1
| \ I |
| \ | |
| \ I I
| }-8 | I I
= ot | I
I I I |
| I ] ]
\ I I I
\ I ] I
\ ] 1 1
\ I i I
A I A o A o

FIGURE 12.9 Symmetrical vertical loads and a lateral load on an unbraced frame.
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B B~ ————~~~ \ B! |
! \ I 1
I \ ] |
| \ | |
| \ I I
-8
] | | ]
= ot I I
I I I |
| ] I ]
\ | I I
\ I I I
\ 1 1 1
\ I I I
A » A » A »

FIGURE 12.10 Assymetric load on an unbraced frame.

To compute M,,, a force equal to AJR but opposite in direction is then applied. This moment is

magnified by the factor B, for P-A effect.
When both the asymmetric gravity loads and the lateral loads are present, the above two cases

are combined, i.e., AJR force is added to the lateral loads to compute M,, for the P-A effect.
Alternatively, two structural analyses are performed. The first analysis is performed as a braced

frame; the resulting moment is M,,. The second analysis is done as an unbraced frame. The results
of the first analysis are subtracted from the second analysis to obtain the M,, moment.

Example 12.6

An unbraced frame of A992 steel is subjected to the dead load, the live load, and the wind load.
The structural analysis provides the axial forces and the moments on the column along X-axis, as

shown in Figure 12.11. Design for a maximum drift of 0.5 in.

Solution

A. Critical load combinations
(@ 1.2D+1.6L
. Assume a member weight of 100 [b/ft, total weight=100(15)=15001b or 1.5k

1
2. P,=1.2(81.5)+1.6(210)=433.8k
3. (M,), at A=1.2(15)+1.6(45) =90 ft-k
4. (M,), at B=1.2(20)+1.6(50) = 104 ft-k
5. (M, =0 since the wind load is not in this combination
(b) 1.2D+L+1.6W
1. P,=1.2(81.5)+210=307.8k
2. (M), at A=1.2(15)+45=63 ft-k
3. (M), at B=1.2(20)+50=74ft-k
lSOk lZlOk 501
K
r - r-
15 fe-k | A 45 ek | A 100 fe-k |4
15 ft
B l B B
\77,, 20 ft-k \77,, 50 ft-k \777,, 100 ft-k
Live load Wind load

Dead load

FIGURE 12.11 Loads on an unbraced frame.
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4. (M,), at A= 1.6(100)=160ft-k
5. (M,), at B=1.6(100)=160ft-k
B. Trial selection
1. For the load combination (@)

K=1.2,KL=1.2(15)=18 ft
From Table 12.1 for W12 section, m=1.9
Py =433.8+1.9(104) = 631.4 k
2. For load combination (b)
Py =307.8+1.9(74)+1.9(160) = 752.4 k « Controls

30 A =t o OLA o2

*¢F  (0.9)(50)
4. Select W12 x 74 (W12 x 69 has the non-compact flange)

A=21.1in.2
Z,=108in.2
r,=5.3Tin.

r,=3.04in.
b/2t;=8.99
hit,=22.6

Checking of the trial section for the critical load combination (b)
C. Moment strength

1. 038 |5 291552 compact
F, 2

2. 3.76\/? =90.55> i, compact
F, ty

3. M, =0F,Z,=0.9(50)(108)=4860in.-k or 405 ft-k
D. Modification factor: reverse curvature
(Mn ) @A _ 63 ~0.85
(M,),@B 74
2. C,,=0.6 - 0.4(0.85)=0.26
E. Magnification factor, B,
1. K=1 for braced condition

KL_((05x12) ..
I 5.31

3 (R). = A _ m*(29,000)
C T (kY (33.9)

2(2“) =5250.3

= 7/3“
(Pe1)x

:L:O.28<1;use1

1_( 307.8 J

5250.3

F. Magnification factor for sway, B,
1. K=1.2 for unbraced condition

KL (12)(15x12)

o 531

2. =40.68

227
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3. (Pa) m’EA 1 (29,000)(21.1)

’ e2) = =

© (KR (40.68)’

4. XP,=2(307.8)=615.6k, since there are two columns in the frame
5. S(P,),=2(3645.7)=7291.4k
AH _ 05

L 15%x12
7. From Equation 12.11,

=3645.7

=0.00278

1
1 2R (AH
sH L
~ 1
1—(@)(0.00278)
50

82:

=1.035

8. From Equation 12.12

o
2R
ZPez

= (]) =1.09 « Controls

82:

(6156
7291.4

G. Design moment
(Mu)x = B](Mm)x + BZ(M/t)X

=174)+1.09(160) = 248.4 ft-k

H. Compression strength
KL _(1.2)(15%12)

1. = =40.7
Iy 5.31
1.2)(15%x12
2. KL w =71.05 « Controls
3.04
3. 4. 71\/7 4.71 /29 000 =113.43>71.05 Inelastic buckling
29,000
4, wE _ ) _ 5664

C(kyn) (71.05)

5. F,=(0.65850-6450=34.55ksi
6. 0F,=09F,A,
=0.9(34.55)(21.1)=656.2 k
I. Interaction equation

h_307.8 0.47 > 0.2, apply Equation12.1
oP,  656.2
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oP, 9\ dM,, 9{ 405

=1.0 OK (border case)

Select a W12 x 72 section

OPEN-WEB STEEL JOISTS

A common type of floor system for small to medium size steel frame building consists of the open-
web steel joists with or without joist girders. The joist girders, when used, are designed to support
the open-web steel joists. The floor and roof slabs are supported by the open-web joists. A typical
plan is shown in Figure 12.12.

The open-web joists are parallel chord truss where web members are made from steel bars or
small angles. A section is shown in Figure 12.13. The open-web joists are pre-engineered systems
that can be quickly erected. The open spaces in the web can accommodate ducts and piping.

The AISC specifications do not the cover open-web joists. A separate organization, the Steel
Joist Institute (SJI) is responsible for the specifications relating to the open-web steel joists and joist
girders. The SJI’s publication titled “Standard Specifications” deals with all aspects of the open-
web joists including their design, manufacturing, application, erection, stability, and the handling.

Three categories of joists are presented in the standard specifications:

1. Open-web joists, K-series

For span range 8-60ft, depth 8-30in., chords F,=50ksi and web F,=36 or 50ksi
2. Long span steel joists, LH-series »

For span range 21-96 ft, depth 18-48in., chords F,=36 or 50ksi and web F,=36 or 50ksi
3. Deep long span joists, DLH-series

For span range 61-144 ft, depth 52—72in., chords F= 36 or 50ksi, and web F= 36 or 50ksi

Open-web joist uses a standardized designation; for example, “18 K 6” means that the depth of
the joist is 181in., it is a K-series joist that has a relative strength of 6. The higher the strength number,
the stronger is the joist. Different manufactures of 18K 6 joists will have different member cross
sections but they all must have a depth of 18in. and a load capacity as tabulated by the SJI.

3 rows of L_1-1/, x 7/64 horizontal
bridging equally spaced

Joist girder \
I T

£

_OI_____________ A A DD I BV D

n

B e S N E——— 30 ft—0 in.

»

o

[a\]

R R
I T
S~
Open-web joists

e—— 12 spaces at 5ft—0in.= 60 ft—0 in. =~ ———

FIGURE 12.12 An open-web joist floor system.
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Span
2in. Ty Design length = span — 0.33 ft
—
P
Varies
| w3 V2
: W2D :g Angles
! W4 W5 2 web
| W2
; [
! Clear span = span — 2 bearing length
Bearing length
Span
2 in.—-* Design length = span — 0.33 ft
—

Y | P |
[ I

—| [=— Varies

——
\l 1
\ Bars web

|
| . A

Clear span = span — 2 bearing length

Depth

_/\/_

FIGURE 12.13 Open-web steel joist.

The joists are designed as a simply supported uniformly loaded trusses supporting a floor or a
roof deck. They are constructed as so that the top chord of the joists are braced against the lateral
buckling.

The SJI specifications stipulate the following basis of design:

1. The bottom chord is designed as an axially loaded tensile member. The design standards
and the limiting states of Chapter 9 for tensile member are applied.

2. The top chord is designed for the axial compression force only when the panel length,
[ does not exceed 24in., which is taken as the spacing between lines of bridging. The
design is done according to the standards of Chapter 10 on columns. When the panel length
exceeds 241n., the top chord is designed as a continuous member subject to the combined
axial compression and bending, as discussed in this chapter.

3. The web is designed for the vertical shear force determined from a full uniform loading
but it should not be less than Y of the end reaction. The combined axial compression and
bending are investigated for the compression web members.

4. The bridging comprising of a cross connection between the adjoining joists is required for
the top and the bottom chords. This consists of one or both of the following types:

a. The horizontal bridging by a continuous horizontal steel member. The ratio of the
length between the attachment to the least radius of gyration //r should not exceed 300.

b. The diagonal bridging by cross bracing between the joists with the //r ratio not exceed-
ing 200.

The number of rows of the top chord and the bottom chord bridging should not be less than those
prescribed in the bridging tables of the SJI standards. The spacing should be such that the radius of



Combined Forces on Steel Members 231

| Span Span

_EA

FIGURE 12.14 Shear and moment envelopes. (a) Standard joists shear and bending moment diagrams. (b)
KCS joists shear and bending moment diagrams.

gyration of the top chord about its vertical axis should not be less than //145, where [ is the spacing
in inches between the lines of bridging.

For design convenience, the SJI in their standard specification, have included, the standard load
tables that can be directly used to determine the joist size. Tables for K-series joists are included
in Appendix C.10. The loads in the tables represent the uniformly distributed loads. The joist are
designed for a simple span uniform loading, which produces a parabolic moment diagram for the
chord members and a linearly sloped (triangular shaped) shear diagram for the web members, as
shown in Figure 12.14a.

To address the problem of supporting of the uniform loads together with the concentrated loads,
the special K-series joists, known as KCS joists, are designed. The KCS joists are designed for a flat
moment and rectangular shear envelopes, as shown in Figure 12.14b.

When we enter the table at Appendix C.10, under the column “18 K 6,” across a row correspond-
ing to the joist span, the first figure is the total 1b/ft load that a 18K 6 joist can support and the
second light-faced figure is the unfactored live load from the consideration of L/360 deflection. For
a live load deflection of L/240, multiply the load figure by the ratio 360/240, i.e., 1.5.

The following example demonstrates the use of the joist table.

Example 12.7

Select an open-web steel joist for a span of 30ft to support a dead load of 35 psf and a live load of
40 psf. The joist spacing is 4 ft. The maximum live load deflection is L/240.

Solution

A. Design loads
1. Tributary area/ft=4ft?/ft
2. Dead load/ft=35 x4=140Ib/ft
3. Weight of joist/ft=10Ib/ft
4. Total dead load =150 Ib/ft
5. Factored dead load=1.2(150)=180 Ib/ft
6. Live load/ft=40x4=160Ib/ft
7. Factored live load=1.6(160)=256 Ib/ft
8. Total factored load =436 Ib/ft
B. Standard load table at Appendix C.10
1. Enter the row corresponding to span 30. The section suitable for total factored load of
436 Ib/ft is 18 Kx 6, which has a capacity of 451 [b/ft.
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2. Live load capacity for L/240 deflection

360
-3

175)=262.5 Ib/ft > 256 Ib/ft  OK
240

3. The joists of different depths might be selected using the other standard load tables of
the S)I. In fact, the §JI include an economy table for the lightest joist selection.

JOIST GIRDERS

The loads on a joist girder are applied through open-web joists that the girder supports. This load is
equal in magnitude and evenly spaced along the top chord of the girder applied through the panel
points.

The bottom chord is designed as an axially loaded tension member. The radius of gyration of the
bottom chord about its vertical axis should not be less than /240, where [ is the distance between
the lines of bracing.

The top chord is designed as an axially loaded compression member. The radius of gyration of
the top chord about the vertical axis should not be less than the span/575.

The web is designed for the vertical shear for full loading but should not be less than % of the
end reaction. The tensile web members are designed to resist at least 25% of the axial force in
compression.

The SJI, in the standard specifications, have included the girder tables that are used to design
girders. Selected tables have been included at Appendix C.11. The following are the design param-
eters of a joist girder:

1. Span of the girder

2. Number and spacing of the open-web joists on the girder: when the spacing is known, num-
ber equals the span/spacing; for the known number of joists, spacing equals the span/number

3. The point load on the panel points in kips: Total factored unit load in psf is multiplied by
the joist spacing and the length of joist (bay length) converted to kips

4. Depth of girder

For any of the above three known parameters, the fourth one can be determined from the girder
tables. In addition, the table gives the weight of the girder in 1b/ft to confirm that it had been ade-
quately included in the design loads.

Usually, the first three parameters are known and the depth of the girder is determined. A rule
of thumb is about an inch of depth for each feet of span for an economic section. Each joist girder
uses a standardized designation; for example, “36G 8N 15F” means that the depth of the girder
361in., it provides for 8 equal joist spaces and it supports a factored load of 15 k at each panel loca-
tion (a symbol K at the end, in place of F, is used for the service load capacity at each location).

Example 12.8
Specify the size of the joist girder for the floor system shown in Figure 12.15.
Solution

A. Design loads
1. Including 1 psf for the weight of girder, total factored load

=1.2(15+ 1)+ 1.6(30)=67.2 psf
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Open-web joists
Joists girders

¢
Dy =15 psf
6ft L; =30 psf
30 ft
Y
DS 20 ft S 20 ft S 20 ft 2

FIGURE 12.15 Floor system for Example 12.8.

2. Panel area=6x20=120ft?
3. Factored concentrated load/panel point

=67.2x120=80641b or 8.1k, use 9k
B. Joist details
1. Space=6ft
2. Numbering joists:% =5

C. Girder depth selection

1. Refer to Appendix C.11. For 30ft span, 5N, and 9k load, the range of depth is 24in.
to 36in.

Select 28G 5N 9F
2. From Appendix C.11, weight per ft girder=17 Ib/ft
Unit weight:% =0.85 psf < assumed 1psf  OK

3. The information shown in Figure 12.16 will be specified to the manufacturer

. P P
Joist
y space y l l ‘
A T
T in
= AN AN
= \ \ / \ \ /
t% 2in R ;’ \ : / \ : / \ : / “ / A T
— \\ f N gy N \ ’
A NI \\I,l \\I,l \\l/' v
N W/ \/ W/ v/
A 4 [ ]
) 4
Joist order span
Standard designation
| 28G 5N 9F |
Depth in inches Number of Kip load on each panel point
joist spaces (one kip = 1000 Ibs)

FIGURE 12.16 Selection of joist girder.
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PROBLEMS

In all problems assume the full lateral support conditions.

12.1 A WI2x35 section of A992 steel with a single line (along the tensile force) of four 3/4in.
bolts in the web is subjected to a tensile live load of 65k and a bending moment due to the
dead load along the weak axis of 20 ft-k. Is this member satisfactory?

12.2 A W10x33 member is to support a factored tensile force of 100k and a factored moment
along X-axis of 100ft-k. It is a fully welded member of Grade 50 steel. Is the member ade-
quate for the loads?

12.3 A 12ft long hanger supports a tensile dead load of 50k and a live load of 100k at an eccen-
tricity of 4in. with respect to the X-axis. Design a W10 section of A992 steel. There is one
line of three bolts of 3/4in. diameter on one side of the top flange and one line of three bolts
of the same size on the other side of the top flange. The bottom flange has a bolt pattern
similar to the top flange.

12.4 Design a W8 or W10 member to support the loads shown in Figure P12.4. It has a single line
of three holes for 7/8in. bolts in the web. The member consists of A992 steel.

wp = 0.5 k/ft
wy = 1k/ft (Service loads)
BEEEEEEEENEEE, Pp=50k
» o P, =70k
¥ 15 ft ¥

FIGURE P12.4 A tensile and flexure member.

12.5 The member of Problem #12.4 is a factored bending moment of along Y-axis of 40ft-k in
addition to the above loading along X-axis. Design the member. [Hint: Since a sizeable bend-
ing along Y-axis is involved, initially select a section at least four times of that required for
axial load alone.]

12.6 A horizontal beam section W10x26 of A992 steel is subjected to the service live loads
shown in Figure P12.6. The member is bent about X-axis. Determine the magnitude of the
magnification factor, B,.

30k

30 k

m
¥ 10 ft

;Ti:

FIGURE P12.6 A compression flexure member.

12.7 A braced frame member W12 x 58 of A992 steel is subjected to the loads shown in Figure
P12.7. The member is bent about X-axis. Determine the magnitude of the magnification fac-
tor, B,. Assume the pin-end conditions.

12.8 In Problem #12.7, the moments at the ends A and B are both clockwise. The ends are
restrained (fixed). Determine the magnification factor, B,.

12.9 In Problem #12.7, in addition to the loads shown, a uniformly distributed wind load of 1k/ft
acts laterally between A and B. Determine the magnification factor, B,.

12.10 In Problem #12.7, in addition to the shown X-axis moments, the moments in Y-axis at A and
B are as follows. Determine the magnification factor, B,.
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Pp =50k
P, =150k
- AT
] B
My, =20 ft-k
My, =70 ft-k
14 ft
Mp =10 ft-k
T4y Mp=40ftk AN

A ot

FIGURE P12.7 An unbraced frame member.

At B Mp),=10ftk  (M,),=20ft-k, clockwise
At A(Mp),=8ftk (Mp),=15ft-k, counterclockwise

12.11 The member of a A572 steel section, as shown in Figure

P12.11, is used as a beam-column in a braced frame. It is ﬁD:zlggll:
bent about the strong axis. Is the member adequate? ‘
12.12 A horizontal component of a braced frame is shown in NN
Figure P12.12. It is bent about the strong axis. Is the member My, =20 ft-k
adequate? Use A992 steel. M =40 ft-k

12.13 The member of a A572 steel section, as shown in Figure
P12.13, is used as a beam-column in a braced frame. It has
restrained ends. Is the member adequate?

12.14 A W12x74 section of A572 steel is part of a braced frame.
It is subjected to the service, dead, live, and seismic loads, as

W12 x 72 12 ft

)t » 1 ‘ M =30 ft-k
shown in Figure P12.14. The bending is along the strong axis. M, =50 ft-k
It has pinned ends. Is the section satisfactory? A

12.15 For a braced frame, the service axial load and the moments
obtained by structural analysis are shown in Figure FIGURE P12.11 A beam-
P12.15. Design a W14 section of A992 steel. The ends are ~column member.

restrained.
12.16 In Problem #12.15, the wind load moments act along Y-axis (instead of the X-axis). Design
the member.
Wp = 1 k/ft
WL=2k/ft PD=10k
Service load
CE 4 0§ 4 0¥ 0§ F 0§ § 4§ P-2okomeme
” %
* 20 ft \

W10 x 54

FIGURE P12.12 A horizontal component of a braced frame.
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Dead loads (service)
Pp =50k

Mpy =50 ft-k

Mpy =20 ft-k

W14 x 68 | 15 ft

Live loads (service)
P, =100k

M x =100 ft-k
M,y =30 ft-k

FIGURE P12.13 A restrained braced frame member.

Ppr=80k
l P, =200k
A9\ A7\
Mp =20 ft-k 150 ft-k
Mj, = 40 ft-k

12 ft | W12 x 74

B ¢ Be
Mp =30 f-k " 100 fi-k N~
M, =50 ft-k

(a) (b)
FIGURE P12.14 (a) Gravity and (b) seismic loads on a braced frame member.

l Pp =200k
P, =400k
N My =200 fek #y
Mpy =50 ft-k
Mjx = 100 ft-k

Be a1, =25ftk Be

DX My, = 200 ft-}

(@) Mpy=50ftk  (b) \\_,, X <

FIGURE P12.15 (a) Gravity and (b) wind loads on a braced frame member.
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12.17 For a 12-ft high beam column in an unbraced A36 steel frame, a section W10 x 88 has been
selected for P,=500k. There are five columns of the same size bearing the same load and
have the same buckling strength. Assume that the members are fixed at the support and are
free to sway (rotation is fixed) at the other end in both directions. Determine the magnifica-
tions factors in both directions.

12.18 In Problem #12.17, the drift along X-axis is 0.3 in as a result of a factored lateral load of 300k.
Determine the magnification factor B,.

12.19 An unbraced frame of A992 steel is shown in Figure P12.19. Determine the magnification
factors along both axes.

Pp =100k (Service Pp =200k Pp =200k Pp =100k
P; =200k  loads) P; =300k P; =300k P; =200k

| ! ! !

V, =200k —

W12 x 152 | 14 ft W12 x 210 W12 x 210 W12 x 152

¥ 20 ft X 20 ft X 20 ft 2

FIGURE P12.19 An unbraced frame magnification factors.

12.20 The allowable story drift in Problem 2.19 is 0.5in. in X-direction. Determine the magnifica-
tion factor B,.

12.21 A 10-ft long W12 x 96 column of A992 steel in an unbraced frame is subjected to the follow-
ing loading conditions. Is the section satisfactory?

P,=240kM,, =50ft-k M, =30ft-k M, =100ft-k M, ,=70ft-k (all loads factored)
It is bent in reverse curvature with equal and opposite end moments

There are five similar columns in a story

The column is fixed at the base and is free to translate without rotation at the other end

i N

12.22 Select a W12 column member of A992 steel of an unbraced frame for the following
conditions:

.K=12

. L=12ft

. P,=350k

.M, =751tk

. M, =40ft-k

. M, =150ft-k

. M,,,=801ft-k (all loads factored)

. Allowable drift=0.3in.

. It has intermediate transverse loading between the ends
. The ends are restrained against rotation
. There are four similar in a story

—_
— O 0O 0 g AW -

[
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12.23 An unbraced frame of A992 steel is subjected to the dead load, live load, and wind load in
X-axis. The structural analysis provided the results, as shown in Figure P12.23. Design a
W14 section for a maximum drift of 0.5in. Each column is subjected to the same axial force
and moment.

170 k 400 k 110 k
30 ft-k 90 ft-k 200 ft-k
14 ft
40 ft-k 105 ft-k 200 ft-k
X7, X7,

() (b) ()

FIGURE P12.23 (a) Dead, (b) live and (c) wind loads on an unbraced frame section.

12.24 One story unbraced frame of A992 steel is subjected to the dead load, roof live load, and
wind load. The bending is in X-axis. The structural analysis provided the results, as shown
in Figure P12.24. The moments at the base are 0. Design a W12 section for a maximum

drift of 0.51n.

lPD=15k P, =15k

Mp =50 ft-k T M; =70 ft-k

15 ft
¥ 40 ft 2 ¥
Dead load Roof live loads
TPW=—101< lPL=21<
10k
My, =-30 ft-k M; =20 ft-k
Wind (uplift on roof) Wind loads (pressure on roof)
(does not contribute to drift) (lateral)

FIGURE P12.24 Dead, roof live loads and wind loads on an unbraced frame section.

12.25 Select a K-series open-web steel joist spanning 25 ft to support a dead load of 30 psf
and a live load of 50 psf. The joist spacing is 3.5 ft. The maximum live load deflection
is L/360.
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12.26 Select an open-web steel joist for the following flooring system:

Joist spacing 3 ft

Span length 20 ft

Floor slab 3in. concrete

Other dead load 30 psf

Live load 60 psf

Maximum live load deflection L/240

S

12.27 Ona 18K 10 joist spanning 30ft, how much total unit load and unfactored live load in psf can
be imposed? The joists spacing is 4 ft. The maximum live load deflection is L/200.

12.28 The service dead load in psf on a 18 K 6 joist is one-half of the live load. What are the magni-
tudes of these loads on the joist loaded to the capacity at a span of 20 ft, spaced 4 ft on center?

12.29 Indicate the joist girder designation for the flooring system shown in Figure P12.29.

Open-web
joists
B
[
1
8 Ift D; =20 psf
32 ft 71 L; =40 psf
8 ft (service)
L
71
Iy
Y 40 ft ¥ 40 ft Y
Girder

FIGURE P12.29 An open-web joists and joist girder floor system.

12.30 For a 30ftx 50ft bay, joists spaced 3.75 ft on center, indicate the designation of the joist gird-
ers to be used for a dead load of 20 psf and a live load of 30 psf.






13 Steel Connections

TYPES OF CONNECTIONS AND JOINTS

Most structures’ failure occur at a connection. Accordingly, the AISC has placed lots of emphasis
on connections and has brought out separate detailed design specifications related to connections
in the 2005 Steel Design Manual. Steel connections are made by bolting and welding; riveting is
obsolete now. Bolting of steel structures is rapid and requires less skilled labor. On the other hand,
welding is simple and many complex connections with bolts become very simple when welds are
used. But the requirements of skilled workers and inspections make welding difficult and costly,
which can be partially overcome by shop welding instead of field welding. When a combination is
used, welding can be done in shop and bolting in field.
Based on the mode of load transfer, the connections are categorized as

1. Simple or axially loaded connection when the resultant of the applied forces passes through
the center of gravity of the connection

2. Eccentrically loaded connection when the line of action of the resultant of the forces does
not pass through the center of gravity of the connection

The following types of joints are formed by the two connecting members.

1. Lap joint: As shown in Figure 13.1, the line of action of the force in one member and the
line of action of the force in the other connecting member have a gap between them. This
causes a bending within the connection, as shown by the dashed lines. For this reason, the
lap joint is used for minor connections only.

2. Butt joint: It provides a more symmetrical loading, as shown in Figure 13.2, that eliminates
the bending condition.

The connectors (bolts or welds) are subjected to the following types of forces (and stresses).

1. Shear: The forces acting on the splices shown in Figure 13.3 can shear the shank of the
bolt. Similarly, the weld in Figure 13.4 resists the shear.

2. Tension: The hanger-type connection shown in Figures 13.5 and 13.6 imposes tension in
bolts and welds.

3. Shear and tension combination: The column-to-beam connections shown in Figures 13.7
and 13.8 cause both shear and tension in bolts and welds. The welds are weak in shear and
are usually assumed to fail in shear regardless of the direction of the loading.

BOLTED CONNECTIONS

The ordinary or common bolts, also known as unfinished bolts, are classified as A307 bolts. The
characteristics of A307 steel is very similar to A36 steel. Their strength is considerably less than
those of high-strength bolts. Their use is recommended for structures subjected to static loads and
for the secondary members like purlins, girts, and bracings. With the advent of high-strength bolts,
the use of the ordinary bolts has been neglected though for ordinary construction, the common bolts
are quite satisfactory.

241
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FIGURE 13.1 Lap joint.

P C 1
= |
P | .
L e F |
2 | E—
P-—r7% ' =P
FIGURE 13.2 Butt joint.
CINO
P ! P
! o 0O

FIGURE 13.3 Bolts in shear.

FIGURE 13.4 Welds in shear.

FIGURE 13.5 Bolts in tension.

FIGURE 13.6 Welds in tension.
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™" ’l\ Bolt in shear and tension
M

[oXeNe]

U

FIGURE 13.7 Bolts in shear and tension.

M—~—""T
/1\‘ M Weld in shear and tension

e

FIGURE 13.8 Welds in shear and tension.

High-strength bolts have strength that is twice or more of the ordinary bolts. There are two types of
high-strength bolts: A325 type and the higher strength A490 type. High-strength bolts are used in two
types of connections: the bearing-type connections and the slip-critical or friction-type connections.

In the bearing-type connection, in which the common bolts can also be used, no fictional resis-
tance in the faying (contact) surfaces is assumed and a slip between the connecting members occurs
as the load is applied. This brings the bolt in contact with the connecting member and the bolt bears
the load. Thus, the load transfer takes place through the bolt.

In a slip-critical connection, the bolts are torqued to a high tensile stress in the shank. This devel-
ops a clamping force on the connected parts. The shear resistance to the applied load is provided by
the clamping force, as shown in Figure 13.9.

L1
| =P
P |
L1
,_/|/— Torque applied
| M <P
/r ~ - <
IR f\
u x clamping force Clamping force

FIGURE 13.9 Frictional resistance in a slip-critical connection.
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TABLE 13.1
Minimum Pretension on Bolts, k

Bolt Diameter, in.  Area, in.2  A325 Bolts  A490 Bolts

172 0.0196 12 15
5/8 0.307 19 24
3/4 0.442 28 35
7/8 0.601 39 49
1 0.785 51 64

Thus, in a slip-critical connection, the bolts themselves are not stressed since the entire force is
resisted by the friction developed on the contact surfaces. For this purpose, the high-strength bolts
are tightened to a very high degree. The minimum pretension applied to bolts is 0.7 times the tensile
strength of steel. These are given in Table 13.1.

The methods available to tighten the bolts comprise (1) the turn of the nut method, (2) the cali-
brated wrench method, and (3) the direct tension indicator method or the alternate designed twist-
off type bolts are used whose tips are sheared off at a predetermined tension level.

The slip critical is a costly process subject to inspections. It is used for structures subjected to
dynamic loading such as bridges and where the stress reversals and the fatigued loading take place.

For most situations, the bearing-type connection should be used where the bolts can be tighten
to the snug-tight condition which means the tightness that could be obtained by the full effort of a
person using a spud wrench or the pneumatic wrench.

SPECIFICATIONS FOR SPACING OF BOLTS AND EDGE DISTANCE

1. Definitions: The following definitions are given with respect to Figure 13.10.

Gage, g: It is the center-to-center distance between two successive lines of bolts, perpen-
dicular to the axis of a member (perpendicular to the load).

Pitch, p: It is the center-to-center distance between two successive bolts along the axis of
a member (in line with the force).

Edge distance, L,: It is the distance from the center of the outer most bolt to the edge of a
member.

2. Minimum spacing: The minimum center-to-center distance for standard, oversized, and
slotted holes should not be less than 3d, d being the bolt diameter.

3. Maximum spacing: The maximum spacing of bolts of the painted members or the
unpainted members not subject to corrosion should not exceed 24 times the thickness of
thinner member or 12 in.

4. Minimum edge distance: The minimum edge distance in any direction are tabulated by
the AISC. It is generally 134 times the bolt diameter for the sheared edges and 1% times the
bolt diameter for the rolled or gas cut edges.

5. Maximum edge distance: The maximum edge distance should not exceed 12 times the
thickness if thinner member or 6in.

:@@@——I
| g
I 00 O-
|

F—k—%

P,

FIGURE 13.10 Definition sketch.
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BEARING-TYPE CONNECTIONS

The design basis of connection is as follows:

P,<¢R, 13.1)

where
P, is the applied factored load on connection

0 is the resistance factor=0.75 for connection
R, is the nominal strength of connection

In terms of the nominal unit strength (stress), Equation 13.1 can be expressed as
P, <OF,A (13.2)

For bearing-type connections, F, refers to the nominal unit strength (stress) for different limit states
or modes of failure and A to the relevant area of failure.

The failure of a bolted joint in bearing-type connection can occur by the following modes:

1. Shearing of the bolt across the plane between the members: In single shear in the lap joint

and in double shear in the butt joint, as shown in Figure 13.11.
For a single shear

A=Tgp
4

and for a double shear

A=Zp
2

2. Bearing failure on the contact area between the bolt and the plate, as shown in Figure 13.12.

A=d-t

P=<E =

[ "||_|, S P
b
P - 3P
P = ]
2 T

FIGURE 13.11 Shear failure.
P=——b E | ¢

18
=] S

FIGURE 13.12 Bearing failure.
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_FIRA/2

TNR,/2

FIGURE 13.13 Tearing out of plate.

3. Tearing out of the plate from the bolt, as shown in
Figure 13.13. P

The tearing area = 2L ¢

. . L . . FIGURE 13.14 Tensile failure
4. Tensile failure of plate as shown in Figure 13.14. This condi- f plate.

tion has been discussed in Chapter 9 on tension members. It
is not a part of the connection.

For the shearing type of the limiting state, F, in Equation 13.2 is the nominal unit shear strength
of bolts, F,, which is taken as 50% of the ultimate strength of bolts. The cross-sectional area, A, is
taken as the area of the unthreaded part or the body area of bolt. If the threads are in the plane of
shear or are not excluded from shear plane, a factor 0.8 is applied to reduce the area. This factor is
incorporated in the strength, F,,.

Thus, for the shear limit state, the design strength is given by

PH < 0.75E”,Abnh (13.3)

where
F,, is as given in Table 13.2
A,=(m/4)d? for single shear and A =(rt/2)d? double shear
n,, is the number of bolts in the connection

In Table 13.2, threads not excluded from shear plane is referred to as the N-type connection, like
32 — N and threads excluded from shear plane as the X-type connection, like 325 — X.

The other two modes of failure, i.e., the bearing and the tearing out of a member are based not
on the strength of bolts but upon the parts being connected. The areas for bearing and tearing are
described above. The nominal unit strengths in the bearing and the (shear) tear out depend upon the
deformation around the holes that can be tolerated and on the types of holes. The bearing strength
is very high because the tests have shown that the bolts and the connected member actually do not
fail in bearing but the strength of the connected parts is impaired. The AISC expressions combine
the bearing and (shear) tear state limits together as follows:

TABLE 13.2

Nominal Unit Shear Strength, F,,

Bolt Type F,, ksi
A307 24
A325 threads not excluded from shear plane 48
A325 threads excluded from shear plane 60

A490 threads not excluded from shear plane 60
A490 threads excluded from shear plane 75




Steel Connections 247

1. For standard, oversized, short-slotted holes and long-slotted holes with slot parallel to the
force where deformation can be <0.25in.

P, =1.20L.tF,n;, <2.40dtF,n, (13.4)
where F, is the ultimate strength of the connected member.
2. For standard, oversized, short-slotted holes and long-slotted holes parallel to the force
where deformations can be >0.25 in.
B, =1.5¢L.tF,n, <3¢dtF,n, (13.5)
3. For long-slotted holes, slots being perpendicular to the force

P, = 1.00L tF,n, < 2.00dtF,n, (13.6)

The distance L, in the above expressions has been illustrated in Figure 13.15.
For the edge bolt #1

h
L=L, =~ 137
> (13.7)

For the interior bolt #2
L=s—h (13.8)

where h=hole diameter=(d+ 1/8) in.*

Example 13.1

A A36 channel section C9x 15 is connected to a 3/8in. steel gusset plate, with 7/8in. diameter
A325 bolts. A service dead load of 20k and live load of 50k is applied to the connection. Design
the connection. The slip of the connection is permissible. The threads are excluded from the shear
plane.

Solution

A. The factored load

P, =1.220)+1.6(50) =104 k

FIGURE 13.15 Definition of L.

* The AISC stipulates d+1/16 but 1/8 has been used conservatively.
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B. Shear limit state
1. A,=(®/4)(7/8)2=0.601in.?
2. For A325-X, F,,=60ksi
3. From Equation 13.3

L
0.75F Ay

~ 104
0.75(60)(0.601)

No. of bolts =

=3.850r4bolts

C. Bearing limit state
1. Minimum edge distance

L.= 1%(%) =1.53in.,use 2in.

2. Minimum spacing

s= 3(%) =2.63in.,use 3in.

3. h=d+1/8=1in.
4. For holes near edge

L=t~
2
=2-115in,
2

t=5/161n. for the web of the channel section
For a standard size hole of deformation <0.25in.

Strength/bolt = 1.2¢Ltf,

=1.2(0.75)1 .5)(%)(58) = 24.5k « Controls

Upper limit = 2.4¢dtf,

= 2.4(0.75)(1)(i) (58) = 28.55k
8J\16

5. For interior holes

Le=s—h=3-1=2in.

6. Strength/bolt =1 .2(0.75)(2)(%) (58)=32.63k

Upper limit = 2.4(0.75)(%)(%)(58) = 28.55k « Controls
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7. Suppose there are n lines of holes with two bolts in each, then

P, =104 = n(24.5)+ n(28.55)
n=1.96
Total no. of bolts =2 (1.96) = 3.92 or 4 bolts

Select 4 bolts either by shear or bearing.
8. The section has to be checked for the tensile strength and the block shear by the pro-
cedure of Chapter 9.

SLIP-CRITICAL CONNECTIONS

In a slip-critical connection, the bolts are not subjected to any stress. The resistance to slip is equal
to the product of the tensile force between the connected parts and the static coefficient of friction.
This is given by

Pu = 1'13¢hxcp“Tthnb (139)

where

T, is the minimum bolt pretension given in Table 13.1

N, is the number of slip (shear) planes

n,, is the number of bolts in connection

h,, is the hole factor determined as follows: (a) For standard holes, /,.=1.0; (b) for oversized or
short-slotted holes, &,,=0.85; and (c) for long-slotted holes, #,.=0.70

W is the slip (friction) coefficient as given is Table 13.3

¢ is the resistance factor has different values as follows: (a) For connections in which slip is pre-
vented up to the service loads, ¢=1, and (b) for connections in which slip is prevented at the
required (factored) strength level, $=0.85

Normally, the first condition could be considered.

Although, there is no bearing on bolts in a slip-critical connection, the AISC requires that it
should also be checked as a bearing-type connection by Equation 13.3 and a relevant equation out
of Equations 13.4 through 13.6.

Example 13.2

A double angle tensile member consisting of 2 L 3 x 22 x 1/4 is connected by a gusset plate 3/4in.
thick. It is designed for a service load of 15k and live load of 30k. No slip is permitted. Use 5/8in.
A325 bolts and A572 steel.

TABLE 13.3
Slip (Friction) Coefficient

Class Surface 1

Class A Unpainted clean mill scale or Class A coating on blast cleaned ~ 0.35
steel or hot dipped galvanized and roughened surface

Class B Unpainted blast cleaned surface or Class B coating on blast 0.5
cleaned steel
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Solution
A. Factored design load

B, =1.2(15+1.6 (30)=66k

B. For the slip-critical limit state

Slip prevented at service load, ¢=1
Standard hole, h, =1

Class A surface, u=0.35

From Table 13.1, T,=19ksi for 5/8in. bolts
For double shear, N,=2

From Equation 13.9,

ARSI S

R

np=——"—#—
1.130h, uT,N,

66

= =4.39 bolts
1.13(1(1(0.35)(19)(2)

C. Check for the shear limit state as a bearing-type connection
1. A,=m/2)(5/82=0.613in.?
2. For A325-X, F,,=60Kksi

7 7 nv

3. From Equation 13.3,

L
0.75F, Ay

B 66
"~ 0.75(60)(0.613)

No. of bolts =

=2.39 bolts

D. Check for the bearing limit state as a bearing-type connection
1. Minimum edge distance

L. :1%(3): 1.09in., use 1.5in.

2. Minimum spacing

s= 3(%) =1.88in., use 2in.

3. h=d+1/8=3/4in.
4. For holes near edge

L=1,-1
2

=1.5—£=1.125in.
16

t=2 (1/4)=0.5in. « thinner than the gusset plate
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For a standard size hole of deformation <0.25in.

Strength/bolt = 1.2¢L.tF,
=1.2(0.75)(1.125)(0.5)(65) = 32.9k «Control

Upper limit=2.4¢dtF,

:2.4(0.75)(2)(0.5)(65):36.56k

5. For interior holes

Lc=s—h=2—(é)=1.25in.
4

6. Strength/bolt=1.2(0.75)(1.25)(0.5)(65) = 36.56k

Upper Iimit:2.4(0.75)(g)(O.S)(65):36.56k « Controls

7. Suppose there are n lines of holes with two bolts in each, then

P, =66=n(32.9)+n(36.56)

n=1

Total no. of bolts=2
E. The slip-critical limit controls the design
Number of bolts selected =6 for symmetry
F. Check for the tensile strength of bolt
G. Check for the block shear

TENSILE LOAD ON BOLTS

This section applies to tensile loads on bolts, both in the bearing type of connections as well as
the slip-critical connections. The connections subjected to pure tensile loads (without shear) are
limited. These connections exist in the hanger-type connections for bridges, the flange connections
for piping systems, and wind-bracing systems in tall buildings. A hanger-type connection is shown
in Figure 13.16.

A tension by the external loads acts to relieve the clamping force between the connected parts
that causes a reduction in the slip resistance. This has been considered in the next section. However,
as far as the tensile strength of the bolt is concerned, it is computed without giving any consideration
to the initial tightening force or pretension.

In Equation 13.2, for the limit state of tension rupture, F, is the nominal unit tensile strength of
bolt, F,, times the area of bolt, A, which is taken as the unthreaded or the body area.

Thus the tensile limit state follows the standard form;

T,<0.75F, A, - n, (13.10)
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L

FIGURE 13.16 T-type hanger connection.

where
T, is the factored design tensile load
F,, is the nominal unit tensile strength as given in Table 13.4

TABLE 13.4
Nominal Unit
Tensile Strength, F,,

Bolt Type F,, ksi
Example 13.3
A307 45
. . - . A325 90
Design the hanger connection shown in Figure 13.17 for the service dead 7490 3
and live loads of 30 and 50k, respectively. Use A325 bolts.
Solution —

1. Factored design load

P, =1.230)+1.6(50)=116k

2. Use 7/8in. bolt E j E

A, = E(Z) =0.601in.2
48

-/

FIGURE 13.17 A tensile

3. From Equation 3.10 connection for Example 13.3.

— Pu
0.75F, Ay

B 116
0.75(90)(0.601)

Ny

= 2.86,use 4bolts, 2on each side

COMBINED SHEAR AND TENSILE FORCES ON BOLTS

CoOMBINED SHEAR AND TENSION ON BEARING-TYPE CONNECTIONS

Many connections are subjected to a combination of shear and tension. A common case is a diago-
nal bracing attached to a column.

When both tension and shear are imposed, the interaction of these two forces in terms of the
combined stress must be considered to determine the capacity of the bolt. A simplified approach to
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deal with this interaction is to reduce the unit tensile strength of bolt to F,, (from the original F, ).
Thus, the limiting state equation is

T, <0.75F,A, - n, (13.11)
where the adjusted nominal unit tensile strength is given as follows:

F.
0.75F,,

F= 1-3Fm—( )fv <F, (13.12)

where f, is the actual shear stress given by the design shear force divided by the area of the number
bolts in the connection.

To summarize, for the combined shear and tension in a bearing-type connection, the procedure
comprises of the following steps:

1. Use the unmodified shear limiting state Equation 13.3

2. Use the tension limiting state Equation 13.11 for check

3. Use the relevant bearing, limiting state equation from Equations 13.4 through 13.6 for
check

Example 13.4

AWT12 x27.5 bracket of A36 steel is connected to a column, as shown in Figure 13.18, to transmit
the service dead and live loads of 15 and 45k. Design the bearing-type connection between the
column and the bracket using 7/8in. A325 bolts.

Solution

A. Design loads
1. P,=1.2 (15)+1.6 (45)=90k
2. Design shear, V,=P, (3/5)=54k
3. Design tension, T,=P, (4/5)=72k
B. For the shear limiting state
1. A,=(@/4)(7/8)?=0.601in.?
2. For A325, F,,=60ksi

3. From Equation 13.3

3R\
4 Pp=15k

P; =45k

b~

FIGURE 13.18 A column-bracket connection.
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—_ VU
0.75F,, Ay

_ 54
0.75(60)(0.607)

Np

=1.99 bolts

Use 4 bolts, 2 on each side (minimum 2 bolts on each side)
C. For the tensile limiting state

1. F,=90ksi

2. Actual shear stress

= Yo :i:22.46k5i
Apnp  (0.6071)(4)

v

3. Adjusted unit tensile strength from Equation 13.12

Foe =1.3F — e f, < F
0.75F,,

=1.3(90) - L(22.46) =72.08<90ksi OK
0.75(60)

4. From Equation 13.11

_ 1L
0.75F Ay

~ 72
0.75(72.08)(0.601)

Np

=2.12<4bolts OK

D. Check for the bearing limit state
1. Minimum edge distance

L. = 1%(%) =1.53in.,use 2in.
2. Minimum spacing
7 . .
s= 3(5) =2.63in., use 3in.

3. h=d+1/8=1in.
4. For holes near edge

g
2
=2—(l)=1.5in.
2

t=0.5in. « thickness of WT flange
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For a standard size hole of deformation <0.25in.

Strength = 1.20LtF,ny
=1.2(0.75)(1.5)(0.5)(58)(4) = 156.6k <~ Controls>54k OK

Upper limit = 2.4¢dtF,n,

= 2.4(0.75)(%) (0.5)(58)(4)=182.7k

COMBINED SHEAR AND TENSION ON SLiP-CRriTiICAL CONNECTIONS

As discussed in the “Tensile Load on Bolts” section, the externally applied tension tends to reduce
the clamping force and the slip-resisting capacity. A reduction factor k, is applied to the previously
described slip-critical strength. Thus, for the combined shear and tension, the slip-critical limit state is

‘/u = 1 1 3¢hsCMTbNr nhkx (1313)
where
k,= I—L (13.14)
1.1 3Tbnb

V, is the factored shear load on the connection

T, is the factored tension load on the connection

T, is the minimum bolt pretension given in Table 13.1

N, is the number of slip (shear) planes

n,, is the number of bolts in connection

h,, is the hole factor determined as follows: (a) For standard holes, /,.=1.0; (b) for oversized or
short-slotted holes, i,,=0.85; and (c) for long-slotted holes, #,,=0.70

W is the slip (friction) coefficient as given is Table 13.3

To summarize, for the combined shear and tension in a slip-critical connection, the procedure
is as follows:

1. Use the shear limiting state Equation 13.3*
2. Use the (original) tensile limit state Equation 13.10

3. Use the relevant bearing limiting state Equations 13.4 through 13.6 for check
4. Use the (modified) slip-critical limit state Equation 13.13

Example 13.5
Design Example 13.4 as a slip-critical connection
Solution

A. Design loads from Example 13.3

1. V,=54k
2. T,=72k

* The slip-critical connections also are required to be checked for bearing capacity and shear strength.
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B. For the shear limiting state

np=1.99 from Example 13.3, use 4 bolts

C. For the tensile limiting state

_ T,
0.75F, A,

B 72
0.75(90)(0.607)

Ny

=1.77 <4bolts OK

D. For the bearing limit state

Strength =156.6k (from Example 13.3)>54k OK

E. For the slip-critical limit state
1. Slip prevented to service loads, ¢=1
Standard holes, h, =1
Class A surface, p=0.35
From Table 13.1, T,=19ksi
For single shear, N;=1
et T
1.1 3Tbnb

o AW

= 1—L =0.59
1.13(39)(4)

7. From Equation 13.13

V, =1.130h,uTpNompk,

= 1.13(1)(1)(0.35)(39)(1)(4)(0.59) = 36.4 k < 54(V,) NG

8. Select 6 bolts 3 on each side of web

k=1-—"2 ___o73
1.1339)(6)

9.V, =1130huT,Nonpk,
=1.13((1(0.35)39)(N(6)(0.73) = 67.6k >54(V,) OK

WELDED CONNECTIONS

Welding is a process in which the heat of an electric arc melts the welding electrode and the adja-
cent material of the part being connected simultaneously. The electrode is deposited as a filler
metal into the steel, which is referred to as the base metal. There are two types of welding pro-
cesses. The shielded metal arc welding (SMAW), usually done manually, is the process used for
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(& ) f 27

(a) b) Complete penetration  Partial penetration

FIGURE 13.19 Types of weld: (a) fillet and (b) groove or butt welds.

field welding. The submerged arc welding (SAW) is an automatic or semiautomatic process used
in shop welding. The strength of a weld depends on the weld metal used, which is the strength of
the electrode used. An electrode is specified by the letter E followed by the tensile strength in ksi
and the last two digits specifying the type of coating. Since strength is a main concern, the last two
digits are specified by XX, a typical designation of E 70 XX. The electrode should be selected to
have a larger tensile strength than the base metal (steel). For steel of 58 ksi strength, the electrode
E 70 XX and for 65 ksi steel, the electrode E 80 XX is used. The electrodes of high strength E 120
XX are available.

The two common types of welds are the fillet welds and the grove or the butt welds, as shown in
Figure 13.19. The groove welds are stronger and more expensive than the fillet welds. Most of the
welded connections are made by the fillet welds because of a larger allowed tolerance.

The codes and standards for welds are prepared by the American Welding Society (AWS). These
have been adopted in the AISC Manual 2005.

FILLET WELDS

ErrecTivE AREA OF WELD

The cross section of a fillet weld is assumed to be a 45° right angle triangle, as shown in Figure 13.20.
Any additional buildup of weld is neglected. The size of the fillet weld is denoted by the sides of
the triangle, w and the throat dimension, given by the hypotenuse, r which is equal to 0.707w. When
the SAW process is used, the greater heat input produces a deeper penetration.

The effective throat size is taken as follows:

For SMAW process,
T,=t=0.70Tw (13.15)
For SAW process,
(@ When w < 3/8in.
T,=t=0.70Tw (13.16a)
Throat
f=0.707w

)
P Leg w
J 45°
)\/\/\/\/\/\N\/\/\/\/\/\N
Leg N—w —{ Z »

FIGURE 13.20 Fillet weld dimensions.
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(b) When w>3/8in.

TABLE 13.5
T,=0.707w+0.11 (13.16b) Minimum Size of Weld, in.

Base Material Thickness

of Thinner Part, in. w, in.
MiNiMUM Size oF WELD <1 8
The minimum size should not be less than the dimension shown in ~ >1/4 to <172 3/16
Table 13.5. >3/4 to <3/4 1/4

>3/4 5/16

Maximum Size oF WELD

1. Along the edges of material less than 1/4in. thick, the weld size should not be greater than
the thickness of the material.

2. Along the edges of material 1/4in. or more, the weld size should not be greater than the
thickness of the material less 1/161in.

LENGTH OF WELD

1. The effective length is equal to the actual length for the length up to 100 times the weld
size. To the portion of length exceeding 100 times the weld size, a reduction of 20% is
made.

2. The effective length should not be less than four times the weld size.

3. If only the longitudinal welds are used, the length of each side should not be less than the
perpendicular distance between the welds.

STRENGTH OF WELD

CoMPLETE JOINT PENETRATION (CJP) GrROOVE WELDS

Since the weld metal is always stronger than the base metal (steel), the strength of CJP groove weld
is taken as the strength of the base metal. The design of connection is not done in the normal sense.

For the combined shear and tension acting on CJP groove weld, there is no explicit approach. The
generalized approach is to reduce the tensile strength by a factor of (f,/F,? subject to a maximum
reduction of 36% of the tensile strength.

PARTIAL JOINT PENETRATION (PJP) WELDS AND FiLLET WELDS

Weld is weakest in shear and is always assumed to fail in the shear mode. Although, a length of weld
can be loaded in shear, compression, or tension, the failure of a weld is assumed to occur in the shear
rupture through the throat of the weld. Thus

P, =0F,A, 13.17)

where
0 is the resistance factor=0.75
F,, is the strength of weld=0.6F
Feyy is the strength of electrode
A, is the effective area of weld=7,L

However, there is a requirement that the weld shear strength cannot be larger than the base
metal shear strength. For the base metal, the shear yield and shear rupture strengths are taken to
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be 0.6 times the tensile yield of steel and 0.6 times the ultimate strength of steel, respectively. The
yield strength is applied to the gross area and the rupture strength to the net area of shear surface,
but in the case of a weld both areas are the same. The resistance factor is 1 for shear yield and 0.75
for shear rupture.

Thus, the PJP groove and the fillet welds should be designed to meet the strengths of the weld
and the base metal, whichever is smaller as follows:

1. Weld shear rupture limit state
By the substitution of the terms in Equation 13.17

Pu: 0.45FExngL (13.18)
where
Fpy 1s the strength of electrode, ksi
L is the length of weld

T, is the effective throat dimension from Equations 13.15 or 13.16

2. Base metal shear limit state
a. Shear yield strength

P, =0.6F,iL (13.19)

where 1 is the thickness of thinner connected member
b. Shear rupture strength

P, =0.45FL (13.20)

Example 13.6

A tensile member consisting of one L 372 x 372 x 1/2 section carries a service dead load of 30k and
live load of 50k, as shown in Figure 13.21. A single 3/4in. plate is directly welded to the column
flange using the CJP groove. Fillet welds attach the angles to the plate. Design the welded connec-
tion. The longitudinal length of the weld cannot exceed 5in. Use the return (transverse) weld, if
necessary. Use E70 electrodes. Steel is A36.

P
1 30°

M

N

FIGURE 13.21 A welded column-bracket connection.
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Solution

A. Angle plate (bracket) connection
1. Factored load

P,=1.2(30)+1.6(50)=116k

2. Maximum weld size. For thinner member, thickness of angle, t=1/2in.

1 7 .
w=t—|—|=—In
(1)1

3. Throat dimension, SMAW process
7 .
T. = 0.707(—) =0.309in.
16

4. For weld shear limit state, from Equation 13.18
= R
0.45FpTe

116

=——————=11.92=12in.<Controls
0.45(70)(0.309)

5. For steel shear yield limit state, from Equation 13.19

-0 _4074in.
0.6(36)(1/2)

6. For steel rupture limit state, from Equation 13.20
L= i
0.45F,t

~ 116
©0.45(58)(1/2)

=8.9in.

7. Provide a 5in. long weld on each side* (maximum in this problem) with 1in. return on
each side.
8. The longitudinal length of welds (5in.) should be at least equal to the transverse dis-
tance between the longitudinal weld (3'2); it is OK
B. Column-bracket connection
1. The connection is subjected to tension and shear as follows:

T, =P,cos30°=116c0s30°=100.5k
V, =P,sin30°=116sin30° =58k

* Theoretically, the lengths on two sides are unequally distributed so that the centroid of the weld passes through the center
of gravity of the angle member.
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2. For the CJP groove, the design strengths are the same as for the base metal.

3. This is the case of the combined shear and tension in groove weld. Using a maximum
reduction of 36%* tensile strength=0.76F,

4. For the base material tensile limit state

T,=9(0.76F)tL, where tis gusset plate thickness

100.5:0.9(0.76)(36)(%)L

or
L =5.44 in. « Controls

Use 6in. weld length
5. For the base metal shear yield limit state

V, = 0.6f,tL
3
58 = 0.6(36)(—)L
4
or
L=3.6in.

6. For the base metal shear rupture limit state

V, = 0.45F,tL
3
58 = 0.45(58)(Z)L

or

L=3.0in.

FRAME CONNECTIONS

There are three types of beam-to-column frame connections:

1. Type FR (fully restrained) or rigid frame or moment frame connection

It transfers the full joint moment and shear force

* [t retains the original angle between the members or the rotation is not permitted
2. Type simple or pinned frame or shear frame connection

e It transfers shears force only

* It permits the rotation between the members
3. Type PR (partially restraint) frame connection

» [t transfers some moment and the entire shear force

e [t permits a specified amount of rotation

The relationship between the applied moment and the rotation (variation of angle) of members for
the rigid, semirigid, and simple framing is shown in Figure 13.22.

* See ““Complete Joint Penetration (CJP) Groove Welds™ section.
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! Semirigid

Moment

Rotation
FIGURE 13.22 Moment-rotation characteristics.

A fully rigid joint will have a small change in angle with the application of moment. A simple
joint will be able to support some moment (though theoretically the moment capacity should be
zero). A semirigid joint is where the actual moment and rotation are accounted for.

SHEAR OR SIMPLE CONNECTION FOR FRAMES

There are a variety of beam-to-column or beam-to-girder connections that are purposely made
flexible for rotation at the ends of the beam. These are designed for the end reaction (shear force).
These are used for structures where the lateral forces due to wind or earthquake are resisted by
the other systems like truss framing or shear walls. Following are the main categories of simple

connections.

SINGLE-PLATE SHEAR CONNECTION OR SHEAR TAB

This is a simple and economical approach which is becoming very popular. The holes are pre-
punched in a plate and in the web of the beam to be supported. The plate is welded (usually shop
welded) to the supporting column or beam. The prepunched beam is bolted to the plate at the site.

This is shown in Figure 13.23.

FRAMED-BEAM CONNECTION

The web of the beam to be supported is connected to the support-
ing column through a pair of angles, as shown in Figure 13.24.

SEATED-BEAM CONNECTION

The beam to be supported sits on an angle attached to the support-
ing column flange, as shown in Figure 13.25.

END-PLATE CONNECTION

A plate is welded against the end of the beam to be supported. This
plate is then bolted to the supporting column or beam at the site.

FIGURE 13.23 Single-plate or
shear tab connection.
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This is shown in Figure 13.26. These connections are becoming
popular but not as much as the single-plate connection.

The design of the simple connections proceed on the lines
of the bearing-type connections described in the “Bearing Type
Connections” section. The limiting states considered are as fol-
lows: (1) the shear on bolts; (2) the bearing yield strength; (3) the
shear rupture strength between the bolt and the connected part, as
discussed in the “Bearing Type Connections” section; and (4) the
block shear strength of the connected part.

The AISC Manual 2005 includes a series of tables to design the
different types of bolted and welded connections. The design of
only a single-plate shear connection for frames is presented here.

SINGLE-PLATE SHEAR CONNECTION FOR FRAMES

The following are the conventional configurations for a single-
plate shear connection:

1. A single row of bolts comprising of 2—12 bolts.

2. The distance between the bolt line to weld line not to
exceed 3.5in.

. Provision of the standard or short-slotted holes.

. The horizontal distance to edge L, = 2d,, (bolt diameter).

. The plate and beam must satisfy ¢ < (d,/2) +(1/16).

. For welded connections, the weld shear rupture and the base
metal shear limits should be satisfied.

7. For bolted connections, the bolt shear, the plate shear, and

the bearing limit states should be satisfied.
8. The block shear of plate should be satisfactory.

AN B~ W

Example 13.7

Design a single-plate shear connection for a W14x82 beam
joining to a W12x96 column by a 3/8in. plate, as shown in
Figure 13.27. The factored reaction at the support of the beam
is 50k. Use 3/4in. diameter A325 bolts, A36 steel, and E70
electrodes.

Solution
A. Design load
P, =R, =50k

B. For W14 x 82,

d=143in, t =0.855in, t,=051in, b =14.7in.
F,=36ksi, F, =58ksi

263

N
Bolted or welded
o
Ur o b
Hit o,
Pair of angles
Y
— —

o

FIGURE 13.24 Framed beam
connection.

T

P \Bolted or welded

FIGURE 13.25 Seated beam
connection.

FIGURE 13.26 End-plate
connection.
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N
W12 x 96
W14 x 82
o
° ¢
\ o
A
\
3/8 in plate
N

FIGURE 13.27 Example of a single-plate connection.

C. For W12 x 96,

d=12.7in, t;=0.9in, t,=0.55in, b =12.2in.
F,=36ksi, F, =58ksi

. Column-plate welded connection

1. For 3/8in. plate,

i) HH)e

2. T1,=0.707 (5/16)=0.22in.
3. The weld shear limit state, from Equation 13.18

1= f
045k T,

50

=————=7.21=8in.«<Controls
0.45(70)(0.22)

4. The steel shear yield limit state, from Equation 13.19

=————=06.17<8in.
0.6(36)(3/8)

5. The steel rupture limit state, from Equation 13.20

L= il
0.45F,t

B 50
©0.45(58)(3/8)

=5.10< 8in.
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E. Beam—plate bolted connection
E.1 Bolt single shear limit state
1. A,=(m/4)(3/4)?=0.441in.2
2. For A325-X, F,,=60ksi
3. From Equation 13.3

_ ko
0.75F A

~ 50
T 0.75(60)(0441)

No. of bolts =
=2.5Tor 3 bolts

E.2 The bearing limit state
1. Minimum edge distance

Le =1%d, =1%(3/4)=1.31in., use 1.5 in.
2. Minimum spacing
s=3d, =3(3/4)=2.25in.,, use2.5in.

3. h=d+1/8=7/8in.
4. For holes near edge

h
=t-(3)
=1.5—(l)=1.063in.
16

t=3/8in. thinner member
For a standard size hole of deformation <0.25in.
Strength/bolt = 1.2¢L.tF,

=1.2(0.75)(1 .063)(%)(58} =20.81k «Controls

Upper limit = 2.40dtf,

= 2.4(0.75)(2)(3)(58) =29.36k
4 )\ 8

5. For other holes

Lc=s—h=2.5—(%)=1.625in.

6. Strength/bolt =1.2(0.75)(1 .625)(%)(58} =31.81k

265
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. 3Y(3
Upper limit = 2.4(0.75) s (58) = 29.36k « Controls

7. Total strength for 3 bolts—two near edges
P, =220.81+29.36 =71k > 50k OK

8. The section has to be checked for the block shear by the procedure given in Chapter 9.

MOMENT-RESISTING CONNECTION FOR FRAMES

The fully restraint (rigid) and partially restraint (semirigid) are two types of moment-resisting con-
nections. It is customary to design a semirigid connection for some specific moment capacity, which
is less than the full moment capacity.

Figure 13.28 shows a moment-resisting connection that has to resist a moment, M and a shear
force (reaction), V.

The two components of the connection are designed separately. The moment is transmitted to the
column flange as a couple by the two tees attached at the top and bottom flanges of the beam. This
results in tension, 7 on the top flange and compression, C on the bottom flange.

From the couple expression, the two forces are given by

C=T=% (13.21)

where £ is taken as the depth of the beam.

The moment is taken care by designing the tee connection for the tension 7. It should be noted
that the magnitude of the force 7 can be decreased by increasing the distance between the tees (by
a deeper beam).

The shear load is transmitted to the column by the beam—web connection. This is designed as a
simple connection of the type discussed in the “Shear or Simple Connection for Frames” section via
single plate, two angles (framed), or seat angle.

Stiffeners Tee section
(if required) :‘\ __:| /

—-j f h/l f
WL | )u b
miy \O
r:::_'—| I\‘ =
Web angle

FIGURE 13.28 Moment-resisting connection.
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The connecting tee element is subjected to prying action as shown in Figure 13.29. This prying
action could be eliminated by connecting the beam section directly to the column via CJP groove
weld, as shown in Figure 13.30.

Example 13.8

Design the connection of Example 13.7 as a moment-resisting connection subjected to a factored
moment of 200ft-k and a factored end shear force (reaction) of 50 k. The beam flanges are groove
welded to the column.

Solution

A. Design for the shear force has been done in Example 13.7
B. Flanges welded to the column.

M
1. C=T=—
d

_ 2000 2) =167.83k
14.3

2. The base material limit state

T, = 0Fytl, wheret=t

T/2 :|
= ) —T

N
FIGURE 13.29 Prying action in connection.
N
/ CJP groove weld
7
N

FIGURE 13.30 Welded moment-resisting connection.
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or

— TU
OFyt
167.83

=————  =6.06in.< bf
(0.9)(36)(0.855)

L

Provide a 6in. long CJP weld.

PROBLEMS

13.1 Determine the strength of the bearing-type connection shown in Figure P13.1. Use A36 steel,
A325 7/81n. bolts. The threads are not excluded from shear plane.

7/8 in. bolts

| 2in.
1O O |r
: 4 in.
~— 7 10 O O ¢ 2=
: 4 in.
roO O O |#
: 2 in.
N | | | |
K ~ ~ N L
2in. 3in. 3in. 2in.
1. {
—in.

FIGURE P13.1 Connection for Problem 13.1.

13.2 Determine the strength of the bearing-type connection shown in Figure P13.2. Use A36 steel,
A325 of 7/81in. bolts. The threads are not excluded from shear plane.

7/8 in. bolts
T .
| 2 in.
1 O d/ O |#
: 4 in.

V% O O O | 4

: 4 in.
roO O O |*
: 2in.
N | | | |
K ~ ~ N L
2in. 3in. 3in. 2in.

1

—in.

SIS
l\\

FIGURE P13.2 Connection for Problem 13.2.
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13.3 Design the bearing-type connection for the bolt joint shown in Figure P13.3. Steel is A572 and
bolts are A325, 3/4in. diameter. The threads are excluded from shear plane.

Lin, plate 3
2 T in. diameter bolts
P Py =100k
P, =150k
( (service loads)
3 in. plate
4

FIGURE P13.3 Connection for Problem 13.3.

13.4 A chord of a truss shown in Figure P13.4 consist of 2 C9x20 of A36 steel connected by a 1in.
gusset plate. Design the bearing-type connection by A490 bolt assuming threads are excluded
from shear plane.

|
O O O: -
| —
o o o -
Py =40k
P, =100k

(service loads)

FIGURE P13.4 Truss chord connection for Problem 13.4.

13.5 Design the bearing-type connection shown in Figure P13.5 (threads excluded from shear
plane) made with 7/8 in. A490 bolts. Use A572 steel.

%‘n. bolts
’_4 3 in. dia bolts
1 l_|_|;( 4
: = |
i
W14 x 48
—2— » P, =100k
P, =130k
(service loads)
e — " -
: =g

FIGURE P13.5 Connection for Problem 13.5.

13.6 Solve Problem 13.1 for the slip-critical connection of unpainted clean mill scale surface.

13.7 Solve Problem 13.2 for the slip-critical connection of unpainted blast cleaned surface.

13.8 Design a slip-critical connection for the plates shown in Figure P13.8 to resist service dead
load of 30k and live load of 50k. Use 1in. A325 bolts and A572 steel. Assume painted class
A surface.



270 Principles of Structural Design: Wood, Steel, and Concrete

9in. x %in. plate

P

L

FIGURE P13.8 Connection for Problem 13.8.

13.9 A single angle 3Y2x 3 x 1/4 tensile member is connected by a 3/8 in. thick gusset plate. Design
a no slip (slip-critical) connection for the service dead and live loads of 8 and 24k, respec-
tively. Use 7/8in. A325 bolts and A36 steel. Assume the unpainted blast cleaned surface.

13.10 A tensile member shown in Figure P13.10 consisting of two L4 x3%2x 1/2 carries a service
wind load of 110k acting at 30°. A bracket consisting of a tee section connects this tensile
member to a column flange. The connection is slip-critical. Design the bolts for the tensile
member only. Use 7/8in. A490-X bolts and A572 steel. Assume unpainted blast clean surface.

P=110k

Y

FIGURE P13.10 Connection for Problem 13.10.

13.11 Determine the strength of the bolts in hanger connection shown in Figure P13.11 (neglect the
prying action).

13.12 Are the bolts in the hanger connection adequate in Figure P13.12?

13.13 A WT12x31 is attached to a 3/4in. plate as a hanger connection, to support the service dead
and live loads of 25 and 55k. Design the connection for 7/8in. A325 bolts and A572 steel
(neglect the prying action).

In Problems 13.14 through 13.16, the threads are excluded from shear planes.

13.14 Design the column-to-bracket connection of Problem 13.10. The slip is permitted.
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%m‘ bolts A490

FIGURE P13.11 Hanger type connection for Problem 13.11.

Py=10k
P =15k
(service loads)

FIGURE P13.12 Hanger type connection for Problem 13.12.

13.15 In the bearing-type connection shown in Figure P13.15, determine the load capacity, P,.

Y%

8- % in. A490 bolts

Y%

FIGURE P13.15 Combined shear-tension connection for Problem 13.15.

13.16 A tensile member is subjected to the service dead and live loads of 30 and 50k, respectively,
via 7/8in. plate, as shown in Figure P13.16. Design the bearing-type connection. Steel is
AS572 and bolts are 3/4in., A325.
In Problems 13.17 through 13.19, the connecting surface is unpainted clean mill scale.

13.17 Design connection of Problem 13.14 as the slip-critical connection.

13.18 Solve Problem 13.15 as the slip-critical connection.

13.19 Design connection of Problem 13.16 as the slip-critical connection.
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35°

Design %in. bolt connection

Y

FIGURE P13.16 Combined shear-tension connection for Problem 13.16.

13.20 Determine the design strength of the connection shown in Figure P13.20. The fillet welds are

7/16in. SMAW process. Steel is A572 and electrodes are E 70.

1
15 x = plat
/ ><2pae
10><§plate
10 in. / 4

|
| 1
; Plate = x 8
S 8 in. : ate 5 x S
|

N

Z in. weld
16

FIGURE P13.20 Welded connection for Problem 13.20.

13.21
13.22

13.23

13.24

13.25

Solve Problem 13.20 for SAW process.

A 1/4in. thick flat plate is connected to a gusset plate of 5/16in. thickness by a 3/16in. weld
as shown in Figure P13.22. The maximum longitudinal length is 4in. Use the return (trans-
verse) weld, if necessary. The connection has to resist a dead load of 10k and live load of
20k. What is the length of weld? Use E 70 electrodes, SMAW process. Steel is A36.

Two 1/2x10in. A36 plates are to be connected by a lap joint. Design the connection for a
factored load of 80k. Use E 80 electrode, SAW process. Steel is A36.

Design the longitudinal fillet welds to connect a L 4 x3 x 1/2 angle tensile member shown in
Figure 13.24 to resist a service dead load of 50k and live load of 80k. Use E 70 electrodes,
SMAW process. Steel is A572.

A tensile member consists of 2 L 4x3x 1/2 carries a service dead load of 50k and live
load of 100k, as shown in Figure P13.25. The angles are welded to a 3/4in. gusset plate,
which is welded to a column flange. Design the connection of the angles to the gusset
plate and the gusset plate to the column. The gusset plate is connected to the column by
a CJP groove and the angles are connected by a fillet weld. Use E 70 electrodes SMAW
process. Steel is A572.
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P

%
S
5

!l

\H b3

Maximum 4 in.

FIGURE P13.22 Welded connection for Problem 13.22.

|_4><3><l
2

7

T WT section

FIGURE P13.24 Welded connection design for Problem 13.24.

% in. gusset plate

Design welded connection

Y

FIGURE P13.25 Welded connection design for Problem 13.25.
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13.26 Design a single-plate shear connection for a W14 x53 beam joining a W14 x99 column by
a 1/4in. plate. The factored reaction is 60k. Use A36 steel. Use 5/8in. A325 bolts and E70
welds.

13.27 Design a single-plate shear connection for a W16 x 67 beam joining a W18x 71 column by
a 5/16in. plate to support a factored beam reaction of 70k. Use 3/4in. A490 bolts and E 70
weld. The beam and columns have A992 steel and plate is A36 steel.

13.28 Design connection for Problem 13.26 as a moment connection to resist a factored moment of
200ft-k in addition to the factored reaction of 60k.

13.29 Design connection for Problem 13.27 as a moment-resisting connection to resist a factored
moment of 300ft-k and a factored shear force of 70k.
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Reinforced Concrete Structures






4 Flexural Reinforced
Concrete Members

PROPERTIES OF REINFORCED CONCRETE

Concrete is a mixture of cement, sand, gravel, crushed rock, and water. Water reacts with cement
in a chemical reaction known as hydration that sets the cement with other ingredients into a solid
mass, high in compression strength. The strength of concrete depends on the proportion of the
ingredients. A most important factor for concrete strength is the water—cement ratio. More water
results in a weaker concrete. However, its adequate amount is needed for concrete to be workable
and easy to mix. An adequate ratio is above 0.25 by weight. The process of selecting the relative
amounts of ingredients for concrete to achieve a required strength at the hardened state and to be
workable in the plastic (mixed) state is known as the concrete mix design. The specification of
concrete in terms of the proportions of cement, fine (sand) aggregate, and coarse (gravel and rocks)
aggregate is called the nominal mix. For example a 1:2:4 nominal mix has one part of cement, two
parts of sand, and four parts of gravel and rocks by volume. The nominal mixes having the same
proportions could vary in strength. For this reason, another expression for specification known as
the standard mix uses the minimum compression strength of concrete as a basis. The procedure for
designing a concrete mix is a trial-and-error method. The first step is to fix the water—cement ratio
for the desired concrete strength using an empirical relationship between the compressive strength
and the water—cement ratio. Then, based on the characteristics of the aggregates and the proportion-
ing desired, the quantities of the other materials comprising of cement, fine aggregate, and coarse
aggregate are determined.

There are some other substances that are not regularly used in the proportioning of the mix.
These, known as the mixtures, are usually chemicals that are added to change certain characteristics
of concrete such as to accelerate or slow the setting time, to improve the workability of concrete, to
decrease the water—cement ratio.

Concrete is quite strong in compression but it is very weak in tension. In a structural system, the
steel bars are placed in the tension zone to compensate for this weakness. Such concrete is known
as the reinforced concrete. At times, steel bars are used in the compression zone also to gain extra
strength with a leaner concrete size as in the reinforced concrete columns and doubly reinforced
beams.

COMPRESSION STRENGTH OF CONCRETE

The strength of concrete varies with time. The specified compression strength denoted as £, is the
value that concrete attains 28 days after the placement. Beyond that stage the increase in strength
is very small. The strength f." ranges from 2500 to 9000 psi with a common value between 3000
and 5000 psi.

The stress—strain diagram of concrete is not linear to any appreciable extent; thus concrete
does not behave elastically over a major range. Moreover, the concrete of different strengths have
stress—strain curves that have different slopes. Therefore, in concrete, the modulus of elasticity can-
not be ascertained directly from a stress—strain diagram.

277
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The American Concrete Institute (ACI), which is a primary agency in the United States that pre-
pares the national standards for structural concrete, provides the empirical relations for the modulus
of elasticity based on the compression strength, f.".

Although the stress—strain curves have different slopes for concrete of different strengths, the
following two characteristics are common to all concretes:

1. The maximum compression strength, f. in all concrete is attained at a strain level of
approximately 0.002in./in.

2. The point of rupture of all curves lies in the strain range of 0.003—0.004in./in. Thus, it is
assumed that concrete fails at a strain level of 0.003 in./in.

DESIGN STRENGTH OF CONCRETE

To understand the development and distribution of stress in concrete, let us consider a simple rectan-
gular beam section with steel bars at bottom (in the tensile zone), which is loaded by an increasing
transverse load.

The tensile strength of concrete being small, the concrete will crack at bottom soon at a low
transverse load. The stress at this level is known as the modulus of rupture and the bending moment
is referred to as the cracking moment. Beyond this level, the tensile stress will be handled by the
steel bars and the compression stress by the concrete section above the neutral axis. Concrete being
a brittle (not a ductile) material, the distribution of stress within the compression zone could be con-
sidered linear only up to a moderate load level when the stress attained by concrete is less than 1/2
£, as shown in Figure 14.1. In this case, the stress and strain bear a direct proportional relationship.

As the transverse load increases further, the strain distribution will remain linear (Figure 14.2b)
but the stress distribution will acquire a curvilinear shape similar to the shape of the stress—strain
curve. As the steel bars reach the yield level, the distribution of strain and stress at this load will be
as shown in Figure 14.2b and 14.2c.

FIGURE 14.1 Stress—strain distribution at moderate loads: (a) section, (b) strain, and (c) stress.

1 0.85f,

9 0 0 0 z fy fy

1E
(@) (b) () (d)

FIGURE 14.2 Stress—strain distribution at ultimate load: (a) section, (b) strain, (c) stress, and (d) equivalent
stress.
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For simplification, Whitney (1942) proposed a fictitious but an equivalent rectangular stress
distribution of intensity 0.85 f.’, as shown in Figure 14.2d. This has since been adopted by the ACI.
The property of this rectangular block of depth a is such that the centroid of this rectangular block
is the same as the centroid of actual curved shape and that the area under the two diagrams in
Figure 14.2¢ and d are the same. Thus, for the design purpose, the ultimate compression of concrete
is taken to be 0.85 f.", uniformly distributed over the depth, a.

STRENGTH OF REINFORCING STEEL

The steel bars used for reinforcing are round, deformed bars with some forms of patterned ribbed
projections onto their surfaces. The bar sizes are designated from #3 through #18. For #3 to #8
sizes, the designation represents the bar diameter in one-eighths of an inch, i.e., #5 bar has a diam-
eter of 5/8in. The #9, #10, and #11 sizes have diameters that provide areas equal to the areas of
the 1in.x 1in. square bar, 1% in. x 1%8 in. square bar, and 1% in. X 1% in. square bar, respectively.
Sizes #14 and #18 are available only by special order. They have diameters equal to the areas of
1¥2 in. X 1¥2 in. square and 2in. X 2in. square bar, respectively. The diameter, area, and unit weight
per foot for various sizes of bars are given in Appendix D.1.

The most useful properties of reinforcing steel are the yield stress, f, and the modulus of elastic-
ity, E. A large percentage of reinforcing steel bars are not made from new steel but are rolled from
melted, reclaimed steel. These are available in different grades. Grade 40, Grade 50, and Grade 60
are common where Grade 40 means the steel having an yield stress of 40ksi and so on. The modulus
of elasticity of reinforcing steel of different grades varies over a very small range. It is adopted as
29,000ksi for all grades of steel.

Concrete structures are composed of the beams, columns, or column—beam types of structures
where they are subjected to flexure, compression, or the combination of flexure and compression.
The theory and design of simple beams and columns have been presented in the book.

LRFD BASIS OF CONCRETE DESIGN

Until mid-1950, concrete structures were designed by the elastic or working stress design (WSD)
method. The structures were proportioned so that the stresses in concrete and steel did not exceed
a fraction of the ultimate strength, known as the allowable or permissible stresses. It was assumed
that the stress within the compression portion of concrete was linearly distributed. However, beyond
a moderate load when the stress level is only about one-half the compressive strength of concrete,
the stress distribution in concrete section is not linear.

In 1956, the ACI introduced a more rational method wherein the members were designed for
a nonlinear distribution of stress and the full strength level was to be explored. This method was
called the ultimate strength design (USD) method. Since then, the name has been changed to the
strength design method.

The same approach is known as the load resistance factor design (LRFD) method in steel and
wood structures. Thus, the concrete structures were the first ones to adopt the LFRD method of
design in the United States.

The ACI Publication #318, revised numerous times, contains the codes and standards for con-
crete buildings. The ACI codes 318-56 of 1956 for the first time included the codes and standards
for the ultimate strength design in an appendix to the code. The ACI 318-63 code provided an equal
status to the WSD and ultimate strength methods bringing both of them within the main body of
the code. The ACI 318-02 code made the ultimate strength design, with a changed name of the
strength design as the mandatory method of design. The ACI 318-08 code contains the latest design
provisions.

In the strength design method, the service loads are amplified using the load factors. The mem-
ber’s strength at failure known as the theoretical or the nominal capacity is somewhat reduced by a
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strength reduction factor to represent the usable strength of the member. The amplified loads must
not exceed the usable strength of member, namely,

Amplified loads on member < usable strength of member 14.1)

Depending upon the types of structure, the loads are the compression forces, shear forces, or
bending moments.

REINFORCED CONCRETE BEAMS

A concrete beam is a composite structure where a group of steel bars are embedded into the tension
zone of the section to support the tensile component of the flexural stress. The areas of the group
of bars are given in Appendix D.2. The minimum widths of beam that can accommodate a speci-
fied number of bars in a single layer are indicated in Appendix D.3. These tables are very helpful
in designs.

Equation 14.1 in the case of beams takes the following form similar to wood and steel structures:

M, < oM, (14.2)

where
M, is the maximum moment due to application of the factored loads
M, is the nominal or theoretical capacity of the member
¢ is the strength reduction (resistance) factor for flexure

According to the flexure theory, M,=F,S where F), is the ultimate bending stress and S is the sec-
tion modulus of the section. The application of this formula is straightforward for a homogeneous
section for which the section modulus or the moment of inertia could be directly found. However,
for a composite concrete—steel section and a nonlinear stress distribution, the flexure formula pres-
ents a problem. A different approach termed as the internal couple method is followed for concrete
beams.

In the internal couple method, two forces act on the beam cross section represented by a com-
pressive force, C acting on one side of the neutral axis (above the neutral axis in a simply supported
beam) and a tensile force, T acting on the other side. Since the forces acting on any cross section of
the beam must be in equilibrium, C must be equal and opposite of 7, thus representing a couple. The
magnitude of this internal couple is the force (C or T) times the distance Z between the two forces
called the moment arm. This internal couple must be equal and opposite to the bending moment
acting at the section due to the external loads. This is a very general and a convenient method for
determining the nominal moment, M, in concrete structures.

DERIVATION OF THE BEAM RELATIONS

The stress distribution across a beam cross section at the ultimate load is shown in Figure 14.3 rep-
resenting the concrete stress by a rectangular block according to the “Design Strength of Concrete”
section.

The ratio of stress block and depth to the neutral axis is defined by a factor 3, as follows:

B = (14.3)

a
C
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T 17
- dCJ‘

FIGURE 14.3 Internal forces and couple on a section.

el 1

Sufficient test data are available to evaluate 3,. According to the ACI

1. For f/<4000psi B, =0.85
2. For f!> 4000 psibut < 8000 psi

£7—4000

=0.85—
d ( 1000

)(0.05)

3. For f'>8000psi P, =0.65
With reference to Figure 14.3, since force =(stress) (area)

C =(0.85f/)(ab)

T = f,A,
Since, C=T,
(0.85f))(ab) = f,A;
or
A,
a=
0.851b
or
4o Phd
0.85f;
where

s

p = steel ratio =

281

(14.42)

(14.4b)

(14.4¢)

@

(b)

©

@

(14.5)

(14.6)
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Since moment = (force) (moment arm)

M, =T(d—;)=fyAs(d—;) ©

Substituting @ from Equation 14.5 and A, from Equation 14.6 into (e)

M, =pf ba?[ 1--2 f)
P ( 1.7 f;) (
Substituting (f) into Equation 14.2
M, pfy
= 1-— 147
Obd’ L ( 1.7 ﬂ) (147

Equation 14.7 is a very useful relation to analyze and design a beam. B
If we arbitrarily define the expression to the right side of Equation 14.7 by K called the coefficient
of resistance, then Equation 14.7 becomes

M, = 0bd’K (14.8)
where
= _Ph
K =pf, (1 1-7f£J (14.9)

The coefficient K depends on (1) p, (2) f,, and (3) f.. The values of K for different combinations of
P, f,, and . are listed in Appendices D.4 through D.10.
In place of Equation 14.7, these tables can be directly used in beam computations.

THE STRAIN DIAGRAM AND MODES OF FAILURE

The strain diagrams in Figures 14.1 and 14.2 show a straight line variation of the concrete com-
pression strain €. to the steel tensile strain, €g; the line passes through the neutral axis. Concrete
can have a maximum strain of 0.003 and the strain at which steel yields is €,=f,/E. When the
strain diagram is such that the maximum concrete strain of 0.003 and the steel yield strain of €,
are attained at the same time, it is said to be a balanced section, as shown by the solid line labeled
I'in Figure 14.4.

In this case, the amount of steel and the amount of concrete balance each other out and both of
these will reach the failing level (will attain the maximum strains) simultaneously. If a beam has
more steel than the balanced condition, then the concrete will reach a strain level of 0.003 before
the steel attains the yield strain of €. This is shown by condition II in Figure 14.4. The neutral axis
moves down in this case. A

The failure will be initiated by crushing of concrete which will be sudden since concrete is
brittle. This, mode of failure in compression, is undesirable because a structure will fail suddenly
without any warning.
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¥-0.003—
m—, -

NA at under reinforced condition
- Balanced
V\ne utral axis (NA)
NA at over
1 reinforced condition

FIGURE 14.4 Strain stages in beam.

If a beam has lesser steel than the balanced condition, then steel will attain its yield strain
before the concrete could reach the maximum strain level of 0.003. This is shown by condition III
in Figure 14.4. The neutral axis moves up in this case. The failure will be initiated by the yield-
ing of the steel, which will be gradual because of the ductility of steel. This is a tensile mode of
failure, which is more desirable because at least there is an adequate warning of an impending
failure. The ACI recommends the tensile mode of failure or the under-reinforcement design for a
concrete structure.

BALANCED AND RECOMMENDED STEEL PERCENTAGES

To ensure the under-reinforcement conditions, the percent of steel should be less than the balanced
steel percentage, p, which is the percentage of steel required for the balanced condition.
From Figure 14.4, for the balanced condition,

0.003 _fy/E
c d-c

@

By substituting ¢ =a/p, from Equation 14.3 and a = pf,d/0.85 f; from Equation 14.5 and E =29 x 10°
psi in Equation (a), the following expression for the balanced steel is obtained:

o= (o.ssﬁlﬁ.’]( 870,000 J (14.10)
1 87,000+ f,

The values for the balanced steel ratio, p,, calculated for different values of f.” and f, are tabulated
in Appendix D.11. Although a tensile mode of failure ensues when the percent of steel is less than
the balanced steel, the ACI code defines a section as tension controlled only when the tensile strain
in steel €, is equal to or greater than 0.005 as the concrete reaches to its strain limit of 0.003. The
strain range between € =( f,/E) and 0.005 is regarded as the transition zone.

The values of the percentage of steel for which ¢, is equal to 0.005 are also listed in Appendix
D.11 for different grades of steel and concrete. It is recommended to design beams with the percent-
age of steel, which is not larger than these listed values for €, of 0.005.

If a larger percentage of steel is used than for €,=0.005, to be in the transition region, the strength
reduction factor ¢ should be adjusted, as discussed in the “Strength Reduction Factor for Concrete”
section.
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MINIMUM PERCENTAGE OF STEEL

Just as the maximum amount of steel is prescribed to ensure the tensile mode of failure, a minimum
limit is also set to ensure that the steel is not too small so as to cause the failure by rupture (cracking)
of the concrete in the tension zone. The ACI recommends the higher of the following two values for
the minimum steel in flexure members.

. 3Jf
(A,)min = EN/A bd (14.11)
1
or
(A = 22 pg (14.12)
S
where

b is the width of beam
d is the effective depth of beam

The values of p,,;, which is (A)),.,/bd, are also listed in Appendix D.11, where higher of the
values from Equations 14.10 and 14.11 have been tabulated.

The minimum amount steel for slabs is controlled by shrinkage and temperature requirements,
as discussed in the “Specifications for Slab” section.

STRENGTH REDUCTION FACTOR FOR CONCRETE

In Equations 14.2 and 14.7, a strength reduction factor ¢ is applied to account for all kinds of uncer-
tainties involved in strength of materials, design and analysis, and workmanship. The values of the
factor recommended by the ACI are listed in Table 14.1.

For the transition region between the compression-controlled and the tension-controlled stages
when €, is between €, (assumed to be 0.002) and 0.005 as discussed above, the value of ¢ is interpo-
lated between 0.65 and 0.9 by the following relation

>k
0 =0.65+ (¢, —0.002)(2;0) (14.13)

The values™ of ¢, for different percentages of steel are also indi- TABLE 14.1
cated in Appendices D.4 through D.10. When it is not listed in  Strength Reduction Factors

these tables, it means that €, is larger than 0.005.
Structural System ¢

1. Tension-controlled beams 0.9
and slabs

SPECIFICATIONS FOR BEAMS

2. Compression-controlled

The ACI specifications for beams are as follows: columns
Spiral 0.70
Tied 0.65
1. Width-to-depth ratio: There is no code requirement for b/d 3. Shear and torsion 0.75
ratio. From experience, the desirable b/d ratio lies between 4. Bearing on concrete 0.65
1/2 and 2/3.

* For spiral reinforcement this is ¢$=0.70+ (g,—0.002)(250/3).
T g,is calculated by the formula g, = (0.00255ﬁfﬁl/pﬁ.) —0.003.
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Effective ) @"; — Hanger
depth

A Stirrup (see Chapter 15)

| — Main reinforcement
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cover \_= | . _|_
I Clear cover

Bar spacing

=

FIGURE 14.5 Specifications sketch of beam.

2. Selection of steel: After a required reinforcement area is

computed, Appendix D.2 is used to select the number of bars TABLE 1.4'2
that provide for the necessary area. F"‘S.t Estimate of Beam
3. Minimum beam width required to accommodate multiples Weight
of various size bars are given in Appendix D.3. This is an  Design Moment, Estimated
useful design aid as demonstrated in the example. M,, ft-k Weight, lbs/ft
4. The reinforcement is located at certain distance from the <200 300
surface of the concrete called the cover. The cover require-  >200 but <300 350
ments in the ACI code are extensive. For beams, girders, and  >300 but <400 400
columns that are not exposed to weather or are not in contact ~ >400 but <500 450
with the ground, the minimum clear distance from the bot-  >500 500

tom of the steel to the concrete surface is 1¥2 in. There is a
minimum cover requirement of 1¥2 in. from the outermost
longitudinal bars to the edge toward the width of the beam, as shown in Figure 14.5.

5. Bar spacing: The clear spacing between the bars in a single layer should not be less than
any of the following:

* lin.
* The bar diameter
¢ lsxmaximum aggregate size

6. Bars placement: If the bars are placed in more than one layer, those in the upper layers
are required to be placed directly over the bars in the lower layers and the clear distance
between the layers must not be less than 1in.

7. Concrete weight: Concrete is a heavy material. The weight of the beam is significant. An
estimated weight should be included. If it is found to be appreciably less than the weight
of the section designed, then the design should to be revised. For a good estimation of
concrete weight, Table 14.2 could be used as a guide.

ANALYSIS OF BEAMS

Analysis relates to determining of the factored or service moment or the load capacity of a beam of
known dimensions and known reinforcement.
The procedure of analysis follows:

1. Calculate the steel ratio from Equation 14.6
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2. Calculate (A,),,;, from Equations 14.11 and 14.12 or use Appendix D.11.
Compare this to the A, of beam to ensure that it is more than the minimum.

3. For known p, read €, from Appendices D.4 through D.10. If no value is given, then €,=0.005.
If £,<0.005, determine ¢ from Equation 14.13.

4. For known p, compute K from Equation 14.9 or read the value from Appendices D.4
through D.10.

5. Calculate M, from Equation 14.7

M, = obd’K

6. Break down into the loads if required.

Example 14.1

The loads on a beam section are shown in Figure 14.6. Whether the beam is adequate to support
the loads. f."=4,000psi and f,=60,000 psi.

Solution

A. Design loads and moments

Weight of beam/ft=(12/12) x (20/12) x 1 x 150=250Ib/ft or 0.25 k/ft
Factored dead load, w,=1.2 (1.25)=1.5 k/ft

Factored live load, P,=1.6 (15)=24k

Design moment due to dead load=w,[?/8=1.5(20)*/8 =75 ft-k
Design moment due to live load=P,L/4=24(20)/4=120ft-k
Total design moment, M, =195 ft-k
A,=3.16in.2 (from Appendix D.2 for 4 bars of #8)
p=A/bd=3.16/12x17=0.0155

9. Pmin=0.0033 (from Appendix D.11)<0.0155 OK
10. €20.005 (value not listed in Appendix D.9), $=0.9

11. K=0.8029ksi (for p=0.0155 from Appendix D.9)
12. Mu = ¢bd’K

=(0.9)(12)(17)*(0.8029) = 2506 in.-k or 209 ft-k > 195 ft-k OK

PN W=

L, =15k
D; =1Kk/ft
(excluding weight)

ARRERRREEEERERRER
w ”
¥ 20 ft +
#-12in. -

i 17 in.

20
4—#8
J¢ Jﬁ 000 @‘/

FIGURE 14.6 Loads and section of Example 14.1.
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DESIGN OF BEAMS

In wood beam design in Chapter 7 and steel beam design in Chapter 11, beams were designed for
bending moment capacity and checked for shear and deflection.

In concrete beams, shear is handled independently, as discussed in Chapter 15. For deflection,
the ACI stipulates that when certain depth requirements are met, deflection will not interfere with
the use or cause a damage to the structure. These limiting values are given in Table 14.3 for normal
weight (120-1501b/ft3) concrete and Grade 60 steel. For other grade concrete and steel, the adjust-
ments are made as indicated in the footnotes to the Table 14.3.

When the minimum depth requirement is met, deflection needs not be computed. For members
of lesser thickness than those listed in Table 14.3, the deflections should be computed to check for
safe limits. This book assumes that the minimum depth requirement is satisfied.

The beam design falls into the two categories discussed below.

DESIGN FOR REINFORCEMENT ONLY

When a beam section has been fixed from the architectural or any other consideration, only the
amount steel has to be selected. The procedure is as follows:

1. Determine the design moment, M, including the beam weight for various critical load
combinations. 3
2. Using d=h - 3, and ¢=0.9, calculate the required K from Equation 14.8 expressed as

M.
Obd?

K =

3. From Appendices D.4 through D.10, find the value of p corresponding to K of step 2.
From the same appendices, confirm that €20.005. If € <0.005, reduce ¢ by Equation
14.13 and recompute K and find the corresponding p.

4. Compute the required steel area A, from Equation 14.6

A, =pbd

TABLE 14.3
Minimum Thickness of Beams and Slabs, for Normal Weight
Concrete and Grade 60 Steel

Minimum Thickness, h, in.

One End Both Ends

Member Simply Supported  Cantilever ~ Continuous  Continuous
Beam L/16 L/18.5 L21 L/8
Slab (one-way) L/20 L/24 L/28 L/10

Notes: L is the span in inches.

For lightweight concrete of unit weight 90-1201b/ft?, the table values should be
multiplied by (1.65 — 0.005W,) but not less than 1.09, where W, is the
unit weight in Ib/ft>.

For other than Grade 60 steel, the table value should be multiplied by
(0.4+£,/100), where f, in ksi.
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5. Check for minimum steel (p),,;, from Appendix D.11.

min
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6. Select the bar size and the number of bars from Appendix D.2. From Appendix D.3, check
whether the selected steel (size and number) can fit into width of the beam, preferably in a
single layer. They can be arranged in two layers. Check to confirm that the actual depth is

at least equal to 2 —3.
7. Sketch the design.

Example 14.2

Design a rectangular reinforced beam to carry a service dead of 1.6 k/ft and a live load of 1.5 k/ft
on a span of 20ft. The architectural consideration requires the width to be 10in. and depth to be

24in. Use f.'=3,000psi and f, =60,000 psi.

Solution

. w,=1.2 (1.6 +0.25)+ 1.6 (1.5)=4.62 k/ft

. M,=w,12/8=4.62(20)/8 =231 ft-k or 2772 in.-k

. d=24-3=21in.

. K=2772/(0.9)(10)(212=0.698 ksi

. p=0.0139 £,=0.0048 (from Appendix D.6)

. From Equation 14.13, $=0.65+(0.0048 —0.002)(250/3)=0.88
. Revised K = 2772/(0.88)(10)(21)2=0.714ksi

. Revised p=0.0143 (from Appendix D.6)

. A,=pbd=(0.0143)(10)21)=3 in.2

. Pimin=0.0033 (from Appendix D.11)<0.0143 OK
. Selection of steel

O ® O Ulh WK =

—_ =
N — O

. Weight of beam/ft=(10/12)x(24/12)x1x150 =250 Ib/ft or 0.25 k/ft

A, from
Bar Size  No. of Bars  Appendix D.2
#6 7 3.08
#7 5 3.0
#9 3 3.0

Select 3 bars of #9.

Minimum Width in One
Layer from Appendix D.3
15 NG
12.5 NG

9.5 0K

13. Beam section is shown in Figure 14.7.

DESIGN OF BEAM SECTION AND REINFORCEMENT

The design comprises of determining the beam dimensions and
selecting the amount of steel. The procedure is as follows:

1. Determine the design moment, M, including the beam weight
for various critical load combinations.

2. Select steel ratio p corresponding to €=0.005 from
Appendix D.11. _

3. From Appendices D.4 through D.10, find K for the steel ratio
of step 2.

4. For b/d ratio of 1/2 and 2/3, find two values of d from the
following expression

£ 10in.+
7L
Stirrups =
(not designed)
21 in.
3-#9
M L
7 .
| 3in.

FIGURE 14.7 Beam section
of Example 14.2.
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1/3
— MM ES
d _[q) C /d)K} (14.14)

5. Select the effective depth to be between the two values of step 4.
. If the depth from Table 14.3 is larger, use that value.
7. Determine the corresponding width b from

(@)}

M,

b=
0d’K

(14.15)

8. Estimate / and compute the weight of beam. If this is excessive as compared to the assumed
value of step 1, repeat steps 1 through 7.

9. From now on, follow the steps 4 through 7 of the design procedure of the “Design for
Reinforcement Only” section for the selection of steel.

Example 14.3

Design a rectangular reinforce beam for the service loads shown in Figure 14.8. Use f."=3,000 psi
and f,=60,000psi.

Solution
1. Assume a weight of beam/ft=0.5 k/ft
2. Factored dead load, w,=1.2 (1.5+0.5)=2.4 k/ft
3. Factored live load, P,=1.6 (20)=32k
4. Design moment due to dead load=w,[?/8 =2.4(30)%/8 =270 ft-k
5. Design moment due to live load=P,L/3 =32(30)/3 =320ft-k
6. Total design moment, M,=590ft-k or 7080in.-k
7. p=0.0136 (from Appendix D.11 for €,=0.005)
8. K=0.684ksi (from Appendix D.6)
9.

Calculate d from
Select b/d ratio  Equation 14.14

172 28.32
2/3 25.8

@ [7080/0.9(1/2)(0.684)]'3.

10. Depth for deflection (from Table 14.3)

po L _30x12
16 16

=22.5in.

ord=h-3=225-3=19.5in.
Use d=27in.
11. From Equation 14.15

b= A:B]Sin. use16 in.

(0.9)(27)*(0.684)

* This relation is the same as M, bd? K or M, =0 (bld)d’ K.
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Ly =20k L, =20k
D; = 1.5 k/ft
(excluding weight)
BERRREEERERREREEEN
T2 Lo
¥ 10 ft A 10 ft # 10 ft A
Wil =270 ft-k
e = _
Py _
5 = 320 ft-k
16 in. .
Stirrups oY Je.
(not designed)
S
27 in.
5-#10
bars \\E I
3in.

FIGURE 14.8 Loads, bending moments, and beam section of Example 14.3.

ONE-WAY SLAB

12. h=d+3=30in.
Weight of beam/ft=16/12x30/12x1x150 =500 Ib/ft or 0.50 k/ft OK

13. A,=pbd=(0.0136)(16)(27)=5.88in.?

14. Selection of steel

A,, from Minimum Width in One
Bar Size  No. of Bars  Appendix D.2  Layer from Appendix D.3
#9 6 6.00 16.5 NG
#10 5 6.35 15.5
Select 5 bars of #10.

Slabs are the concrete floor systems supported by reinforced concrete beams, steel beams, con-
crete columns, steel columns, concrete walls, or masonry walls. If they are supported on two
opposite sides only, they are referred to as one-way slabs because the bending is in one direction
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Shrinkage steel

Main steel

FIGURE 14.9 Simply supported one-way slab.

only; perpendicular to the supported edge. When slabs are supported on all four edges, they are
called two-way slabs because the bending is in both the directions. A rectangular floor plan has
slab supported on all four sides. However, if the long side is two or more times of the short side,
the slab could be considered as a one-way slab spanning in the short direction.

A one-way slab is analyzed and designed as 12in. wide beam segments placed side by side hav-
ing a total depth equal to the slab thickness, as shown in Figure 14.9.

The amount of steel computed is considered to exist in 12in. width on an average. Appendix
D.12 is used for this purpose that indicates for the different bar sizes the center-to-center spacing
of the bars for a specified area of steel. The relationship is as follows:

. required steel area
Bar spacing center to center =

x12 (14.16)
area of 1 bar

SPECIFICATIONS FOR SLABS

The ACI specifications for one-way slab follow:

1. Thickness: Table 14.3 indicates the minimum thickness for one-way slabs where deflec-
tions are not to be calculated. The slab thickness is rounded off to the nearest 1/4in. on the
higher side for slabs up to 6in. and to the nearest 1/2in. for slabs thicker than 6in.

2. Cover: (1) For slabs that are not exposed to the weather or are not in contact with the
ground the minimum cover is 3/4in for #11 and smaller bars, and (2) for slabs exposed to
the weather or are in contact with the ground, the minimum cover is 3in.

3. Spacing of bars: The main reinforcement should not be spaced on center-to-center more
than (1) three times the slab thickness or (2) 18in., whichever is smaller.

4. Shrinkage steel: Some steel is placed in the direction perpendicular to the main steel to
resist shrinkage and temperature stresses. The minimum area of such steel is
1. For Grade 40 or 50 steel, shrinkage A,=0.002bh
2. For Grade 60 steel, shrinkage A;=0.0018bh, where b=121n.

The shrinkage and temperature steel should not be spaced farther apart than (1) five
times the slab thickness or (2) 18in., whichever is smaller.

5. Minimum main reinforcement. Minimum amount of main steel should not be less than the
shrinkage and temperature steel.
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ANALYSIS OF ONE-WAY SLAB

The procedure of analysis is as follows:

1. For the given bar size and spacing, read A, from Appendix D.12
2. Find the steel ratio

p= % where b = 12in, d = h—0.75in.-1/2(bar diameter)™

3. Check for the minimum shrinkage steel and also that the main reinforcement A, is more
than A i

Ay i =0.002b or 0.0018bh

4. For p of step 2, read K and ¢, (if given in the same appendices) from Appendices D.4
through D.10.

. Correct ¢ from Equation 14.13 if €,<0.005

6. Find out M, as follows and convert to loads if necessary

W

M, = obd’K

Example 14.4

The slab of an interior floor system has a cross section as shown in Figure 14.10. Determine
the service live load that the slab can support in addition to its own weight on a span of 10ft.
f’=3,000psi, f,=40,000 psi.

Solution

. A;=0.75in.2 (from Appendix D.12)

. d=6-1/2(0.625)=5.688in. and p=A,/bd=0.75/(12)(5.688)=0.011
. Aymin=0.002bh =0.002 (12) (6.75)=0.162 <0.75 in.2 OK

. K=0.402 (from Appendix D.4) g,>0.005 for p=0.011

. M,=0bd?* K=(0.9)(12)(5.688)%(0.402) = 140.46 in.-k or 11.71 ft-k

. M,=w,[2/8 or w,=8M,/[2=8(11.71)/102=0.94 k/ft

. Weight of a slab/ft=12/12x6.75/12x1x150/1000 = 0.08 k/ft

. w,=1.2wp) +1.6(w,) or 0.94=1.2(0.084) + 1.6 w, or w, =0.52 k/ft

Since the slab width is 12in., live load is 0.52 k/ft2.

Oy UTA W

#6 bars @ 7 in. or OC

FIGURE 14.10 Slab cross section of a floor system (perpendicular to span).

* For slabs laid on ground d=h—-3—1/2 (bar diameter).
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DESIGN OF ONE-WAY SLAB

1. Determine the minimum /4 from Table 14.3. Compute the slab weight/ft for b=121in.

2. Compute the design moment M,. The unit load per square feet automatically becomes
load/ft since the slab width=121n.

3. Calculate an effective depth, d from

d=h-1-Y2x assumed bar diameter
4. Compute K assuming ¢=0.90,

MLI

K=—"
0bd

5. From Appendices D.4 through D.10, find the steel ratio p and note the value of €, (if €, is
not listed then g,>0.005).

6. If €,<0.005, correct ¢ from Equation 14.13 and repeat steps 4 and 5.

7. Compute the required A;

A,=pbd
8. From the table in Appendix D.12, select the main steel satisfying the condition that the bar

spacing is <3h or 18in.
9. Select shrinkage and temperature of steel

Shrinkage A,=0.002bk (Grade 40 or 50 steel)
or
0.0018bh (Grade 60 steel)
10. From Appendix D.12, select size and spacing of shrinkage steel with a maximum spacing
of 5h or 18in., whichever is smaller.

11. Check that the main steel area of step 7 is not less than the shrinkage steel area of step 9.
12. Sketch the design.

Example 14.5
Design an exterior one-way slab exposed to the weather to span 12 ft and to carry a service dead
load of 100psf and live load of 300psf in addition to the slab weight. Use f."=3,000psi and
fy:40,000 psi.

Solution

1. Minimum thickness for deflection from Table 14.3

h=—=-—""=72in?

For exterior slab use h=10 in.
2. Weight of slab=12/12x 10 x 12 x 1 x 150/1000=0.125 k/ft
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Q o [+ [+] [+ l

/ 3/4 in. clear
Main steel #6 bars @ 7 in. OC

Shrinkage steel #3 bars @ 7% in. OC

FIGURE 14.11 Design section of Example 14.5.

3. w,=1.2(0.1+0.125) + 1.6(0.3)=0.75 k/ft
. M,=w,[2/8=13.5ftk or 163 in.-k
5. Assuming #8 size bar (diameter=1in.)

N

d = h—cover-Ya(bar diameter) =10 - 3-%4 = 6.5in.

6. K=M,/obd?=162/(0.9)(12)(6.5)>=0.355
. p=0.0096, £,>0.005 (from Appendix D.4)
8. A,=pbd=(0.0096)(12)(6.5)=0.75 in.?/ft
Provide #8 bars @ 12in. on center (from Appendix D.12), A;=0.79in.?
9. Check for maximum spacing
a. 3h=3(75)=225in.
b. 18in.>7in. OK
10. Shrinkage and temperature steel

N

A, = 0.002bh
=0.002(12)(7.5)=0.18 in/ft

Provide #3 bars @ 77 in. on center (from Table D.12) A,=0.18in.2
11. Check for maximum spacing of shrinkage steel

a. 5h=5(75)=375in.

b. 18in.>7 2 in. OK
12. Main steel >shrinkage steel OK
13. A designed section is shown in Figure 14.11

PROBLEMS

14.1 A beam cross section is shown in Figure P14.1. Determine the service dead load and live load/
ft for a span of 20 ft. The service dead load is one-half of the live
load. f,'=4,000psi, f,=60,000psi. A~ 14in —
14.2 Calculate the design moment for a rectangular reinforced con-
crete beam having a width of 16in. and an effective depth of
24in. The tensile reinforcement is 5 bars of #8. f=4,000psi, 20in.
£,=40,000psi. l
14.3 A reinforced concrete beam has a cross section shown in Figure
P14.3 for a simple span of 25 ft. It supports a dead load of 2 k/ft
(excluding beam weight) and live load of 3k/ft. Is the beam ade- FIGURE P14.1 Beam sec-
quate? £.'=4,000 psi, £,=60,000 psi. tion for Problem 14.1.

/4of#9

o o 045 |
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14.4 Determine the dead load (excluding the beam weight) for #—16in.—+
the beam section shown in Figure P14.4 of a span of 30ft.
The service dead load and live load are equal. £.=5,000psi,
f,=60,000 psi.

14.5 The loads on a beam and its cross section are shown in Figure
P14.5. Is this beam adequate? f."=4,000psi, £,=50,000psi. 36 in.

14.6 Design a reinforced concrete beam to resist a factored design
moment of 150ft-k. It is required that the beam width be
12in. and the overall depth to be 24in. use f'=3,000psi, 5of#9
£,=60,000psi. 3% 0 0| L

14.7 Design areinforced concrete beam of a span of 30 ft. The service
dead load is 0.85k/ft (excluding weight) and live lqad is 1k/ft.  FIGUREP14.3 Beam sec-
The beam has to be 12in. wide and 26in. deep. f. =4,000psi,  t;on for Problem 14.3.
f,=60,000 psi.

14.8 Design a reinforced beam for a simple span of 30ft. There #—14in. —
is no dead load except the weight of beam and the service
live load is 1.5k/ft. The beam can be 12in. wide and 28in.
overall depth. £."=5,000psi, f,=60,000psi. 6 of #8 20in. |

149 A beam carries the service loads shown in Figure P14.9. ™ 24 in.

m l

From architectural consideration, the beam width is 121in.
and the overall depth is 20in. Design the beam reinforce-
ment. £.'=4,000psi, f,=60,000 psi.

14.10 In Problem 14.9, the point dead load has a magnitude of 6.5k ~ FIGURE P14.4 Beam section
(instead of 4k). Design the reinforcement for the beam of the for Problem 14.4.
same size of Problem 14.9. ﬁ.’ =4,000psi, f,=60,000 psi.

o o O

v

7

L, =10k
D; = 0.5 k/ft (excluding weight)

L; = 0.75 k/ft (service loads)

EEEEEREERERRRRRRRRR
> o
¥ 10 ft * 10 ft "1
- 12in. o
17 in.

J( 4 of #8
6060 o4

FIGURE P14.5 Beam loads and section for Problem 14.5.

D; =4k

L =12k

D; = 0.5 k/ft (excluding weight)
L; = 0.75 k/ft (service loads)

EEEEREEEREEEREEER
»

10 ft + 10 ft +

'
z

FIGURE P14.9 Beam loads for Problem 14.9.
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14.11 Design a rectangular reinforced beam for a simple span of 30ft. The uniform service loads
are dead load of 1.5k/ft (excluding beam weight) and live load of 2k/ft. f.'=4,000psi,
£,=60,000psi.

14.12 Design a simply supported rectangular reinforced beam for the service loads shown in
Figure P14.12. Provide the reinforcement in a single layer. Sketch the design. f."=4,000psi,
£f,=60,000psi.

L =25k
D, = 2.5k/ft
(excluding weight)
ERREREEEREEEREEERERR
m 2
¥ 12 ft # 12 ft &

FIGURE P14.12 Beam loads for Problem 14.12.

14.13 Design a simply supported rectangular reinforced beam for the service loads shown in
Figure P14.13. Provide the reinforcement in a single layer. Sketch the design. f."=3,000psi,
£,=40,000psi.

D, =10k
L; =8k
D; = 0.4 k/ft (excluding weight)
L; =0.5k/ft
EERRERERRERRERRERR
w e
s 9 ft * 11ft x

FIGURE P14.13 Beam loads for Problem 14.13.

14.14 Design the cantilever rectangular reinforced beam shown in Figure P14.14. Provide the
maximum of #8 size bars, in two rows if necessary. Sketch the design. f.'=3,000psi,
f,=50,000 psi.

[Hint: Reinforcement will be at the top. Design as usual.]

D; = 2.5 k/ft (excluding weight)
+ + * + + * + + * + + * + +LLL=2,51</ft(serviceload)

¥ 12 ft A

FIGURE P14.14 Cantilever beam for Problem 14.14.

14.15 Design the beam for the floor shown in Figure P14.15. The service dead load (excluding beam
weight) is 100 psf and live load is 300 psf. £.”=3,000psi, f,=40,000 psi.

14.16 A 9in. thick one-way interior slab supports a service live load of 500 psf on a simple span of
15ft. The main reinforcement consists of #7 bars at 7in. on center. Check whether the slab
can support the load in addition to its own weight. Use f,"=3,000psi, f,=60,000psi.

14.17 A one-way interior slab shown in Figure P14.17 spans 12 ft. Determine the service load that
the slab can carry in addition to its own weight. £."=3,000psi, f,=40,000psi.

14.18 A one-way slab, exposed to the weather, has a thickness of 91in. The main reinforcement con-
sists of #8 bars at 7in. on center. The slab carries a dead load of 500 psf in addition to its own
weight on a span of 10 ft. What is the service live load that the slab can carry. f."=4,000psi,
£,=60,000psi.
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15 ft

¥ 10 ft +* 10 ft +* 10 ft A

Beam

FIGURE P14.15 Floor system for Problem 14.15.

8in.

¢ /0 o ¢} e} o l

Main steel #7 bar @ 6 in. on center

Q— N
Q

FIGURE P14.17 Cross section of slab for Problem 14.17.

14.19 A 8-Y2 in. thick one-way slab interior spans 10ft. It was designed with the reinforcement
of #6 bars at 6.5in. on center, to be placed with a cover of 0.75in. However, the same steel
was misplaced at a clear distance of 2in. from the bottom. How much is the reduction in the
capacity of the slab to carry the superimposed service live load in addition to its own weight.
1./ =4,000psi, £,=60,000psi.

14.20 Design a simply supported one-way interior slab to span 15ft and to support the service
dead and live loads of 150 and 250 psf in addition to its own weight. Sketch the design.
fc'=4,000psi,fy=50,000psi.

14.21 Design the concrete floor slab as shown in Figure P14.21. Sketch the design. f.'=3,000psi,
£,=40,000psi.

L; =400 psf

12 ft
"1 _12in.

FIGURE P14.21 One-way slab span for Problem 14.21.

14.22 Design the slab of the floor system of Problem 14.15. £."=3,000psi, f,=40,000 psi.
[Hint: The slab weight is included in the service dead load.]

14.23 For Problem 14.15, design the thinnest slab so that the strain in steel is not less 0.005.
1. =3,000psi, f,=40,000 psi.

14.24 Design a balcony slab exposed to the weather. The cantilevered span is 8 ft and the service
live load is 100 psf. Sketch the design. f."=4,000 psi, f,=60,000 psi.
[Hint: Reinforcement is placed on top. For thickness of slab, in addition to the provision of main
steel and shrinkage steel, at least 3 in. of depth (cover) should exist over and below the steel.]






’I 5 Shear and Torsion in
Reinforced Concrete

STRESS DISTRIBUTION IN BEAM

The transverse loads on a beam segment cause a bending moment and a shear force that vary across
the beam cross section and along the beam length. At point (1) in a beam shown in Figure 15.1, these
contribute to the bending (flexure) stress and the shear stress, respectively, expressed as follows:

o= e (15.1a)
and
Vo
== (15.1b)
Y b
where

M is the bending moment at a horizontal distance X

y is the vertical distance of point (1) from the neutral axis

I is the moment of inertia of section

V is the shear force at X

Q is the moment taken at the neutral axis of the cross-sectional area of beam above point (1)
b is the width of section at (1)

The distribution of these stresses is shown in Figure 15.1. At any point (2) on the neutral axis,
the bending stress is zero and the shear stress is maximum (for a rectangular section). On a small
element at point (2), the vertical shear stresses act on the two faces balancing each other, as shown
in Figure 15.2. According to the laws of mechanics, the complementary shear stresses of equal
magnitude and opposite sign act on the horizontal faces as shown, so as not to cause any rotation
to the element.

If we consider a free-body diagram along the diagonal a—b, as shown in Figure 15.3, and resolve
the forces (shear stress times area) parallel and perpendicular to the plane a-b, the parallel force
will cancel and the total perpendicular force acting in tension will be 1.414f A. Dividing by the area
1.41A along a-b, the tensile stress acting on plane a—b will be f,. Similarly, if we consider a free-
body diagram along the diagonal c—d, as shown in Figure 15.4, the total compression stress on the
plane c—d will be f,. Thus, the planes a—b and c—d are subjected to tensile stress and compression
stress, respectively, that has a magnitude equal to the shear stress on horizontal and vertical faces.
These stresses on the planes a—b and c—d are the principal stresses (since they are not accompanied
any shear stress). The concrete is strong in compression but weak in tension. Thus, the stress on
plane a-b, known as the diagonal tension, is of great significance. It is not the direct shear strength
of concrete but the shear-induced diagonal tension that is considered in the analysis and design of
concrete beams.

299
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—x —— 5

FIGURE 15.1 Transverse loaded beam.

DIAGONAL CRACKING OF CONCRETE 5

There is a tendency for concrete to crack along the plane sub-
jected to tension when the level of stress exceeds a certain value. N ’,
The cracks will form near the mid-depth where the shear stress N ,
(including the diagonal tension) is maximum and will move in “
a diagonal path to the tensile surface, as shown in Figure 15.5. ,/ N
These are known as the web-shear cracks. These are nearer to ’ N
the support where shear is high. In a region where the moment 7 by
is higher than the cracking moment capacity, the vertical flexure a d v
cracks will appear first and the diagonal shear cracks will develop 5
as an extension to the flexure cracks. Such cracks are known as FIGURE 15.2 Shear stress on
the flexure-shear cracks. These are more frequent in beams. The  an element at neutral axis.
longitudinal (tensile) reinforcement does not prevent shear cracks
but it restrains the cracks from widening up.

After a crack develops, the shear resistance along the cracked plane is provided by the following
factors:

1. Shear resistance provided by the uncracked section above the crack, V,.. This is about
20%—40% of the total shear resistance of cracked section.

2. Friction developed due to interlocking of the aggregates on opposite sides of the crack, V,.
This is about 30%—50% of the total.

3. Frictional resistance between concrete and longitudinal (main) reinforcement called the
dowel action, V,. This is about 15%—-25% of the total.

In a deep beam, some tie—arch action is achieved by the longitudinal bars acting as a tie and the
uncracked concrete above and to the sides of the crack acting as an arch.

0.707f, A w,

Force component

fr-A

Plane in tension

FIGURE 15.3 Free body diagram along plane a—b of element.
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Sy A
Plane in compression
707f, - S
0 707]‘3 A R
N 7/
\\ //
\\ //
\\ // // d
7/
N Jo-A
N
N
N
N
N
N
N
0.707f, - A
FIGURE 15.4 Free body diagram along plane c—d of element.
chz

v, 7
24

2

7/ \/

Va

FIGURE 15.5 Shear resistance of cracked concrete.

Once the applied shear force exceeds the shear resistance offered by the above three factors in
a cracked section, the beam will fail suddenly unless a reinforcement known as the web or shear
reinforcement is provided to prevent the further opening up of the crack. It should be understood
that the web reinforcement does not prevent the diagonal cracks that will happen at almost at the
same loads with or without a web reinforcement. It is only after a crack develops that the tension
which was previously held by the concrete is transferred to the web reinforcement.

STRENGTH OF WEB (SHEAR) REINFORCED BEAM

As stated above, the web reinforcement handles the tension that cannot be sustained by a diagonally
cracked section. The actual behavior of web reinforcement is not clearly understood in spite of many
theories presented. The truss analogy is the classic theory, which is very simple and widely used.
The theory assumes that a reinforced concrete beam with web reinforcement behaves like a truss.
A concrete beam with the vertical web reinforcement in a diagonally cracked section is shown in
Figure 15.6. The truss members shown by dotted lines are superimposed in the Figure 15.6. The
analogy between the beam and the truss members is as shown in Table 15.1.

According to the above concept, the web reinforcement represents the tensile member. Thus,
the entire applied shear force that induces the diagonal tension is resisted by the web reinforcement
only. But the observations have shown that the tensile stress in the web reinforcement was much
smaller than the tension produced by the entire shear force. Accordingly, the truss analogy theory
was modified to consider that the applied shear force is resisted by the two components: the web
reinforcement and the cracked concrete section. Thus,
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Compression members
Tensile members of truss = concrete
of truss = web reinforcement between cracks

Horizontal compression
members of truss
(top chord) = flexure
compression concrete

Horizontal compression
members of truss

(bottom chord) =
longitudinal
reinforcement
Diagonal crack Concrete Stirrups
between cracks
FIGURE 15.6 Truss analogy of beam.
TABLE 15.1
Beam-Truss Analogy
Truss Beam
Horizontal tensile member (bottom chord) Longitudinal reinforcement
Horizontal compression member (top chord) Flexure compression concrete
Vertical tensile members Web reinforcement
Diagonal compression members Web concrete between the cracks in

the compression zone

V.=V, +V, (15.2)
Including a capacity reduction factor, ¢
V, <0V, (15.3)
For the limiting condition
V=0V +0V; (15.4)

where
V, is the nominal shear strength
V, is the factored design shear force
V. is the shear contribution of concrete
V. is the shear contribution of web reinforcement
¢ is the capacity reduction factor for shear=0.75 (Table 14.1)

Equation 15.4 serves as a design basis for web (shear) reinforcement design.

SHEAR CONTRIBUTION OF CONCRETE

Concrete (with flexure reinforcement but without web reinforcement) does not contribute in resist-
ing the diagonal tension once the diagonal crack is formed. Therefore, the shear stress in concrete
at the time of diagonal cracking can be assumed to be the ultimate strength of concrete in shear.
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Many empirical relations have been suggested for the shear strength. The ACI has suggested the
following relation:

V. =2\ f/bd (15.5)

The expression A has been introduced in the ACI 2008 code, to account for lightweight concrete. An
alternative much complicated expression has been proposed by the ACI, which is a function of the
longitudinal reinforcement, bending moment, and shear force at various points of beam.

SHEAR CONTRIBUTION OF WEB REINFORCEMENT

The web reinforcement takes a form of stirrups that run along the face of a beam. The stirrups
enclose the longitudinal reinforcement. The common types of stirrups, as shown in Figure 15.7, are
[ shaped or [l] shaped that are arranged vertically or diagonally. When a significant amount of tor-
sion is present, the closed stirrups are used, as shown in Figure 15.7c.

The strength of a stirrup of area A, is F,A,. If n number of stirrups cross a diagonal crack, then
the shear strength by stirrups across a diagonal will be

V, = fAn (15.6)

In a 45° diagonal crack, the horizontal length of crack equals the effective depth d, as shown in
Figure 15.8. For stirrups spaced s on center, n=d/s. Substituting this in Equation 15.6:

V, = f,A, d (15.7)
N

where
A, is the area of stirrups
s is the spacing of stirrups

(@) (b) (c)

FIGURE 15.7 Types of stirrups. (a) Open stirrup, (b) double stirrup, and (c) closed stirrup.

1

FIGURE 15.8 Vertical stirrups in a diagonal crack.
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For a || shaped stirrup, A, is twice the area of the bar and for a [/l stirrup, A, is four times the
bar area.

When the stirrups are inclined at 45°, the shear force component along the diagonal will match
the stirrups (web reinforcement) strength, or

V, = 1.414fyAV1 (15.8)
S

Equations 15.7 and 15.8 can be expressed as a single relation:

V, =of,A, d 15.9)
S

where, a.=1 for the vertical stirrups, and 1.414 for the inclined stirrups.

SPECIFICATIONS FOR WEB (SHEAR) REINFORCEMENT

ACI 318-08 requirements for web reinforcement are summarized below:

1. According to Equation 15.4, when V,<0V,, no web reinforcement is necessary. However,
the ACI code requires that a minimum web reinforcement should be provided when V,
exceeds 1/2¢V,, except for slabs, shallow beams (<10in.), and footing.

2. Minimum steel: When a web reinforcement is provided, its amount should fall between
the specified lower and upper limits. The reinforcing should not be so low as to make the
web reinforcement steel yield as soon as a diagonal crack develops. The minimum web
reinforcement area should be higher of the following two values:

a. (A min = M (15.10)
f)‘

or

b. (A = 2005 (15.11)
5,

3. Maximum steel: The maximum limit of web reinforcement is set because the concrete will
eventually disintegrate no matter how much steel is added. The upper limit is

_ 8[flbs

A max = 15.12
(A == (15.12)

4. Stirrup size: The most common stirrup size is #3 bar. Where the value of shear force is
large, #4 size bar might be used. The use of larger than #4 size is unusual. For a beam
width of <24 in., a single loop stirrup, [ | is satisfactory. Up to a width of 48 in. a double loop
[[llis satisfactory.

5. Stirrup spacing
a. Minimum spacing: The vertical stirrups are generally not closer than 41in. on center.
b. Maximum spacing when V; < 4\/f bd-
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The maximum spacing is smaller of the following:

1. Smax 4
2

2. Sy =241n.

A, f,
max = Vif’ (based on Equation 15.10)

0.75 /b
AL, .

4. Spax = ofy (based on Equation 15.11)
50b

c. Maximum spacing when V, > 4./ f'bd
The maximum spacing is smaller of the following:

1. sp = ﬁ
4

2. Sy = 12in.

Al .

3. Smax = ——7—— (based on Equation 15.10)
0.75\/f/b
A, .

Smax = oSy (based on Equation 15.11)

50b

6. Stirrups pattern: The size of stirrups is held constant while the spacing of stirrups is varied.
Generally the shear force decreases from the support toward the middle of the span indicat-
ing that the stirrups spacing can continually increase from the end toward the center. From
a practical point of view, the stirrups are placed in groups; each group has the same spacing.
Only two to three such groups of the incremental spacing are used within a pattern. The
increment of spacing shall be in the multiple of whole inches perhaps in the multiple of 3in.
or 4in.

7. Critical section: For a normal kind of loading where a beam is loaded at the top and there
is no concentrated load applied within a distance d (effective depth) from the support, the
section located at a distance d from the face of the support is called the critical section. The
shear force at the critical section is taken as the design shear value V,, and the shear force
from the face of the support to the critical section is assumed to be the same as at the critical
section.

Some designers place their first stirrup at a distance d from the face of the support while others
place the first stirrup at one-half of the spacing calculated at the end.

When the support reaction is in tension at the end region of a beam or the loads are applied at
bottom (to the tension flange), no design shear force reduction is permitted and the critical section
is taken at the face of the support itself.

ANALYSIS FOR SHEAR CAPACITY

The process involves the following steps to check for the shear strength of an existing member and
to verify the other code requirements:

1. Compute the concrete shear capacity by Equation 15.5.
2. Compute the web reinforcement shear capacity by Equation 15.9.
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3. Determine the total shear capacity by Equation 15.4. This
should be more than the applied factored shear force on the
beam.

4. Check for the spacing of the stirrups from the “Specifications
for Web (Shear) Reinforcement” section, step 5.

Example 15.1

Determine the factored shear force permitted on a reinforced con-
crete beam shown in Figure 15.9. Check for the web reinforcement
spacing. Use f/=4,000psi, f,=60,000psi.

Solution

A. Concrete shear capacity from Equation 15.5

V. = 20Jf’bd

= 2(1)4/4000(16)(27) = 54641b or 54.64 k
B. Web shear capacity from Equation 15.9

A,=20.11=0.22in.?

V, = ocfyAvi
s

=1(600, OOO(O.ZZ)(%) =29,700lb or 29.7 k

C. Design shear force from Equation 15.4

Vi = oV + 0V,
=0.75(54.64)+0.75(29.7) = 63.26k

D. For maximum spacing
1. 4Jf’bd/1000 = 444000(16)(27)/1000 = 109.3k

2. Since V, of 29.7k<109.3k
spacing is smaller of

a. Q:E:B.Zin « controls >

b. 24in.
A
" 0.75\b

(0.22)(60,000)

=t 174
(0.75)\4,000(16)

C.

—16 in.—+ .
#3 @ =) I
12 in. OC
A
27 in.
4-#8
trood |4

FIGURE 15.9 Concrete beam
section of Example 15.1.
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Af,
50b

_ (0.22)(60,000) —16.5in.
50(16)

d. Smax =

DESIGN FOR SHEAR CAPACITY

A summary of the steps to design for web reinforcement is presented below:

1. Based on the factored loads and clear span, draw a shear force, V, diagram.

2. Calculate the critical V, at a distance d from the support and show this on the V, diagram
as the critical section.

3. Calculate ¢V, = (0.75)2\/f bd and draw a horizontal line at ¢V, level on the V, diagram.
The portion of the V, diagram above this line represents ¢V, that has to be provided with
stirrups.

4. Calculate 1/2¢V, and show it by a point on the V, diagram. The stirrups are needed from
the support to this point. Below the 1/20V, point on the diagram toward the center, no stir-
rups are needed.

5. Make the tabular computations indicated in steps 5, 6, and 7 for the theoretical stirrups
spacing.

Starting at the critical section, divide the span into a number of segments. Determine
V, at the beginning of each segment from the slope of the V, diagram. At each segment,
calculate V, from the following rearranged Equation 15.4:

R UAIA)

0

6. Calculate the stirrup spacing for a selected stirrup size at each segment from the following
rearranged Equation 15.9:

s = 0f,A, % (o being 1 for vertical stirrup).

s

7. Compute the maximum stirrup spacing from the equations at the “Specifications for Web
(Shear) Reinforcement” section, step 5.

8. Draw a spacing vs. distance diagram from step 6. On this diagram, draw a horizontal line
at the maximum spacing of step 7 and a vertical line from step 4 for the cut of limit of
stirrup.

9. From the diagram, select a few groups of different spacing and sketch the design.

Example 15.2
The service loads on a reinforced beam are shown in Figure 15.10 along with the designed beam
section. Design the web reinforcement. Use f/=4,000psi and f,=60,000 psi.
Solution
A: 'V, diagram

1. Weight of beam=(15/12) x (21/12) x 1 x (150/1000) = 0.33 k/ft.
2. w,=1.2(3+0.33)=4k/ft
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L, =15k L, =15k Dy - 3Kk 15 iy
(e’x/cluding weight)
REEEEEEREERERRERREEREEN 18in.
S ol 4-#8
— 6ft # 12 ft # 6ft —+ J(

FIGURE 15.10 Loads and section of beam of Example 15.2.

3. P,=1.6(15)=24k
4. M@B=0
Ra (24)-4(24)(12)-24(18) - 24(6)=0
R, =72k
5. Shear force diagram is shown in Figure 15.11
6. V, diagram for one-half span is shown in Figure 15.12
B. Concrete and steel strengths
1. Critical V, at distance=72 —(18/12)(4) =66 k

2. oV = 0.75(2)\/7{bd = 0.75(2)4/4000(15)(18)/1000 = 25.61k

72 k
48 k
24 k
24 k
48 k
72k
— 6ft # 12 ft * 6 ft —+
FIGURE 15.11  Shear force diagram of Example 15.2.
72 k Critical section
T | Slope 4 k/ft
|
I 48 k
|
| oV oV, =256k
|
|
B S IS 1 _
: 50V. =128k
|
: oV, Slope 4 k/ft
|
|
| 1 | | D
A ld=15ft B CHS.thﬂ
¥ 6 ft + 6 ft * 4|/

No stirrups
need

FIGURE 15.12 V, diagram of Example 15.2.
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3. 1/2¢V.=12.81k
4. Distance from the beam center line to (1/2)(¢V,/slope)=12.81/4=3.2 ft
C. Stirrups design: Use #3 stirrups

Distance from V= V, -V, K s— fyAvi,in‘
Support, x, ft v, k ) Vi

1 2 3c 4d
D=15 66* 53.85 4.41

2 64 51.19 4.64

4 56 40.52 5.86

6~ 48 29.85 7.96

6" 24b 0 o0

2 V,=V,@end - (slope)(distance) =72 -4 (Col. 1).

b v, =V, @B in Figure 15.12 - (slope)(distance — 6) =24 —4 (Col. 1 - 6).
¢ (Col.2-25.61)/0.75.

4°(0.22)(60,000)(18)/Col. 3 (1,000).

Distance vs. spacing from the above table are plotted on Figure 15.13.
D. Maximum spacing

1. 4Jf’bd/1000 = 44/4000(15)(18)/1000 = 68.3k
2. V. iea Of 66k < 68.3k
3. Maximum spacing is the smaller of

d 18
a. —=
2

> =9in.«Controls

+—— No stirrups
needed

Spacing, in.

T o ol
o 1 2 3 4 5 6 7 838

Distance from end, ft

FIGURE 15.13 Distance—spacing graph of Example 15.2.
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b. 24in.
Af,
C. =

s 0.75\/f’b
(0.22)(60,000)

=——F————=18.55
(0.75),/4,000(15)

Af,

50b

_ (0.22(60,000) _,,
50(15)

d. Smax =

The s, line is shown on Figure 15.13.
E. Selected spacings

Distance

Covered, ft Spacing, in. No. of Stirrups
0-5 4 15

5-6 6 2

6-8.8 9 4

TORSION IN CONCRETE

Torsion occurs when a member is subjected to a twist about its longitudinal axis due to a load act-
ing off center of the longitudinal axis. Such a situation can be seen in a spandrel girder shown in
Figure 15.14.

The moment developed at the end of the beam will produce a torsion in the spandrel girder.
A similar situation develops when a beam supports a member that overhangs across the beam.
An earthquake can cause substantial torsion to the members. The magnitude of torsion can be
given by

T = Fr (15.13)

where
F is the force or reaction
r is the perpendicular distance of the force from the longitudinal axis

A load factor is applied to the torsion to convert 7 to 7, similar to the moment. A torsion pro-
duces torsional shear on all faces of a member. The torsional shear leads to diagonal tensile
stress very similar to that caused the flexure shear. The concrete will crack along the spiral
lines that will run at 45° from the faces of a member when this diagonal tension exceeds the
strength of concrete. After the cracks develop, any additional torsion will make concrete to
fail suddenly unless the torsional reinforcement is provided. Similar to the shear reinforce-
ment, providing of a torsional reinforcement will not change the magnitude of the torsion at
which the cracks will form. However, once the cracks are formed the torsional tension will
be taken over by the torsional reinforcement to provide the additional strength against the
torsional tension.
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Spandrel
girder Girder
Action £
point of
load On\‘a Beams
beam V4
X
—A —n
Slab
—
Beam
Ll L
Spandrel Girder
girder

FIGURE 15.14 Beam subjected to torsion.

PROVISION FOR TORSIONAL REINFORCEMENT

The ACI 318-08 provides that as long as the factored applied torsion, 7, is less than one-fourth of the
cracking torque 7,, the torsional reinforcement is not required. Equating 7, to one-fourth of cracking
torque 7,, the threshold limit is expressed as

2
[T, Jiimis = (1)\/‘}(;‘,% (15.14)
@

where
T, is the factored design torsion
A,, s the area enclosed by the outside parameter of the concrete section=width x height
P, is the outside parameter of concrete=2 (b+h)
¢=0.75 for torsion

When 7, exceeds the above threshold limit, torsional reinforcement has to be designed. The pro-
cess consists of performing the following computations:

1. To verify from Equation 15.14 that the cross-sectional dimensions of the member are suf-
ficiently large to support the torsion acting on the beam.

2. If required, to design the closed loop stirrups to support the torsional tension (7, =¢T,) as
well as the shear-induced tension (V,=0V,).
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3. To compute the additional longitudinal reinforcement to resist the horizontal component of
the torsional tension. There must be a longitudinal bar in each corner of the stirrups.

When an appreciable torsion is present that exceeds the threshold value, it might be more
expedient and economical to select a larger section than would normally be chosen, to satisfy
Equation 15.14, so that the torsional reinforcement has not to be provided. The book uses this
approach.

Example 15.3
The concentrated service loads, as shown in Figure 15.15, are located at the end of a balcony
cantilever section, 6in. to one side of the centerline. Is the section adequate without any torsional

reinforcement? If not, redesign the section so that no torsional reinforcement has to be provided.
Use fZ=4,000psi and f,=60,000 psi.
Solution

The beam is subjected to moment, shear force, and torsion. It is being analyzed for torsion only.

A. Checking the existing section:
1. Design load

P, =1.2(10)+1.6(15) =36 k
2. Design torsion

6

T,=36( 15 )-8k
12

3. Area enclosed by the outside parameter
Ap=bh=18%x24=1432in?

4. Outside parameter

Pp =2(b+h)=2(18+24)=84 in.

D; =10k
L; =15k
b—18in. —o
' 4-#10
10 ft o #3 @ 12 in. OC

21in.

HL .

FIGURE 15.15 Cantilever beam and section of Example 15.3.
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5.

Torsional capacity of concrete

= o7 2

2
P
Fep

2
= (0.75)4/4000 (4;?

=105,385.2 in.-lb or 8.78 ft-k < 18 k NG

B. Redesigning the section

1.

2.
3.
4

Assume a width of 24 in.

Area enclosed by the outside parameter A, = (24h)
Parameter enclosed Pp=2024 + h)

A
Fep

_ (24h)?
= (0.75)/4000 204+h)

Torsional capacity = ¢./f”

2

=13,661
(24+h)

For no torsional reinforcement
Al

T, = o 2
Fep

or

h2
18=1.138 ———
(24+h)

or

h=29in.

A section 24 x 29 will be adequate.

PROBLEMS

2

intbor1.138 —
24+ h)

ft-k
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15.1-15.3 Determine the concrete shear capacity, web reinforcement shear capacity, and design
shear force permitted on the beam sections shown in Figures P15.1 through P15.3. Check for
web reinforcement. Use f; =3,000psi and fy=40,000 psi.

FIGURE P15.1

£ 12in. -
Y-

20 in.

4-#8 l

Beam section.

#3 @ 10 in. OC
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— 18in. — .
P | #a@12in.0C
32 in.
5-#7
FIGURE P15.2 Beam section.
#—15in. —
4-#5 -
owd T 3gm 5 | [0
reinforcement)

FIGURE P15.3 Beam section.

15.4 A reinforced beam of span 20 ft shown in Figure P15.4 is subjected to a dead load of
1 k/ft (excluding beam weight) and live load of 2 k/ft. Is the beam satisfactory to resist
the maximum shear force? Use f;=3,000psi andfy: 60,000 psi.

¥ 12in. -
Y

#3 @12 in. OC

18 in.

|

4-#7

FIGURE P15.4 Beam section.

15.5 If the service dead load (excluding beam) is one-half of the service live load on the beam of
span 25 ft shown in Figure P15.5. What are the magnitude of these loads from shear consid-
eration? Use f/=4,000psi and fy=60,000 psi.

¥—15in. — .
o

| #3@8in.OC

|

27 in.

4-#8

FIGURE P15.5 Load capacity of beam.

15.6 A simply supported beam is 15in. wide and has an effective depth of 24 in. It supports a
total factored load of 10k/ft (including the beam weight) on a clear span of 22 ft. Design
the web reinforcement. Use f/=4,000psi and f,=60,000 psi.

15.7 Design the web reinforcement for the service loads shown in Figure P15.7. Use I =4,000psi
and fy= 60,000 psi.
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D; = 4 k/ft (including weight)
L; =6k/ft

/
EEEEREREREREREN  F—15in—

ye

15 ft

Lt 1t 24in.
4-#9

FIGURE P15.7 Loads and section of beam.

15.8 For the beam and service loads shown in Figure P15.8, design the web reinforcement use #4
stirrups. Use f/=5,000psi and f,=60,000psi.

Dy =5 k/ft (excluding weight)

L = '1/0 K/t
YU P P YV VPP Y vy vy Vv r Yy VY A—20in—
w T 7
¥ 30 ft ¥ A A
32 in.
5-#11
7> m

FIGURE P15.8 Loads and section of beam.

15.9 For the service loads on a beam (excluding beam weight) shown in Figure P15.9, design the
web reinforcement. Use f,=4,000psi and f,=50,000 psi.

Dy =2 k/ft
L, =4Kk/ft

¢¢$¢¢$$¢$$¢¢$$¢$ L 12

v
a

!
»
¥ 20 ft

24 in.
4-#9

FIGURE P15.9 Loads and section of beam.

15.10 Design the web reinforcement for the service loads on the beam shown in Figure P15.10. Use
1/=3,000psi and f,=40,000 psi.
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L, =10k
D; =1 k/ft (excluding weight)
L; =1Kk/ft
P Y PV Y Y P Y Yy Y YV YN YAy Yy Yy A—20n—A
Q *} 7
¥ 15 ft * 15 ft ¥ P e
30 in.
5-#11
+ | B ooo

FIGURE P15.10 Loads and section of beam.

15.11 A simply supported beam carries the service loads (excluding the beam weight), as shown in
Figure P15.11. Design the web reinforcement. Use f;=4,000psi and f,= 60,000 psi.

L; =50k 50 k Dy =1k/t
(excluding weight)
YAV I IV A YV N YV NNy kit
w 9 7
F— 6ft —F— 6ft —F— 6ft —+ poA
30in
4-#9
b o d |k

FIGURE P15.11 Loads and section of beam.

15.12 A simply supported beam carries the service loads (excluding the beam weight), as shown
in Figure P15.12. Design the web reinforcement. Use #4 size stirrups. Use f, =4,000psi and
£,=60,000psi.

D; =10k D; =10k
Ly=10k Ly =10k p,=1k/ft
L; = 1.8 k/ft
/
YI VPP PP PP P YV P P PPV VYV A—l5in—t
?;5& v 20 ft v Sﬁj T Use #4
! § 1 size
25 in.
5-#8
~

FIGURE P15.12 Loads and section of beam.
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15.13 A cantilever beam carries the service loads including the beam weight, as shown in Figure
P15.13. Design the web reinforcement. Use f; =4,000 psi and £,=60,000psi.

D; =2k/ft
L; =4Kk/ft
*##*#*##(#*#
12 in.
12 ft A T %T/-6—#8
20 in.
dl

FIGURE P15.13 Loads and section of cantilever beam.

15.14 A beam carries the factored loads (including beam weight), as shown in Figure P15.14. Design
the #3 size web reinforcement. Use £, =3,000 psi and fy=40,000 psi.

15k 15k 15k 15k
2.5/1(/&

YAV PP PP PP PP e rrr P v I Yy A—ldin—ot
P2 ol -
¥ 5@6 ft=30ft ¥ A A

#3size | |

28 in.
4-#11
bhoao |+

FIGURE P15.14 Loads and section of beam.

15.15 A beam supported on the walls carries the uniform distributed loads and the concen-
trated loads from the upper floor, as shown in Figure P15.15. The loads are service loads

D; =50k
L, =60k
D, =2K/ft
L; =3k/ft

/
EEEREEERERREREENRR F—20in—+ _

7
L;#gom. #—— 6ft 4= 20in. o\ pe
¥ 20 ft &
/’_' .
# 3 size 30 in.
5-#11
M 7>

FIGURE P15.15 Loads and section of beam.
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including the weight of beam. Design the #3 size web reinforcement. Use f; =4,000psi and
£,=50,000psi.

15.16 Determine the torsional capacity of the beam section in Figure P15.16 without torsional rein-
forcement. Use f, =4,000psi and f,=60,000 psi.

¥— 16in. —
74
21 in.
4-#9
\@*@ 00 | 4,.
743 in.

FIGURE P15.16 Beam section under torsion.

15.17 Determine the torsional capacity of the cantilever beam section shown in Figure P15.17 with-
out torsional reinforcement. Use £, =3,000 psi and fy=40,000 psi.

#—15in. —

}y@@

4-#8

FIGURE P15.17 Cantilever section under torsion.

15.18 A spandrel beam shown in Figure P15.18 is subjected to a factored torsion of 8ft-k. Is this
beam adequate if no torsional reinforcement is used? If not redesign the section. The width

cannot exceed 16in. Use f,=4,000psi and f, =50,000 psi.

¥— 14 in. —

4-#9\\@
e T

FIGURE P15.18 Beam section under torsion.

15.19 Determine the total depth of a 24 in. wide beam if no torsional reinforcement is used. The ser-
vice loads, as shown in Figure P15.19, act 5in. to one side of the center line. Use f,=4,000 psi

and f,=60,000 psi.
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D, =15k
Ly =20k

8 ft

FIGURE P15.19 Torsion loads on cantilever.

15.20 A spandrel beam is exposed to a service dead load of 8k and live load of 14k acting 8in.
off center of the beam. The beam section 20in. wide and 25in. deep. Is the section ade-
quate without torsional reinforcement? If not, redesign the section of the same width. Use
£/=5,000psi and f,=60,000 psi.
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TYPES OF COLUMNS

Concrete columns are divided into four categories.

PEDESTALS

The column height is less than three times of the least lateral dimension. A pedestal is designed with
plain concrete (without reinforcement) for a maximum compression strength of 0.85 ¢ f/A,, where ¢
is 0.65 and A, is the cross-sectional area of the column.

CoLUMNS WITH AXIAL LoADs

The compressive load acts coinciding with the longitudinal axis of the column or at a small eccen-
tricity so that there is no induced moment or there is a moment of little significance. This is a basic
case although not quite common in practice.

SHORT CoLumNs WiITH COMBINED LOADS

The columns are subjected to an axial force and a bending moment. However, the buckling effect is
not present and the failure is initiated by crushing of the material.

LARGE OR SLENDER CoLUMNS wWiTH COMBINED LOADS

Due to the axial load P buckling a column axis by an amount A, the column is subjected to the sec-
ondary moment or the P-A moment.

Since concrete and steel both can share compression loads, steel bars directly add to the strength of
a concrete column. The compression strain is equally distributed between concrete and steel that
are bonded together. It causes a lengthwise shortening and a lateral expansion of the column due to
Poisson’s effect. The column capacity can be enhanced by providing a lateral restraint. The column
is known as a tied or a spiral column depending upon whether the lateral restraint is in the form
of the closely spaced ties or the helical spirals wrapped around the longitudinal bars, as shown in
Figure 16.1a and b.

Tied columns are ordinarily square or rectangular and spiral columns are round but they could
be otherwise too. The spiral columns are more effective in terms of the column strength because of
their hoop stress capacity. But they are more expensive. As such tied columns are more common and
spiral columns are used only for heavy loads.

The composite columns are reinforced by steel shapes that are contained within the concrete sec-
tions or by concrete being filled in within the steel section or tubing as shown in Figure 16.1c and d.
The latter are commonly called the lally columns.

321
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FIGURE 16.1 Types of column. (a) Tied column, (b) spiral column, (c) and (d) composite column.

AXIALLY LOADED COLUMNS

This category includes the columns with a small eccentricity. The small eccentricity is defined
when the compression load acts at a distance, e, from the longitudinal axis controlled by the follow-
ing conditions:

For spiral columns: e <0.05h (16.1)
For tied columns: e<0.1h (16.2)

where £ is the column dimension along distance, e.

In the case of columns, unlike beams, it does not matter whether the concrete or steel reaches
ultimate strength first because both of them deform/strain together that distributes the matching
stresses between them.

Also, the high strength is more effective in columns because the entire concrete area contributes
to the strength unlike the contribution from the concrete in compression zone only in beams, which
is about 30%—40% of the total area.

The basis of design is the same as for wood or steel columns, i.e.,

F, < 0F, (16.3)

where
P, is the factored axial load on column
P, is the nominal axial strength
¢=the strength reduction factor
=0.70 for spiral column
=0.65 for tied column

The nominal strength is the sum of the strength of concrete and the strength of steel. The con-
crete strength is the ultimate (uniform) stress 0.85.f, times the concrete area (A,—A,) and the steel
strength is the yield stress, f; times the steel area, A .. However, to account for the small eccentricity,
a factor (0.85 for spiral and 0.8 for tied) is applied.

Thus,

P, =0.85[0.85f/(A, — A,) + f,A,] for spiral columns (16.4)
P, =0.80[0.85f/(A, — Ay)+ f,A,] for tied columns (16.5)

Including a strength reduction factor of 0.7 for spiral and 0.65 for tied columns in the above equa-
tions, Equation 16.3 for column design is as follows:
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For spiral columns with e<0.05h

P, =0.60[0.85f/(A, — A+ f,Aq] (16.6)

For tied columns with e<0.1 &

P, =0.52[0.85f/(A, — Ay) + f,As] (16.7)

STRENGTH OF SPIRALS

It could be noticed that a higher factor is used for spiral columns than tied columns. The reason is
that in a tied column, as soon as the shell of a column spalls off, the longitudinal bars will buckle
immediately with the lateral support gone. But a spiral column will continue to stand and resist
more load with the spiral and longitudinal bars forming a cage to confine the concrete.

Because the utility of a column is lost once its shell spalls off, the ACI assigns only a slightly
more strength to the spiral as compared to strength of the shell that gets spalled off.

With reference to Figure 16.2,

Strength of shell = 0.85f/(A, —A,) (a)

Hoop tension in spiral = 2f,A,, = 2f,p,A, )

where p, is the spiral steel ratio=A_,/A..
Equating the two expressions (a) and (b) and solving for p,

ps = 0.425ﬂ(::g—1) ©

Shell area
(A-A)
DLv
h
——————— N
//
G
—————— N
//
G
—————— N
I
[/ s = pitch
——————— N
//
__

FIGURE 16.2 Spiral column section and profile.
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Making the spiral a little stronger

ps = 0.4510“(1}"'—1] (16.8)

y

Once the spiral steel is determined, the following expression derived from the definition of p, is used
to set the spacing or pitch of spiral.
By definition, from Figure 16.2,

volume of spiral in one loop

= d
~ volume of concrete in pitch, s @
=n(DC—db)Asp ©
(TEDf / 4) s
If the diameter difference, i.e., d, is neglected,
4A,,
= f
p Dus ()
or
4A,
§=—2 (16.9)
D('ps

Appendix D.13, based on Equations 16.8 and 16.9, can be used to select the size and pitch of spirals
for a given diameter of a column.

SPECIFICATIONS FOR COLUMNS

1. Main steel ratio: The steel ratio, p, should not be less than 0.01 (1%) and not more than

0.08. Usually a ratio of 0.03 is adopted.

2. Minimum number of bars: A minimum of four bars are used within the rectangular or
circular ties and six within the spirals.
. Cover: A minimum cover over the ties or spiral shall be 1-2 in.
4. Spacing: The clear distance between the longitudinal bars should neither be less than 1.5
times the bar diameter nor 1-¥2 in. To meet these requirements, Appendix D.14 can be used
to determine the maximum number of bars that can be accommodated in one row for a
given size of a column.
5. Ties requirements:

a. The minimum size of the tie bars is #3 when the size of longitudinal bars is #10 or smaller
or when the column diameter is 18in. or less. The minimum size is #4 for the longitudinal
bars larger than #10 or the column larger than 18in. Usually, #5 is a maximum size.

b. The center-to-center spacing of ties should be smaller of the following

i. 16 times the diameter of longitudinal bars
ii. 48 times the diameter of ties
iii. Least column dimension

c. The ties shall be so arranged that every corner and alternate longitudinal bar will have
the lateral support provided by the corner of a tie having an included angle of not more
than 135°. Figure 16.3 shows the tie arrangements for several columns.

[ON]
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FIGURE 16.3 Tie arrangements.

d. No longitudinal bar shall have more than 6in. clear distance on either side of a tie. If it
is more than 6in., a tie is provided as shown in Figure 16.3c and e.
6. Spiral requirements:
a. The minimum spiral size is 3/81in. (#3). Usually the maximum size is 5/8in. (#5).
b. The clear space between spirals should not be less than 1in. or not more than 3in.

ANALYSIS OF AXIALLY LOADED COLUMNS

The analysis of columns of small eccentricity comprises of determining the maximum design load
capacity and verifying the amount and details of the reinforcement according to the code. The pro-
cedure is summarized below:

1. Check that the column meets the eccentricity requirement (<0.05# for spiral and <0.14 for
tied column)

2. Check that the steel ratio, p, is within 0.01-0.08

3. Check that there are at least four bars for a tied column and six bars for a spiral column
and that the clear spacing between bars is according to the “Specifications for Columns—
Spacing” section

4. Calculate the design column capacity by Equations 16.6 or 16.7

5. For ties, check for the size, spacing, and arrangement according to the “Specifications for
Columns—Ties Requirements” section. For spiral, check for the size and spacing, accord-
ing to the “Specifications for Columns—Spiral Requirements” section.



326 Principles of Structural Design: Wood, Steel, and Concrete

Example 16.1

Determine the design axial load on a 16in. square axially loaded column reinforced with eight #8
size bars. Ties are #3 at 12in. on center. Use £/=4,000psi and f,=60,000psi.

Solution

1. A,=6.32in.2 (From Appendix D.2)
2. Ag=16>< 16=256in.2
3.pg = A 032 _ 6 0047
A, 256

This is >0.01 and<0.08 OK
4. h=2(cover) +2(ties diameter) + 3(bar diameter) + 2(spacing)

or 16=2(1.5)+2(0.375)+ 3(1) + 2(s)

or s=4.625in.

s, =1.5(1)=1.5in. OK

s, =6in. OK
5. From Equation 16.7

P,=0.52[0.85(4,000)(256 — 6.32)+(60,000)(6.32)]/1,000

=638.6k

6. Check the ties

a. #3size OK

b. The spacing should be smaller of the following:

i. 16x1=16in. « Controls
ii. 48x0.375=18in.
iii. 16in.
c. Clear distance from the tie=4.625in. (Step 4)<6in. OK

Example 16.2

A service dead load of 150k and live load of 220k is axially applied on a 15in. diameter circular
spiral column reinforced with 6-#9 bars. The lateral reinforcement consists of 3/8in. spiral at 2 in.
on center. Is the column adequate? Use f/=4,000psi and f,=60,000 psi.

Solution
1. A,=6in.2 (From Appendix D.2)
2. A= %(1 5 =176.63in
3. py = Ao 6 0034
A, 176.63

This is >0.01 and <0.08: OK
4. (D. - d,)=h -2 (cover) — 2 (spiral diameter)
=15 -2(1.5) - 2(0.375)=11.25in.
5. Perimeter, p=n(D. - d,)=m (11.25)=35.33 in.
p=6(bar diameter) + 6(spacing)
or 35.33=6(1.128) + 6(s)

or s=4.76in.
Smin=1.5(1)=1.5in. OK
s...=6in. OK

6. ¢ P,=0.60[0.85(4,000)(176.63 — 6)+(60,000)(6)I/1,000 =564k
. P,=1.2(150)+1.6(220)=532k<564k OK
8. Check for spiral
a. 3/8in. diameter OK
D.=15-3=12in.

~
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b. A = %(1 22 =113.04in.2

Ay =0.11in?
From Equation 16.8

ps = 0.45ﬂ 176.63 -1]=0.017
(60){ 113.04
From Equation 16.9
s= M =2.16in.> 2in.(given) OK
(12)(0.017)

c. Clear distance=2-3/8=1.625in.>1in. OK

DESIGN OF AXIALLY LOADED COLUMNS

Design involves fixing of the column dimensions, selecting of reinforcement, and deciding the size
and spacing of ties and spirals. For a direct application, Equations 16.6 and 16.7 are rearranged as
follows by substituting A,=p A,.

For spiral columns:

P, = 0.60A,[0.85f/(1—p,)+ f,p,] (16.10)

For tied columns:

P, =0.524,[0.85f/(1—-p,)+ £,p,] (16.11)

The design procedure comprises of the following:

—_

. Determine the factored design load for various load combinations.

2. Assume p,=0.03. A lower or higher value could be taken depending upon the bigger or
smaller size of column being acceptable.

3. Determine the gross area, A, from Equations 16.10 or 16.11. Select the column dimensions
to a full-inch increment.

4. For the actual gross area, calculate the adjusted steel area from Equations 16.6 or 16.7.
Make the selection of steel using Appendix D.2 and check from Appendix D.14 that the
number of bars can fit in a single row of the column.

5. (For spirals) select the spiral size and pitch from Appendix D.13. (For ties) select the size
of tie, decide the spacing, and arrange ties by the “Specifications for Columns” section.

6. Sketch the design.

Example 16.3

Design a tied column for an axial service dead load of 200k and service live load of 280k. Use
f2=4,000psi and f,=60,000 psi.
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Solution |<—16 in‘—>|
B

1. P,=1.2(200)+1.6(280)=688k T
2. For p,=0.03, from Equation 16.11

[¢] [¢] 1
—»| |=—1—=in.
[s]

16 in. o ]

P #3at 16 in.
o o o
Ag = /PU A
0.52[0.85fc(1—pg)+fypg] 8-#9 bars
_ kR, FIGURE 16.4 Tied column
0.52[0.85(4)(1-0.03) +60(0.03)] section of Example 16.3.

=259.5in.’

For a square column, h=+/259.5 =16.1in., use 16in.x 16in., Ag=256in.?
3. From Equation 16.7
688=0.52 [0.85(4)(256 — A,) +60(A.)]
or 688=0.52(870.4+56.6A,)
orA,=8in.?
Select 8 bars of #9 size, A,, (provided)=8in.2
From Appendix D.14, for a core size of 16—3=13in., 8 bars of #9 can be arranged in a row.
4. Design of ties:
a. Select #3 size
b. Spacing should be smaller of the following:
i. 16(1.128) =18in.
ii. 48(0.375)=18in.
iii. 16in.<Controls
c. Clear distance
16 =2(cover) + 2(ties diameter) + 3(bar diameter) + 2(spacing)
16=2(1.5)+2 (0.375)+3(1.128) + 25
ors=4.43in.<6in. OK
5. Sketch shown in Figure 16.4.

Example 16.4
For Example 16.3, design a circular spiral column.
Solution

1. P,=1.2(200)+1.6(280) =688 k
2. For p,=0.03, from Equation 16.10

A, = A
®0.60[0.85f/(1—p,) +1,p,]

R
~0.60[0.85(4)(1—0.03) + 60(0.03)]

=225in.2

2
For a circular column, T _ 225,h=16.93in.,use 17in., A,=227in.?
3. From Equation 16.6
688=0.60[0.85(4)(227 — A,) +60(A,)]
orA,=8in.?
Select 8 bars of #9 size, A,, (provided)=8in.2
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17 in.

FIGURE 16.5 Spiral column section of Example 16.5.

From Appendix D.14, for a core size of 17-3=14in., 9 bars of #9 can be arranged in a
single row. OK
4. Design of spiral:
a. From Table D.13, for 17 in. diameter column,
spiral size=3/8in.
pitch=2in.
b. Clear distance
2-0.375=1.625in.>1in. OK
5. Sketch shown in Figure 16.5.

SHORT COLUMNS WITH COMBINED LOADS

Most of the reinforced concrete columns belong to this category. The condition of an axial load-
ing or a small eccentricity is rare. The rigidity of the connection between beam and column makes
the column to rotate with the beam resulting in a moment at the end. Even an interior column of
equally spanned beams will receive unequal loads due to variations in the applied loads, producing
a moment on the column.

Consider that a load, P, acts at an eccentricity, e, as shown in Figure 16.6a. Apply a pair of loads
P,, one acting up and one acting down through the column axis, as shown in Figure 16.5b. The
applied loads cancel each other and, as such, have no technical significance. When we combine the

g g g

(a) (b) ()

FIGURE 16.6 Equivalent force systems on a column. (a) Eccentric load on a column, (b) equivalent loaded
column, and (c) column with load and equivalent moment.
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load P, acting down at an eccentricity, e with the load, P, acting upward through the axis, a couple,
M, =P e is produced. In addition, the downward load P, acts through the axis. Thus, a system of
force acting at an eccentricity is equivalent to a force and a moment acting through the axis, as
shown in Figure 16.6c¢. Inverse to this, a force and a moment when acting together are equivalent to
a force acting with an eccentricity.

As discussed with wood and steel structures, buckling is a common phenomenon associated with
columns. However, concrete columns are stocky and a great number of columns are not affected
by buckling. These are classified as the short columns. It is the slenderness ratio that determines
whether a column could be considered a short or a slender (long) column. The ACI sets the follow-
ing limits when the slenderness effects could be ignored:

a. For members not braced against sidesway:

Ky (16.12)

r

b. For members braced against sidesway:

K’s34—12(Ml)so (16.13)
M

r 2

where
M, and M, are the small and large end moments. The ratio, M,/M, is positive if a column bends
in a single curvature, i.e., the end moments have the opposite signs. It is negative for a double
curvature when the end moments have the same sign. (This is opposite of the sign convention
in steel in the “Magnification Factor, B,” section in Chapter 12.)
[ is the length of column
K is the effective length factor given in Figure 7.6 and the alignment charts in Figures 10.5 and
10.6
r=the radius of gyration= JIA
=0.3A for rectangular column
=0.25h for circular column

If a clear bracing system in not visible, the ACI provides certain rules to decide whether a frame
is braced or unbraced. However, conservatively it can be assumed to be unbraced.

The effective length factor has been discussed in detailed in the “Effective Length Factor for
Slenderness Ratio” section in Chapter 10. For columns braced against sidesway, the effective length
factor is one or less; conservatively it can be used as 1. For members subjected to sidesway, the
effective length factor is greater than 1. It is 1.2 for a column fixed at one end and the other end has
the rotation fixed but is free to translate (sway).

EFFECTS OF MOMENT ON SHORT COLUMNS

To consider the effect of an increasing moment (eccentricity) together with an axial force on a col-
umn, the following successive cases have been presented accompanied with respective stress/strain
diagrams.

ONLY AxiAL LoAD AcTING (CAse 1)

The entire section will be subjected to a uniform compression stress, 6,=P,/A, and a uniform strain
of e=6,/E,, as shown in Figure 16.7. The column will fail by the crushing of concrete. By another
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Max
—0, ¢ 0.003

(a) (b) (c)

FIGURE 16.7 Axial load only on column. (a) Load on column, (b) stress, and (c) strain.

measure the column will fail when the compressive concrete strain reaches 0.003. In other cases,
the strain measure will be considered because the strain diagrams are linear. The stress variations
in concrete are nonlinear.

LARGE AXIAL LOAD AND SMALL MOMENT (SMALL EccenTriciTY) (CASE 2)

Due to axial load there is a uniform strain, —€, and due to moment, there is a bending strain of
compression on one side and tension on the other side. The sum of these strains is shown in the
last diagram of Figure 16.8d. Since the maximum strain due to the axial load and moment together
cannot exceed 0.003, the strain due to the load will be smaller than 0.003 because a part of the
contribution is made by the moment and correspondingly, the axial load P, will be smaller than the
previous case.

LARGE AXIAL LoAD AND MOMENT LARGER THAN CASE 2 SecTioN (CASE 3)

This is a case when the strain is zero at one face. To attain the maximum crushing strain of 0.003
on the compression side, the strain contribution each by the axial load and moment will be 0.0015
(Figure 16.9).

LARGE AXIAL LoAD AND MOMENT LARGER THAN CASE 3 SecTiON (CASE 4)

When the moment (eccentricity) increases somewhat from the previous case, the tension will develop
on one side of the column as the bending strain will exceed the axial strain. The entire tensile strain

Pu
e
|
|
|
! +gp,
| %_Sb
|
/\/ Strain due to Strain due to ™% —£.— g,
axial load moment Max .003
(a) (b) (c) (d)

FIGURE 16.8 Axial load and small moment on column. (a) Load on column, (b) axial strain, (c) bending
strain, and (d) combined strain.
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FIGURE 16.9 Axial load and moment (Case 3). (a) Load on column, (b) axial strain, (c) bending strain, and
(d) combined strain.

PM
)Leﬁ}

+e &~ &
; N
e, e, %—Sb %Q:*j
' —€§
/\/ Max .003

(@ (b) () (d)

FIGURE 16.10 Axial load and moment (Case 4). (a) Load on column, (b) axial strain, (c) bending strain, and
(d) combined strain.

contribution will come from steel.* The concrete on the compression side will contribute to com-
pression strain. The strain diagram will be as shown in Figure 16.10d. The neutral axis (the point of
zero strain) will be at a distance ¢ from the compression face. Since the strain in steel is less than
yielding, the failure will occur by crushing of concrete on the compression side.

BALANCED AXxiIAL LoAD AND MOMENT (CASE 5)

As the moment (eccentricity) continues to increase, the tensile strain steadily rises. A condition will
be reached when the steel on the tension side will attain the yield strain, €,=f,/E (for Grade 60 steel,
this strain is 0.002), simultaneously as the compression strain in concrete reaches to the crushing
strain of 0.003. The failure of concrete will occur at the same time as steel yields. This is known as
the balanced condition. The strain diagrams in this case is shown in Figure 16.11. The value of ¢
in Figure 16.11d is less as compared to the previous case, i.e., the neutral axis moves up toward the
compression side.

SMALL AXIAL LoAD AND LARGE MOMENT (CASE 6)

As the moment (eccentricity) is further increased, steel will reach to the yield strain, €,=f,/E before
concrete attains the crushing strain of 0.003. In other words, when compared to the concrete strain
of 0.003, the steel strain had already exceeded its yield limit, €, as shown in Figure 16.12d. The
failure will occur by yielding of steel. This is called the tension-controlled condition.

* The concrete being weak in tension, its contribution is neglected.
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FIGURE 16.11 Balanced axial load and moment on column (Case 5). (a) Load on column, (b) axial strain,
(c) bending strain, and (d) combined strain.
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FIGURE 16.12 Small axial load and large moment on column (Case 6). (a) Load on column, (b) axial strain,
(c) bending strain, and (d) combined strain.

No ArPReCIABLE AXIAL LOAD AND LARGE MOMENT (CASE 7)

This is the case when column acts as a beam. The eccentricity is assumed to be at infinity. The steel
has long before yielded prior to concrete reaching a level of 0.003. In other words, when compared
to a concrete strain of 0.003, the steel strain is 0.005 or more. This is shown in Figure 16.13b.

’

As discussed in the “Axially Loaded Column” section, when a member acts as a column, the
strength (capacity) reduction factor, ¢ is 0.7 for the spiral columns and 0.65 for the tied columns.
This is the situation for Cases 1 through 5. For beams, as in Case 7, the factor is 0.9. For Case 6,
between the column and the beam condition, the magnitude of ¢ is adjusted by Equation 14.13,
based on the value of strain in steel, €,.

i
&

e, 2 0.005

I—\C—|'/When 0.003

FIGURE 16.13 Moment only on column (Case 7). (a) Load on column and (b) combined strain.

(a) (b)
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FIGURE 16.14 Column interaction diagram.

If the magnitudes of the axial loads and the moments for all seven cases are plotted, it will appear
like a shape shown in Figure 16.14. This is known as the interaction diagram.

CHARACTERISTICS OF THE INTERACTION DIAGRAM

The interaction diagram presents the capacity of a column for various proportions of the loads and
the moments. Any combination of loading that falls inside the diagram is satisfactory whereas any
combination falling outside represents a failure condition.

From Cases 1 through 5 where compression control exists, as the axial load decreases the moment
capacity increases. Below this stage, the position is different. First of all, for the same moment, the
axial capacity is higher in the compression control zone than in the tensile control zone. Further in
the tensile control zone, as the axial load increases the moment capacity also increases. This is for
the fact that any axial compression load tends to reduce the tensile strain (and stress) which results
in raising of the moment-resisting capacity.

Any radial line drawn from origin O to any point on the diagram represents a constant eccentric-
ity, i.e., a constant ratio of the moment to the axial load. From O to a point on the diagram for the
“Balanced Axial Load” section, represents the e, ;... €ccentricity.

For the same column, for different amounts of steel within the column, the shape of the curves
will be similar (parallel).

The interaction diagram serves as a very useful tool in the analysis and design of columns for
the combined loads.

APPLICATION OF THE INTERACTION DIAGRAM

The ACT has prepared the interaction diagrams in the dimensionless units for rectangular and circu-
lar columns with the different arrangements of bars for various grades of steel and various strengths
of concrete. The abscissa has been represented as R, = M, /9f/A,h and the ordinate as K, = P,/ §f/A,.
Several of these diagrams for concrete strength of 4,000 psi and steel strength of 60,000 psi are
included in Appendices D.15 through D.22.
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On these diagrams, the radial strain line of value=1 represents the balanced condition. Any
point on or above this line represents the compression control and ¢=0.7 (spiral) or 0.65 (tied).
Similarly line of €,=0.005 represents the “steel has yielded” or beam behavior. Any point on or
below this line will have ¢=0.9. In between these two lines, is the transition zone for which ¢ has
to be corrected by Equation 14.13.

The line labeled K,,,, indicates the maximum axial load with the limiting small eccentricity of

0.05h for spiral and 0.1/ for tied columns.
The other terms in these diagrams are

Ay
A
2. h=column dimension in line with eccentricity (perpendicular to the plane of bending)
__ center-to-center distance of outer row of steel

h
4. Slope of radial line from origin=h/e

1P =

4

3.9

(16.14)

ANALYSIS OF SHORT COLUMNS FOR COMBINED LOADING

This involves determining the axial load strength and the moment capacity of a known column. The
steps comprise the following:

1. From Equations 16.12 or 16.13, confirm that that it is a short column (there is no slender-

ness effect).

. Calculate the steel ratio, p,=A/A, and check for the value to be between 0.01 and 0.08.

. Calculate, ¥ from Equation 16.14

. Select the right interaction diagram to be used based on ¥, type of cross section, f; and f,.

. Calculate the slope of radial line=~h/e

. Locate a point for coordinates, K,=1 and R,=1/slope, or R,=e/h (or for any value of K,,

R,=K,e/h). Draw a radial line connecting the coordinate point to the origin. Extend the
line to intersect with p, of step (2). If necessary, interpolate the interaction curve.

. At the intersection point, read K, and R,,.

8. If the intersection point is on or above the strain line=1, $=0.7 or 0.65. If it is on or
below €,=0.005, $=0.9. In between, correct ¢ by Equation 14.13. This correction is rarely
applied.

9. Compute P,=K,0f'A, and M,=R,0f A h.

N B W

~

Example 16.5

16.15. Find the axial design load and the moment capacity for
an eccentricity of 6in. The end moments are equal and have the
same sign. Use f/ =4,000 psi and f,=60,000 psi.

A 10ft long braced column with a cross section is shown in Figure |~—16in‘—>|
G-

5 o
— <—1lin.
2
-}

16 in. o ]

P #3at12in.
Solution 2g
M. 8-#8 bars
1. For same sign (double curvature), = —1. )
M, FIGURE 16.15 Eccentrically

2. K=1 (braced), £=10x12=120in., r=0.3h=0.3(16)=4.8in. loaded column of Example 16.5.
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10.
11.
12.

. K,=1R
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K¢ _1120)

———~=25
r 4.8

. From Equation 16.13

2

M:34—12[M1)
r M
=34-12(-1)=46 > 40, use 40

since step (3) <step (4) short column

. Ag:16><16:256in.2

A, =6.32in2

6.32
=22 -0.025
P = 56

. Center to center of steel =16 —2(cover) — 2(ties diameter) — 1(bar diameter)

=16-2(1.5)-2(0.375)-1(1)=11.25in.

——=0.70

1125
LT

. Use the interaction diagram Appendix D.17

16

. slope=ﬁ=—=2.67
e 6

h = o1 0.375

slope  2.67
Draw a radial line connecting the above coordinates to origin
At p,=0.025, K,=0.48 and R,=0.18
The point is above the strain line=1, hence ¢$=0.65
P,=K,0f/A,=0.48(0.65)4)(256)=319.5k
M, =R, 0f/A;h=0.18(0.65)4)(256)(16) = 1917 in.-k or 159.74 ft-k.

DESIGN OF SHORT COLUMNS FOR COMBINED LOADING

This involves determining the size, selecting steel, and fixing ties or spirals for a column. The steps

are as follows:

1. Determine the design-factored axial load and moment.

2. Based on p,=1% and axial load only, estimate the column size by Equations 16.10 or 16.11,

rounding on the lower side.
3. For a selected size of bars, estimate 7y for the column size of step 2.

4. Select the right interaction diagram based on f, Jf;» the type of cross section, and  of step

3

5. Calculate K, = P,/0f/A, and R, = M, /Of A,h, assuming ¢=0.7 (spiral) or 0.65 (ties).
6. Entering an appropriate diagram at Appendices D.15 through D.22, read p, at the intersec-
tion point of K, and R,. This should be less than 0.05. If not, change the dimension and

repeat steps 3—6.

7. Check that the interaction point of step 6 is above the strain line=1. If not adjust ¢ and

repeat steps 5 and 6.

8. Calculate required steel area, A;,=p,A, and select reinforcement from Appendix D.2 and

check that it fits in one row from Appendix D.14.



Compression and Combined Forces Reinforced Concrete Members 337

9. Design ties or spiral from steps 5 and 6 of the “Specification for Columns” section.
10. Confirm from Equations 16.12 or 16.13 that the column is short (no slenderness effect).

Example 16.6

Design a 10ft long circular spiral column for a braced system to support the service dead and live
loads of 300k and 460k, respectively, and the service dead and live moments of 100ft-k each.
The moment at one end is zero. Use f/=4,000 psi and f,=60,000 psi.

Solution

1. P,=1.2(300)+1.6(460)=1096 k
M,=1.2(100) + 1.6(100) = 280 ft-k
2. Assume p,=0.01, from Equation 16.10:

R,
Ag = ’
0.60[0.85f/(1—p,) + f,0,]

_ 1096
0.60[0.85(4)(1-0.01) 4+ 60(0.01)]

=460.58in.2

2
ﬂ: 460.58

or h=24.22in.
Use h=24in., A,=452in.2

3. Assume #9 size of bar and 3/8in. spiral
center-to-center distance
=24 -2(cover)—2(spiral diameter)—1 (bar diameter)
=24-2(1.5)-2(3/8)-1.128=19.121in.

y= 19.12 08

24

Use the interaction diagram Appendix D.21
P, 1096

= = =0.866
Of/A,  (0.7)(4)(452)

n

M, 3360
Of/Ah  (0.7)(4)(452)(24)

5. At the intersection point of K, and R,, p,=0.025
6. The point is above the strain line=1, hence $=0.7 OK
7. A;=(0.025)(452)=11.3in.2
From Appendix D.2, select 12 bars of #9, A,=12in.?
From Appendix D.14 for a core diameter of 24 — 3=211in., 15 bars of #9 can be arranged in
a row
8. Selection of spirals
From Appendix D.13, size=3/8in.
pitch=2" in.
Clear distance=2.25 - 3/8=1.875>1in. OK

=0.11

n
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9. K=1,/=10x12=120in., r=0.2524)=6n.

ﬁ: 1120) -20
r 6

()

34—12(”“):34
M

2

since (Kl/r)<34, short column.

LONG OR SLENDER COLUMNS

When the slenderness ratio of a column exceeds the limits given by Equations 16.12 or 16.13, it
is classified as a long or slender column. In physical sense, when a column bends laterally by an
amount, A, the axial load, P introduces an additional moment equal to P-A. When this P- A moment
cannot be ignored, the column is a long or slender column.

There are two approaches to deal with this additional or secondary moment. The nonlinear
second-order analysis is based on a theoretical analysis of the structure under application of an
axial load, a moment, and the deflection. As an alternative approach, the ACI provides a first-order
method that magnifies the moment acting on the column to account for the P-A effect. The mag-
nification expressions for the braced (nonsway) and unbraced (sway) frames are similar to the steel
magnification factors discussed in the “Magnification Factor, B,” section in Chapter 12 and the
“Magnification Factor for Sway, B,” section in Chapter 12. After the moments are magnified, the
procedure of short column of the “Analysis of Short Columns for Combined Loading” and “Design
of Short Columns for Combined Loading” sections can be applied for analysis and design of the
column using the interaction diagrams.

The computation of the magnification factors is appreciably complicated for concrete because of
the involvement of the modulus of elasticity of concrete and the moment of inertia with creep and
cracks in concrete.

A large percent of columns do not belong to the slender category. It is advisable to avoid the
slender columns whenever possible by increasing the column dimensions, if necessary. As a rule
of thumb, a column dimension of one-tenth of the column length in braced frames will meet the
short column requirement. For a 10ft length, a column of 1ft or 12in. or more will be a short
braced column. For unbraced frames, a column dimension one-fifth of the length will satisfy the
short column requirement. A 10ft long unbraced column of 2 ft or 24 in. dimension will avoid the
slenderness effect.

PROBLEMS
. . . . |<—12 in.—»l
16.1 Determine the design axial load capacity and check whether
the reinforcements meet the specifications for the column © ®
shown in Figure P16.1. Use f;=4,000 psi and f,=60,000 psi. ~ },, - =1 % in.
16.2 Determine the design axial load capacity and check whether
the reinforcements meet specifications for the column shown )@

—telg

in Figure P16.2. Use f; =4,000 psi and f,=60,000 psi.

16.3 Determine the design axial load capacity of the column in
Figure P16.3 and check whether the reinforcement is ade- FIGURE P16.1 Column sec-
quate. Use f/=5,000 psi and f,=60,000 psi. tion for Problem 16.1.

4-#9bars  #3at12in. OC
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i 20 in. i
@ o) © 1
—» |<—1—=in.
20in. | (@ a||
o) 5] [
¥y [/ — ?
8-# 9 bars #3 at 15 in. OC
FIGURE P16.2 Column section for Problem 16.2.
1—in

% spiral at 2 in.

I 15in. |

FIGURE P16.3 Column section for Problem 16.3.

16.4 Determine whether the maximum service dead load and live load carried by the column
shown in Figure P16.4, if they are equal. Check for spiral steel. Use f;=3,000 psi and
£,=40,000 psi.

11
2

in.

#9 bars

3in. spiral at 1 Ly,
8 2

, 18 in. |

FIGURE P16.4 Column section for Problem 16.4.

16.5 Compute the maximum service live load that may be axially placed on the column shown in
Figure P16.5. The service dead load is 150k. Check for ties specifications. Use f;=3,000 psi
andfy=40,000 psi.

16.6 A service dead load of 100k and service live load of 450k is axially applied on a 20in. diam-
eter circular column reinforced with six #8 bars. The cover is 1%2 in. and the spiral size is V2
in. at a 2in. pitch. Is the column adequate? Use f,=4,000 psi and f,=60,000 psi.

16.7 Design a tied column to carry a factored axial design load of 900k. Use f;=5,000 psi and
f_v =60,000 psi.
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| 20 in. |
| 8-# 10 bars |
) Neo| ©
— |1 1
2
18 in. 5] ©
5] © <
l = 7
I
#3at 15 in. OC

FIGURE P16.5 Column section for Problem 16.5.

16.8 For Problem 16.7, design a circular spiral column.

16.9 Design a tied column to support a service dead axial load of 300k and live load of 480k. Use
7 =4,000 psi and f,=60,000 psi.

16.10 Redesign a circular spiral column for Problem 16.9.

16.11 Design a rectangular tied column to support an axial service dead load of 400k and live load
of 590k. The longer dimension of the column is approximately twice of the shorter dimen-
sion. Use f;=5,000 psi and f,=60,000 psi.

16.12 Design a smallest circular spiral column to carry an axial service dead load of 200k and live
load of 300k. Use f;=3,000 psi and f),=60,000 psi. [Hint: It is desirable to use #11 steel to
reduce the number of bars to be accommodated in a single row.]

16.13 For a 8ft long braced column shown in Figure P16.13, determine the axial load strength and
the moment capacity at an eccentricity of 5in. Use f, =4,000 psi and f,=60,000 psi.

— - ‘/I%in.
#3at12in. OC

15in. o ©

) © 6 of #10

! 20 in. |

FIGURE P16.13 Column section for Problem 16.13.

16.14 An unbraced column shown in Figure P16.14 has a length of 8ft and the cross section as
shown. The factored moment-to-load ratio of the column is 0.5 ft. Determine the strength of
the column. K=1.2. Use f,=4,000 psi and f,=60,000 psi.

% spiral at 2 in.

| 22in. |

FIGURE P16.14 Column section for Problem 16.14.
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16.15

On a 10ft long column of an unbraced frame system, the load acts at an eccentricity of 5in.
The column section is shown in Figure P16.15. What are the axial load capacity and moment
strength of the column? Use f=4,000 psi and f,=60,000 psi.

i 22 in. i
5} ©
11in.
2
22 in. o <]
#3at 15 in. OC
) X ©
v R
8-#10 bars

FIGURE P16.15 Column section for Problem 16.15.

16.16

16.17
16.18

16.19
16.20

Design a 8 ft long circular spiral column of a braced system to support the factored axial load
of 1200k and the factored moment of 300 ft-k. The end moments are equal and have the same
signs. Use f,=4,000 psi and f,=60,000 psi.

Design a tied column for Problem 16.16. Arrange the reinforcement on all faces.

For an unbraced frame, design a circular column of 10ft length that supports the service
dead and live loads of 400k and 600k, respectively, and the service dead and live moments
of 120ft-k and 150ft-k respectively. The end moments are equal and have opposite signs.
K=1.2. Use f/=4,000 psi and f,=60,000 psi.

Design a tied column for Problem 16.8 having reinforcement on two faces.

An unbraced frame has a 10ft long column. Design a tied column with reinforcing bars on
two end faces only to support the following service loads and moments. If necessary, adjust
the column dimensions to qualify it as a short column. The column has equal end moments
and a single curvature. Use f,=4,000 psi and f,=60,000 psi.

P,=150k, P,=200k

M,=50ft-k, M, =70 ft-k.






Appendix A: General

TABLE A.1
Useful Conversion Factors
Multiply By To Obtain
Pounds (m) 0.4356 Kilogram
Kilogram 2.205 Pounds (m)
Mass in slug 322 Weight in pound
Mass in kilogram 9.81 Weight in Newton (N)
Pound (f) 4.448 Newton
Newton 0.225 Pounds
U.S. or short ton 2000 Pounds
Metric ton 1000 Kilogram
U.S. ton 0.907 Metric ton
Foot 0.3048 Meter
Meter 3.281 Feet
Mile 5280 Feet
Mile 1609 Meter
1.609 Kilometer
Square feet 0.0929 Square meter
Square mile 2.59 Square kilometer
Square kilometer 100 Hectare (ha)
Liter 1000 Cubic centimeter
Pounds per ft? 47.88 N/m? or pascal
Standard atmosphere 101.325 Kilopascal (kPa)
Horsepower 550 Foot-pound/second
745.7 Newton-meter/second or Watt
°F 5/9(°F - 32) °C
°C 9/5(°C + 32) °F
Log to base e (i.e., log,, 0.434 Log to base 10 (i.e., log,,)

where e = 2.718)

TABLE A.2
Geometric Properties of Common Shapes
)|/ Rectangle:
I A=bh,
x |
| Xk 1=t o,
i 12
Il
! I
Y rx:\/: =0.288h.
A
b

(continued)
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TABLE A.2 (continued)
Geometric Properties of Common Shapes

X_ — —
|
"
-~
b
Y
X D
Y
Y
—X
J
T
Y
Y
Vertex\i,|
_L\I
a
y "!" *
bl
b
x
Vertex—a +
~ y
T
P

Triangle:

Circle:

A :lﬂ:D2 =nR?,
4

/- Dt 1R’
a4 47

I. D R
r=—=—=—,
. A 4 2

4 4
J=1, 41, =" TR
’ 32 2

Semicircle:

a=Lrp? :lnR2,
8 2

)’—g,

I, =0.00682D* = 0.11R*,

nD* mR*
I,= =
’ 128 8
r, = 0.264R.

B

Parabola:

Spandrel of parabola:

b
I
Q

S

W w|=—

&

|

I
> ®
8

=
1l
—_
(=]

Appendix A
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Appendix A

TABLE A.4

Typical Properties of Engineering Materials

Strength (psi) (Yield Values except

Where Noted)

Material Tension Compression
Wood (dry)

Douglas fir 6,000 3,5002

Redwood 6,500 4,500

Southern Pine 8,500 5,0002
Steel 50,000 50,000
Concrete

Structural, lightweight 1500 3,500°
Brick masonry 3000 4,500
Aluminum, structural 30,000 30,000
Iron, cast 20,000 85,0000
Glass, plate 10,000° 36,000°

Polyester, glass-reinforced 10,0000

2 For the parallel-to-grain direction.
b Denotes ultimate strength for brittle materials.

25,0000

Shear

500
450
600
30,000

1300

300°
18,000
25,0000

25,0000

Modulus of
Elasticity (E)
(ksi)

1,500
1,300
1,500
29,000

2,100
4,500
10,000
25,000
10,000
1,000

Coefficient of
Thermal Expansion
(F) (1079

55
3.4
12.8

4.5
35
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Appendix B

TABLE B.1

Section Properties of Standard Dressed (S4S) Sawn Lumber

Nominal
Size, bxd
1x3
1x4
1x6
1x8
1x10
1x12
2x3
2x4
2x5
2x6
2x8
2x10
2x12
2x 14
3x4
3x5
3x6
3x8
3x10
3x12
3x14
3x16
4x4
4x5
4x6
4x8
4x10
4x12
4x14
4x16
5x%5
6x6
6x8
6x10
6x12
6x14
6x16
6x18
6x20
6x22
6x24
8x8
8x10
8x12
8x14

Standard
Dressed Size
bxd (in.xin.)
3/4%x2-1/2
3/4%x3-1/2
3/4%5-1/2
3/4x7-1/4
3/4%x9-1/4
3/4x11-1/4
1-1/2%x2-1/2
1-1/2%3-1/2
1-1/2x4-1/2
1-1/2%x5-1/2
1-1/2x7-1/4
1-1/2%9-1/4
1-12x11-1/4
1-1/2%x13-1/4
2-112%x3-1/2
2-12%x4-1/2
2-1/2%5-1/2
2-1/2%x7-1/4
2-1/2x9-1/4
2-12x11-1/4
2-1/2%x13-1/4
2-1/2%x15-1/4
3-1/2%3-1/2
3-12x4-1/2
3-1/2%5-1/2
3-1/2x7-1/4
3-1/2%x9-1/4
3-12x11-1/4
3-112x13-1/4
3-1/2%x15-1/4
4-1/2x4-1/2
5-1/2%5-1/2
5-1/2%x7-1/2
5-1/2%9-1/2
5-12%x11-1/2
5-1/2%x13-1/2
5-1/2%x15-1/2
5-1/2%x17-1/2
5-1/2%19-1/2
5-1/2%21-1/2
5-1/2%x23-1/2
7-1/2%x7-1/2
7-1/2%9-1/2
7-12%x11-1/2
7-1/2%x13-1/2

Area of
Section, A

(in.2)
1.875
2.625
4.125
5.438
6.938
8.438
3.750
5.250
6.750
8.250
10.88
13.88
16.88
19.88
8.750
11.25
13.75
18.13
23.13
28.13
33.13
38.13
12.25
15.75
19.25
25.38
32.38
39.38
46.38
53.38
20.25
30.25
41.25
52.25
63.25
74.25
85.25
96.25
107.3
118.3
129.3
56.25
71.25
86.25
101.3

X-X Axis Y-Y Axis
Section Moment of Section Moment of
Modulus, S,, Inertia, I,  Modulus, S, Inertia, I,,
(in.3) (in.% (in.3) (in.%)
0.781 0.977 0.234 0.088
1.531 2.680 0.328 0.123
3.781 10.40 0.516 0.193
6.570 23.82 0.680 0.255
10.70 49.47 0.867 0.325
15.82 88.99 1.055 0.396
1.563 1.953 0.938 0.703
3.063 5.359 1.313 0.984
5.063 11.39 1.688 1.266
7.563 20.80 2.063 1.547
13.14 47.63 2.719 2.039
21.39 98.93 3.469 2.602
31.64 178.0 4.219 3.164
43.89 290.8 4.969 3.727
5.104 8.932 3.646 4.557
8.438 18.98 4.688 5.859
12.60 34.66 5.729 7.161
21.90 79.39 7.552 9.440
35.65 164.9 9.635 12.04
52.73 296.6 11.72 14.65
73.15 484.6 13.80 17.25
96.90 738.9 15.89 19.86
7.146 12.51 7.146 12.51
11.81 26.58 9.188 16.08
17.65 48.53 11.23 19.65
30.66 111.1 14.80 25.90
49.91 230.8 18.89 33.05
73.83 415.3 22.97 40.20
102.4 678.5 27.05 47.34
135.7 1,034 31.14 54.49
15.19 34.17 15.19 34.17
27.73 76.26 27.73 76.26
51.56 1934 37.81 104.0
82.73 393.0 47.90 131.7
121.2 697.1 57.98 159.4
167.1 1,128 68.06 187.2
220.2 1,707 78.15 214.9
280.7 2,456 88.23 242.6
348.6 3,398 98.31 270.4
423.7 4,555 108.4 298.1
506.2 5,948 118.5 325.8
70.31 263.7 70.31 263.7
112.8 535.9 89.06 334.0
165.3 950.5 107.8 404.3
227.8 1,538 126.6 474.6




Appendix B
TABLE B.1 (continued)
Section Properties of Standard Dressed (S4S) Sawn Lumber
X-X Axis Y-Y Axis
Standard Area of Section Moment of Section Moment of
Nominal Dressed Size  Section, A Modulus, S,,  Inertia, [,  Modulus, S,y Inertia, I,,
Size, bxd  bxd (in.xin.) (in.2) (in.?) (in.9) (in.) (in.%
8x16 7-1/2%x15-1/2 116.3 300.3 2,327 145.3 544.9
8x18 7-1/2%x17-1/2 131.3 382.8 3,350 164.1 615.2
8x20 7-1/12%19-1/2 146.3 475.3 4,634 182.8 685.5
8§x22 7-1/2%21-1/2 161.3 577.8 6,211 201.6 755.9
8x24 7-1/2%23-1/2 176.3 690.3 8,111 220.3 826.2
10x 10 9-1/2%x9-1/2 90.25 142.9 678.8 142.9 678.8
10x12 9-12x11-1/2 109.3 209.4 1,204 173.0 821.7
10x 14 9-1/2%x13-1/2 128.3 288.6 1,948 203.1 964.5
10x 16 9-1/2%x15-1/2 147.3 380.4 2,948 233.1 1,107
10x 18 9-12%x17-1/2 166.3 484.9 4,243 263.2 1,250
10x20 9-1/2%x19-1/2 185.3 602.1 5,870 203.3 1393
10x22 9-1/2%x21-1/2 204.3 731.9 7,868 323.4 1,536
10x24 9-1/2%23-1/2 223.3 874.4 10,270 353.5 1,679
12x12 11-172x11-1/2 132.3 253.5 1,458 253.5 1,458
12x14 11-1/2x13-1/2 155.3 349.3 2,358 297.6 1,711
12x16 11-1/2%x15-1/2 178.3 460.5 3,569 341.6 1,964
12x18 11-112x17-1/2 201.3 587.0 5,136 385.7 2,218
12x20 11-1/2x19-1/2 224.3 728.8 7,106 429.8 2,471
12x22 11-1/2x21-1/2 247.3 886.0 9,524 473.9 2,725
12x24 11-1/2x23-1/2 270.3 1058 12,440 518.0 2,978
14x 14 13-1/2x13-1/2 182.3 410.1 2,768 410.1 2,768
14x16 13-1/2x15-1/2 209.3 540.6 4,189 470.8 3,178
14x18 13-12x17-1/2 236.3 689.1 6,029 531.6 3,588
14x20 13-1/2x19-1/2 263.3 855.6 8,342 592.3 3,998
14x22 13-112x21-1/2 290.3 1040 11,180 653.1 4,408
14x24 13-1/2x23-1/2 317.3 1243 14,600 713.8 4,818
16x16 15-172x15-1/2 240.3 620.6 4,810 620.6 4,810
16x 18 15-12x17-1/2 271.3 791.1 6,923 700.7 5,431
16x20 15-1/2x19-1/2 302.3 982.3 9,578 780.8 6,051
16x22 15-12x21-1/2 3333 1194 12,840 860.9 6,672
16x24 15-1/2x23-1/2 364.3 1427 16,760 941.0 7,293
18x 18 17-112x17-1/2 306.3 893.2 7,816 893.2 7,816
18x20 17-1/2x19-1/2 341.3 1109 10,810 995.3 8,709
18x22 17-12x21-1/2 376.3 1348 14,490 1097 9,602
18x24 17-1/2x23-1/2 411.3 1611 18,930 1199 10,500
20x20 19-1/2x19-1/2 380.3 1236 12,050 1236 12,050
20x22 19-1/2x21-1/2 419.3 1502 16,150 1363 13,280
20%x24 19-1/2x23-1/2 458.3 1795 21,090 1489 14,520
22x22 21-1/2x21-1/2 462.3 1656 17,810 1656 17,810
22x24 21-1/2x23-1/2 505.3 1979 23,250 1810 19,460
24 x24 23-1/2x23-1/2 552.3 2163 25,420 2163 25,420

Source: Courtesy of the American Wood Council, Washington, DC.
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352 Appendix B

TABLE B.2 SIZE FACTOR, C; (ALL SPECIES EXCEPT SOUTHERN PINE)

Tabulated bending, tension, and compression parallel to grain design values for dimension lumber
2—41n. breadth shall be multiplied by the following size factors:

Fy

Thickness (Breadth)

Grades Width (Depth) 2 and 3in. 4in. F, F.
Select structural, No. 1 and 2, 3, and 4in. 1.5 1.5 1.5 1.15
Btr, No. 1, No. 2, No. 3

5in. 1.4 1.4 14 1.1
6in. 1.3 1.3 1.3 1.1
8in. 1.2 1.3 1.2 1.05
10in. 1.1 1.2 1.1 1.0
12in. 1.0 1.1 1.0 1.0
14in. and wider 0.9 1.0 09 09

Stud 2,3, and 4in. 1.1 1.1 1.1 105
5 and 6in. 1.0 1.0 1.0 1.0

8in. and wider

Use No. 3 grade tabulated design

values and size factors

Construction standard 2,3, and 4in. 1.0 1.0 1.0 1.0
Utility 4in. 1.0 1.0 1.0 1.0
2 and 3in. 0.4 — 04 0.6
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TABLE B.3 SIZE FACTOR, C; (SOUTHERN PINE)

Appropriate size adjustment factors have already been incorporated in the tabulated design values
for most thicknesses of Southern Pine and Mixed Southern Pine dimension lumber. For dimension
lumber 4in. breadth, 8in. and deeper (all grades except Dense Structural 86, Dense Structural 72,
and Dense Structural 65), tabulated bending design values, F,, shall be permitted to be multiplied
by the size factor, Cr=1.1. For dimension lumber deeper than 12in. (all grades except Dense
Structural 86, Dense Structural 72, and Dense Structural 65), tabulated bending, tension and com-
pression parallel to grain design values of 12in. depth lumber shall be multiplied by the size factor,
Cr=0.9. When the depth, d, of Dense Structural 86, Dense Structural 72, or Dense Structural 65
dimension lumber exceeds 12in., the tabulated bending design value, F, shall be multiplied by the
following size factor:

Cr=12/d)"”°
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TABLE B.5
Section Properties of Western Species Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y- Axis
d (in.) A (in.2) I, (in.%) S, (in3) r, (in) I, (in.%) S, (in.%)
3-1/8in. Width (r,=0.902in.)
6 18.75 56.25 1875 1.732 15.26 9.766
7-172 23.44 109.9 29.30 2.165 19.07 1221
9 28.13 189.8 42.19 2.598 22.89 14.65
10-1/2 32.81 301.5 57.42 3.031 26.70 17.09
12 37.50 450.0 75.00 3.464 30.52 19.53
13-172 42.19 640.7 94.92 3.897 34.33 21.97
15 46.88 878.9 117.2 4330 38.15 24.41
16-1/2 51.56 1,170 141.8 4763 41.96 26.86
18 56.25 1,519 168.8 5.196 45.78 29.30
19172 60.94 1,931 198.0 5.629 49.59 31.74
21 65.63 2412 229.7 6.062 53.41 34.18
22-112 70.31 2,966 263.7 6.495 57.22 36.62
24 75.00 3,600 300.0 6.928 61.04 39.06
5-1/8in. Width (r,=1.479in.)
6 30.75 92.25 30.75 1.732 67.31 26.27
7-172 38.44 180.2 48.05 2.165 84.13 32.83
9 46.13 311.3 69.19 2.598 101.0 39.40
10-1/2 53.81 494.4 94.17 3.031 117.8 45.96
12 61.50 738.0 123.0 3.464 134.6 52.53
13-172 69.19 1,051 155.7 3.897 151.4 59.10
15 76.88 1,441 192.2 4330 168.3 65.66
16-1/2 84.56 1,919 2325 4763 185.1 72.23
18 92.25 2,491 276.8 5.196 201.9 78.80
19-172 99.94 3,167 324.8 5.629 218.7 85.36
21 107.6 3,955 376.7 6.062 235.6 91.93
22-172 1153 4,865 4324 6.495 2524 98.50
24 123.0 5,904 492.0 6.928 269.2 105.1
25-112 130.7 7,082 555.4 7361 286.0 111.6
27 138.4 8,406 622.7 7.794 302.9 118.2
28-1/2 146.1 9,887 693.8 8.227 319.7 124.8
30 153.8 11,530 768.8 8.660 336.5 131.3
31-12 161.4 13,350 847.5 9.093 353.4 137.9
33 169.1 15,350 930.2 9.526 370.2 144.5
34-112 176.8 17,540 1017 9.959 387.0 151.0
36 184.5 19,930 1107 10.39 403.8 157.6
6-3/4in. Width (r,=1.949in.)
7-172 50.63 237.3 63.28 2.165 192.2 56.95
9 60.75 410.1 91.13 2.598 230.7 68.34
10-172 70.88 651.2 124.0 3.031 269.1 79.73
12 81.00 972.0 162.0 3.464 307.5 91.13
13-172 91.13 1384 205.0 3.897 346.0 102.5
15 101.3 1898 253.1 4330 384.4 113.9

(continued)
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TABLE B.5 (continued)
Section Properties of Western Species Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis

d (in.) A (in.2) I, (in.%) S, (in.%) r, (in.) 1, (in.%9 S, (in.3)
16-1/2 111.4 2527 306.3 4.763 4229 125.3
18 121.5 3281 364.5 5.196 461.3 136.7
19-1/2 131.6 4171 427.8 5.629 499.8 148.1
21 141.8 5209 496.1 6.062 538.2 159.5
22-1/2 151.9 6,407 569.5 6.495 576.7 170.9
24 162.0 7,776 648.0 6.928 615.1 182.3
25-1/2 172.1 9,327 731.5 7.361 653.5 193.6
27 182.3 11,070 820.1 7.794 692.0 205.0
28-1/2 192.4 13,020 913.8 8.227 730.4 216.4
30 202.5 15,190 1013 8.660 768.9 227.8
31-172 212.6 17,580 1116 9.093 807.3 239.2
33 222.8 20,210 1225 9.526 845.8 250.6
34-1/2 2329 23,100 1339 9.959 884.2 262.0
36 243.0 26,240 1458 10.39 922.6 273.4
37-172 253.1 29,660 1582 10.83 961.1 284.8
39 263.3 33,370 1711 11.26 999.5 296.2
40-1/2 273.4 37,370 1845 11.69 1038 307.5
42 283.5 41,670 1985 12.12 1076 318.9
43-1/2 293.6 46,300 2129 12.56 1115 330.3
45 303.8 51,260 2278 12.99 1153 341.7
46-1/2 313.9 56,560 2433 13.42 1192 353.1
48 324.0 62,210 2592 13.86 1230 364.5
49-1/2 334.1 68,220 2757 14.29 1269 375.9
51 344.3 74,620 2926 14.72 1307 387.3
52-1/2 354.4 81,400 3101 15.16 1346 398.7
54 364.5 88,570 3281 15.59 1384 410.1
55-1/2 374.6 96,160 3465 16.02 1422 421.5
57 384.8 104,200 3655 16.45 1461 432.8
58-1/2 394.9 112,600 3850 16.89 1499 444.2
60 405.0 121,500 4050 17.32 1538 455.6

8-3/4in. Width (r,=2.526in.)

9 78.75 531.6 118.1 2.598 502.4 114.8
10-1/2 91.88 844.1 160.8 3.031 586.2 134.0
12 105.0 1260 210.0 3.464 669.9 153.1
13-1/2 118.1 1794 265.8 3.897 753.7 172.3
15 131.3 2461 328.1 4.330 837.4 191.4
16-1/2 144.4 3,276 397.0 4.763 921.1 210.5
18 157.5 4,253 472.5 5.196 1005 229.7
19-1/2 170.6 5,407 554.5 5.629 1089 248.8
21 183.8 6,753 643.1 6.062 1172 268.0
22-1/2 196.9 8,306 738.3 6.495 1256 287.1
24 210.0 10,080 840.0 6.928 1340 306.3
25-172 223.1 12,090 948.3 7.361 1424 325.4
27 236.3 14,350 1063 7.794 1507 344.5

28-1/2 249.4 16,880 1185 8.227 1591 363.7
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TABLE B.5 (continued)
Section Properties of Western Species Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis

d (in.) A (in.2) I, (in.%) S, (in.%) r, (in.) 1, (in.%9 S, (in.3)
30 262.5 19,690 1313 8.660 1675 382.8
31-1/2 275.6 22,790 1447 9.093 1759 402.0
33 288.8 26,200 1588 9.526 1842 421.1
34-1/2 301.9 29,940 1736 9.959 1926 440.2
36 315.0 34,020 1890 10.39 2010 4594
37-1/2 328.1 38,450 2051 10.83 2094 478.5
39 341.3 43,250 2218 11.26 2177 497.7
40-1/2 354.4 48,440 2392 11.69 2261 516.8
42 367.5 54,020 2573 12.12 2345 535.9
43-1/2 380.6 60,020 2760 12.56 2428 555.1
45 393.8 66,450 2953 12.99 2512 574.2
46-1/2 406.9 73,310 3153 13.42 2596 593.4
48 420.0 80,640 3360 13.86 2680 612.5
49-1/2 433.1 88,440 3573 14.29 2763 631.6
51 446.3 96,720 3793 14.72 2847 650.8
52-1/2 459.4 105,500 4020 15.16 2931 669.9
54 472.5 114,800 4253 15.59 3015 689.1
55-172 485.6 124,700 4492 16.02 3098 708.2
57 498.8 135,000 4738 16.45 3182 727.3
58-1/2 511.9 146,000 4991 16.89 3266 746.5
60 525.0 157,500 5250 17.32 3350 765.6

10-3/4in. Width (ry=3.103in.)

12 129.0 1,548 258.0 3.464 1242 231.1
13-1/2 145.1 2,204 326.5 3.897 1398 260.0
15 161.3 3,023 403.1 4.330 1553 288.9
16-1/2 177.4 4,024 487.8 4,763 1708 317.8
18 193.5 5,225 580.5 5.196 1863 346.7
19-1/2 209.6 6,642 681.3 5.629 2019 375.6
21 225.8 8,296 790.1 6.062 2174 404.5
22-1/2 241.9 10,200 907.0 6.495 2329 4334
24 258.0 12,380 1032 6.928 2485 462.3
25-1/2 274.1 14,850 1165 7.361 2640 491.1
27 290.3 17,630 1306 7.794 2795 520.0
28-1/2 306.4 20,740 1455 8.227 2950 548.9
30 322.5 24,190 1613 8.660 3106 577.8
31-172 338.6 28,000 1778 9.093 3261 606.7
33 354.8 32,190 1951 9.526 3416 635.6
34-172 370.9 36,790 2133 9.959 3572 664.5
36 387.0 41,800 2322 10.39 3727 693.4
37-1/2 403.1 47,240 2520 10.83 3882 722.3
39 419.3 53,140 2725 11.26 4037 751.2
40-1/2 4354 59,510 2939 11.69 4193 780.0
42 451.5 66,370 3161 12.12 4348 808.9
43-1/2 467.6 73,740 3390 12.56 4503 837.8

(continued)
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TABLE B.5 (continued)
Section Properties of Western Species Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis

d (in.) A (in.2) I, (in.%) S, (in.3) r, (in.) 1, (in.%) S, (in.3)
45 483.8 81,630 3628 12.99 4659 866.7
46-1/2 499.9 90,070 3874 13.42 4814 895.6
48 516.0 99,070 4128 13.86 4969 924.5
49-1/2 532.1 108,700 4390 14.29 5124 953.4
51 548.3 118,800 4660 14.72 5280 982.3
52-1/2 564.4 129,600 4938 15.16 5435 1011
54 580.5 141,100 5225 15.59 5590 1040
55-1/2 596.6 153,100 5519 16.02 5746 1069
57 612.8 165,900 5821 16.45 5901 1098
58-1/2 628.9 179,300 6132 16.89 6056 1127
60 645.0 193,500 6450 17.32 6211 1156

Source: Courtesy of the American Forest & Paper Association, Washington, DC.

TABLE B.6
Section Properties of Southern Pine Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis
d (in.) A (in.2) I, (in.%) S, (in.3) r, (in.) 1, (in.%) S, (in.3)
3in. Width (ry=0.866in.)
5-1/2 16.50 41.59 15.13 1.588 12.38 8.250
6-7/8 20.63 81.24 23.63 1.985 15.47 10.31
8-1/4 24.75 140.4 34.03 2.382 18.56 12.38
9-5/8 28.88 2229 46.32 2.778 21.66 14.44
11 33.00 332.8 60.50 3.175 24.75 16.50
12-3/8 37.13 473.8 76.57 3.572 27.84 18.56
13-3/4 41.25 649.9 94.53 3.969 30.94 20.63
15-1/8 45.38 865.0 114.4 4.366 34.03 22.69
16-1/2 49.50 1,123 136.1 4.763 37.13 24.75
17-7/8 53.63 1,428 159.8 5.160 40.22 26.81
19-1/4 57.75 1,783 185.3 5.557 43.31 28.88
20-5/8 61.88 2,193 212.7 5.954 46.41 30.94
22 66.00 2,662 242.0 6.351 49.50 33.00
23-3/8 70.13 3193 273.2 6.748 52.59 35.06
5in. Width (r,=1.443in.)

6-7/8 34.38 135.4 39.39 1.985 71.61 28.65
8-1/4 41.25 234.0 56.72 2.382 85.94 34.38
9-5/8 48.13 371.5 77.20 2.778 100.3 40.10
11 55.00 554.6 100.8 3.175 114.6 45.83
12-3/8 61.88 789.6 127.6 3.572 128.9 51.56
13-3/4 68.75 1,083 157.6 3.969 143.2 57.29

15-1/8 75.63 1,442 190.6 4.366 157.6 63.02
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TABLE B.6 (continued)
Section Properties of Southern Pine Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis

d (in.) A (in.2) I, (in.%) S, (in.3) r, (in.) 1, (in.%) S, (in.3)
16-1/2 82.50 1,872 226.9 4.763 171.9 68.75
17-7/8 89.38 2,380 266.3 5.160 186.2 74.48
19-1/4 96.25 2,972 308.8 5.557 200.5 80.21
20-5/8 103.1 3,656 354.5 5.954 214.8 85.94
22 110.0 4,437 403.3 6.351 229.2 91.67
23-3/8 116.9 5,322 455.3 6.748 243.5 97.40
24-3/4 123.8 6,317 510.5 7.145 257.8 103.1
26-1/8 130.6 7,429 568.8 7.542 272.1 108.9
27-1/2 137.5 8,665 630.2 7.939 286.5 114.6
28-7/8 144.4 10,030 694.8 8.335 300.8 120.3
30-1/4 151.3 11,530 762.6 8.732 315.1 126.0
31-5/8 158.1 13,180 833.5 9.129 3294 131.8
33 165.0 14,970 907.5 9.526 343.8 137.5
34-3/8 171.9 16,920 984.7 9.923 358.1 143.2
35-3/4 178.8 19,040 1065 10.32 372.4 149.0

6-3/4in. Width (ry=1.949in.)

6-7/8 46.41 182.8 53.17 1.985 176.2 52.21
8-1/4 55.69 315.9 76.57 2.382 211.4 62.65
9-5/8 64.97 501.6 104.2 2.778 246.7 73.09
11 74.25 748.7 136.1 3.175 281.9 83.53
12-3/8 83.53 1,066 172.3 3.572 317.2 93.97
13-3/4 92.81 1,462 212.7 3.969 352.4 104.4
15-1/8 102.1 1,946 257.4 4.366 387.6 114.9
16-1/2 1114 2,527 306.3 4.763 422.9 125.3
17-7/8 120.7 3,213 359.5 5.160 458.1 135.7
19-1/4 129.9 4,012 416.9 5.557 4934 146.2
20-5/8 139.2 4,935 478.6 5.954 528.6 156.6
22 148.5 5,990 544.5 6.351 563.8 167.1
23-3/8 157.8 7,184 614.7 6.748 599.1 177.5
24-3/4 167.1 8,528 689.1 7.145 634.3 187.9
26-1/8 176.3 10,030 767.8 7.542 669.6 198.4
27-1/2 185.6 11,700 850.8 7.939 704.8 208.8
28-7/8 194.9 13,540 938.0 8.335 740.0 219.3
30-1/4 204.2 15,570 1029 8.732 775.3 229.7
31-5/8 213.5 17,790 1125 9.129 810.5 240.2
33 222.8 20,210 1225 9.526 845.8 250.6
34-3/8 232.0 22,850 1329 9.923 881.0 261.0
35-3/4 241.3 25,700 1438 10.32 916.2 271.5
37-1/8 250.6 28,780 1551 10.72 951.5 281.9
38-1/2 259.9 32,100 1668 11.11 986.7 292.4
39-7/8 269.2 35,660 1789 11.51 1022 302.8
41-1/4 278.4 39,480 1914 11.91 1057 313.2
42-5/8 287.7 43,560 2044 12.30 1092 323.7
44 297.0 47,920 2178 12.70 1128 334.1

(continued)
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TABLE B.6 (continued)
Section Properties of Southern Pine Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis

d (in.) A (in.2) I, (in.%) S, (in.3) r, (in.) 1, (in.%) S, (in.3)
45-3/8 306.3 52,550 2316 13.10 1163 344.6
46-3/4 315.6 57,470 2459 13.50 1198 355.0
48-1/8 324.8 62,700 2606 13.89 1233 365.4
49-1/2 334.1 68,220 2757 14.29 1269 375.9
50-7/8 3434 74,070 2912 14.69 1304 386.3
52-1/4 352.7 80,240 3071 15.08 1339 396.8
53-5/8 362.0 86,740 3235 15.48 1374 407.2
55 371.3 93,590 3403 15.88 1410 417.7
56-3/8 380.5 100,800 3575 16.27 1445 428.1
57-3/4 389.8 108,300 3752 16.67 1480 438.5
59-1/8 399.1 116,300 3933 17.07 1515 449.0
60-1/2 408.4 124,600 4118 17.46 1551 459.4

8-1/2in. Width (ry=2.454in.)

9-5/8 81.81 631.6 131.2 2.778 492.6 115.9
11 93.50 942.8 171.4 3.175 562.9 132.5
12-3/8 105.2 1,342 216.9 3.572 633.3 149.0
13-3/4 116.9 1,841 267.8 3.969 703.7 165.6
15-1/8 128.6 2,451 324.1 4.366 774.1 182.1
16-1/2 140.3 3,182 385.7 4.763 844.4 198.7
17-7/8 151.9 4,046 452.6 5.160 914.8 215.2
19-1/4 163.6 5,053 525.0 5.557 985.2 231.8
20-5/8 175.3 6,215 602.6 5.954 1056 248.4
22 187.0 7,542 685.7 6.351 1126 264.9
23-3/8 198.7 9,047 774.1 6.748 1196 281.5
24-3/4 2104 10,740 867.8 7.145 1267 298.0
26-1/8 222.1 12,630 966.9 7.542 1337 314.6
27-1/2 233.8 14,730 1071 7.939 1407 331.1
28-7/8 2454 17,050 1181 8.335 1478 347.7
30-1/4 257.1 19,610 1296 8.732 1548 364.3
31-5/8 268.8 22,400 1417 9.129 1618 380.8
33 280.5 25,460 1543 9.526 1689 397.4
34-3/8 292.2 28,770 1674 9.923 1759 413.9
35-3/4 303.9 32,360 1811 10.32 1830 430.5
37-1/8 315.6 36,240 1953 10.72 1900 447.0
38-1/2 327.3 40,420 2100 11.11 1970 463.6
39-7/8 338.9 44910 2253 11.51 2041 480.2
41-1/4 350.6 49,720 2411 11.91 2111 496.7
42-5/8 362.3 54,860 2574 12.30 2181 513.3
44 374.0 60,340 2743 12.70 2252 529.8
45-3/8 385.7 66,170 2917 13.10 2322 546.4
46-3/4 397.4 72,370 3096 13.50 2393 562.9
48-1/8 409.1 78,950 3281 13.89 2463 579.5
49-1/2 420.8 85,910 3471 14.29 2533 596.1
50-7/8 4324 93,270 3667 14.69 2604 612.6

52-1/4 444.1 101,000 3868 15.08 2674 629.2
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TABLE B.6 (continued)
Section Properties of Southern Pine Structural Glued
Laminated Timber (GLULAM)

Depth Area X=X Axis Y-Y Axis
d (in.) A (in.2) I, (in.%) S, (in.3) r, (in.) 1, (in.%) S, (in.3)
53-5/8 455.8 109,200 4074 15.48 2744 645.7
55 467.5 117,800 4285 15.88 2815 662.3
56-3/8 479.2 126,900 4502 16.27 2885 678.8
57-3/4 490.9 136,400 4725 16.67 2955 695.4
59-1/8 502.6 146,400 4952 17.07 3026 712.0
60-1/2 514.3 156,900 5185 17.46 3096 728.5
10-2in. Width (ry=3.031 in.)
11 115.5 1,165 211.8 3.175 1061 202.1
12-3/8 129.9 1,658 268.0 3.572 1194 2274
13-3/4 1444 2,275 330.9 3.969 1326 252.7
15-1/8 158.8 3,028 400.3 4.366 1459 277.9
16-1/2 173.3 3,931 476.4 4.763 1592 303.2
17-7/8 187.7 4,997 559.2 5.160 1724 328.5
19-1/4 202.1 6,242 648.5 5.557 1857 353.7
20-5/8 216.6 7,677 744.4 5.954 1990 379.0
22 231.0 9,317 847.0 6.351 2122 404.3
23-3/8 245.4 11,180 956.2 6.748 2255 429.5
24-3/4 259.9 13,270 1072 7.145 2388 454.8
26-1/8 274.3 15,600 1194 7.542 2520 480.0
27-1/2 288.8 18,200 1323 7.939 2653 505.3
28-7/8 303.2 21,070 1459 8.335 2786 530.6
30-1/4 317.6 24,220 1601 8.732 2918 555.8
31-5/8 332.1 27,680 1750 9.129 3051 581.1
33 346.5 31,440 1906 9.526 3183 606.4
34-3/8 360.9 35,540 2068 9.923 3316 631.6
35-3/4 3754 39,980 2237 10.32 3449 656.9
37-1/8 389.8 44,770 2412 10.72 3581 682.2
38-1/2 404.3 49,930 2594 11.11 3714 707.4
39-7/8 418.7 55,480 2783 11.51 3847 732.7
41-1/4 433.1 61,420 2978 11.91 3979 758.0
42-5/8 447.6 67,760 3180 12.30 4112 783.2
44 462.0 74,540 3388 12.70 4245 808.5
45-3/8 476.4 81,740 3603 13.10 4377 833.8
46-3/4 490.9 89,400 3825 13.50 4510 859.0
48-1/8 505.3 97,530 4053 13.89 4643 884.3
49-1/2 519.8 106,100 4288 14.29 4775 909.6
50-7/8 534.2 115,200 4529 14.69 4908 934.8
52-1/4 548.6 124,800 4778 15.08 5040 960.1
53-5/8 563.1 134,900 5032 15.48 5173 985.4
55 577.5 145,600 5294 15.88 5306 1011
56-3/8 591.9 156,800 5562 16.27 5438 1036
57-3/4 606.4 168,500 5836 16.67 5571 1061
59-1/8 620.8 180,900 6118 17.07 5704 1086
60-1/2 635.3 193,800 6405 17.46 5836 1112

Source: Courtesy of the American Forest & Paper Association, Washington, DC.




Appendix B

372

¢3dS
[S90) L1 0SLI oscl 88°0 L1 09¢ 059 0SLI 1601 e 00€ ovL 00%¢C 000€¢ H1°C-A0€
3dS

SS0 L'l 0SLI 0scl 880 L'l 09¢ 0s9 0091 60°1 1T 00¢ (U723 00€C 008¢ H1"C-d8¢
105°0 LT 0091 [Ug8! €80 91 20€T 09¢ 0091 860 61 2§9C 059 0sol 009C sd6°1-49¢
105°0 LT 0091 0011 €80 91 20€C 09¢ US4 €60 81 2§9C 059 q0SPl 00¥¢ H8°1-d¥C
wo ¥l 0001 SLL L9°0 €1 S8l Sle 0501 880 L'l 01T 00s (US4 00¥¢ HL1-A¥C
wo €l §¢6 ScL w90 1l S8l Sle 008 8L0 Sl 01T a4 00TT 000¢ HE1-40¢
wo [ §C6 SLY LSO 11 OLT Sle 008 L90 €1 s6l1 Sle §T6 0091 HE1-d91
D) @sdeor) s’y @sd)ly  sdyop)  (sdeo1) (1sd) asd) Py gsd) Yy (sdeop)  (sds01) (1sd) (1sd) "™y (1sd) (1sd) ssed
revey :.E;m ;m u.eim uxg *q o Sy xay ssang

udisaq  Ayonse|y uresn urern 0)  Apjiqe)s  Aydnse|y  (je)uozuIoH) uresn o) Suipuag Ajpqels  Aypnse3  (jeyuoziioy) uresn 0} (Buipuag  (Suipuag

13ud)sey j0 0] P|jesed  [9|jeied  uwinjo) j0 urein renoipuadidg  uradqy  uwnjo) jo uresn renoipuadiag  aAnedaN)  aAnIsoy)

10y snjnpoyy  uoissaidwo) uoisual pue snjnpoyy 0} jP|jetegd  uoissaidwo)  dwanxy pue snjnpoyy 0 jp[jereq  uoissaidwio)  uoIsudl uoisuay

Ajaern weagq 10y 1eays weag 4oy 1eays ul passasyg ul
ayadg Aponse3 Ayonse|3 auoz passans
J0 J0 uoissaadwo)  auoz
sninpow snjnpow uoisual
Suipuag
uj Jaq1y swaaxg
sIaud)sey papeoT Ajjeixy suoneulwe] suoneulwe]
JO saDB4 IPIM 0) [3|[led PapeoT SIXY A—4 Inoqe Suipuag JO sade4 APIA 0) Jejndipuadiag papeoT sixy X-x Inoqe Suipuag

(Suipuag ul AjLrewLId PIsSaAS SIIQUIdY) JIqUII] POOMIJOS pIjeulwie] pan|n [einjdoni)s 10§ sanjeA ugisag duIIY
44 319v1L




373

Appendix B

"GG'() 01 paseaIour oq 0) papruiad s1 uSIsop Ioud)sey 10§ A)1aeI3 ogroads ‘Ourd UISYINOS JO JOqUIT) PAJBUIWE] PAN[S [BINJONIS 10,
“1sd worput 40°[ =

unu

g pue 1sd UoI[IW ()'g = "7 ‘SUOTIBUIWE] G| URY) 2IOW 1M SIOQUIAW J()§ PUB J8T 10
“IPIM [RUTWIOU "UTQ WNWIXEW € 0] PAJILNSAI oI SUORUIqUIOD ()
*s[Te)op I0J JoInoejnuew Jo 1o1iddns 10100 "parTwI] 2q AeW AYNIqR[IEAR ‘QI0JIAY) ‘SIoIm)oejnuew [[e Aq paonpoid jou are sweaq JO¢ pue ‘487 497

xa

*(p) @10uj00j ur Juaunsnlpe Y} YJm SANB[NWND 3q [[BYS UONINPaI SIY], '¢8°0 Aq pardnnuw aq [[eys ', ‘OpIs QU0 0} PAJIWI] SI JueLM J] "SIPIS 10q U0

pamofre stouem J1 £9°0 £q parjdnnu oq [[eys 7 ‘ureid o) [o[yeed Jeays Joj on[eA USISIP ) ‘PAsn SI dUBM [IM JOqUIN] J ‘ULM [IIM JOqUIN| UTBIUOD ABW SUONBUIQUIOD dUl UIdYINOS UIR)I)
*(P) 210W)00] UT Juausn(pe Y} YPIM dAR[NWND oq [[eyS

UONONPAI SIY ], *SI9QUISW IO [[e I0J G*() AQ IO SUOIBUIWER] SUIU JO ‘UIAIS QA (M SIdqUISW 10 () Aq parjdnnuwi oq [[eys anfeA ‘papuoq 23pa Jou aIe Jey) (YIPIm SSoIoe) suoneurwe] 9991d
9[dnnw woij paInjoejnuew SIqUIT I0,] "PAPU0q 95pe uedq ey Jey) sedord ofdnnu 10 YIpia oY) ssoI1oe Joquiny Jo 9091d S[SUIS & WOIJ OpEW SUOTJRUTWE] Y)IM SIoquIT) JOJ oIt sanfeA uSIsa(y
(T°T°S SAN) UOISua) [erper 10J sonjeA uSIsap Jo UOIIRUIULISIOP JOF

Pasn 9q os[e [[eys anjeA uSIsap paonpal YL (¢ ¢ H'€ SAN) SIOUISE] [BOTUBYIOW AqQ Jedys JoJSULI) Jey) SUOIIOUUOD Ik SIdqUIaW JO uSIsop J0J pasn 3q [[eYS an[eA uSISop paonpal oy [, ‘Jurpeo|
211945 10 100dwWI 0 109[qNS SIGQUISW [[B 10] PUB ‘SISqUISUI PIYdIoU ‘S1oquiawt dnewstid-uou 10j 7/°() Jo 1010e) © Aq Sutkjdnnw £q pasea1osp 9q [[eys ““; pue 7 ‘reays 10j anfea usisop oYL,
‘K[oanoadsai ‘1sd 09z pue (E 01 pasealour aq 01 panrutad a1 ;7 pue 7 ‘son[ea USISOp ILAYS OISEq 9Y) QUL WIOYINOS JO J9qUII) PAIBUIER] PAN[S [BINIONIS 10

‘paxmbar ore sossons

paseaIoul 953y} uaym £J10ads [[eys IouSIsa( "suoneuIquod oy1oads 10J suld uIayInog 10y 1sd )G6 01 pue I se[Sno(q 10J 1sd )8 01 pasealour aq 0) pannuiad st <%y ‘ssans Jurpuaq aaneIoN
“paxmbar st dnke| paoueeq uoym AJroads [[eys JouSIsa( "sse[o ssams oY) J0J 1%y 01 [enba oq [reys 7 ‘sdnAe[ paoue[eq 1o

pelitiblanligig

Aq payroads oq Aew sentadoid awos 10j sonfea uSisop JOYSIH ‘SUONBUIQUIOD Jaquuil) pajeurwe] pan(3 [ermonyns eprurs jo sdnoid 1oy sonjea udisop juasaidar o[qey sIy) ur sanfea uisaq

"D ‘UoIUIYSEAN ‘UONRIO0SSY Joded 29 15910, UBOLIOWY 3Y) JO AS9)IN0D) 1224108



w S61 STL OL1 0SS 00L 008 SL9 0S8 149 SIe 0 01 €T MS (44
kel SIc 0061 061 0S¢S1 0581 000T 00LT 0SLT 00¥1 00s 88°0 L1 art JH L1
m SIc 0091 061 00¢€l 0sS1 0SLT oSyl 0081 00¢C1 SLE £8°0 91 11 JH 91
W SIc 0S¥l 061 0011 0s€el 0081 00€1 0sel 0501 SLE €L°0 'l 1 JH S1
< SIc 001T 061 [US 0s0T1 00cI1 SL6 0011 008 SLE L9°0 €1 €1 dH 14!
S9C 00ce 0€e 0081 001c oove 001c 00y 0091 0S9 ¥0'1 0 ari 4d S
§9¢ 0061 0€T 0591 000T 00CT 0061 001¢T 00¥1 06S 860 6'1 TOI11 4a 14
§9¢ 000T 0€T 0sS1 0881 00I¢T 0581 00€T 0s¥1 059 86°0 6’1 aci 4a €
§9¢ 00LT 0€T 00¢cl 0091 0081 0091 0s61 0scl 09¢ £8°0 91 1 4a [
§9¢ 0scl 0€T 0001 0scl (11941 00cl 0ss1 006 09¢ 8L°0 Sl €1 4a I

sa1ads uIa)sap papeln) Ajjensip

(sch ™y @sd)*y  gsd)fy  (sd) Yy (asd) “y (sd) “y (sd) >4 (sd) 4 (sd) 'y asd) g @sdgop) ™3 (sde01) 3 opeiD  sapads saquiny
J‘deag ‘suoneulwe] ‘suoneulwe] ‘suoljeulwe] ‘suoljeulwe] ‘suoneulwe] ‘suoneulwe] ‘ureany 0} ‘Anpqers ‘Aydnsely uonedynuap|
‘urgl oy om| Y| alow Y| oW Q10 10 oML rendipuadiag uwnjo) jo
suonjeurwe] 10 Ino4 10 om| 10 Ino4 uoissaidwo) pue weag sninpoyw
om| 10y A)d1se|g
10 sninpoyy
surern  3uipudg  HqelleID Suipuag uresn uresn Suipeot v
0} 0} 0} [9][eseq uoissaadwo) 0} |9|ered
19]1ered 19]1e1ed uoisuay
1eays 1eays
suonjeulwe] suoljeulwe Jo sadey papeoT Ajjeix
10 s3deq IpIM 3PIM 0} [3][eted papeoT SIXY A Inoqe Suipuag
0} Jendipuadidg
papeoT sixy

X-X Inoqe Suipuag
(uoissaidwo)) 10 UoISUI] [eIXY Ul A[LIEWLI] PISSAIS SIQUIIN) JIqUil] POOM}JOS pIjeulwie] pan|o [eindonijs 10§ sanjeA ugisag dUIYIY
8'd 11avl

374



375

Appendix B

*(p) @30w00j Ul Judwsn(pe

o) yim Apanenunod parjdde aq jou [[eys 10308 SIY], "88°() JO 1030e] € Aq SurA[dninw £q paonpar aq [[eys ‘7 ‘onfea udisop Surpueq ay) ‘suorjeure] uoIsud) [eroads noyim pue dodp “urg| uey) I0eaIs SIoqUISW J0q
*(2) @10m00§ ur JusumsnIpe Ay PIm Afanernuwno pardde aq jou [Teys 10108y

sty L '81°1 £q Surkjdnnw £q paseaour aq 03 panrurad aq [[eys /7 ‘Surpuaq 10J onjeA uSIsop oy} ‘pasn dIe SUOHEUTWE] UOISU) [e19adS J] "Suoneurwe] UoIsud) [e1oads InOyIm SI9quIaw I0J Ie san[eA uSisop paje[nqe],
(TTS SaN)

UOISUQ) [BIPET JOJ sanJeA USISop JO UONBUTILIDNOP JOJ PAsn o OS[E [[eys AN[eA USISOP PAoNpal o], "SIOUQ)SeJ [EdTURYOIW £q Jeays JoJsuen 18yl (¢°¢H'¢ SAN) SUOTOUUOD Je SIIQUIU JO USISIP J0J Pasn 3q [[eys anfeA
uS1sop paonpar Ay L, "Surpeo] 11945 Jo Joedwir 0 109[qns SIOQUIAW [[€ J0J PUE ‘SIOqUIAW PAYDIOU ‘SIoquIdwt dnewstid-uou 1oy g/ () Jo 10joej e £q SutKjdninw £q paseardap aq feys ““',f pue . ‘redys 103 anfea usisop Y,
*(9) pue (&) S9)0UI00] UL JuauNSNIPE Y YIIM dATB[NWND 3] [[BYS

uononpar siy [, “syurof 93pa papuoqun s suoneurure] 2091d o[dnnuw WoIy paIndeNUEW SIOqUIAW JAYI0 [[e 10J G°( Aq pardninur aq [feys ““' ‘onfea uSIsap Jeays oy ], ‘popuoq A3pa jou 21k Jey) (IPIM SSOIdR) SUoTeU
-rwey 9091d opdnnw WoIj paIn)oeINULL SUOHBUILIE] QUIU IO ‘UIAS ‘DAY YIIM SIOQUIdW 10 () £q paridn[nui aq [[eys ““‘,J ‘Suoneurwe] ay) Jo sadey apim ay) 0} [ofreed parjdde speof os1oasuer) 10§ anfea uSisap Jeays Ay L,

a

‘K[oandadsal ‘660 10 #8°( Jo J030e) © Aq Surk[dnnu £q peonpal oq [[eys ““J ‘Suoneurue| oY) Jo saoej opIm ) 0 [d[[eted Speo] ASIOASULI) JOF ON[eA USISOp Jedys oY) ‘SUONBUIIE] AAIY) JO 0M) IIA SIOQUISUI JO]

q

v

D ‘U0)SUIYSeA\ ‘UONBIOOSSY Joded 29 15910, UBOLIOWY A} JO AS91IN0Y)  [224nog

00€ 0081 09T 0SLT 00I¢T 001¢C 00LIT 000T 0sel ovL 86°0 6'1 dIN ds or:1
00€ 001¢ 09T 0SLT 00I¢T 00€T 00LIT 00¢cT 0S¢ST ovL 860 61 CIAIN ds 4t
00€ 001¢ 09¢ 0SLT 00I¢C 00€T 00LT 00€T 0S¢S1 0ovL 860 61 YIAIN ds
00€ 0S¢ST 09¢ 0081 0SLT 0881 oSyl 00LT 0STT 0s9 88°0 L1 WIN ds 011
00€ 0SLI 09¢ 0081 0SLT 0561 0S¥l 0061 00€1 0s9 88°0 L1 CININ ds [4u!
00€ 0081 09¢ 0081 0SLT 0561 0S¥l 001¢C 0s€l 0S9 88°0 L1 9TININ ds
00¢ 0091 09¢ 0081 008T 0681 0seT 0SLT 0STI ovL 880 L1 aTN ds 81
00¢ 0091 09¢ 00ST 0081 000T 0sel 0002 0sel ovL 880 L'l 0IdIN ds 011
00¢ 0091 09¢ 00s1 0081 0002 0sel 00¢t 0ov1 ovL 880 L'l YIAIN ds
00€ 0sel 09¢ 00¢€l 0SS1 0091 0SI1 0081 0001 0S9 €L°0 'l INTN dsS 81
00€ 00¥1 09¢ 00¢€l 0SS1 0SLI 0ST1 00LI 0SI1 0S9 €L°0 'l OTINCN dsS 011
00€ 00¥1 09¢ 00¢l 0sS1 0SLI 0oSIT 0061 00cCI 0S9 €L°0 'l PINCN dsS

0s
0s
0S
(94
67
(94
81
81
81
Ly
Ly
Ly

auld usaynog papein Ajjensip

S9C 006l 0€e oov1 0591 0581 006l 0061 0scI 09¢ £8°0 91 SI'T ov
S9C 00LT 0€e ooyl 0591 081 0061 0061 0sclI 09¢ €80 91 art ov
§9¢ 0s€l 0€T 0001 0scl 00¥1 (94! oSyl SL6 0Ly L9°0 [ 1 ov
§9¢ 0001 0€T SLL SL6 0011 0011 oSIT STL 0Ly 90 [ €1 ov

<L
IL
oL
69



376

Appendix B

TABLE B.9

Reference Design Values for Structural Composite Lumber

Grade Orientation

TimberStrand LSL

1.3E Beam/Column
Plank

1.55E Beam

Microllam LVL
1.9E Beam

Parallam PSL

1.8E
and 2.0E  Column
2.0E Beam

G
Shear of
Elasticity

psi

81,250
81,250
96,875

118,750

112,500
125,000

E
Modulus of
Elasticity
psi

1.3x10°
1.3x10°
1.55%x10°

1.9x10°

1.8x 100
2.0x10°
2.0x10°

Fg
Flexural
Stress

psi

3,140
3,510
4,295

4,805

4,435
5,360

R
Tension
Stress

psi

1,985

1,975

2,870

3,245
3,750

4 For 12 in., depth, For other depths, multiply, F, by the factors as follows:
For TimberStrand LSL, multiply by [12/d1°%?
For Microllam LVL, multiply by [12/d]%13¢

For Parallam, PSL, multiply by [12/d]%'!!

b F, has been adjusted to reflect the volume effects for most standard applications.

¢ F_, shall not be increased for duration of load.

Ff
Compression
Perpendicular
to Grain

psi

1,240
790
1,455

1,365

775
1,365

Ell
Compression
Parallel to
Grain

psi

2,235
2,235
3,270

4,005

3,990
4,630

F,
Horizontal
Shear Parallel
to Grain

psi

745
280
575

530

355
540
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TABLE B.11
Nail and Spike Reference Withdrawal Design Values (W)

Pounds Per Inch of Penetration

Common Wire Nails, Box Nails, and Common Wire Spikes Diameter, D

Specific

Gravity, G 0.099in. 0.113in. 0.128in. 0.131in. 0.135in. 0.148in. 0.162in. 0.192in. 0.207in. 0.225in.
0.73 62 71 80 82 85 93 102 121 130 141
0.71 58 66 75 77 79 87 95 113 121 132
0.68 52 59 67 69 71 78 85 101 109 118
0.67 50 57 65 66 68 75 82 97 105 114
0.58 35 40 45 46 48 52 57 68 73 80
0.55 31 35 40 41 42 46 50 59 64 70
0.51 25 29 33 34 35 38 42 49 53 58
0.50 24 28 31 32 33 36 40 47 50 55
0.49 23 26 30 30 31 34 38 45 48 52
0.47 21 24 27 27 28 31 34 40 43 47
0.46 20 22 25 26 27 29 32 38 41 45
0.44 18 20 23 23 24 26 29 34 37 40
0.43 17 19 21 22 23 25 27 32 35 38
0.42 16 18 20 21 21 23 26 30 33 35
0.41 15 17 19 19 20 22 24 29 31 33
0.40 14 16 18 18 19 21 23 27 29 31
0.39 13 15 17 17 18 19 21 25 27 29
0.38 12 14 16 16 17 18 20 24 25 28
0.37 11 13 15 15 16 17 19 22 24 26
0.36 11 12 14 14 14 16 17 21 22 24
0.35 10 11 13 13 14 15 16 19 21 23
0.31 7 8 9 10 10 11 12 14 15 17

Source: Courtesy of the American Forest & Paper Association, Washington, DC.
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Common Nails/Spikes, Box Nails Threaded Nails Wire Diameter, D
0.244in. 0.263in. 0.283in. 0.312in.  0.375in.  0.120in. 0.135in. 0.148in. 0.177in. 0.207in.
153 165 178 196 236 82 93 102 121 141
143 154 166 183 220 77 87 95 113 132
128 138 149 164 197 69 78 85 101 118
124 133 144 158 190 66 75 82 97 114
86 93 100 110 133 46 52 57 68 80
76 81 88 97 116 41 46 50 59 70
63 67 73 80 96 34 38 42 49 58
60 64 69 76 91 32 36 40 47 55
57 61 66 72 87 30 34 38 45 52
51 55 59 65 78 27 31 34 40 47
48 52 56 62 74 26 29 32 38 45
43 47 50 55 66 23 26 29 34 40
41 44 47 52 63 22 25 27 32 38
38 41 45 49 59 21 23 26 30 35
36 39 42 46 56 19 22 24 29 33
34 37 40 44 52 18 21 23 27 31
32 34 37 41 49 17 19 21 25 29
30 32 35 38 46 16 18 20 24 28
28 30 33 36 43 15 17 19 22 26
26 28 30 33 40 14 16 17 21 24
24 26 28 31 38 13 15 16 19 23

18 19 21 23 28 10 11 12 14 17
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TABLE B.13
Cut Thread or Rolled Thread Wood Screw Reference Withdrawal Design Values (W)

Pounds Per Inch of Thread Penetration

Wood Screw Number

Specific

Gravity, G 6 7 8 9 10 12 14 16 18 20 24
0.73 209 229 249 268 288 327 367 406 446 485 564
0.71 198 216 235 254 272 310 347 384 421 459 533
0.68 181 199 216 233 250 284 318 352 387 421 489
0.67 176 193 209 226 243 276 309 342 375 409 475
0.58 132 144 157 169 182 207 232 256 281 306 356
0.55 119 130 141 152 163 186 208 231 253 275 320
0.51 102 112 121 131 141 160 179 198 217 237 275
0.50 98 107 117 126 135 154 172 191 209 228 264
0.49 94 103 112 121 130 147 165 183 201 219 254
0.47 87 95 103 111 119 136 152 168 185 201 234
0.46 83 91 99 107 114 130 146 161 177 193 224
0.44 76 83 90 97 105 119 133 148 162 176 205
0.43 73 79 86 93 100 114 127 141 155 168 196
0.42 69 76 82 89 95 108 121 134 147 161 187
0.41 66 72 78 85 91 103 116 128 141 153 178
0.40 63 69 75 81 86 98 110 122 134 146 169
0.39 60 65 71 77 82 93 105 116 127 138 161
0.38 57 62 67 73 78 89 99 110 121 131 153
0.37 54 59 64 69 74 84 94 104 114 125 145
0.36 51 56 60 65 70 80 89 99 108 118 137
0.35 48 53 57 62 66 75 84 93 102 111 130
0.31 38 41 45 48 52 59 66 73 80 87 102

Source: Courtesy of the American Forest & Paper Association, Washington, DC.
Note: Tabulated withdrawal design values (W) are in pounds per inch of thread penetration into side grain of main
member. Thread length is approximately 2/3 the total wood screw length.




385

Appendix B

(panuyuod)

ol  0IS  00S 088 0St 0SS 0SS 06 09 095 0SS 066 0TS O¥9  08S 000  0Z9 0Z8 089 0911 8/S
0z€ Ok 09€ 079 ovE 09  08€ 099 0S¢ 0Lk 08¢ 0.9 066 OIS  OCF OCL 08F 065 OIS  0€8 Ul PIET U1-€
0ZS 099 009 0891 095 OIL 0S9 O06LI 065 OvL 089 O€8T  0L9 0S8  OLL OI0Z 068 0801 0201 OI¥C I
08F 009 0SS OLFI 0SS  0S9 009 OLST 0SS 089  0€9 06T  0€9  OLL  OTL 0891  0€8 066 096  068I 8/L
0S¥ 0SS 0TS OFIT 06k 065 095 06IT OIS 019 065 00CI 0SS 069 099 OLZI  OLL 006 068  OSPI /g
ol 06y  OLF O€8 oSt 0SS 0TS OLS 09 ObS 0TS 088  00S 0T9 095 OF6 065 09L 099  0LOI 8/S
01 00F  OYE  08S 0z€ 0Tk 09 019 0S¢ 0k 0L 019  09€  OLF  00F 099 ovF  09S 08  OLL Ul UT-1 UI-€
06 0SS 009 0STI 0Tk 065  0S9 OSEl  Ovy  OI9 089 09€I  O6y 089  OLL O6YI 099 OL8  0TOI  OCTSI I
09¢ 00S 0SS 0601 06 ObS 009 OLIT O 0SS  0€9 ©06IT  OLy 0T9 0L O00ST  0T9 008 096  O6ST 8/L
0s€  0SF 0TS OY6 09¢  08F 095 0001 08¢ 00S 065 0COI  OSy  09S 099 OCIT  OLS OTL 068  09€I /g
00 06  OLF O0SL 0s€ 0Ty 0TS 0€8 ovE 0k 0TS 0S8 06 06k 095 06 0TS  0€9 099  0LOI 8/S
0L  0S€  OvE  08S 00€  09€ 09 0I9 01€ 0L 0L 019 0SE 0Tk 00k 099 ork  O¥S  08F  OLL Ul U1 T
0Z€  09S  09S OFOI  0SE€ 009 009 OITI 09 OI9 OI9 OEII Oy 089 089 OvZcl 0SS 098 098  OISI I
00  00S  00S OI6 0Z€ 0SS 0SS 0L6 ObE 0SS 0SS 066 06 019 019 0801 OIS OLL  OLL  OTEl /L
08T  OvF  ObF OSL 00 OLF  OLF O€8 0l 08F 08F 0S8 09  OFS  OFS 06 08 089 089  OfII /g
0ST 08¢ 08¢  0S9 08T 0I%  OIF 069 08T 0ty 0Tk 00L  OSE  OLF  OLF  OLL 0k 065 065  O¥6 8/S
0T 0T€ 0T 0TS 0ST  OvE  ObE 0SS 0ST  0SE  0SE  09S 06T  06€  06€ 0T9 06€ 06y 06y  09L Ul PIE-T pIE-T
08T 08y 08y 068 00 OIS OIS 0S6 01 0SS 0SS 0L6 0SS 08§ 08§ 0901 Oy OvL  OvL  06C1 1
0ST  0tr 0T 08L 08T  09F  09% O€8 06 OLF OLF 0S8  O0£E 0TS 0TS 06 obr 099 099  O€II 8/L
ovc 08¢ 08 0L9 09  00F  00F OIL oLc 0tk 0Tk 0T OIE  09v  09v 008 oIy 08s 08§  0L6 vIE
0cC  0T€ 0T 09S o¥c  0SE  0SE 06§ obc  09€ 09€ 009 08T 00k 0Ok 099 0L 00S  00S OIS 8/S
061 0L  0LT ObF 01z 06T 06T OLY 0z 00€  00€  08F  0ST  0SE  0€E  O€S 0S¢ Oty 0Ty 0S9 Ul ULl U1
@ @ @ @ @ @ @ @ @ @ @@ @ @@ @ @ @ @ @ @@ @ (uwag cup g cup
4 ™z 4 'z 4 ™z Tz 'z 4 ™z i 4 'z 4 ™z 4 'z 4 ™z Tz 'Z  ‘PPRwelq  GdquBy  aquidpy
Jog apis ureyy
(N) 414-wioH (N) yaae1-14 yoae-114 se[3noq 050 = D auld udyInos AeO pay £9°0 =5 ssawpIYL
(S) 114 se|dnoq@ 94°0 = D sej3noq 6v°0 = D dydepy paxiw 65°0 =D
e _|h|_
SUOI}JAUUOD) (IIQUIA OM]) J1edYS J[SulS 10y (Z) sanjeA uSisaQ [esd)e] DUIIIIY :s)Hog
vL'd319vL




Appendix B

386

OIL 0.6 008 ObSI 0SL  OIOI 0S8 0091 0SL  OSOI OL8  OI9I 0S8 0601 096 0691 0801 OVZI 061 0981 /g
08 069 0S9 0L 029 0TL 069  OITI 0€9  OSL  00L  OTII 089  OSL  08L  OLIIT 08L 088 088  06CI 8/S Ul P/1-§
00L  0€6  00L 0661 OSL 0001 OSL 090 O6L  OVOI 06L 080T 068  OLIT 068 00T 0611 OSSI 0611  08HC I
0r9 0S8  OF9  0SSI  00L  0T6  00L  0T91 OvL 096  OWL  OF9I  Ov8 0601 OFS  OSLI  0TOI OTEl  OTIT  OL6I S/L
065  08L 009 061 0T9 OI8 099  Ovecl 0€9  0€8 089  0STI 089 068  OLL  OSEl 008  0SOI 006  O€SI /€
obF 065 00S 088 Ok 0€9 0SS 06 Oy  0€9 0SS 06 OIS 069  08S 0001 0T9 0TS 089  09II 8/S ! YIS
009 016 009 061 0S9  0L6  0S9 00T 089  OIOI 089  0SOC OLL  OvIl  OLL  0SIT 0T0I  00SI  0TOI  OI+C 1
0SS 0€8 0SS  0ZSI 009 006 009  OLSI 0€9  O¥6  0€9  06SI 0OTL 0901 OTL 0891 096  09C1 096 0681 8/L
0z ObL 0TS OPIT 09  08L 095 061 065 06 065 00Tl 099 0S8 099  OLTI 0SL 066 068  OSPI /e
0cF 09 0Lk  0€8  OSt 065 0TS OL8 09 065 0TS 088  00S  OF9  09S  O¥6 065  09L 099  OLOI 8/S (/81 S
0or9  OIIT  OITl 0L 069 0611 0611 0ITC 0TL  OSTl  0€Tl  09ZC  0T8  09€I  09€I  08¥T 0011  OL9T  OL91  0TOE 1
065 086 086  OISI  0S9  OvOl  OWOI  OF6I 089 090 0901 OL61 08L 0911 0911 OLIT O0€0l  OIYl  OIvl  OFST 8/L
09 008 008  ObSI 009 0S8 0S8 0091 0€9 0L  OL8  OI9L OIL 096 096 0691 0S6 0611 0611 098I /e
00S 059  0S9 0L 0SS 069 069  OIIT 09  O00L 00L  OTIT 0S9  0SL  08L  OLIT 0SL 088 088 06Tl 8/S
ol 09 09 069 Oy 08y 08y  OIL Oy 06k  06F  OCL  09F 0TS 0TS  OSL  0€S 065 065  O€8 Ul Ul-€ Ul-€
0£S  00L  00L 00LI  OLS  09L  OSL 0T8I 065  O8L  06L 0S8T  0L9 088 068 0SOC 006 OSII 0611  08HC I
06F 09  Ov9 06FI  0£S 069  00L 06§ 0SS  OIL  OvL 0T91  OF9  OI8  Ov8 0Ll OFS  OVOL  OTIT  OL6I 8/L
09 08 009 0611  00S 0T9 099 OWZl 0TS  Ov9 089 0STI  08S 0L  OLL OSEl  08L Ov6 006  OESI /€
(C1)] «Qn an «Qn (C1)] «n «n an Qp «Qn @n @n qp qn «Qn (C1)] «n Qp (uya (un (un “y
4 ™z Tz 7 ™z Tz 'z 4 ™z Tz z ™z Tz 'z 4 ™z Tz 'Z  ‘BRwelg  GdquBy  dquidpy
1og apis urewy
(N) 14-wdH (N) yoaet-1y4 yoae-114 sejdnoq 050 = D aulg usaynos AeQ Py £9°0 =D ssawpIy)

($) 414 sej8noQ 94°0 = D

sej3noQ 6%°0 = D

djdew paxIW S50 =D

SUOI}IAUUOD) (IAGIB OM]) JedYS J[SUIS 10} (Z) sanjeA udisa( [edd)e] DUIJIY :s)jog

(panunuod) $1°g 319VL




387

Appendix B

0€01
058
0IL
08¢S
009
(USY
0cs
0cy
098
06L
0IL
08S
009
0SS
0cs
0cy
0¢8
0LL

OLv1
08¢l
0L6
069
0611
056
ovL
09¢
0scl
o€l
0L6
069
0v6
098
ovL
09¢
(4!
0011

o1ct
086
008
059
009
0SS
0cs
0Ly
or1ct
086
008
0S9
009

0cs
(754
o1clI
086

00S¢T
090¢
029
0L0T
0co6l
(491
(L4081
0¢8

00sT
090C
29
0L01
ocol
0csl
(411
0¢8

00S¢T
090T

0801
006
0SL
029
0S9
009
09¢
0sy
0¢6
0L8
0SL
029
0s9
009
09¢
0sy
006
0r8

0LST
%!
o101
0CL
orel
066
08L
06S
ovetr
ocel
0101
0CL
orot1
0v6
08L

ocel
0611

09¢1
0v01
0S8
069
059
009
09¢
0cs
09¢t1
0¥01
0S8
069
059
009
09¢
0cs
09¢I
0r01

0€9C
0LIT
0091
o111
0€0T
0LST
0611
0L8

0€9¢
0LIT
0091
o111
0€0T
0LST
0611
0L8

0€9C
0LIT

o111
0€6
08L
0€9
089
0€9
06S
091
0L6
0l6
08L
0€9
089
0€9
06S
09%
0v6
0L8

0€91
09¢T
0€01
0¢L
0LCI
0101
06L
06S
06¢1
09¢1
0€01
0¢L
0901
086
06L
06S
09¢1
o€t

06¢l
0901
0L8
00L
089
0€9
06S
0cs
06CI
0901
0L8
00L
089
0€9
06S
0cs
061
0901

099T
061¢
0191
0CIT
0s0T
0681
00¢I
088

099¢
061¢C
0191
(748t
050T
06S1
00cl
088

099T
061¢C

orct
0201
0S8
089
OLL
0cL
099
00S
001T
0201
0S8

0901
0001

0€81
1521
0601
08L
0S€l
0601
[US
09
0sST
(1841
0601
08L
0611
0601
0s8
019
(49
08¢l

06¢€l
0911
096
08L
OLL
0CL
099
09¢
06¢T
0911
096
08L
OLL
0CL
099
09¢
06¢€l
0911

‘UOTOOUUOD JBAYS J[SUIS

D ‘U0)SUIYSeA\ ‘UONBIOOSSY Joded 29 15910, ULOLIOWY A} JO AS91IN0Y  [224M0§

0L8C  OL¥I  060C 0L91  Ol¢ce I

00€c  09¢1  O¥91  OI¥L  O¥ST 8/L

0691 080T ovcl 0611 0981 43

OLIT  08L 088 088 0621 8/ al-e aul-L
0SIc 020l 09SI  0col  OI¥C I

0891 096 09I 096 0681 8/L

0Lcr  08L 066 068 (U474 4

0r6 06S 09L 099 0L0T 8/ 11 aul-L
0L8C  OLYI 0861  0L9T  Olte I

00€C  09¢I  O¥91  OIvI  O¥ST 8/L

0691 0801 O¥cl  06IT 0981 143

OLIT  08L 088 088 06¢C1 8/S a/l-€ 2SS
0SIc 020l  09SI  0cOI  OIvC I

0891 096 09¢L 096 0681 8/L

0Ll 08L 066 068 (941 43

0v6 06S 09L 099 0L0T 8/S [N =S
0L8C 0Tyl Ov6l  0L91  0l¢€E I

00€c  09¢I  O¥91  OIvI  0¥ST 8/L



w o 09L  OLb 0Tl 00S 06  00S 08Tl OSS  OI8 0SS 06Tl 009  OL8 009 09I  0SL  OIOI 008  OSSI
] 0k 019 0k OL6 Oy  0S9  OLk  OIOL 06k 099 06 OOl OvS  OIL  09S  080I 0S9  0€8  OTL  O¥Tl
g 09¢ 08¢  00F  OEL  OLE OIS Ok 09L  08€ OIS  Obp  OLL  OlF 095 0Lk 08 06t 099 0SS  0S6
o 092 09  06C  0£S  0LC  08€  OIf 0SS 08T 08  OIf 095  OI€ 0  ObE 009  OLE  00S  OlF  OOL
< 061  0ST  0lz 0L  00C 09T  OTc 066  00C  OLL  OTT 066  0€C  06c  0ST Ot 08T  0TE  OIE 09
091 00z 081  00€ 081  Olc 06l  OIE 081  Olc 00z O  00C 0L  OTT  OCE  ObT 09T 09T 09

0zl ol Obl 061  OSI Ol OFL 00T  OSI Ol oWl 00T  Opl  OSI  OSI Ol 091  OLI  OLL  OfC

06 ol Ol 061  OSL Oyl 0Pl 00T  OSI Ol OFl 00T  Opl  OSI  OSI Ol 091  OLL  OLL  OfC

00 oIl o[l oSl Ol Ol o[l 0SI  OIl o0zl ozl 0SI  ocl  OZcl Ozl 091  Ovl  OpL  Opl 08I

ozl ovl 0zl 06l 0Tl Ovl Ol 00z OEl Ovl Ol 00c  Ovl  OSI  OSI  Olz 091  OLI  OLIL  O€C

ozt ol o€l 061 OSL Ol OFl 00T  OSI Ol oWl 00T  Ovl  OSI  OSI Ol 091  OLL  OLL  OfC

001 0181 0181 0S1 0181 0181 OrLI 0SI 0181 0ocl 0cl 0SI 0ocl 0cl 0cI 091 orl orl ovl 081

001  O0SI  OIl 081 Ol oyl ozl 06l Ol Ol ozl 00T  OCl  OSI Ol OIT 091  OLL 091 0T

orr ol ozl 081 0Tl Opl  ocl 06l 0Tl Ol OEl 061  OSl  OSI  Ovl  OIT 091  OLI  OLI  OST

00 oIl oIl 0SI Ol oIl oIl ©OSI Ol 0Tzl ozl OSI  o0Zl 0Tl Ozl 091  Opl  Opl Ol 08I

06 orr 001 09I 00l  o0Zl Ol 0Ll 00l 0Tl Ol 0Ll  OIl  OSI  o0Tl 081  OSl 091  Opl  0IT

00 Ol 00l 091  00I 0Tzl  OIl 09l  00I 0Tzl oIl  OLL  oOCcl  OEl  ocl 081  Opl 091  OSI 01T

06 000 06 0€l 06 oL 00  OFL 00l O 00l oWl Ol  o0cl Ol  OSI  OEl  OpL  Opl O8I

06 oL 00 OSI 06 oL 00 09T 00l O 00 09I 00l  OZl Ol 0Ll  Ocl  Ovl  OEl 06l

06 OIr 00  OSI 00l Ol 00  OSI 00l  OLl Ol  OSI Ol OZl Ol 091 Ol  Ovl  OfL  06I

08 06 06 0zl 06 001 06 0€1 06 001 06 061 00 Ol 00l  Ovl  0Zl  O€l 0Tl 091

06 001 06 orl 06 o1 06 0SI 06 OIr 00  OSI 00l  OIl Ol 09I  Ocl  OEl  OSl O8I

06 001 00 Ol 06 orr 00l  OF[ 00l Ol 00l  OSI 00l Ozl Ol  OSI  Ocl  OSl  OSI  OLI

08 06 08 orr 08 06 06 0zl 08 06 06 0zl 06 001 06 061 Ol Ol Ol  0SI

@p an «n «n @an (C))) qn (C))) Qp an (C))) (C1)] an «n an (C))) «n an

._.N ._.EN ._.mN __N ._|N ._.EN ._‘mN ._.N ._‘EN ._.wN __N ._.N ._.EN ._.mN ._|N ._.EN ._‘mN __N

(N) 114-waH (N) yoae1-14 yoset-114 se[Snoqg 050 = H auld usaynog NeO pay £9'0 =5

(S) 414 se|3noq@ 9+°0 = D

se|3noQg 6+°0 = D

ajdew paxiw S6'0 =D

[
8/L
¥/€
8/S
[
91/L
8/¢
91/S
Y/
8/€
91/§
P/l
8/¢
91/8
i
8/¢
91/8
¥/1
8/¢
91/§
i
8/€
91/S
P/l
(upag
‘vPwelq
Mg Seq

[N

Y/1-1

v/t

8/

[t

(uny
‘ssawIy |
19quIBy apls

e

SUOI}IAUUOD) (IIqUIdA 0M]) JB3YS JJ3UIS 10} (Z) SanjeA udIsa [e4d)e] dUIIY :SMAIDS e

q1°'d 319vl

388



389

Appendix B

089
0LS
06y
[U%3
0ce
081

0zl

o€l

001

029
00S
(184
0ce
0cC
081
0TI
0¢l
001
0ss
0Ly
09¢
0LT
00T
081
0Cl
0€l
00T

0001
08L
08¢S
06¢
0s¢
00¢
orl
ovl
Orl
026
OLL
08¢
06¢
0s¢C
00T
(U4}
ovl
(U8
06L
059
(189
06¢
0s¢T
00T
orl
orl
(U8}

06L
099
0SS
06¢
0s¢
00¢
orl

orl

011
0CL
08¢
09
09¢
0sT
00T
orl
oyl
0Ll
0SS
00S
ocy
00€
0cC
00T
orl
orl
011

0L91
08¢C1
076
019
08¢
00¢
061
061
0SI
(94!
0611
0c6
019
08¢
00€
06T
061
Uy
0Lcl
0101
08L
0LS
08¢
00€
061
061
0ST

0cL
029
(USY
09¢
0€T
061
0€l
o€l
ort
0¥9
0€s
0ey
ore
0€T
061
0¢l
0¢tl
(U8
068
061
08¢
06T
0ce
061
o€l
o€l
(U8}

0¥01
018
009
(U4
09¢
0lc
orl
orl
011
0L6
018
009
oly
09¢
01¢c
orl
orl
oLl
0¢8
089
(U2
(184
09T
0lc
orl
orl
011

0¢8
00L
08¢
(U4
09¢
0lc
orl

ovl

Orl
0SL
029
061
08¢
09¢
0Ic
orl
orl
(U8
06S
0SS
ovy
0ce
(U4
0lc
orl
orl
OrT

0S1
0csl
09¢1
0s6
0€9
06¢€
01¢
00T
00¢
0ST
0ocel
0901
08
009
06¢
01e
00T
00T
0S1

orL
019
0cs
09¢
ove
061

0€l

o€l

011
099
0SS
0sy
0S¢
0rc
061
0€l
0¢l
0Ll
019
(U89
06¢€
06T
0cC
061
0€l
o€l
011

0901
0¢8
019
ocy
0LT
0lc
orl
orl
0Cl
066
0€8
019
0cy
0LT
0Ic
orl
orl
0cl
0s8
00L
0SS
ocy
0LT
0lc
orl
orl
0TI

0S8
0CL
009
(47
0LT
0l¢
orl
ovl
0cl
OLL
0€9
00s
06¢
0LT
0Ic
orl
ort
0zl
019
0LS
0sy
0ge
0rc
0lc
orl
orl
0Cl

ovLl
orel
096
0¥9
06¢
0re
00T
00T
0s1
0sS1
08¢I
096
0¥9
06¢
01¢
00T
002
0s1
ovel
0L01
0€8
019
06¢
0le
00T
00T
0S1

018
0IL
09¢
06¢
0s¢
0lc
orl

L4}

0Cl
0cL
009
061
06¢
0s¢T
0Ic
orl
orl
0cl
0L9
0SS
0ey
0ce
0s¢T
0lc
orl
orl
(i4}

(7481
088
059
(147
06¢
0€e
0S1
0S1
0cl
0801
088
0s9
(V24
06C
0€T
0ST
0ST
0cl
ore6
0SL
009
(U124
06T
0€T
oSl
0S1
0Tl

'O ‘uojSuryseAy ‘UoneIdossy Jaded 2 15910, UBDLISWY 9y} JO AS9)In0))

0€6
008
059
(U4
06¢
0¢€e
0S1
0s1
0ocl
0€8
069
0SS
0ey
06T
0€T
0S1
0ST
(741
00L
0€9
081
09¢
0LT
0€T
0ST
0S1
0cl

0€81
00¥1
0101
0L9
ol
0ce
0lc
0lc
091
0991
0LET
o101
0L9
oly
(43
01¢
01¢
091
(474!
0SI1
068
099
(184
0ce
0lc
0lc
091

0101
098
059
0sy
06¢
[Uxd
091
091
ovl
098
ovL
019
(V94
06C
(U4
091
091
ovl
06L
059
0TS
00
06T
(U4
091
091
orl

0Lcl
0001
(U73
00$
0ce
09¢
(VA
OLI
orl
0Lcl
0001
OovL
00S
0ce
09¢
OLT
OLT
ovl
0L01
068
0CL
00S
0ce
09¢
OLT
OLT
orl

481
066
OorL
00$
0ce
09¢
0Ll
0Ll
orl
086
0€8
089
00S
0ce
09¢
OLT
OLI
orl
(U5
ovL
08¢
(V24
0ce
09¢C
OLT
OLT
Ui}

020T
0sS1
OTTI
ovL
09%
09¢
0€T
0€T
081
or6l
0ss1
OITI
ovL
09
09¢
0€T
0¢e
081
0€91
0cel
0€01
ovL
09y
09¢
0€T
0€T
081

‘UOTOoUUOD JBAYS J[SUIS
1204108

I

8/L

y/e

8/¢

[

9l/L

8/¢

91/S

v/l al-€

8/L

143

8/

[

91/L

8/¢

oL/S

v/ (A%

8/L

143

8/S

!

9l/L

8/¢

91/S

¥/T v/e-1



Appendix B

“dn parade; oy Jo YISua] oY) opN[OUT 10U [[BYS JOQUIST UTRUI

ur uonjenouad peaIy) Jo YISuT ToqUISW urew Jjo ureld apis ojur uonenauad peary) jo your 1od spunod ut are (41) senfea USISIP [EMBIPYIIM PAJRINqR], SAION

'O ‘uoISuTYSEA\ ‘UOTIRIO0SSY Joded 29 1SO1I0] UBILIOUIY ) JO ASAUN0)  [22410§

L9€ 6£€ 11¢g 182 0sT 81T s8l L91 6v1 o€l 011 1€°0
|§24 L0V €Lg Lgg 00¢€ 9t T 00T 6Ll 961 el €0
09 ey 63¢ (493 €1g €17 1€2 60T 981 €91 LET 9€°0
6Ly iy Sov L9€ 9z¢ $8e vz 81T 61 691 vl LEO
861 19% (72 18¢ ove 967 15t LT 20T oLl 6v1 8€°0
816 6Ly set L6€ €€ 80€ 192 9¢T 01T €81 51 650
8€S L6 Ss (4% L9€ o0ze 1.2 Sve 81T 061 191 ov'o
655 916 €Ly 8Tk 18¢€ (433 182 ST 97T 861 L91 170
6LS 3 061 b s6¢ vhe 162 9z ST 50T €Ll wo
009 ss 805 6SH 60 LS€E 20¢ €LT £re 4k 6L1 €70
129 LS szs SLy €Ty 69¢ (413 €8¢ (494 0Tz 981 70
99 €19 798 805 €5k S6¢ ee 20¢ 69T S€T 661 970
989 €9 08S sTs L9¥ 0% Sre (413 8LT we 50T L¥'0
0€L L9 L19 655 6% ey L9€¢ (433 967 85T 81T 610
(49 $69 9¢9 9.8 €1s Ly 8LE e s0€ 99z see 050
SLL 91L 959 £6S 82§ 19% 06¢€ €6¢ vig LT (434 150
898 708 vEL 99 765 916 LEY s6¢ (493 L0E 09T 50
0v6 698 S6L 61L 179 655 €Ly 8T 18¢€ (433 182 85°0
911 8L01 L86 €68 96L 69 L8S 1S €Ly €l 6v¢ L9°0
€611 €011 6001 €16 €18 60L 009 7S 14 Ty LSE 89°0
€12l 9L11 LLOT L6 898 LSL 09 6LS 916 oSt 18¢€ 1L0
Lzgl 9zl €Tl 9101 506 63L 899 09 8¢S 69 L6g €L°0

ulp/L-L Cuig/l-L UL Cuig/Z Culp/g Culg/S  Culg/L W9/ Cuig/g Cul9L/s  Culp/) DRSIUID)

ayadg

@ ‘“19)3wiel(] ueys papealypun MaLds Seq
uoNE1)aUI4 Peasy] Jo Youj 13d spunod

(M) sanjeA uSisa [eMEIPYHAA DUIIIIY MAIDS e
91°'d 319vVL

390



Appendix C: Steel

391



Appendix C

392

91/€1 8/1-1 0560 9L 0SH0 19 059 91/¢ 8/€  0SE0  8/50C L0z 0l o X

ﬂ ﬂ 91/€1 v/1-1 v0'l 91/6  SESO U9 €59 91/¢ 8/ 08€0  8/L-0CT 80T Lyl +0§ X
L€ 8/€-81 91/€1  9I/S1 SI'1 8/ 0S9°0 U9 959 91/¢ 8/ SOY0 1T I'ie L91 LSX TTM

91/€1 8/I-1  0£6'0 9l/L O£ 0 8/1-8 vI'8 91/¢ 8/ 0SE0  8/5-0C 90T 141 a8 X

91/€l  9l/E1 01 Ul TS0 ¥/1-8 s 91/¢ 8/ SLEOD  P/E0CT 80T 791 WSEX

o1/61  91/51 Tl 8/ S19°0 v/1-8 vT'8 91/¢ 8/ 00Y0 1z 012 €81 X

8/L 8/€-1 61'l 9I/I1 890 v/1-8 LT3 Al 9l/L  0£F0  8/1-1C I'ie 00T +89 X

8/L 91/LT Al viE  ObLO ¥/1-8 0€'8 /1 9I/L  SSFO  #/1-1T TIe ST vELX

8/L UI-1 vl 9I/61  SE80 8/€-8 9¢'8 /1 UL SIS0 8/ETIT vIe YT 2E8 X
u1-s 8/€-81 91/51 8/5-1 Sl 91/S1  0£6'0 8/€-8 ws 91/S 91/6 0850  8/5-1T 91T €17 €6X1TM
(upagen  (uny  (upy  Cup™y CupTPy  (un?) ‘ssawpiyy (un’q ‘ypim cu T (un™ssawpiyy (un p pdag (z"un) adeys

IqROM T v ‘eary
Jdue)sig JSuey4 qaM

suoisuawi( (e)

sadeys A
§)93Ys eje( suoisudwi( 3y} mojjo4 adeys yoeqg jo eyeq sansadoigd
1’2 3149VL




% (panunuod)
” (A% 8/G-€1 143 9l/1-1 LyL'0 8/¢ SPe0 a-s 0SS 8/1 ! 050 Y/E-C1 LSl 89°L 229X
(2 8/6-€1 vi€ 8/1-1 w80 9l/L 0¥¥°0 =S 13 8/1 ! SLTO 8/L-S1 6°Gl (AN e[EXOTM
v/€ 8/1-1 €80 9l/L 0€¥°0 L 669 ol/€ 9l/s S6¢0 8/L-S1 6°GI 901 29E X
oL/l ol/e-1 L06°0 7l S0S°0 L 00°L ol/g SIS S0e0 91 091 811 0F X
oL/l VI1-1 L96°0 91/6 §9¢°0 L Y0'L 9l/e 8/¢ Sreo 8/1-91 191 el eGP X
oL/l 9l/s-1 €01 8/S 0€9°0 8/1-L LOL 9l/€ 8/¢ 08¢0 ¥/1-91 €91 Lyl 206 X
Sg/1-¢ 8/G-€1 8/L 8/¢-1 4! Ol/T1 SIL0 8/1-L crL ! 9l/L 0€¥°0 8/€91 791 891 LSX9TM
I 91/671 LO'1 ol/T1 §99°0 ¥/1-01 (40! ol/€ 8/¢ S6¢°0 8/€-91 €91 Lel eL9 X
91/1-1 8/6-1 9I'l viE 09L°0 ¥/1-01 €01 ¥/l 91/L SSy'o 191 91 9'ce LL%
9l/1-1 v/E-1 8C'1 8/L SL80 8/€-01 0l ! ! §Ts0 ¥/€-91 891 9t 68X%
%Y v/1-€1 8/1-1 8/L1 6¢'l I $86'0 8/€-01 0l ol/s 91/6 G850 L1 0Ll §'6C 001 %91 M
1243 8/1-1 LT80 9l/L Sero 9 009 ol/€ ol/s 00€°0 Y/E-L1 L'LT €01 eGEX
% % ol/el ol/e-1 LT60 [ §¢s0 9 209 ol/€ ol/s SIe0 8/L-L1 6°LI 811 «0F X
ol/1-€ [A%Y! oL/l v/1-1 10'1 8/ S09°0 9 909 ol/€ 8/¢ 09¢°0 81 181 gel 0P XBIM
A A oL/l v/1-1 ¢L60 91/6 0LS°0 al-L 0S'L ol/g 8/¢ §se0 81 081 Lyl 206 X
oL/l ol/s-1 €0'1 8/ 0€9°0 al-L €SL ol/€ 8/¢ 06€°0 8/1-81 1'81 44! eG6 X
oL/l 8/¢1 ort1 9l/T1 $69°0 l-L 9S°L ! 91/L SIv'0 ¥/1-81 ¢8I 9Ll 209 X
8/L 9l/L-1 SI'L v/€ 0sL0 8/S-L 6S°L ! 9l/L 0S¥°0 8/€-81 81 rel 9%
o0/1-¢€ A%yt 8/L -1 171 oL/l 0180 8/G-L 9L ! ! S61°0 /1-81 ¢8I 8°0C [LX8IM
A A 9L/T-1 9l/6-1 801 9l/T1 089°0 11 011 ! 9l/L S0 ¥/1-81 (1! €7 e9L X
ol/1-1 8/6-1 LT'T 1243 0LLO 8/1-T1 (8! ! ! 08%°0 8/€-81 81 £6C 98X%
8/1-1 v/E-1 LTl 8/L 0L8°0 8/1-11 I'T1 ol/s 91/6 geco 8/G-81 981 ¢'8¢ L6X%
8/1-1  9l/El-1 vel 91/51 0v6°0 v/1-11 [ 91/s 91/6 065°0 v/e-8l1 L'81 Ile 901 %
or/e-1  9L/SI-T 'l ol/1-1 901 v/T-T1 €1l 9l/s 8/S §S9°0 6l 06l rse 611X
ol/e-1 91/1-C 091 ol/e-1 0Tl 8/1-11 (! 8/¢ 9L/l 0L9°0 ¥/1-61 €6l 8¢ 0grx
ol/e-1 91/€-C Ll oL/S-1 (4! v/I1-T1 (! 8/¢ v/€ 0€L°0 a/1-61 gol ey evIx
Y/T-1 8/€C 8’1 9l/L-1 4! VIT-T1 €1l 9l/L 9L/l 0180 y/€-61 L6l €9 8GIx
8/1-G1 v/T-1 91/LT 661 9l/6-1 651 8/€-11 ! 9l/L 8/L 068°0 0¢ 00¢ €18 SLIX
A 8/1-1 91/LT SI'e v/E-1 SL'1 111 SIl ! 9l/S1 096°0 8/€-0¢C ¥'0C 98 (418
@) ol/e-1 91/6-C 1€c 9L/ST-1 16'1 <1-11 911 91/6 ol/1-1 901 8/6-0¢ L0c 129 [ex
X ol/e-1 v/€C Isc 8/1-C Ire 8/G-T1 LTl 8/S ol/e-1 o'l Ic I're 8'89 pPETX
.m w/T-1 € 0Le 91/5C 0€¢ v/E-T1 811 8/S v/1-1 8C'1 ¢/1-1¢T §'1c 6°SL p8STX
%- oL/S-1 9l/¢-€ 00°¢ [2A%¢ 0s'c 8/L-T1 611 9L/l 8/¢-1 or'1 8/L-1C 6°1C £'e8 pETX
Ml ¢1-s /161 8/¢-1 9l/L-€ (4 Y/e-C LT 4! 0l 4 (78! 4! 8/¢-CC £7C 9’16 plTEXBIM



m A A 91/L71 (4 1€l 9l/IT  0IL0 Ul Sl i1 91/L  OFFO

5 9UL T 9I/1T 8¢’ vIE  08L0  8/SHl 9v1 /1 UL S8K0

S UL 91/ET ! 8/L 0980 8/l 9v1 /1 UL STS0

oy U1 /1T ¥l 91/ST  OF60  8/S 1 Ll 91/§ 91/6 0650

< U1-s o1 91/6-1  91/5-C €91 I €01 el Lyl 91/§ 8/S  SP90

A A 91/6°1 8/€-C 691 91/1-1 601 TSI 9 8/€ 9I/IT 0890

91/671 U1T 6L'1 91/¢-1 61’1 8/5SI 961 8/€ v SPLO

8/5-1 8/5T 161 91/5-1 €T 8/5°61 LSl 91/L 91/£1  0£8°0

91/11-1 vIET 0T 91/L-1 A N /TN LS 91/L 8/L 0680

91/11-1 8/LT 91T 91/671 9¢'T  p/EST 8¢l Ul I 0860

/g1 € ®€T /g1 wr 8ISl 6'S1 91/6  9/I-1 L0°1

9I/EI-T  9l/E€ 6v'C 8/L-1 681 91 091 8/S  9l/Erl 81'1

8/L-1 8/€-¢ 19T 91/1-C L0T  8/1°91 191 91/11 91/5-1 6T'1

9I/ST-T  91/6€ 98T /1T 9T /191 91 viE 9L 171

z /g€ L€ U1 Ly /€91 91 91/€1 91/6°1 143!

81/1-T  91/S1-€ 9Te 91T 99T TUI9I $91 91/€1 8/5-1 991

8/1-C 8/1-% e 8/LT €8T  8/591 991 8/L 0 LLT

8/1-C 9P €9°¢ 91/1-¢ vO'E /g9l L91 91/51 8/L-1 88'1

/1T Ul 18°¢ 91/¢-¢ IT¢  8/L91 891 I z 07T

91/5T  9I/ElF o1y Ul-€ 0S¢ L1 0Ll 8/1-1 91/¢T 61T

8/€T 8/1-S Wy 9lElE e P/I-LL TLL 9Ll /€T 8T

€TUI-L€ YT 9ULS 9Ly 91/¢p 91y /gLl vLL 91/STT 8/5T 09T

S£T/1-L€ 8/S-T  91/E1-S s U1y WY 8ISLI LLT QUL T 9/ElT €8T

£ YlLE 01 vIET  91/E79 IS 91/SI-p 167  8/L-LI 6LL  91/67] 91/1-¢ L0€

(upaden (upy Cuply  (up Py (upPy  (un’‘ssawpiyy (un’q ‘Yppim (un-& (‘un ™ ‘ssawpryy

s|qeyiom D

Jdue)siq Jueyy4 qaM

vl 0l
8/1-1 Tl
8/€-P1 €1
U1 Sl
8/S-p1 Lyl
/eyl 8Pl

Sl 0l
/161 (49!
U1-st Sl
pIE-ST LS

91 091
8/€-91 )
PIE91 L9l
8/1-L1 I'L1
UL SLI
8/L-LT 6'L1
P/1-81 €81
8/5-81 L8l

61 06l
8/5-61 961
/1-0C ToT
8/L-0C 6'0C
8/5-1¢ 91T
8/¢-CC e

Cun p ‘ydag

9T
1'6C
0'ce
(Y
8'8¢
LTy
L9y
8IS
89S
079
<S89
9°CL
€e8
16
101
601
LT'T
St
Vel
Ly1
91
8LIT
961
SIe
(z'un
v ‘ealy

406 %
966X
601 X
0TI X
CETXPIM
S4B
6S1 X
9LT X
€61 X%
11X
€eTX
LSTX
pE8TX
pITEX
pChEX
pOLEX
p86E X
p9TH X
pSST X
p00S X
p0SS X
pS09 X
pS99 X
POELXPTM
adeygs

sadeys M

$]39Ys eje( suoisudwi( 3y} mojjo4 adeys yoe3 jo eyeq santadoiy
(panunyuod) 13 319V1L

394



395

Appendix C

(panunuod)
8/L 8/¢-1 w1 7l SIS0 8 108 ol/g ol/s S6C0 cl 611 L1l (U2
% % 9L/S1 8/¢-1 801 91/6 SLSO 8 c0'8 ol/€ ol/s ceeo Cl el el Sy x
a1 v/1-6 9L/S1 a1 40! 8/ 0¥9°0 8/1-8 808 ol/€ 8/¢ 0LE0 Y/1-Cl (44! oYl 0SXTIM
Uli-s ¥/1-6 91/s1 8/¢-1 8I'1 91/6 SLSO 01 001 9l/¢ 8/¢ Sre0 4! el 96l (3%
(A% ¥/1-6 9L/S1 ()t Yol 8/S 0¥9°0 0l 00I1 9l/€ 8/¢ 09¢°0 ¥/1-C1 el 0L1 8EXTIM
A A I ()t 01 8/S §09°0 4! 0cI 9l/g 8/¢ 06¢°0 8/1-CI el rel aS9X
ol/1-1 9l/6-1 LT1 l/T1 0L9°0 1! 0l ! 9l/L 0€¥°0 ¥/1-Cl €7l I're CTLX
ol/1-1 8/6-1 €e'l 1243 SEL'O 8/1-C1 el ! ! 0L¥°0 8/€-Cl 1! ee 6LX%
ou/1-1 ~ 9UTI-I 1! Sl/el 0180 8/1-C1 el ! ! SIS0 /1-cl STl 9°6¢ L8X
8/1-1  9l/El-1 0s'1 8/L 006°0 8/1-C1 el ol/s 91/6 0550 Y/€-Cl LTl (414 96 %
8/1-1 8/L1 651 I 0660 v/1-Cl el ol/s 8/S 0190 8/LCI 6CI cle 901 %
ol/e-1 [4 oL'1 8/1-1 Il 8/€-Cl €7l 8/¢ 9L/l 01L0 8/1-¢€1 I'el £6¢e 0TI %
Y/1-1 8/1-C S8l V/1-1 STl 8/€-C1 41! 9l/L ol/el 06L°0 8/e-¢l1 Vel 6°6¢ 9¢1 %
Vi1 91/6C 00¢C 8/¢-1 (U4 ¢/1-cl gl 91/L 8/L 0L8°0 Yie-€l Lel Lvy [49 8
91/61 91/LT 9I'c 91/671 9¢'1 8/6-CI1 9¢l ! 9l/S1 096°0 4! ovl 0°0S 0LTx
8/€-1 8/SC €€T v/e-1 L1 8/6-C1 LTl 91/6 9l/T-1 901 8/evl ad! 8'CS 061X
ol/L-T  9l/EIC 0sC 8/L-1 06'1 v/E-Cl 8CI 8/S ol/e-1 811 iZ4md! Lyl 819 0rex
or-1 9l/sI-C L9T 9l/1-C L0C 8/LCI 6¢CI 9L/l 9l/6-1 6C'1 Sl I'SI L'L9 p0ETX
-1 8/1-¢ G8'C ¥/1-C §Te €l 0¢l 9L/l 8/¢-1 or'l 8/€-S1 Sl 0vL pCSTX
8/6-1 8/¢-¢ LOE (A% Lv'C 8/1-¢€1 I'¢l 14 -1 €51 8/L-S1 6°GI 6’18 pOLTX
8/6-1 8/6-¢ 0ce 9I/T1-C IL'C v/1-€l1 el 9l/gl 8/6-1 €9'1 8/€91 €91 968 pSOEX
a1 8/1-6 Ol/T1-1 8/L-¢€ Se'e 91/S1-C 96'C 8/€-€1 el 8/L viE-1 8L'1 8/L91 891 8'86 POEEXTIM
Y/e-C 8/G-11 143 9l/1-1 SeLO 9l/S SeL’0 S 00°S 8/1 ! 0€C°0 y/e-€l Lel 6v'9 e(CX
W/EC 8/S-11 viE 8/1-1 0280 9l/L 0o S €0'S 8/1 ¥/l ¢sco 8/L-¢1 6°¢l 69°L OTXPIM
(A 1243 8/1-1 G8L0 8/€ G8¢°0 ¥/€-9 €L9 8/1 v/l 0LCT0 8/L-€1 8¢l 688 )€ X
(A% % 1243 9l/e-1 G680 9l/L SSv'0 ¥/€-9 SL9 ol/€ ol/s G8C0 14! ovl 001 g X
o0/1-¢€ 8/G-11 oL/l v/1-1 S16'0 al SIS0 ¥/€-9 LL9 ol/g ol/s 01¢0 8/1-v1 'yl [an! BEXTVIM
ﬂ % I 8/¢-1 (4! ! 0€s°0 8 008 ol/g ol/s S0e0 8/G-¢€1 Lel 9Cl eEY X
I 9l/L-1 (! 8/ $6S5°0 8 €08 ol/€ ol/s 0¥€0 y/E-€l 8¢l I'vl 8¥ %
Uli-s 8/L-01 I u1-1 STl 9I/T1 0990 8 90°8 9l/¢ 8/¢ 0LE0 8/L-¢1 6°¢l 9°¢l ESXVIM
I -1 Yol 8/S S¥9°0 01 001 9l/€ 8/¢ SLEO 8/L-€1 6°¢l 6°L1 19X
Ol/T-1 9l/6-1 el v/€ 02L0 0l 00I1 ! 9l/L SIv'0 4! ovl 00¢ 89X
ol/1-1 8/6-1 8¢l ol/el G8L°0 8/1-01 ol ! 9l/L 0S¥°0 8/1-v1 vyl 8'1¢C LX
%Y 8/L-01 ou1-1 ~ 9UITI-1 vl 8/L G680 8/1-01 ol ! ! 0150 A%yt £l 0ve BXVIM



Appendix C

396

A A 91/€1 /11 901 91/6 0950 01 001 91/¢ 91/ 0¥E0
91/€1  9I/S1 (AN 8/ S19°0 01 001 91/¢ 8/ 0LEO
91/€1 8/€°1 8I'1 91/I1 0890  8/1-01 101 ! 91/L  0TFO
8/L  9l/LT LTl vIE  OLLO  8/1-01 1ol v/l Ul OO
8/ 91/671 LET 8/L  0L80 /101 zol v/l UL 0ES0
91/ST  9I/11-1 ov'1l I 0660 /101 €01 91/§ 8/S  S09°0

I 9l/gl-1 91 8/1-1 T 8/E0l €01 8/€ 91/IT 0890

UI-S UL I 91/l L1 v/1-1 ST1  8/E01 701 8/€ vIE  SSLO
91/6 v STS0 vl STTO ¥ L6'€ 8/1 91/€  00T0
91/6 9I/ET  $950 vl S9T0 v 66'¢ 8/1 vl 0TCT0
91/6 8/L  0S9°0 8/ 0SE0 v 10+ 8/1 vl SETO

/1T 8/€-01 8/S 9I/ST  STLO 9L STHO v €0y 8/1 vl 09C0
viE  9U/ITT 0890 8/€  08€0 U9 6v'9 8/1 vl 0€TO

ﬂ ﬂ /g 8/1-1 0L 9I/L  OFFO U9 9 8/1 vl 0920

€ 8/1-01 VI 9l 0T80 UL 0TS0 U9 969 91/¢ 91/  00£0

(upagen (upy Cuply  (upPy  Cuphy  (un?‘ssawpiy) Cu)’q ‘Ypm cun & (un ™y ‘ssawpryy
a|qexiom )
Joue)siq Jdueyy4 qoM

01 001
8/1-01 101
¥/1-01 o1
8/€-01 ol
8/5-01 901
8/L-01 801
8/1-11 I'T1
8/€11 !
8/LT1 611

4l 0zl
8/1-CI1 (4!
¥/1-C1 €7l
¥/1-C1 (4!
8/€Cl €Tl
u1et STl

Cun p ‘ydag

44!
8¢
9Ll
00¢
9'CC
6°SC
¥'6C
6°C¢
91y
Ly
LSS
879
9L
6L'8
€01
up
v ‘ealy

6v %
PeX
09X
89X%
LLX
88X%
001 X
CIIX0IM
e[ X
91 X
w61 X
CCXTIM
29TX
+0g X
eSEXTIM
adeys

sadeys M

§)99Ys eje( suoisudwi 3y} mojjo4 adeys yoeg jo eyeq sansadoiy
(panunuod) 13 319VL




397

Appendix C

ob/1-C

V/€-C

a1-s

8/€-8

V/1-8

ol-L

91/6
91/6
91/6
8/
8/S
9I/11
9l/T1
143
ol/el
oL/l

143
ol/el
8/L
91/s1
oL/S1
ol/1-1
8/1-1
8/1-1
ol/e-1
ol/s-1

0150
0LS°0
0€9°0
$69°0
099°0
ovL'0
0180
§€6°0

€01

[4N!

ol/e
Y/l
ol/s
8/¢
8/¢
ol/L
[
9l/L
!
8/S

01¢0
0LT0
0€e0
S6¢£°0
09¢°0
o0
010
SEV'0
0€5°0
0290

<+ < <

y/e-S
Y/e-S
/e

ISY0S =" PIM B[ 7O UONOS Uoneoyroadg ur Ieays 1o iy 477y oy 1eaw jou soop adeys ,
1°gV uonoseg uonesyrads DSTV Iod Ajdde Aew sjuowanmbai [eroadg ur g uey) 1018013 ssouyony) oSuel ,

96'¢
00y
10%
wv
SL'S
LL'S
I8¢
96°'L
66'L
w8

*Kymqnedwos 2Isua 03 UoNdds SSOId AY) Jo ANowoas oY) Yim paredwod oq prnoys syuauodwiod J9US)ISES JO UONLIUSLIO PUE ‘UOTIBUIUIOD ‘dZIS [eNOE AL, S

“ISYOS =4 Y aInxap Jog jru 30edwod spasoxa adeys q

180G =" Y uorssaidwod 10y 1opuafs st odeys .

I ‘0Sed1y) ‘uonoNnsuo)) [9931S JO AMNSU] UBDLISULY JY) JO ASIUN0D) 224108

8/1
8/1
8/1
8/1
8/1
8/1
9l/e
9l/e
ol/e
ol/g

9l/e
P/l
v/l
v/l
Y/l
P/l

9l/s

91/s

ol/s
8/¢

061°0
0€C0
0rco
0SC0
0¥c0
09C°0
00€°0
06C°0
SIe0
0S¢0

8/L-6
01
8/1-01
¥/1-01
8/1-01
8/€-01
<101
Y/€-6
8/L-6
8/1-01

L8'6
001
101
40!
(4!
€01
S0l

€L'6

6'6
1'01

ys'e
vy
66V
[RY
6v'9
19°L
788
IL'6
11
el

qeCl X
oSl X
el X
61X0TM
vCCX
9T X%
0EX0TM
£eEx
6¢X

S2J0W'N



¢ 00€°€€ 8€e
5 000°8€ L'vb
m. oov'sy 9'8¢
a 001°0S L'8L
< 009°LS €01
00669 el
002°9L LT

011’ 0LLO

0LS'T P11

061°€ LL'T

0S6'€ €080

086°F YTl

096°S €8’

09L°9 SH'T

01t'L 0€

0£9°8 vey

066 €0'9

Gun™>  Guyf

sanaadoayg
Jeuoisiop

S8l
981
881
06l
col
7’6l
961
¢
€0¢
'0C
0T
€0¢
0T
'0C
S0C
90T
L'0C
(un‘y

vee
8C'¢
(4%
LEE
e
Ly’
£5°¢
091
Yo'l
89°1
S0¢C
I1'e
SI'e
LT'C
61'C
1ce
yee

Cup*s

901 9L'C 8'89 16€ 86¢ 0C'8 144 (11943 081 8¢S°¢
611 6L'C 89L (01474 (4474 8T8 08¢ 0L8¢ L91 LTE
€l 8T £'s8 c6t 06t se'g 61t N33 I's1 0°€
6yl S8'C 8°C6 8¢¢ 6vS v'8 99+ 0061 8¢l 9L'C
991 88'C LOT 879 119 €68 145 0I¢sS STl 9¢'C
G81 16C SII 0L 9L9 19°'8 S9¢ 0LT9 [ 8¢T
LOT S6'C el SoL PSL L8 79 0L69 701 61°C
o1 9C'1l LE9 L0C 'S6 90'8 9’18 €8 9'¢S L
! 0g'l 9L 6'1vC Ol SI'8 Sv6 786 'ov 019
STl Se'l S 9'0¢ 6¢Cl 9¢'8 ITI1 OLTT €9 v0°S
611 99°'1 56 L'8¢ LOT vC'8 0'¢6 6S6 9°¢S LY'6
Y81 €Ll S'I1 '8P 91 01’8 011 (01488 0°0S L8'L
L'1C LL'T oVl LS 144! S8 LTI ogel 691 0L'9
7'vC 08l LS L9 091 098 orl 08%1 9'er 70'9
99T 181 0Ll 9°0L Ll 798 161 0091 vy 09°¢
013 €8'1 S6l 7’18 961 L9'8 ILT 0€81 '9¢ 00°'S
L'vE 78°1 1'CC 676 1CC 0L'8 61 0L0C (43 €Sy
Guz  (uws  us  Guyy Gu)z  (upd Gu)s G e k4
y 'q
A—A SIXY XX SIXY BLID)D

uondas edwo)

SLI
6l
e
14X
8¢
€8¢
TTEX8IM
124
0S
LEXTTM
8y
99
9
89
€L
€8
€6 X1TM
adeys

sansadoid (q)

sadeys A
1’2 3149V1L

398



399

Appendix C

(panunuod)

000°L81 1459 191 Y (443 ey 6¢€¢ 088C 0s01 8v'L 8¢€8 01Z'8 Ics €V'C 00S

000'61C 699 91 9¢'¢ €8¢ 6v'v 8LE 0sce 0811 €9°L 1€6 0€Y'6 6Lv §Te 0SS

00085 698 891 'S 59 SSv €y 089¢ 0zel 08°L 0r01 008°01 6¢v 60C S09

000°50€ 0CI1 'Ll LSS 0€L v Ly 0LT¥ 08¥1 86°L 0STI 00¥°CI €0y S6'1 S99

000°29€ 0S¥l SLI 89°¢ 918 69'% LTS 0CLY 0991 LT'8 08¢C1 00€Y1 Ire (40 0ELXVIM
S9¢ 2970 €<l 8¢'1 8Y'¢ (4! 6¥'¢ 65°6 (4% 9C'9 P8¢ 10€ 8'9¢ L6'L 9¢
6¢L 19%°0 4! wl €0'L LT'T 67’ 1! 0vs 79 Ly SLE 9IS 8¢9 1EX9TM
09%°1 S¥S0 43! €8l 801 (43! 00°L ST 09 Is9 §'9¢ 8y 14 48] 9¢
0€L’T Y6L°0 Gsl 98’1 LTl LS'T T8 6'8¢C 0€L €99 L'v9 8IS Sor €69 U4
066°1 I 9°¢l1 881 Syl LS'T 6 8'C¢E €8 S99 LeL 98¢ 'y €9 94
0LTT (4! 961 681 €91 651 S0l LE 07C6 899 018 659 V'LE 19°¢ 0S
099°C we LSl 'l 681 091 el ey SoI L9 6 8SL 0¢e 861 LSX9TM
00€°L 6£C L'S1 8T gse 9'C cee 6l1 0€l 969 LTI ¥56 6'S¢ 0L'L L9
06S°8 LS'E 8¢l G8'C 'ty Ly'e 6'9¢ 8¢l oSl 00°L Pel 011’1 le LL'9 LL
00T°01 Sv'e 6°C1 88°C ['8¥ 6%'C vie €91 SLI SO'L SS1 00€°1 0°Le (4 68
00611 EL'L 091 [4x4 6'vS Isc L'Se 981 861 or'. SLI 06%°1 €VC 6C°¢S 001
ovI‘l 905°0 €Ll (43! 908 wl 459 €C1 $'99 v0'L 9'LS 0rs %Y 90°L Se
(Vi 0180 VLT 961 001 LT ge9 el ¥'8L L ¥'89 (48 6°0S EL'S (Ug
ozL'l wl S'LT 8¢'1 L1l 6C'1 V'L gce L06 STL 8'8L CIL 9y 10°¢ O XBIM
0v0°c Yol VLI 861 991 S L0l rov 101 8¢°L 6'88 008 sy LS9 0S
0Er'e 991 S'LT 00C S8l L9l 611 6 vy 41! 'L £'86 068 'ty 86'C 99
0S8°¢ LT'C SLI T 9°0c 891 el oS ecl LY'L 801 786 L'8¢ 1447 09
ove'y €L'T 9Ll €0C gce 691 ad! 8¢ eel 6v'L LI1 0L01 L'se 90°¢ S9
00L'y 6v'¢ L'LT S0C L've oLl 8°¢Cl1 €09 Bid! 0s'L LTl OLTI e L'y [LX8IM
00LTT €8°C SLI we (x4 19¢ 9'LT 4! €91 EL'L Il 0¢el 8'LE 178 9L
009°€T orv 9Ll So'e 14 €9C 9'l¢ SLT 981 LLL 991 0€sT yee 0T'L 98
008°S1 98°'¢ L'LT 80°¢ (Y §9C 1'9¢ 10T 11c WL 881 0SL1 00¢ 79 L6
00¥°L1 8¥'L 8Ll ore S'09 99°C v'6¢ 0ce 0€¢ 8L ¥0¢ orel cLe 96°S 901
00£°0T 9°01 6'L1 ere 169 69°C 61y €6¢ 79¢ 06'L I€¢ 061¢ Sve 1es 611
00LTT Syl 181 ere L9L 0Le 6'6v 8LC 06¢ €08 9¢¢ 09¥C 6°¢€C SOy o€l
00L'ST 6l 41! Lre '8 e gss Ie e 608 [4:14 0sLe 0ce STy evl
000°6C st €81 0c'e 816 LT 19 LyE 9¢¢ 48 0l¢ 090¢ 861 w'e 861



m oree il
3 o¥sT v6'l
& 1Lh 61T
g 8¢S 10°€
< 665 L8€
1L9 LO'S
0091 90y
0081 LE'S
702 L
LTT LE'6
SsT €Tl
00L°T€ TSI
009°S€ L'61
000 Sz
006°St 8pe
00S°16 9
000°6S S'6S
008°L9 1'6L
00L‘LL 01
001°68 o€l
000°€01 8LI
000911 T
000°6Z1 €LT
00071 3
000091 S6¢
('un™ Gun [
santadoag
[euoisiop

el
el
cel
el
el
gel
el
Vel
gel
gel
9°¢l
Lel
8¢l
6'¢cl
0yl
vl
eyl
Syl
Lyl
611
'St
1Y
141!
96l
8°CI

(un‘y

0cc
e
8LC
08C
[4: 4
G8'C
Iy
14d0%
LTy
ocy
€y
Ly'y
ISy
Sy
(%
Yo't
69
SLY
I8y
L8V
6’y
00°S
90°¢
(89
LTS

(un

961 16°1 8Tl 1S ¥'8L e8¢ oL 8% 9°¢e SL9
0ce 6’1 (4! L'LS 1'L8 68°S 8'LL 184S 6°0¢ 119
8'C¢ S 4 gIec LOT 201 86'S 1'26 09 ¥°0€¢ SLL
69¢ 9T (474 K4 SI1 109 €01 L §LT L69
Sor 8¥'C 9'9¢ PEl 9C1 09 48! S6L 4y 19
8 8¥'C £6C 8Y1 6¢€1 S09 €Cl 188 e °6°S
96L oLe 6’6t 9¢ LST 1’9 34! 666 6°SC o1
9'¢8 ILe 49 (404 €LT LT'9 LST OITT €T €6
L'C6 €L'e 19 Ly 61 9 €L1 ovcl L'1¢T 61'8
01 L€ S'L9 S04 Clc ¥T9 061 08¢1 €6l 08°L
€l IL’e SyL 8%S Y€C 8C9 60¢ 0€ST L'L1 SI'L
(531 86'¢ €L8 LL9 09¢ €€9 [4%4 01L1 891 1L
ol 00t 796 8YL L8C 8¢9 14 006°1 (Y ¥$9
€91 oY LO1 8¢8 (1143 £€v'9 18¢ ovl‘e L€l L6'S
081 [S1h4 611 1€6 989 059 0r¢ 00+'C 8°CI S4Y
861 LOY o€l 0€01 06¢ SS9 8¢¢ 099°C 911 90§
| X4 ory Syl 0STT 9¢y €99 SLE 010°¢ L0l o9t
9 €'y 191 0621 L8Y L9 Siy 00v°¢ 1L°6 €Ty
YLC LTy 6L1 (lla4! ws 6L9 6SY ov8‘e ¥8°8 68'¢
¥0¢ ocy 661 0191 €09 889 90¢ 0gEy 60'8 65°¢
8¢¢ YTy 1ce 0181 L9 869 8¢S 006t Iv'L I€¢
0LE LTy 874 0661 9¢L LO'L L0O9 o' 689 ore
0y ¢y 9¢ 0LIT 108 9I'L 9¢9 0009 19 °6'C
ey 1454 €8¢ 09¢T 698 9T’L 90L 0099 809 SLT
89Y 8EY $0€ 095C 9¢6 €C’L 9SL 061°L 99°¢ 9T
(G4 (WHES (eun § Gun 1 (eu) z (un 4 u) § () J ") ¢‘N
q ‘q
A=A SIXY XX SIXy eLIgLD

uo132as edwo)

8
ESXVIM
19
89
YL
BXVIM
06
66
601
0C1
CEIXPIM
94!
651
9LI
€61
Ie
£e¢
LST
€8¢
ITe
[4%3
0LE
86¢
9ty
1994
adeys

sadeys A

(penunuod) 1) 319vL

400



401

Appendix C

(panunuod)
91 €6C°0 611 0’1 99°¢ 8¥8°0 Iee 9 €60 o'y ¥'Sc 9¢S1 8'1v YLV CCXTIM
L09 00€°0 811 SL'T L1'8 1S°1 yes €L TLE LT'S yee ¥0¢ Ly PS8 9¢
0CL LSY'0 611 LL'T 9¢°6 (43! vZ9 £0C ['ey ¥2Y 98¢ 8¢€C 8'1v Iv'L 0¢
6L8 IvL0 0cl 6L'1 SIr ¥S'l LY'L Sve [y Y 9'Sv G8¢ 9¢ 1€9 SEXTIM
vyl 9060 ! Ice 891 ¥6'1 01T I'vy 0°LS er's SIS LOE 9¢e LLL U4
0S9°1 9T'1 SIl €CC 06l S6'l 141! 008 (22 Sre L'LS 8¢ 9'6¢ 00°L 94
088°1 IL1 911 §Te 4 961 6°¢l £9¢ 6'1L 8I'¢ [ 16€ 8'9C 1€°9 0SXTIM
091°¢ 861 Sl 6LC 1ec 8¥'C o6l 8'C6 6°LL €S 90L Sey 8¢ 698 €5
0LS'E 0re 911 8T 43 Isc v'Ic LOT 798 8¢S 0'8L SLy 0°Le (45 8EXTIM
08L'S 81C Sl 8¢ I'vy w'e I'6c vL1 896 8T'¢ 6'L8 €€ 67 w66 9
0vs9 €6C 911 or'e (494 Y0 y'ce sol 801 5% v'L6 L6S 9ce 66'8 L
0€E’L 8¢ 911 ev'e %Y So'€ 8'6¢e 9I¢ 611 ve's LO1 799 L0c [4a] 6L
0LT'8 ors L11 Iv'e 709 LOE L'6g 874 (43! 8¢°¢ 8T OovL 681 8¥'L L8
0176 $89 811 ov'e S'L9 60°¢ 44 0Le Lyl 144 1€l £€8 L'LT 9L'9 96
00L°01 €6 611 e I'SL e £'6v 10€ 91 Ly'S 94! £€6 6°¢1 L1'9 901
00¥°Cl 6CI 0cl 9¢'¢ 768 e€re 09¢ Sve 981 IS¢ €91 0L01 Lel LSS 0Tl
00L 71 S8l el 19°¢ 086 ol'e 9 86¢ 141 8¢°¢ 981 0¥cl €7l 9%V 9¢l
00T°LT 8'CC €ql 99°¢ I 6l¢ 8CL 1454 eve 99°¢ 60¢ 0erl [A8! v (4!
001°0T 9°¢e ¢l e 9¢l we €8 LIS SLT LS 374 0591 1ol €0y OLT
009°€T 881 9Cl1 oL'e evl sTe 0°¢6 68¢ I1e (459 €9¢ 0681 or'6 So¢ 061
00T'LT L'v9 87C1 (423 651 8C'¢ v01 ¥99 8¥¢ 68°C 6¢ oric €C8 LEE 0I¢c
00T°1€ 8'¢8 ¢l L8'E LLT Iee ST L 98¢ L6'S Ice 0cre 9¢’L e 0€C
008°S¢ 801 el £6'¢ 961 vee Lcl 8T8 8y 909 393 0cLe 969 68C [4%4
000°CH vl Vel 00t (44 8¢°¢ 34! LE6 187 91’9 £6¢ orre Se9 99°C 6LC
009°'8% S8l 9¢l SOy e we 651 0501 LES 609 394 0sse 86'C Sv'e So¢
000°LS €ve 6¢l el'y VLT Ly'e LLT 0611 €09 9 €8y 090% Ly'S 97t 9EEXTIM
1412 80C°0 el LTl 6Ey 0’1 08C 00°L cee ¥s's 0°6C 661 £es ov'L [44
Sov 86¢€°0 gel 1€l ys'S 801 Sse 168 oy S £6e SYe 14 86'C 9TXVIM
L88 08¢0 Sel LL'1 66'8 67’1 (459 961 €Ly €L'S oy 16C 1494 L' 0¢
0L0°T 69¢°0 Sel 08°1 901 €51 169 £'€T 9vs £8'C 98y (0j23 ey L v
0€T1 86L°0 9¢l (401 et S 88'L L9t S'19 LSS 9vS G8¢ 9'6¢ LS9 8EXVIM
0s61 SOl el 81'C €Ll 681 €1l (494 969 (459 979 8¢y V'LE YL (94



Appendix C

402

6'0S LYS0°0
£'89 ¥01°0
1'¢8 9s1°0
01 €€C0
SLe 6£C°0
Sve 0¥°0
iy 7290
16L €860
66 9L6°0
00T°1 1S°1
0L0°T 6¢'1
0TeT (40!
0v9°C 81'C
001°¢ 9¢'¢
0€9°¢ s
0gey €S°L
0ST°S 601
0209 'St
708 ¥0L0°0
696 €01°0
Iel 081°0
Gun*>  Guyf
sansadoag
|euoisio]

99'6
L6
8L°6
G8'6
18°6
686
001
0€'6
6£°6
8Y'6
we
8¥'6
¥S'6
£9'6
€L’6
$8'6
001
1ot
L'T1
L'T1
811

(un°y

€860
10°1
701
90°l
SS'1
8¢Sl
091
0C'C
(e
LTT
78°C
98°C
88T
16C
S6'C
66'C
€0'¢
LOE
2960
7860
0’1
Cup s

I ‘0ed1yD) ‘UonoNnsuo)) [33)S JO AMISU] UBILIAUIY ) JO ASIUN0D) 224105

pL1 $8L0 oIl 81 91 06€ 601 g€ 997 €76
0T 0180 St 68'C 091 s6€  8€l 6'89 s8¢ 7L
08 P80 8Ll 95°€ L81 sor 7ol 618 6'9¢ 80'9
see PLEO  PIT 6Tt 91z pIY 8781 £96 bse 60°
019 €1 L6 al 09z wy T 811 6'9¢ 66'L
0s'L 9T 68 Iyl €€ s€v 6Lt Pl 0'rE 959
p8'8 LTSS L91 99¢ 8Y  vTE oLl s6C o'
0t P61 0T6 9'9¢ 88 61t OSE 1L1 LT ST'6
TLl 86'1 €11 sy 89y wy T 602 o' €L
€02 10T g€l pes 67S wr  T6p 8vC oo L9
€8¢ pS'T L8l €6 709 s€v oS ue I'ee €68
€1¢ 95T 90 €01 999 LY 009 €0€ TIT S1°8
(3 LST €T oI 9L 6y L'99 1p€ L8l L
rov 65T 9z pEL €68 vy LSL p6¢ L91 859
&St 09T 1'0€ b1 916 6'r 658 sst g1 98'
1€ €9 g€ 6L1 €11 by S'86 pes 0l 81°
019 9 ooy L0t 0T 9% a €29 o1 oY
T69 89T sy 9€¢ Lyl 99y 9z1 91L Pl Ly
06'1 €0 6l 9T vl vt 6l 9'88 €S 288
97T €LL0 1K1 8T 10z oY TL €01 v6v €52
86C wgo 881 9L'€ LvT wr  £Ie 0T Tor ws
@uz Cwa  @u)s  Gu)l uz  (ups @uys  Gug " "
y ‘q
A=A sIXY XX Sy CHAD

uonoas yedwo)

Cl

Sl

L1
61 X0IM
(44

9C
0€ X0IM
€€

6¢
SYX0IM
67

123

09

89

LL

88

001
CIIX0IM
14!

91

61
adeys

sadeys M

(panunuod) 1D 319VL




403

Appendix C

(panunuod)
192 96L°0 +8/€"1 8/1-9 91/S1 8/€ 06£°0 v 9TT 8/1 /1 0TT0 8 00'8 LEE SIIx
19'L PLLO +8/€-1 8/1-9 91/S1 8/€ 06£°0 8/€T  PET 91/¢ 91/S €0€°0 8 00'8 Y0y LEIX
19'L 008°0 T/ 8/1-9 91/S1 8/€ 06£°0 Ut ST ! Ul L8770 8 00’8 IS¢ L'81%8D
658 €180 +8/€°1 L I 91/L €170 8/€T €T 8/1 /1 €620 6 006 v6'¢ PEIX
65'8 ¥78°0 +8/€"1 L I 91/L €170 UT 6vT 91/¢ 91/S 6870 6 006 Ity SI%
658 880 T/ L I 91/L €1¥°0 8/5T  S9T Al 91/L 8PY0 6 006 L8°S 07X 6D
95°6 698°0 T/ 8 I 91/L 9¢v°0 8/5T 09T 8/1 /1 0rTo 01 001 sty €61
95°6 ¥68°0 T/ 8 I 91/L 9¢v°0 vIET  PLT 91/¢ 8/€ 6LE0 01 001 L8°S 0T
95°6 1160 P/ 8 I 91/L 9ev°0 8/ILT 68T /1 Ut 9750 01 001 YEL gTx
95°6 $T6°0 o/ 8 I 91/L 9ev°0 (3 8/€ 9I/11 €L9°0 01 001 18°8 0€X01D
STl €860 /-1 /€6 8/1-1 ol 10S°0 € ¥6T 91/¢ 91/S 7820 1 0zl 809 L0TX
S11 00'1 P/ /€6 8/1-1 Ul 1050 € <so¢ 91/¢ 8/€ L8€°0 1 0Tl PEL gTx
S11 101 P/ /€6 8/1-1 7! 1050 8/1-€  LI'E /1 Ut 0150 1 0Tl 18°8 0EXTID
vyl €11 (4 8/1-TL 9U/L 1 8/S 0590 8/e€  OP'E 91/¢ 8/¢ 00%°0 <1 0s1 001 6'EEx
g Sl z 8/1-Cl  9l/L-1 8/S 0590 ure  TsE Al Ul 0250 <1 01 g1l orx
vyl LI'T vI1-T 8/1-Cl 9U/L1 8/S 059°0 vieE T 8/€ 91/11 91L0 S1 01 Lyl 0S%S1D
(un’y (up®  (upaden  (upy  (upy  (un’}‘ssawpiyp (un‘q Yppm z  Cup™pssawpry)  Cupp ‘pdag (z"un) adeys
dqe)I0M cup "y v ‘ealy
adue)siq wm:m_“_ OM

suoisuawi( (e)

VNd

—dy

-— 0y

sadeys D

$]99Ys eje( suoisuawi( 3y} mojjo4 adeys yoe3 jo eyeq santadoid

D 114avl




Appendix C

404

€L'T
€L'C
€L'CT
¢€L'T
oL'e
oL'e
oL'e
89
89
99°¢
99°¢
99°¢
€99
€99
€99
(un) oy

SSH0
69t°0
S6+°0
6150
¥TS0
8250
€950
850
L19°0
€490
6990
6890
8690
12L0
8€L°0

(un

*95eS 9[qeIoM © USI[QRISO 0) MOLIRU 00) ST dFue[] ‘—

“Anqnedwod 2Isud 0) UOTIOAS SSOID AP JO ANAWOIT Y} YPIM paredwrod 9q pinoys syuauodurod I19U2)seJ JO UOTIEIULIO PUB ‘UONBUIQUIOD ‘ZIS [eN)IB oY,

- 8/6-1
- 8/6-1
- 8/6-1
- 8/S-1
— [ZA%¢
- (A4
el (A4

- [
e8/1-1 (A%
e8/1-1 8/e¥
e8/1-1 8/ev
e8/¢-1 8y
eb/1-1 v/1-S
P/1-1 V-
P/1-1 v/1-S

(upaden  (uyj
a|qesiom

Ol/T1
ol/T1
Ol/T1
9l/TT
143
1243
1243
1243
1743
ol/el
ol/el
ol/el
8/L
8/L
8/L

Cun y

Y/l
Y/l
v/l
v/l
ol/s
91/8
91/¢
91/¢
91/s
91/s
91/¢
91/¢
8/¢
8/¢
8/¢

€LTO
€LT0
€LT0
€LT0
96C°0
96C°0
96C°0
0ceo
0ce0
£veo
£ve0
€re0
99¢°0
99¢°0
99¢°0

(u)y ‘ssawpiy

8/€-1 LT
8/¢-1 1
U1 08T
8/s-1 091
8/5-T  S8ST
8/5-1 8’1
viE-T Tl
vIE-T  SLT
8/L-T 681
8/L-1 61

T €0¢
8/1-C 91T
8/1-C 60T
Y/1-T 61'C
v/1-C 0€T
(un‘q ‘ypm

*I ‘0Sed1y) ‘uonoNnsuo)) [933S JO AMNSU] UBDLIAUY ) JO ASIIN0D) 224108

9l/1
8/1
8/1

ol/e

ol/1
8/1

ol/e
8/1

ol/€
8/1

ol/e
v/l
8/1

ol/€
P/l

) &
cun 5,

8/1
9l/e

v/l

8/¢

8/1
9l/e
9l/s
9l/e
ol/s
9l/e
9l/s
9l/L
9l/e
91/s
9l/L

¢lro
0LT°0
86C0
960
sero
¥81°0
12€0
061°0
§Te0
00C°0
71€°0
LEY'O
01C0
¥1€°0
6110

(un ™y ‘ssawpiyy

auejsig

adue|4

oM

00°€
00°€
00°€
00°€
00y
00t
00t
00°s
00°s
009
009
009
00°L
00°L
00'L
(un p ‘ydag

>0 0O O N VNN NN

601
0T'1
LY'1
9L'1
8¢'T
8C°1T
€r'e
L6'T
¥9'C
6€'C
80°¢
18°¢
L8'T
09°¢
€y
(zun)
y ‘edly

gex
['yX
Sx
9%X€D
Syx
4%
TLXYD
L'9X
6%X6D
T8x
Sorx
€1x9D
86X
(AR
LyIXLO
adeygs

sadeys D

$]39Ys eje suoisudawi( 3y} mojjo4 adeys yoe3 jo eyeq santadoid
(panunyuod) 73 319V1L




405

(panuiuod)
7980 Iv'e 91 (N0] 1120 LS'T °LS0 €290 SLLO 1el £9'6 |3 1’8 gce L69°0 11
YL8°0 9C’¢ ol 981°0 °sT0 (A $$S°0 €190 8¥8°0 [ 0TI 66'C w6 1'9¢ ¥09°0 Lel
68°0 soe |8Y4 123404 re0 L1'C G950 86S°0 10°1 L6'1 6°¢l [4: 4 0Tl 6ty IEV°0 L'81%X8D
SL80 6L'¢ (14 891°0 61C0 ¥6'1 109°0 9990 756°0 SL'1 9Cl 67'¢ 901 8Ly wLo 141!
880 69°¢ 01¢ 80C°0 S¥YCo ¥0'C 98¢0 6590 10°1 16'1 9¢l or'e €l OIS 189°0 Sl
668°0 o' ¥'6¢ LTY0 9Ce0 'C £€85°0 0¥9°0 LT'T e 691 e Sel 609 SIS0 0TX6D
7880 6l'Y 'Sy 600 ¥¢T0 Yec €9°0 I1L°0 SI'1 LTe 6°Gl L8'E gel €LY 96L0 €6l
0060 €6’ 69¢ 89¢°0 7620 0LC 9090 0690 1€l 08'C 40! 99°¢ 8°Cl 6'8L 9¢9°0 0c
16’0 SL'E €89 L89°0 L9¢°0 8I'e L19°0 SL9°0 Lyl e I'ee (423 8l I'te 61°0 4
760 £9'¢ S'6L 'l 0 8L'E 6¥9°0 899°0 9’1 €6'¢ L9c we L0c €01 89¢°0 0€x0ID
668°0 o'V [48! 69¢°0 €6C°0 Ly'e 8690 L6L0 Ll 98¢ 9°6¢ 19t gIe 6C1 0L8°0 L'0c
6060 Ly 0¢l 8¢S°0 90€°0 (423 L9°0 6LL°0 L8'1 Sv'v ¥'6¢ ey 0vC 144! L0 94
616'0 1294 IS1 198°0 L9¢°0 (4% vL9'0 L0 S0¢ [48Y 8'¢ce 6C'Y 0'LT o1 8190 0€XCID
026°0 ¥6'S 86¢ 10°T c€ee0 619 88L°0 106°0 60°¢ L0'8 808 [RY 0y SI¢ 968°0 6'ce
LT6'0 eL’S (1184 Syl °6€0 789 8LLO £88°0 ye'e LT'6 S'LS Sy'S S 8Y¢ L9L0 ot
LE6'0 6v'S (4934 §9'C 0610 y1'8 66L°0 G98°0 LLe 011 G'89 yes 8'¢eS oY £86°0 0SXSID

H  (u’  u™  Gupf (% u)z (ux  (ups Gu)s  Gu)f @upz  (upd ups  Gupg o (up) adeys

% ‘0>
sanadoad Jeuoisiop A=A SIXY XX SIXy 1eays

sansadoad (q)

sadeys D
O 114avl

Appendix C



Appendix C

406

"I ‘0Sed1y) ‘uonoNNsuo)) [991S JO AJMISU] UBILIQWNY dY) JO ASOUN0D) 1224108

S¥9°0 LS'1 9LT0 92200 96C°0 9¢°0 (324 76£°0 81°0 691°0 Tl 0’1 0’1 LS'T
§S9°0 €Sl LO0E0 69200 2970 66¢°0 LEY0 86¢°0 961°0 161°0 (4! LT'T 01’1 S9'L
L9°0 SY'1 6LE0 Scr00 SYT0 9v°0 6¢t0 SO0 8CC0 1vTo 4! [4N! €Tl S8l
0690 o'l w9170 SCLO0 620 €S0 SS'0 (38 40] €920 00€°0 L1 80°L 8¢'L LOC
01L0 00T 1L8°0 (44300} 12€0 1€S°0 €61°0 LSO €90 68C°0 e €91 €8°1 S9'¢
1vL0 88'l 1260 66£0°0 1€C°0 G960 LSO 12440 LLTO cIe0 6C'C 9¢'1 [ 8¢
L9L°0 SL'T 144! L1800 99C°0 §69°0 6S7°0 Ly¥'0 LEE0 STro 8°C Ly'1 6C'C 8y
16L°0 9T'C e 6¥750°0 SIco LSLO 78%°0 6817°0 TLED 0Ly 0 gee S6'L 66'C 8Y'L
GI80 01°c £€6'C 601°0 ¥9C°0 €160 8LY°0 98%°0 vy 0 79°0 6y €81 9¢°¢ 68'8
€80 9°C oLy 9€L00 661°0 L86°0 (4850 9€6°0 881°0 L89°0 9I'¢ €T Sey 1I'el
w80 8Y'C 16°S 8¢I°0 96C°0 140! 00S°0 6¢S°0 190 098°0 819 e 0'S 1'S1
868°0 LET 61°L LETO 81¢°0 S 150 ¥ 0 8¢9°0 So'1 6C'L €r'e 8L'S LT
9t8°0 €0°¢ Sr'6 96600 ¢0C0 9T'1 1750 8LS°0 L1970 LS6°0 61°'L LT LO09 [
7980 98'C [ 191°0 LSTO w1 TS0 896°0 9690 9I'1 9’8 09T 69 e
SL8°0 SL'T 1el L9T0 60¢°0 €91 (4390 196°0 CLLO LET SL'6 16°C 8L'L LT
H cun®s  Gup"y>  Gupf  Cupx  (unz  (upx  (upd (uDs  uDg upzZ  (upd (FuDs  (u) g
santadoig [euoisiop A—A SIXY X-X SIXY

€610
19%°0
T6£°0
€0
L8S0
10S°0
98¢0
7550
LT0
6650
98+°0
08¢0
L¥9°0
8€S°0
90
(un
% ‘1>
1eays

ge

I'v

S

9X€ED
4

'S
TLXYO
L9
6%X¢D
8

S0l
€1x9D
86

el
LYIXLD
adeys

sadeys D

(penunuod) 73 319v1L




407

(panunguod)

€61 PEE00 98€0°0 €vT0 171 ¥$6°0 60’1 L8L0 00T 69’1 08'S 8/S /X

6’1 ¥£90°0 1€£L0°0 10€°0 YL 6L60 80’ 6960 T 60T 0T'L 91/11 91/6 %

06'1 901°0 €210 LSE0 90T 00’1 LO'T Sl 98T 8T 0S8 vig 8/EX

68’1 ¥91°0 T61°0 TIro 9¢'T €01 901 €l sTe 18T 08°6 91/€1 91/LX

L8] 8€T°0 182°0 99%°0 99T SOl S0'1 8l £€9°¢ sTe 1l 8/L UL EXYT-EXTYT1ET

66'1 95€0°0 98€0°0 819°0 LL'T Tl LTl 886°0 SLT 69'1 08°S 8/S ZA8S

861 9L90°0 1£L0°0 159°0 61T STl LTl Tl 9¢°€ 60T 0T'L 91/11 91/5 %

L6'1 Y110 €210 £€89°0 09T LT1 9Tl ! v6'€ 8Y'T 05'8 viE 8/EX

v6'1 §5T0 1820 LyL0 9¢'¢ (A YTl L81 20§ sTe 'l 8/L UL

161 LYo 6250 0180 80y LET €Tl 8TT 109 68°€ 9°¢l 1 8/SXEX YT

60T 61700 TIP0°0 89€°0 181 P11 9Tl 101 68T 181 079 8/S PITX

80T 86L0°0 T8L0°0 10%°0 vTT LTT ST1 STl £€5°€ §TT oL'L 91/11 91/5 %

90T PELO TEL0 €€Y°0 99T 0T’ ST1 i1 SI'y 19T 016 /e /g X

£€0T T0€°0 10€0 L6¥°0 9p'¢ VTl €Tl 6’1 0g's 05°€¢ 611 8/L UTXTUYT-EXTT
(up®  un*D Gun [ Cup 4 (cun z (un £ (un g (un § Gun 1 (z'un Gyap M Cupy adeys

Y ‘eauay
sansadoig [euolsio] -jeinxaf4 XX SIXy

santadoig (e)

s9|Suy

uonodas ,sansadoid (), siyy dn Suimojjoy uondas ,santadoid (q), ul anunuo) adeys asayy jo yoey jo santadoid 1BY10

€D 119Vl

Appendix C



Appendix C

408

vl S0L000  0E10°0 8T€0 19L°0 vL8°0 Lv6°0 €210 668°0
[ 191000 9620°0 £9€°0 0001 0060 0v6°0 660 9I'l
IS Y000 09500 L6€°0 €l $76'0 7€6°0 189°0 171
67’1 L0SO'0 £60°0 0Er°0 Nl 6v6°0 ¥26°0 €080 9T
8t'1 LLLOO 9r1°0 970 991 7L6°0 L16°0 126'0 181
Ja zIro €120 v6v°0 981 $66'0 0160 €0'1 10T
191 668000  9€10°0 181°0 YLLO T18°0 €660 €€r0 8160
S9'1 9020°0 €1€0°0 6£T°0 01 9¢8°0 9760 695°0 €1
o' 06£0°0 L6500 967°0 9T'1 098°0 8160 669°0 0S'T
91 7690°0 101°0 1S€°0 i1 ¥88°0 0160 T80 Sl
09'1 001°0 LST0 SO0 oLl L06°0 €060 9760 86'1
651 PPI0 0£T°0 8510 161 6760 $68°0 901 07T
Ll STT00  TTEOO 965°0 9¢'T 01’1 Tl €5L°0 181
L1 92v0°0 1190°0 €90 191 €11 i $76'0 07T
69'1 YILO0 €01°0 8990 961 Il o1l 601 95T
991 651°0 vETO 9¢L°0 ST 0T’ 80°1 171 vTe
08’1 0L200  09£0°0 9¢€°0 651 01 o1t €LLO 61
6L'1 TISO0 08900 SLED w S0l 601 1S6°0 €T
8Ll 86800 Y10 11770 €0C L0'1 601 8! €LT
9L'1 €10 8L1°0 90 €T 601 80°1 61 ore
L1 161°0 092°0 08t°0 19 48! L0°1 St Sh'e

(up®  un*o Gun [ Cup 4 (cu) 7z (un £ (up 4 (u) § Gun /
sansadoid [euolsio] -jeinxaj4 X-X SIXy

966'0
(£
L9'1
(4!
1T¢
0S¢
60°1
'l
8L'1
e
ev'e
SLT
2!
8L'1
e
SLT
9¢'1
€61
0€'C
§9C
00°¢
(z'un
v ‘eaay

6¢'¢
(U4
09°s
099
09°L
0S8
ILe
06t
019
0T'L
0¢'8
0r'6
06y
019
0cL
0r'6
or's
099
06'L
016
40!
@/9D M

91/6
8/S
9I/T1
143
ol/el
8/L
91/6
8/S
ol/T1L
1243
ol/el
8/L
8/S
9I/T1
1243
8/L
8/
9I/T1
143
91/¢l
8/L

(Cun y

9L/Ex
/1%
9L/S %
8/EX
9L/LX
UTXTYT-TXET
9L/ex
PITX
91/ %
8/EX
91/LX
UIXeXeT
1A%
91/§%
8/ex
CTXTYT-TXTYT-€1
IZA%
91/6%
8/Ex
91/LX
UTXEXT/T-€T
adeys

sa|duy

uondas ,sansadoid (e), siyy dn Suimojjoy uondas ,santadoid (q), ut anunuo) adeys asayy jo yoey jo sansadoid 1BYIO
(panunuod) ¢ 319vL




409

Appendix C

*SUOTIBITWUI] QOUE)SIP 93P pue saouLIB[d 0) J29[qns sjudwaIrnbar oyroads s 0y panrurad are soSes 1oy 210N

vIE-T uU1-T € € s
A 7 S A7) &/ € '8 K
8/S 1743 8/L 8/L 1 8/1-1 8/¢-1 el [4 ¢/1-C € 1€ 14 (744 3 3
L v/1-L 8/€-1 /-1 v/€-L 4 /1T € /1€ 14 < 9 L 8 891 — § -
(un) s397 3j8uy u1 safen ajqex o
*3[qe) SIY} JO PUS 0} JOJaI ‘BLIAILID ssaujoeduiod 10,  :2J0N

[ ‘0SeoIy)) ‘UONONIISUO)) [99)S JO SIMIISUT UBDLIOWY Y} JO ASAUNO)) 224108
01’1 68L000°0 £6200°0 ecro 0€C0 €570 0290 6C1°0 681°0 78Y°0 9’1 8/¢ 8/1 X%
601 62000 12600°0 081°0 8¢€0 1960 190 881°0 1LT0 SILO v 91/L 91/eXx
80'1 CLS00'0 60200 9€T0 (02 40] 9860 §09°0 o 9e0 8¢6°0 6l'¢ [ AR
901 90100 £€6€0°0 06C°0 LESO 609°0 8650 86C°0 Y1¥°0 SI'L 't 91/6 91/6%
SO'L YL10°0 8690°0 weo 6290 €90 16570 8¥¢€°0 9LY'0 9¢'1 oLy 8/S 8/EXTXTT
0’1 90€00°0 12600°0 896°0 L6Y°0 6€8°0 108°0 08¢0 Y9v°0 SIL0 LY'C 91/L 91/eX
61’1 ¥6900°0 6020°0 909°0 ¥¥9°0 998°0 6L0 ¥9¢€°0 650 8¢6°0 we [ PITXTT-1XTYT1-TT
9’1 8¢€00°0 €010°0 81€°0 6250 ¥SL0 06L°0 €620 1160 6080 SLT 91/L 91/ X
STl 898000 €200 96¢°0 889°0 6LL°0 8L°0 18€°0 9690 90°1 e ol A8
€C’l 29100 Yv0°0 16€°0 6€8°0 €080 YLLO 910 06L°0 el 0sv 91/6 91/6 %
<l 89200 9L00 STr'0 860 9¢8°0 99L°0 9150 ¥16'0 Sl 0¢'s 8/S 8/EXTXT/1-C1
8¢l 01500°0 Y110°0 081°0 6250 L89°0 ILLO 620 [SSN] 006°0 LO'E 91/L 91/e X
9¢'1 91100 1920°0 LETO $69°0 I1L°0 ¥9L°0 L8E°0 2690 611 or'y ! /1%
SE'l 81200 6100 £6C°0 €680 SEL0 96L°0 VLY 0 LEY0 9’1 00°S 91/6 91/6 %
€el 79¢0°0 £€80°0 LYe0 10°1 86L°0 6¥L0 8660 CL60 eL'T 06°S 8/S 8/eXx
0g'l 16L0°0 881°0 0st'0 6C'1 €080 SELO 91L°0 'l gee 0L'L 43 CTXTYT-TXTYT-TT
1 9LS00°0 6110°0 9660 €vL0 2560 196°0 14840} L¥8°0 2060 LO'E ol 91/ X
Syl ce100 0,200 9650 6960 0860 €560 170 601 61°1 or'v 91/6 1748
eVl 8¥20°0 01500 £€€9°0 611 10°1 S¥6°0 7990 (4! o'l 00°¢ 8/S 91/6 %
oWl €1y0'0 66800 899°0 6¢'1 €0'1 LE6'0 6LL0 2! €Ll 06°S 9I/11 8/EX
6¢°1 8060°0 261°0 9€L’0 8L'1 801 7260 00'1 [ e oL'L 91/€1l TTXTXET



“ §96°0 1050 150 €T §Tro LOT0 82L0 L09°0 1€L°0 0170 SLLO
3 001 0050 8€5°0 1870 8IS0 9570 0060 €90 £2L°0 1050 LE6'0
S 001 $6v°0 $€5°0 6C€°0 809°0 £0£°0 L0'1 §59'0 910 685°0 60l
e 001 $8+°0 €S0 0Tro 8L0 $6£°0 6€'1 10L°0 10L°0 95L0 9¢'l
< $96'0 sTL0 879'0 620 €90  9TT0 POl €LLO 8060 $85°0 0¢'1
001 Lo 290 95€0 19L0 6LT°0 8Tl 86L°0 0060 81L°0 861
001 0TL0 790 81+°0 $68°0 1€€°0 W' £28°0 680 LY8°0 8l
001 LILO 029°0 8L¥'0 €0'1 8€°0 SLl 9r8'0 $88°0 1L6'0 60T
001 €1L°0 8190 LES0 SI1 170 L6'1 698°0 LL8'0 601 €t
§96'0 001 889°0 920 L08'0 €70 g 560 60'1 L8L°0 00T
001 001 $89°0 00+°0 6860 10€°0 Ll 6L60 80'1 696°0 e
001 001 £89°0 170 LIt LSE0 S0¢ 001 L0'1 SIl 98T
001 001 1890 0rS0 vel o 9€'T €0'1 901 €l sTe
001 001 6L9°0 6090 3! 990 99'C S0'1 S0'1 8t'l £9°¢
2160 8650 6€9°0 81€°0 169°0 10 €0'1 §TL0 L88°0 $85°0 €'l
L66°0 550 8€9°0 06£°0 1680 2920 8Tl 0SL'0 0880 1220 w1
001 1650 9€9°0 09+'0 101 11€0 W SLLO €L8°0 1680 681
00’1 wso £€9°0 2650 g1 LOY'0 661 80 8580 ort 0r'e
001 PES0 1€9°0 0TL0 681 8610 sv'e L98°0 $¥8°0 Vel s8¢
160 65L°0 €2L°0 8€°0 0560 LTT0 or'1 L68°0 L0l Y6L0 L0T
L66'0 LSL'O 12L0 0LY'0 Lrt 1820 Ll £26'0 901 0860 T
001 $sL'0 61L0 §55°0 8¢’ PEE0 90T LY6'0 o'l ort 96'C
001 0SL'0 91L0 61L°0 081 8€1°0 69T 660 PO'T 01 oL
I9j9g="4  Pue (uy 4 Gu)s Grup (up uwz (up X (ups (Fu)s Grup 1
‘0 Z-Zsixv A=A sixy

PITX
91/6%
8/EX
CTXTYT-TXTYT-¢1
AR
91/6 X
8/€ X
91/L %X
TTXEXT/T-¢T
AR
91/6 X
8/e X
9I/L %
CIXTYT-EXTYT-¢1
AR
IR
8/ X
[ZAR
8/SXEXYT
AR
91/6 %X
8/¢ X
TUTXTUYT-EXVT
adeys

sanadoad (q)

uonoas ,sansadoad

(e),, sy} dn Suimojjoy uondasg ,sanadoid (q), ul anunuo) adeys Isay} Jo yoeg yo santadoid YO :s3|Suy sa[Suy

€D 119Vl

410



411

Appendix C

16’0
00T
00'1
00°1
00T

£86°0
001

£86°0
00°1
00T
00°1
€860
00'1
00°1
00T
00°1

16’0
00'1
00°1
00T
00°1

16’0
00°1
00°1
00T
00°1
00°T

16’0
00°1
00T
00°1
001
00°1

001
00T
001
001
00T
09¢0
12344
8¢9°0
Y290
819°0
190
00T
001
001
00T
001
w0
LEV'O
434\
9’0
(3840
L89°0
£89°0
6L9°0
SL9°0
1L9°0
999°0
00'1
00°1
00T
00°1
00T
00°1

16£°0
68¢0
L8E0
98¢0
98¢0
e
12e0
9y'0
£ero
0cr'o
6110
(4344
(2340
1810
1810
18¥°0
SEV0
IEY°0
8¢Y'0
ey
STro
1260
0cs0
8IS0
LIS0
91¢0
91¢0
98¢0
G860
£€85°0
18S°0
0850
0850

1€50°0
1LLOO
0001°0
o
w10
¥790°0
81800
¥01°0
€ero
191°0
6810
6110
9610
610
9cT0
$6C°0
9110
6¥1°0
6L1°0
60C°0
99¢°0
€S1°0
6610
o
L8T0
620
0LE0
9L10
1€20
¥8C0
9¢€0
98¢0
9et'0

16L0°0
6010
I71°0
€LT°0
€0C°0
09L0°0
SL60°0
6¥1°0
161°0
£€C0
€LC0
01co
SLTO
6¢c0
00t°0
1260
€LT°0
€0
ILT0
81¢°0
6010
cLTo
96€0
LEYO
Y160
165°0
9990
yLEOD
1610
€09°0
CILo
6180
¥26'0

€Cro
0810
9¢€T0
06C0
weo
SY1°0
6810
Y91°0
¥1T0
¥9C0
I1€°0
0810
LETO
£€6C°0
LyE0
0st'0
€S1°0
00C0
LYCTO0
162°0
LLEO
L9T°0
0cTo
1LT0
12€0
0LE0
8170
I81°0
6€C0
96C°0
1S€°0
SO0
8510

*9[qe} SIY) JO PUS 0} JOJAI “BLISILIO Ssaujordwiod 10 - 2JON

I ‘0Sed1y) ‘uonoNnNsuo)) [9931S JO AJMNSU] ULDLISWY ) JO ASIUN0D) 224108

0€C0
8¢€0
(2 40]
9¢S°0
8790
8610
19¢°0
LYE0
1294\
LSS0
LS90
8¢C°0
69°0
£68°0
00T
6C'1
1S€°0
£9%°0
LSO
6L9°0
L880
9¢¢0
LOL0
€L8°0
€0'1
6l'l
el
YLL'O
(40!
STl
8Y'1
0L'T
16'1

€60
1960
9860
6090
€90
LYE0
cLE0
80S°0
(4340
§6S°0
8LS°0
L89°0
11L°0
SEL0
86L°0
£08°0
w9170
L8Y°0
1160
geco
0850
LT9°0
€590
LL90
10L°0
Lo
L0
180
9€8°0
098°0
788°0
L06'0
6260

0290
190
090
8650
165°0
8110
1170
L6S°0
68S°0
18S°0
LSO
ILLO
Y9L°0
96L0
6vL'0
SeEL’0
LLSO
6950
2960
9990
£evso
€5L°0
ovL0
6¢L0
1€L°0
¥CL0
8IL0
£€6°0
9260
8160
016°0
£€06°0
$68°0

6C1°0
881°0
o
86C°0
8¥¢°0
orro
wlo
S61°0
€620
60¢°0
19€°0
$6C°0
L8E0
YLY'0
8650
9IL0
861°0
86C°0
y1€0
89¢°0
0LY'0
€0¢°0
L6€°0
L8Y°0
€LS°0
9690
9€L’0
(3340
69¢°0
6690
§e8'0
916'0

901

6810
1LT0
9rE0
14844
9LY'0
9C1'0
091°0
60
cLE0
Blady
€150
3390
2690
LEY0
°L6'0

Tl
S0€0
06€°0
L9Y0
6£S°0
L99°0
89¢°0
yeLO
888°0

€01

LT'1

6C'1
876°0

€l

0S'T

SL'1

86'1

0cc

8/1 X
91/€ X
AR
91/6 X
8/EXTXTT
91/€ X
VITXTT-1XT/1-T1
91/€ X
Y/ X
91/6 X
8/EXTXT/1-TT
9l/e %X
AR
91/6 X
8/¢ X
TUTXTYT-TXTYYT1-T1
91/¢ X
AR
91/6 X
8/€ X
TIXTXET
91/¢ X
AR
91/6 %X
8/€ X
91/L %X
UTXTYT-TXET
9l/g X
AR
91/S %X
8/€ X
9I/L %
UIXeEXET



412 Appendix C

TABLE C.3 (continued)

Compactness Criteria for Angles

Compression Flexure
Non-Slender Compact  Non-Compact
up to up to up to
t Width of Angle Leg (in.)
1-1/8 8 8 —
1 _
718 —
3/4 _
5/8 —
9/16 7 —
172 6 7 8
7/16 5 6
3/8 4 5 l
5/16 4 4
1/4 3 3-1/2 6
3/16 2 2-172 4
1/8 1-172 1-172 3

Note: Compactness criteria given for F,=36ksi. C,=1.0 for
all angles.
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TABLE C.10
LRFD

Standard Load Table for Open Web Steel Joists, K-Series

Based on a 50 ksi Maximum Yield Strength—Loads Shown in Pounds per Linear Foot (plf)

Joist
Designation 18K3 18K4 18K5 18K6 18K7 18K9 18K10 20K3 20K4 20K5

Depth (in.) 18 18 18 18 18 18 18 20 20 20
Approx. Wt.
(Ibs./ft.) 6.6 7.2 7.7 8.5 9 10.2 11.7 6.7 7.6 8.2
Span (ft.)
{ 825 825 825 825 825 825 825
18 550 550 550 550 550 550 550
19 771 825 825 825 825 825 825
494 523 523 523 523 523 523
20 694 825 825 825 825 825 825 775 825 825
423 490 490 490 490 490 490 517 550 550
21 630 759 825 825 825 825 825 702 825 825
364 426 460 460 460 460 460 463 520 520
22 573 690 771 825 825 825 825 639 771 825
316 370 414 438 438 438 438 393 461 490
23 523 630 709 774 825 825 825 583 703 793
276 323 362 393 418 418 418 344 402 451
24 480 577 651 709 789 825 825 535 645 727
242 284 318 345 382 396 396 302 353 396
25 41 532 600 652 727 825 825 493 594 669
214 250 281 305 337 377 377 266 312 350
26 408 492 553 603 672 807 825 456 549 618
190 222 249 271 299 354 361 236 271 310
27 378 454 513 558 622 747 825 421 508 573
169 198 222 241 267 315 347 211 247 2717
28 351 423 477 519 577 694 822 391 472 532
151 177 199 216 239 282 331 189 221 248
29 327 394 444 483 538 646 766 364 439 495
136 159 179 194 215 254 298 170 199 223
30 304 367 414 451 502 603 715 340 411 462
123 144 161 175 194 229 269 153 179 201
31 285 343 387 421 469 564 669 318 384 433
111 130 146 158 175 207 243 138 162 182
32 267 322 363 396 441 529 627 298 360 406
101 118 132 144 159 188 221 126 147 165
33 252 303 342 372 414 498 589 280 339 381
92 108 121 131 145 171 201 114 134 150
34 237 285 321 349 390 468 555 264 318 358
84 98 110 120 132 156 184 105 122 137
35 223 268 303 330 367 441 523 249 300 339
77 90 101 110 121 143 168 96 112 126
36 211 253 286 312 348 417 495 235 283 319

70 82 92 101 111 132 154 88 103 115
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20K6 20K7 20K9 20K10 22K4 22K5 22K6 22K7 22K9 22K10 22K11

20 20 20 20 22 22 22 22 22 22 22
8.9 9.3 10.8 12.2 8 8.8 9.2 9.7 11.3 12.6 13.8
825 825 825 825

550 550 550 550

825 825 825 825

520 520 520 520

825 825 825 825 825 825 825 825 825 825 825
490 490 490 490 548 548 548 548 548 548 548
825 825 825 825 777 825 825 825 825 825 825
468 468 468 468 491 518 518 518 518 518 518
792 825 825 825 712 804 825 825 825 825 825
430 448 448 448 431 483 495 495 495 495 495
729 811 825 825 657 739 805 825 825 825 825
380 421 426 426 381 427 464 474 474 474 474
673 750 825 825 606 682 744 825 825 825 825
337 373 405 405 338 379 411 454 454 454 454
624 694 825 825 561 633 688 768 825 825 825
301 333 389 389 301 337 367 406 432 432 432
579 645 775 825 522 588 640 712 825 825 825
269 298 353 375 270 302 328 364 413 413 413
540 601 723 825 486 547 597 664 798 825 825
242 268 317 359 242 272 295 327 387 399 399
504 561 675 799 453 511 556 619 745 825 825
218 242 286 336 219 245 266 295 349 385 385
471 525 631 748 424 478 520 580 697 825 825
198 219 259 304 198 222 241 267 316 369 369
442 492 592 702 397 448 489 544 654 775 823
179 199 235 276 180 201 219 242 287 337 355
415 463 566 660 373 421 459 511 615 729 798
163 181 214 251 164 183 199 221 261 307 334
391 435 523 621 352 397 432 481 579 687 774
149 165 195 229 149 167 182 202 239 280 314
369 411 493 585 331 373 408 454 546 648 741
137 151 179 210 137 153 167 185 219 257 292
348 388 466 553 313 354 385 429 516 612 700
125 139 164 193 126 141 153 169 201 236 269

(continued)
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TABLE C.10 (continued)
LRFD

Standard Load Table for Open Web Steel Joists, K-Series

Based on a 50 ksi Maximum Yield Strength—Loads Shown in Pounds per Linear Foot (plf)

Joist
Designation 18K3 18K4 18K5 18Ke6 18K7 18K9 18K10 20K3 20K4 20K5

Depth (in.) 18 18 18 18 18 18 18 20 20 20

Approx. Wt.

(Ibs./ft.) 6.6 7.2 7.7 8.5 9 10.2 11.7 6.7 7.6 8.2

Span (ft.)

d

37 222 268 303
81 95 106

38 211 255 286
74 87 98

39 199 241 271
69 81 90

40 190 229 258
64 75 84

41

42

43

44

Source: Courtesy of the Steel Joist Institute, Forest, VA.
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20K6 20K7 20K9 20K10 22K4 22K5 22K6 22K7 22K9 22K10 22K11
20 20 20 20 22 22 22 22 22 22 22
8.9 9.3 10.8 12.2 8 8.8 9.2 9.7 113 12.6 13.8
330 367 441 523 297 334 364 406 487 579 663
115 128 151 178 116 130 141 156 186 217 247
312 348 418 496 280 316 345 384 462 549 628
106 118 139 164 107 119 130 144 170 200 228
297 330 397 471 267 300 327 364 438 520 595
98 109 129 151 98 110 120 133 157 185 211
282 313 376 447 253 285 310 346 417 495 565
91 101 119 140 91 102 111 123 146 171 195

241 271 295 330 396 471 538
85 95 103 114 135 159 181
229 259 282 313 378 448 513
79 88 96 106 126 148 168
219 247 268 300 360 427 489
73 82 89 99 117 138 157
208 235 256 286 343 408 466
68 76 83 92 109 128 146
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Appendix D: Concrete

TABLE D.1

Diameter, Area and Unit Weight of Steel Bars

Bar Number 3 4 5 6 7 8 9 10 11 14 18
Diameter (in.)  0.375 0500 0.625 0750 0875 1000 1.128 1270 1410  1.693 2257
Area (in.?) 011 020 031 044 060 079 100 127 156 225 4.00

Unit weight 0.376  0.668 1.043  1.502 2.044  2.670 3.400 4.303 5.313 7.65 13.60
per foot (Ib)

TABLE D.2
Areas of Group of Steel Bars (in.?)
Number Bar Size
of Bars #3 #4 #5 #6 #7 #8 #9 #10 #11
1 0.11 0.20 0.31 0.44 0.60 0.79 1.00 1.27 1.56
2 0.22 0.40 0.62 0.88 1.20 1.58 2.00 2.54 3.12
3 0.33 0.60 0.93 132 1.80 237 3.00 3.81 4.68
4 0.44 0.80 1.24 1.76 2.40 3.16 4.00 5.08 6.24
5 0.55 1.00 155 2.20 3.00 3.93 5.00 6.35 7.80
6 0.66 1.20 1.86 2.64 3.60 4.74 6.00 7.62 9.36
7 0.77 1.40 2.17 3.08 4.20 5.53 7.00 8.89 10.9
8 0.88 1.60 2.48 3.52 4.80 6.32 8.00 10.2 125
9 0.99 1.80 2.79 3.96 5.40 7.11 9.00 114 14.0
10 1.10 2.00 3.10 4.40 6.00 7.90 10.0 12.7 15.6
11 1.21 2.20 3.41 4.84 6.60 8.69 11.0 14.0 17.2
12 1.32 2.40 3.72 5.28 7.20 9.48 12.0 152 187
13 1.43 2.60 4.03 5.72 7.80 10.3 13.0 16.5 20.3
14 1.54 2.80 434 6.16 8.40 11.1 14.0 17.8 21.8
15 1.65 3.00 4.65 6.60 9.00 11.8 15.0 19.0 234
16 1.76 3.20 4.96 7.04 9.60 12.6 16.0 20.3 25.0
17 1.87 3.40 5.27 7.48 10.2 134 17.0 21.6 26.5
18 1.98 3.60 5.58 7.92 10.8 14.2 18.0 229 28.1
19 2.09 3.80 5.89 8.36 114 15.0 19.0 24.1 29.6
20 2.20 4.00 6.20 8.80 12.0 15.8 20.0 254 31.2

443
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TABLE D.3

Minimum Required Beam Widths (in.)

Number of Bars
in One Layer

2

N=le RN e Y

Bar Size
#3 and #4 #5 #6 #7 #8 #9 #10 #11
6.0 6.0 6.5 6.5 7.0 7.5 8.0 8.0
7.5 8.0 8.0 8.5 9.0 9.5 10.5 11.0
9.0 9.5 10.0 10.5 11.0 12.0 13.0 14.0
10.5 11.0 11.5 12.5 13.0 14.0 15.5 16.5
12.0 12.5 13.5 14.0 15.0 16.5 18.0 19.5
13.5 14.5 15.0 16.0 17.0 18.5 20.5 22.5
15.0 16.0 17.0 18.0 19.0 21.0 23.0 25.0
16.5 17.5 18.5 20.0 21.0 23.0 25.5 28.0
18.0 19.0 20.5 21.5 23.0 25.5 28.0 31.0

Note: Tabulated values based on No. 3 stirrups, minimum clear distance of 1in., and a 1-1/2in cover.
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Appendix D 447
TABLE D.5

Coefficient of Resistance (K) (f." = 3,000 psi, fy= 50,000 psi)

p K, ksi p K, ksi p K, ksi P K, ksi p K (ksi) g
0.0020 0.098  0.0056 0265 0.0092 0418 0.0128  0.559 0.0163  0.685 0.0050
0.0021 0.103  0.0057 0269 0.0093  0.422 0.0129  0.563 0.0164  0.688 0.0049
0.0022 0.108  0.0058 0273  0.0094  0.427 0.0130  0.567 0.0165  0.692 0.0049
0.0023 0.112  0.0059 0278 0.0095  0.431 0.0131  0.571 0.0166  0.695 0.0048
0.0024 0.117  0.0060 0282  0.0096  0.435 0.0132  0.574 0.0167  0.698 0.0048
0.0025 0.122  0.0061 0.287  0.0097  0.439 0.0133  0.578 0.0168  0.702 0.0047
0.0026 0.127  0.0062 0291  0.0098  0.443 0.0134  0.582 0.0169  0.705 0.0047
0.0027 0.131  0.0063 0295 0.0099  0.447 0.0135  0.585 0.017 0.708 0.0047
0.0028 0.136  0.0064 0300 0.0100  0.451 0.0136  0.589 0.0171  0.712 0.0046
0.0029 0.141  0.0065 0304 0.0101  0.455 0.0137  0.593 0.0172  0.715 0.0046
0.0030 0.146 0.0066 0.309 0.0102 0.459 0.0138 0.596 0.0173 0.718 0.0045
0.0031 0.150  0.0067 0313 0.0103  0.463 0.0139  0.600 0.0174  0.722 0.0045
0.0032 0.155  0.0068 0317 0.0104  0.467 0.0140  0.604 0.0175  0.725 0.0044
0.0033 0.159  0.0069 0322 0.0105 0471 0.0141  0.607 0.0176  0.728 0.0044
0.0034 0.164  0.0070 0326 00106 0475 0.0142  0.611 0.0177  0.731 0.0043
0.0035 0.169  0.0071 0330 0.0107 0479 0.0143 0614 0.0178  0.735 0.0043
0.0036 0.174  0.0072 0334 0.0108  0.483 0.0144  0.618 0.0179  0.738 0.0043
0.0037 0.178  0.0073 0339 0.0109  0.487 0.0145  0.622 0.018 0.741 0.0042
0.0038 0.183  0.0074 0343  0.0110  0.491 0.0146  0.625 0.0181  0.744 0.0042
0.0039 0.187  0.0075 0347 00111  0.494 0.0147  0.629 0.0182  0.748 0.0041
0.0040 0.192  0.0076 0352 0.0112  0.498 0.0148  0.632 0.0183  0.751 0.0041
0.0041 0.197  0.0077 0356 0.0113  0.502 0.0149  0.636 0.0184  0.754 0.0041
0.0042 0.201  0.0078 0360 0.0114  0.506 0.0150  0.639 0.0185  0.757 0.0040
0.0043 0.206 0.0079 0.364 0.0115 0.510 0.0151 0.643 0.0186 0.760 0.0040
0.0044 0210  0.0080 0368 0.0116 0514 0.0152  0.646

0.0045 0215  0.0081 0373 0.0117 0518 0.0153  0.650

0.0046 0219  0.0082 0377 00118  0.521 0.0154  0.653

0.0047 0.224  0.0083 0381 00119 0525 0.0155  0.657

0.0048 0.229  0.0084 0385 0.0120  0.529 0.0156  0.660

0.0049 0.233  0.0085 0389 00121  0.533 0.0157  0.664

0.0050 0.238  0.0086 0394 0.0122  0.537 0.0158  0.667

0.0051 0.242  0.0087 0398 0.0123  0.541 0.0159  0.671

0.0052 0.247  0.0088 0402 0.0124  0.544 0.0160  0.674

0.0053 0.251  0.0089 0406 0.0125  0.548 0.0161  0.677

0.0054 0.256  0.0090 0410 0.0126  0.552 0.0162  0.681

0.0055 0.260  0.0091 0414 00127 0556
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TABLE D.6
Coefficient of Resistance (K) versus Reinforcement Ratio (p)
(f =3,000 psi; f,=60,000 psi)

p K (ksi) P K (ksi) p K (ksi) ef
0.0010 0.0593 0.0059 0.3294 0.0108 0.5657

0.0011 0.0651 0.0060 0.3346 0.0109 0.5702

0.0012 0.0710 0.0061 0.3397 0.0110 0.5746

0.0013 0.0768 0.0062 0.3449 0.0111 0.5791

0.0014 0.0826 0.0063 0.3500 0.0112 0.5835

0.0015 0.0884 0.0064 0.3551 0.0113 0.5879

0.0016 0.0942 0.0065 0.3602 0.0114 0.5923

0.0017 0.1000 0.0066 0.3653 0.0115 0.5967

0.0018 0.1057 0.0067 0.3703 0.0116 0.6011

0.0019 0.1115 0.0068 0.3754 0.0117 0.6054

0.0020 0.1172 0.0069 0.3804 0.0118 0.6098

0.0021 0.1229 0.0070 0.3854 0.0119 0.6141

0.0022 0.1286 0.0071 0.3904 0.0120 0.6184

0.0023 0.1343 0.0072 0.3954 0.0121 0.6227

0.0024 0.1399 0.0073 0.4004 0.0122 0.6270

0.0025 0.1456 0.0074 0.4054 0.0123 0.6312

0.0026 0.1512 0.0075 0.4103 0.0124 0.6355

0.0027 0.1569 0.0076 0.4152 0.0125 0.6398

0.0028 0.1625 0.0077 0.4202 0.0126 0.6440

0.0029 0.1681 0.0078 0.4251 0.0127 0.6482

0.0030 0.1736 0.0079 0.4300 0.0128 0.6524

0.0031 0.1792 0.0080 0.4348 0.0129 0.6566

0.0032 0.1848 0.0081 0.4397 0.0130 0.6608

0.0033 0.1903 0.0082 0.4446 0.0131 0.6649

0.0034 0.1958 0.0083 0.4494 0.0132 0.6691

0.0035 0.2014 0.0084 0.4542 0.0133 0.6732

0.0036 0.2069 0.0085 0.4590 0.0134 0.6773

0.0037 0.2123 0.0086 0.4638 0.0135 0.6814

0.0038 0.2178 0.0087 0.4686 0.01355 0.6835 0.00500
0.0039 0.2233 0.0088 0.4734 0.0136 0.6855 0.00497
0.0040 0.2287 0.0089 0.4781 0.0137 0.6896 0.00491
0.0041 0.2341 0.0090 0.4828 0.0138 0.6936 0.00485
0.0042 0.2396 0.0091 0.4876 0.0139 0.6977 0.00480
0.0043 0.2450 0.0092 0.4923 0.0140 0.7017 0.00474
0.0044 0.2503 0.0093 0.4970 0.0141 0.7057 0.00469
0.0045 0.2557 0.0094 0.5017 0.0142 0.7097 0.00463
0.0046 0.2611 0.0095 0.5063 0.0143 0.7137 0.00458
0.0047 0.2664 0.0096 0.5110 0.0144 0.7177 0.00453
0.0048 0.2717 0.0097 0.5156 0.0145 0.7216 0.00447
0.0049 0.2771 0.0098 0.5202 0.0146 0.7256 0.00442
0.0050 0.2824 0.0099 0.5248 0.0147 0.7295 0.00437
0.0051 0.2876 0.0100 0.5294 0.0148 0.7334 0.00432
0.0052 0.2929 0.0101 0.5340 0.0149 0.7373 0.00427
0.0053 0.2982 0.0102 0.5386 0.0150 0.7412 0.00423
0.0054 0.3034 0.0103 0.5431 0.0151 0.7451 0.00418
0.0055 0.3087 0.0104 0.5477 0.0152 0.7490 0.00413
0.0056 0.3139 0.0105 0.5522 0.0153 0.7528 0.00408
0.0057 0.3191 0.0106 0.5567 0.0154 0.7567 0.00404
0.0058 0.3243 0.0107 0.5612 0.01548 0.7597 0.00400
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TABLE D.11
Values of p Balanced, p for £,=0.005, and p Minimum for Flexure

3000 psi 4000 psi 5000 psi 6000 psi

f, f/ $,=0.85 p,=0.85 Pp,=0.80 B,=0.75
Grade 40 p balanced 0.0371 0.0495 0.0582 0.0655
40,000 psi p when £,=0.005 0.0203 0.0271 0.0319 0.0359
p min for flexure 0.0050 0.0050 0.0053 0.0058
Grade 50 p balanced 0.0275 0.0367 0.0432 0.0486
50,000 psi p when £,=0.005 0.0163 0.0217 0.0255 0.0287
p min for flexure 0.0040 0.0040 0.0042 0.0046
Grade 60 p balanced 0.0214 0.0285 0.0335 0.0377
60,000 psi p when €,=0.005 0.0136 0.0181 0.0212 0.0239
p min for flexure 0.0033 0.0033 0.0035 0.0039
Grade 75 p balanced 0.0155 0.0207 0.0243 0.0274
75,000 psi p when £,=0.005 0.0108 0.0144 0.0170 0.0191
p min for flexure 0.0027 0.0027 0.0028 0.0031
TABLE D.12

Areas of Steel Bars per Foot of Slab (in.?)

Bar Size

Bar Spacing (in.) #3 #4 #5 #o #7 #8 #9 #10 #11

2 066 120 1.86

2-1/72 053 09 149 211

3 044 080 124 176 240 3.16 4.00

3-172 038 069 1.06 151 206 271 343 435

4 033 060 093 132 180 237 300 381 4.68
4-1/2 029 053 083 117 160 211 267 3.39 4.16
5 026 048 074 106 144 190 240 3.05 3.74
5-172 024 044 068 096 131 1.72 218 277 3.40
6 022 040 062 088 120 158 200 254 3.12
6-1/2 020 037 057 081 .11 146 1.85 234 2.88
7 0.19 034 053 075 103 135 171 218 2.67
7-172 0.18 032 050 070 096 126 1.60 2.03 2.50
8 0.16 030 046 066 090 1.18 150 1.90 2.34
9 0.15 027 041 059 080 105 133 1.69 2.08
10 0.13 024 037 053 072 095 120 1.52 1.87
11 012 022 034 048 065 086 1.09 1.39 1.70
12 0.11 020 031 044 060 0.79 1.00 1.27 1.56
13 0.10 0.18 029 041 055 073 092 1.17 1.44
14 009 017 027 038 051 068 086 1.09 1.34
15 009 016 025 035 048 064 080 1.02 1.25
16 0.08 015 023 033 045 059 075 095 1.17
17 0.08 014 022 031 042 056 071 0.90 1.10

18 0.07 013 021 029 040 053 067 0.85 1.04
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TABLE D.13
Size and Pitch of Spirals

Diameter of Out to Out
Column (in.)  of Spiral (in.) 2500 3000 4000 5000

f,=40,000

14,15 11,12 $-2 $13 t-24 113
16 13 $-2 $-13 124 12
17-19 14-16 3-24 313 -2l 12
20-23 17-20 $-24 $-13 124 12
24-30 21-27 3-24 32 L2l 1o
f,=60,000

14,15 11, 12 113 §-24 32 123
16-23 13-20 113 $-23 32 4-3
24-29 21-26 113 33 321 -3
0 R A el S
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FIGURE D.15 Column interaction diagram for tied column with bars on end faces only. (Courtesy of the
American Concrete Institute, Farmington Hills, M1.)
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FIGURED.17 Column interaction diagram for tied column with bars on all faces. (Courtesy of the American
Concrete Institute, Farmington Hills, M1.)
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FIGURED.18 Column interaction diagram for tied column with bars on all faces. (Courtesy of the American
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FIGURE D.19 Column interaction diagram for tied column with bars on all faces. (Courtesy of the American
Concrete Institute, Farmington Hills, M1.)
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