16.1 HISTORICAL BACKGROUND

Figure 16.1.1
Conventional composite
steel-concrete beam.
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Steel framing supporting cast-in-place reinforced concrete slab construction was histori-
cally designed on the assumption that the concrete slab acts independently of the steel in
resisting loads. No consideration was given to the composite effect of the steel and con-
crete acting together. This neglect was justified on the basis that the bond between the con-
crete floor or deck and the top of the steel beam could not be depended upon. However,
with the advent of welding, it became practical to provide mechanical shear connectors to
resist the horizontal shear which develops during bending.

Steel beams encased in concrete were widely used from the early 1900s until the devel-
opment of lightweight materials for fire protection in the past 50 years. Some such beams
were designed compositely and some were not. In the early 1930s bridge construction began
to use composite sections. Not until the early 1960s was it economical to use composite con-
struction for buildings. However, current practice (2008) utilizes composite action in nearly
all situations where concrete and steel are in contact, both on bridges and buildings.

Composite construction, as treated in this chapter, consists either of a solid cast-in-
place concrete slab placed upon and interconnected to a steel rolled W section or welded I-
shaped girder, as shown in Fig. 16.1.1, or most commonly, the concrete slab is cast upon
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Figure 16.1.2

Composite section using
formed steel deck. Steel

beam supporting deck and
slab may be parallel o ribs of
formed deck (as in b.) or
Perpendicular to the ribs.
(AISC'B-ZC)(Adapted from
AISC Commentary [1.14])
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Shear stud connectors on flanges of bridge girders to be embedded in the concrete slab in
order to make steel section and concrete slab act as a unit (i.., compositely). (Photo by
C. G. Salmon)

cold-formed steel deck (Fig. 16.1.2), which itself is supported on a steel I-shaped section.
The corrugations (ribs) may be either paraliel to or perpendicular to the supporting beam.
When the ribs are parallel to the beam, the behavior is essentially that of a variable thick-
ness slab supported directly on the steel beam. When the ribs are perpendicular to the steel
W section, special treatment is required. The many varieties of composite steel—concrete
construction are discussed in the State-of-the Art Report [16.1].

The composite beam is one having a wide flange (concrete slab), typically spanning
8 to 15 ft between parallel beams. Ordinary beam theory, where the stress is assumed con-
stant across the width of a beam at a given distance from the neutral axis, does not apply.
Plate theory indicates the stress decreases the more distant a point is from the stff part
(steel section in this case) of the beam. Similarly to the treatment of T-sections in rein-
forced concrete, an equivalent width is used in place of the actual width, so that ordinary
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beam theory can be used. An excellent summary of the factors involved in obtaining ap
effective width is given by Brendel [16.2] and Heins and Fan [16.3]. Vallenilla and
Bjorhovde [16.4] have reviewed the effective width in the context of LRFD and the use of
steel deck to support the slab.

Viest [16.5], in his 1960 review of research, notes that the important factor in com-
posite action is that the bond between concrete and steel remain unbroken. As designers
began to place slabs on top of supporting steel beams, investigators began to study the
behavior of mechanical shear connectors. The shear connectors provided the interaction
necessary for the concrete slab and steel beam to act as a unit; i.e., no slip between the con-
crete and steel beam parallel to the beam. For the earlier encased beams there had been suf-
ficient contact area between concrete and steel so that friction provided the necessary
interaction between the two materials.

The State-of-the-Art Report of 1974 [16.1] provides an overall survey of the subject
of composite construction, including bibliography. Hansell, Galambos, Ravindra, and
Viest [16.6] have provided the background for Load and Resistance Factor Design. Iyengar
and Igbal [16.7] have provided a modern review of composite construction in building
design, and Lorenz and Stockwell [16.8] and Lorenz [16.9] have provided treatment of
basic design concepts for Load and Resistance Factor Design.

A thorough treatment of steel-concrete composite construction in the context of
Eurocode 4 has been developed by IABSE [16.42].

16.2 COMPOSITE ACTION

Figure 16.2.1
Comparison of deflected
beams with and without
composite action.

Composite action is developed when two load-carrying structural members such as a con-
crete floor system and the supporting steel beam (Fig. 16.2.1a) are integrally connected
and deflect as a single unit as in Fig. 16.2.1b. The extent to which composite action is
developed depends on the provisions made to insure a single linear strain from the top of
the concrete slab to the bottom of the steel section.

In developing the concept of composite behavior, consider first the noncomposite
beam of Fig. 16.2.1a, wherein if friction between the slab and beam is neglected, the beam
and slab each carry separately a part of the load. This is further shown in Fig. 16.2.2a.
When the slab deforms under vertical load, its lower surface is in tension and elongates;
while the upper surface of the beam is in compression and shortens. Thus a discontinuity
will occur at the plane of contact. Since friction is neglected, only vertical internal forces
act between the slab and beam.
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(a) Deflected noncomposite (b) Deflected composite
beam beam



Figure 16.2.2
Srain variation in composite
beams.
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When a system acts compositely (Fig. 16.2.1b and 16.2.2¢) no relative slip occurs
between the slab and beam. Horizontal forces (shears) are developed that act on the lower
surface of the slab to compress and shorten it, while simultaneously they act on the upper
surface of the beam to elongate it.

By an examination of the strain distribution that occurs when there is no interaction
between the concrete slab and the steel beam (Fig. 16.2.2a), it is seen that the total resist-
ing moment is equal to

IM = Mgy + Mpeam (16.2.1)

It is noted that for this case there are two neutral axes; one at the center of gravity
of the slab and the other at the center of gravity of the beam. The horizontal slip result-
ing from the bottom of the slab in tension and the top of the beam in compression is
also indicated.

Consider next the case where only partial interaction is present, Fig. 16.2.2b. The
neutral axis of the slab is closer to the beam and that of the beam closer to the slab. Due to
the partial interaction, the horizontal slip has now decreased. The result of the partial inter-
action is the partial development of the maximum compressive and tensile forces C " and
T, in the concrete slab and steel beam. respectively. The resisting moment of the section
would then be increased by the amount 7'¢’ or C'e’.

When complete interaction (known as full composite action) between the slab and the
beam is developed, no slip occurs and the resulting strain diagram is shown in Fig. 16.2.2¢.
Under this condition, a single neutral axis occurs which lies below that of the slab and above
that of the beam. In addition, the compressive and tensile forces C” and T”, respectively, are
larger than the C’ and T existing with partial interaction. The resisting moment of the fully
developed composite section then becomes

SM=T"¢" or C"e" (16.2.2)
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16.3 ADVANTAGES AND DISADVANTAGES

The basic advantages resulting from composite design are

1. Reduction in the weight of steel

2. Shallower steel beams

3. Increased floor stiffness

4. Increased span length for a given number

A weight savings in steel of 20 to 30% is often possible by taking full advantage of a com-
posite system. Such a weight reduction in the supporting stecl beams usually permits the
use of a shallower as well as a lighter member. This advantage may reduce the height of a
multistoried building significantly so as to provide savings in other building materials such
as outside walls and stairways. The overall economy of using composite construction
when considering total building cost appears to be increasingly favorable [16.10, 16.11].

The stiffness of a composite floor is substantially greater than that of a concrete floor
with its supporting beams acting independently. Normally the concrete slab acts as a one-way
plate spanning between the supporting beams. In composite design, an additional use is made
of the slab by its action in a direction parallel to and in combination with the supporting steel
beams. The net effect is to greatly increase the moment of inertia of the floor system in the
direction of the steel beams. The increased stiffness considerably reduces the live load deflec-
tions and, if shoring is provided during construction, also reduces dead load deflections.
Assuming full composite action, the nominal strength of the section greatly exceeds the sum of
the strengths of the slab and the beam considered separately, providing high overload capacity.

While there are no major disadvantages, some limitations should be recognized. In
continuous construction, the negative moment region will have a different stiffness because
the concrete slab in tension is expected to be cracked and not participating. In general, it is
considered acceptable to assume the moment of inertia to be constant through both positive
and negative moment regions, using the positive moment composite section moment of
inertia AISC-I1. Tension in the concrete is neglected.

Long-term deflection caused by concrete creep and shrinkage could be important
when the composite section resists a substantial part of the dead load, or when the live load
is of long duration. This is discussed in Sec. 16.12.

16.4 EFFECTIVE WIDTH

The concept of effective width is useful in design when strength must be determined for an
element subject to nonuniform distribution of stress. Referring to Fig. 16.4.1, the concrete
slab of a composite section is considered to be infinitely wide. The intensity of extreme
fiber stress f, is a maximum over the steel beam and decreases nonlinearly as the distance
from the supporting beam increases.

The effective width b5 of a flange for a composite member may be expressed

bg = by + 2b' (16.4.1)

where 2b’ times the maximum stress f, equals the area under the curves for f,. Various
investigators, including Timoshenko and Goodier [16.12] and von Kérman [16.13], have
derived expressions for the effective width of homogeneous beams having wide flanges;
and Johnson and Lewis [16.14] have shown such expressions are valid for beams in which
the flange and web are of different materials. .
The analysis for effective widih involves theory of elasticity applied to plates, using
an infinitely long continuous beam on equidistant supports, with an infinitely wide flange
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Bgwe 1642
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Hlective width b, on

having a small thickness compared to the beam depth. The total compression force carried
by the equivalent system must be the same as that carried by the real system.

The practical simplifications for design purposes are given by AISC-I3.1a the same
for service load calculations as for nominal strength calculations when failure is imminent.

1. For an interior girder, referring to Fig. 16.4.2.

bg = % (16.4.2a)
br < by, {for equal beam spacing) (16.4.2b)
2. For an exterior girder.
by = L distance from beam center (16.43a)
% 1o edge of slab
by < : by ~ ( distance from beam center (16.4.3b)
- to edge of slab
Interior girder
aith siab extending
on both sides
- —
i I] i
772 777 =
! T | ir’ ”
: ! H
4 I ..L ﬁ i b
/.-"’—-I b - h'4i [ Y T % I
/ L. by, l b"r ! bw ?
Exterior girder with slab

extending only on one side L = beam span
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The American Concrete Institute (ACI) Code [16.15] has long used the following
effective flange widths for T-sections:

1. For an interior girder, referring to Fig. 16.4.2,

be == (16.4.4)
bg = by (for equal beam spacing ) (16.4.4b
)
bg < by + 161, (16.4.4c)
2. For an exterior girder,
b = by + L (164.5
E=0fT 1, .4.5a)
bg = by + 6t (16.4.5b)
bg = by + 0.5(clear distance to next beam) (16.4.5¢)

These 2008 ACI Code effective widths are identical to AISC effective widths used prior to
the 1986 LRFD Specification. The present AISC rules are simpler, eliminating the beam
flange width b, and the slab thickness ¢ as variables.

16.5 COMPUTATION OF ELASTIC SECTION PROPERTIES

The elastic section properties of a composite section can be computed by the trans-
formed section method. In contrast to reinforced concrete, where the reinforcing bar
steel is transformed into an equivalent concrete area, the concrete slab in the composite
section is transformed into equivalent steel. As a result, the concrete area is reduced by
using a slab width equal to bg/n, where n is the modulus of elasticity ratio E,/E,. E; is
the modulus of elasticity of steel, taken as 29,000 ksi, and E,. in psi is given by the ACI
Code [16.15], as follows:

E, = 33(w") VL, psi (16.5.1)*
where w is the density of concrete in pef and f( is in psi. Since the AISC Specification
uses stress in ksi for all formulas, AISC-12.1b converts Eq. 16.5.1 approximately to the fol-
lowing for E, in ksi:

E. = wV [, ksi (16.5.2)*

Note that V1000 is 31.6; thus, Eq. 16.5.2 gives E, about 4% lower than the ACI Code. For
normal-weight concrete, weighing approximately 145 pcf, Eq. 16.5.2 gives E. in ksi as

E, = 1750Vf, ksi (16.5.3)*

Within the accuracy that the modulus of elasticity of concrete may be predicted, either the
ACI Code [16.15] value or the suggested value of AISC-12.1b is acceptable. The modulus
of elasticity ratio n is commonly taken to the nearest whole number. Table 16.5.1 indicates
practical values usually used in computing elastic section properties.

*For SI units, giving E. in MPa,

E. = w'S(0.043) V/fL (16.5.1)
E. = w"5(0.041YVF, (16.5.2)
E, = 4600V f. (16.5.3)

where w is in kg/m> and f, is in MPa.
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TABLE 16.5.1 Practical Values for Modular Ratio n

fe. Modular ratio f;
{psi) n = EJE, (MPa)
3000 9 21
3500 81 24
4000 8 28
4500 7% 31
5000 7 15
6000 6! 42

Effective Elastic Section Modulus

A complete beam may be considered as a steel member to which has been added a cover
plate on the top flange. This “cover plate” being concrete is considered to be effective
only when the top flange is in compression. In continuous beams, the concrete slab is
usually ignored in regions of negative moment. If the neutral axis falls within the con-
f:rete slab, present practice is to consider only that portion of the concrete slab which is
in compression.

AISC-13.2 permits reinforcement parallel to the steel beam and lying within the
effective slab width to be included in computing properties of composite sections. These
reinforcing bars usually make little difference to the composite section modulus in the pos-
itive moment region and their effect is frequently neglected.

Compute the elastic section properties of the composite section shown in Fig. 16.5.1
assuming f. = 3000 psi and n = 9. Use the effective flange width according to
AISC-I3.1a.

Solution:
First, determine effective width (AISC-13.1a).

bg = Lj4 = 0.25(30)12 = 90in. controls
bf-‘ = b(; = 8“2) = 96 in.

The width of equivalent steel is bg/n = 10.0 in. The computation of the moment of inertia
I, about the center of gravity of the W21X62 is shown, as follows:

Moment Arm
Transformed from 4
Area Centroi
A y Ay Ay’ fo
Element (sqin.) (in.) (in3) (in.%) (in.%)
Slab 40.0 +12.495 +500 6245 53
W21X62 18.3 0 0 0 1330
Cover plate 10 —10.995 i _846 1

65.3 +423 7091 1384
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I, = I + Ay? = 1384 + 7091 = 8475 in.

+423
65.3

Iy = I, — Ay? = 8475 — 65.3 (6.48)% = 5737 in.*

y= = +6.48 in.

¥ = 10.50 — 6.48 + 4.0 = 8.02in.
10.50 + 6.48 + 1.0 = 17.98 in.

Yo

The symbol 1, is used for the fully composite uncracked transformed section moment of
inertia. The elastic section modulus S, referred to the top fiber of the concrete slab is

Scone = Iu/¥% = 5737/8.02 = 715 in.3

The elastic section modulus S, referred to the extreme fiber at the tension flange of the
steel section (in this case the cover plate) is

Se = Iu/yp = 5737/17.98 = 319 in?

The addition of a cover plate at the tension flange brings the neutral axis down and per-
mits more economical use of the composite section. However, the cost of welding a
cover plate to the rolled section usually exceeds any material saving; thus, a cover plate

is rarely used. n
) T i
| 1 [}
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Figure 16.5.1
Composite section for
Example 16.5.1.
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6.6 SERVICE LOAD STRESSES WITH AND WITHOUT SHORING

160 27—

EXAMPLE 16.6.1

Figure 16.6.1
Steel section for
Example 16.6.1.

The actual stresses that result due to a given loading on a composite member are dependent
upon the manner of construction.

The simplest construction occurs when the steel beams are placed first and used to
S}'PPOIT }he concrete slab formwork. In this case the steel beam acting noncompositely
(i.e., by itself) supports the weight of the forms, the wet concrete, and its own weight. Once
forms are removed and concrete has cured, the section will act compositely to resist all

de.ad and live loads placed after the curing of concrete. Such construction is said to be
without temporary shoring (i.e., unshored).

Alternatively, to reduce the service load stresses, the steel beams may be sup-
ported on temporary shoring; in which case, the steel beam, forms, and wet concrete,
are carried by the shores. After curing of the concrete, the shores are removed and

the section acts compositely to resist all loads. This system is called shored con-
struction.

The following example illustrates the difference in service load stresses under the
two systems of construction.

For the steel W21X62 with the 1 by 7-in. plate of Fig. 16.5.1, determine the service load
stresses considering that (a) construction is without temporary shoring, and (b) construc-
tion uses temporary shores. The dead- and live-load moment M; to be superimposed on
the system after the concrete has cured is 560 fi-kips.

Solution:
The composite section properties as computed in Example 16.5.2 are

Sip = 715 in?> (top of concrete)

Spotom = Sy = 319in.3  (bottom of steel)

The noncomposite properties for the steel section alone (see Fig. 16.6.1) are computed as
follows:

7.0(10.995)
T 70 + 183
10.495 — 3.04 + 1.00 = 8.45 in.

04 in.

Yb

W21x62

y CG of W21X62
K PR
R i -
l(;g95
M r i \ CG of section with §,

g - 1X7
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I = Iy (W21X62) + A,y — Ay?

1330 + 7.0(10.995)2 — 253(3.04)>

1330 + 846 — 234 = 1942in*

1942
s = — = i _3
" = 1335 143 in.° (top)
1942
§, == = in.3
% = 345 230in.”° (bottom)

(a) Without Temporary Shores. Weight due to the concrete slab and steel beam,

w (concrete slab), (4/12)(8)0.15 = 0.40
w (steel beam) = 0.06
0.46 kips/ft
Mp (DL on noncomposite) = 1 (0.46)(30)> = 51.8 ft-kips

My _SL82)

Foop = Sq(steel section) 143 o
Mp 51.8(12)

4 — = 2- i

Foonom = 5 Cieel section) 230 Thi

The additional stresses after the concrete has cured are

~ M, ~560(12)
Fop = nS;op(composite ) ~9(715)

= 1.04 ksi (concrete stress)

where the stress in the concrete is 1/n times the stress on equivalent steel (transformed
section).

M, 560(12)

= 21.1 ksi

The total maximum tensile stress in the steel is

f = f(noncomposite) + f(composite) = 2.7 + 21.1 = 23.8 ksi

(b) With Temporary Shores. Under this condition all loads are resisted by the com-
posite section.

Mp+ M, (560 + 51.8)12

= = = 1.14 ksi te
Joop Stop(composite) 715(9) i on concre
Mp + My (560 + 518)12 _
foowom = g =T g = 0ksi

Stress distributions for both with and without shores are given in Fig. 16.6.2. Since the dead
Joad was small in this example, use of shores gave insignificant reduction in service load stress.
Where thicker slabs are used, the dead load stresses may become as high as 30%, in which case
using or not using shores will make a significant difference. »
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$ I 4" 4.3 ksi

W21 X62 5.1 ksi
+
8‘4511
¢ y— ;
. re 16.6.2 L 27 211
‘g‘q—;load stresses for R-1Xx7 238 230
xample 16.6.1. (a) Without shores

(b) With shores

6.7 NOMINAL MOMENT STRENGTH OF FULLY COMPOSITE SECTIONS

The nominal strength M, of‘a composite section having its slab in compression (positive
moment) depends on the yield stress F, and section properties (including slenderness
A = h/t,, for the web) for the steel beam, the concrete slab strength 7, and the strength of
shear connector§ providing the interface shear transfer between slab and beam.

. The nor_nmal strength (commonly called ultimate strength) concepts were first
app!led to design practice as recommended by the ASCE-ACI Joint Committee on Com-
posite Construction [16.16], and further modified by Slutter and Driscoll {1 6.17]. Ultimate
strength was reviewed in the State-of-the-Art Report [16.1], and treated in the context of
Load and Resistance Factor Design by Hansell et al. [16.6].

Traditionally, since the Joint Committee Report [16.16] the design of composite
beams has been based on nominal moment strength even though Allowable Stress Design
was used. Load and Resistance Factor Design is particularly adapted to using composite
flexural members since the concepts of strength are easier to understand without trying to
convert them into a service load based Allowable Stress Design.

The nominal moment strength M, when the slab is in compressicn {positive
moment) is divided into two categories according to AISC-13.2a, depending on web slen-
derness, as follows:

1. For hjty = [376VE/F, = 620/ V/F,]

M,, = nominai mornent stresigth based on plastic stress distribution on the
composite section (plastic moment)
¢b = (.90

2. For h/ty > [3‘76\/}5;"& = 640/ VF, ]

M, = nominal moment strength based on superposition of elastic siresses
(shown in Sec. 16.6). considering the effects of shoring, for the limit
state of yielding (yielding moment)

¢b = 0.90

Since the elastic properties and effects of shoring have been treated in Sec. 16.6, this
section focuses on strength based on plastic stress distribution. It is noted that all current
ASTM A6 W shapes satisfy the limit for Case 1.

The nominal strength M, based on plastic stress distribution may be divided into
two general categories: (1) the plastic neutral axis (PNA) occurs in the slab: and (2)'the
plastic neutral axis occurs in the steel section. When the PNA occurs in the steel ‘se_cuon,
the nominal strength M, calculation will differ depending on whether the PNA is in the
flange or the web.
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Figure 16.7.1

Plastic stress distribution at
nominal moment strength
M,,. (PNA = plastic neutral
axis)
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The concrete is assumed to develop only compression forces. Although concrete is
able to sustain a limited amount of tension, the tensile strength is negligible at the strains
occurring when nominal strength is reached.

Case 1—Plastic Neutral Axis (PNA) in the Slab

Referring to Fig. 16.7.1b and assuming the Whitney rectangular stress distribution* (uni-
form stress of 0.85f. acting over a depth a), the compressive force C is

C = 085f.abg (16.7.1)
The tensile force T is the yield stress on the beam times its area:
T = AF, (16.7.2)
Equating the compressive force C to the tensile force T gives
AGF,
a= M (16.7.3)

According to the ACI-accepted [16.15, Sec. 10.2.7] rectangular stress distribution,
the neutral axis distance x, as shown in Fig. 16.7.1d, equals a/0.85 for f. = 4000 psi. The
nominal moment strength M,,, from Fig. 16.7.1b, becomes

M, =Cd, or Td, (16.7.4)

When the slab is capable of developing a compressive force at least equal to the full yield
strength of the steel beam, the PNA will be in the slab, the common situation for fully com-
posite sections. Expressing the nominal strength in terms of the steel force gives

d a
M, = ASFy(E + 1 — 5)

The usual procedure for computing nominal strength is to assume the depth a for the rec-
tangular stress distribution will not exceed ¢,; i.e., use Eq. 16.7.3. If a is verified to not
exceed t,, Eq. 16.7.5 can be used to obtain nominal strength M,, .

In the past, Case | has been referred to as “slab adequate”; meaning that the slab is
capable of developing in compression the full nominal strength of the steel beam in tensjon.

(16.7.5)

]
E .
r Effective width"l j —0.85 f; 4-‘ - 0.85 f;.
C c S5 0.003
a } le— c
Is l | o= E - T EE" ’ ‘-[x
: =L =y N
beamdepth § 2 _ S B PNA d; _[ PNA
d T _L
L r
F y F y F y
I
Case 1 Case 2 Strain when
Plastic neutral Plastic nentral nominal
Cross— axis within axis within strength M,
section slab steel beam is reached
(a) (b) (©) ()]

*For the development of the concept of replacing the true distribution of compressive stress by a rectangular
stress distribution, see for example, Chu-Kia Wang, Charles G. Salmon, and José Pinchiera. Reinforced Cancrete
Design, 7th ed. (Wiley, 2006, Chap. 3).
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Case 2—Plastic Neutral Axis (PNA) in the Steel Beam

gi‘; (;?5311 ;1 ?if the §;:lress block as c!etemﬁned in Eq. 16.7.3 exceeds the slab thickness, the
on will be as shown in Fig. 16.7.1c. The compressive force C, in the slab is
C. = 0.85f.bgt, (16.7.6)

The compressive force in the steel beam resulting from the portion of the beam above the
neutral axis is shown in Fig. 16.7.1c as C;.

T'=C,+ Cs 6.7
Also,
T = AF, — C; (16.7.8)

Equating Eqs. 16.7.7 and 16.7.8, C, becomes

AF, — C
or
AsF, — 085 flbgt,
C, = : (16.7.9)

Considering the compressive forces C. and C,, the nominal moment strength M, for
Case 2 is

M, = C.db + Cid} (16.7.10)

where the moment arms d5 and d7 are as shown in Fig. 16.7.1c.

When the Case 2 situation occurs, the steel beam must be capable of accommodating
plastic strain in both tension and compression to achieve the nominal strength condition.
The lower the PNA occurs in the steel section the more local buckling may influence the
behavior. As indicated earlier in this section, in order to use the plastic stress distribution at
all, AISC-13.2a requires the web A = A,.

When the flange of the steel section adjacent to the slab is in compression. there
might be concern regarding flange local buckling. The combination of concrete bearing
against the compression flange and the shear connectors used to attach the slab and steei
beam together eliminates flange local buckling as well as lateral-torsional buckling as con-
trolling limit states. AISC-13.2 addresses only the issue of web local buckling; it is silent
regarding flange local buckling.

Determine the nominal moment strength AM,, of the composite section shown in Fig. 16.7.2.
Use A992 steel, f. = 4000 psi, and n = 8.

Solution:
Assume the plastic neutral axis (PNA) is within the slab; i.e., that a = 1, (Case 1),

AF, 10.6(50)

¢ = 085f.br  0.85(4)60
C = 085f,abg = 0.85(4)(2.6)60 = 530 Kips

= 2.601in. < f, OK
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0.85f,

I-‘ by = 60" ——| QEI._ = 130"

| ] T 4-—l— C = 0.85f,aby

‘s 4" ‘ a= 130" dl = 10.63"
W16X36 LT oAF =
de 1555 N T=AF, =530k
ii 7.925"
Figure 16.7.2
Example 16.7.1. —Fy

T = A,F, = 10.6(50) = 530kips (checks)

d
Arm d, =E+z—-“2—=7.925+ 40 — 130 = 10.63 in.

The nominal moment strength M, is then
M, = Cd; = 530(10.63)1; = 470 ft-kips n
EXAMPLE 16.7.2

Determine the nominal moment strength M, of the composite section shown in Fig. 16.7.3.
Use A992 steel, f;. = 4000 psi, and n = 8.

Solution:
Referring to Fig. 16.7.3, assume the plastic neutral axis (PNA) is within the flange (i.e., Case 1),

AR, 47.0(50)
 085f.bgy  0.85(4)(72)

a

= 9.60in. > l}‘s = 7.0 in:| NG

Since the concrete slab is only 7 in. thick, the slab cannot develop enough strength to bal-
ance the tension force A F), capable of developing in the steel section; thus the PNA will be
within the steel section; thus, Case 2 applies. Using Eq. 16.7.6,

C, = 085f.bgt, = 0.85(4)72(7) = 1714 kips

0.85f;
= " — "
be=12 t,=1 I_— 35" 727
1 i C, i AN
[ == e e — N
i
T ] i e ainer
d =360 W36 160 ' »1 —+
l ¥ =1555" /
i =470in? dy=2018"
Figure 16.7.3 A, =470in. ;
iy '—Fy"f""F,u"

Example 16.7.2.
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Using Eq. 16.7.9.

_AF, — 085 fibet,  47.0(50) — 1714
- =
2

Assuming only the flan: W =
) ge of the W36X160 (b i is 1 i
¢ » e ( F 12.00 m.) 1S in compression, the por-

s

= 318 kips

318
d = = 1 o 1
/= So(iz00) = O53im < [t = 1.020in.]

Thus, the PNA is within the flan i i i
ge. The location of th i
the steel beam from the bottom is e centoid of the tension portin o

47.0(18) — 0.53(12)35.76
470 — 0.53(12)

y= = 1522 in.

Referring to Fig. 16.7.3, the nominal composite moment strength M,, from Eq. 16.7.10 is
M, = Cuds + C,d}
= [1714(23.95) + 318(20.18)]/12 = 3960 ft-kips =

:I'lle nominal strength M), has inherently assumed that shear connectors will provide
sufficient shear transfer at the slab-to-flange interface to develop however much of the slab
compressive strength that is required to balance the tension force developed in the steel
beam. Shear connectors are treated in Sec. 16.8.

The nominal strength M,, is independent of whether or not the system is shored dur-
ing construction. Even though service load stresses are different, as illustrated in Sec. 16.6,
the nominal strength is the same, shored or unshored.

168 SHEAR CONNECTORS

The horizontal shear that develops between the concrete slab and the steel beam during
loading must be resisted so that the slip shown in Fig. 16.2.2 will be restrained. A fully
composite section will have no slip at the concrete-steel interface. Although some bord
may develop between the steel und the concrete, it is not sufficiently predictable to proviae
the required interface shear streagth. Neither can friction between the concrete slab ang e
steel beam develop such strength.

Instead, mechanical shear connectors are required (AISC-13.2d), except for the totaily
concrete-encased steel beam. Some mechanical shear connectors are shown in Fig. 16.8 1.
The only connectors specifically provided for in the AISC Specification are stad shear con-
nectors [AISC-13.2d(3)] and channel connectors [AISC-13.2d(4)]). Currently (2008), tearly all
shear connectors are headed studs.

Ideally, to obtain a fully composite section the shear connectors should be stiff enough
to provide the complete interaction (i.¢., no slip at the interface) shown in Fig. 16.2.2c. This.
however, would require that the connectors be infinitely rigid. Also, by referring to the shear
diagram for a uniformly loaded beam as shown in Fig. 16.8.2, it would be inferred, theoret-
ically at least, that more shear connectors are required near the ends of the span where the
shear is high, than near midspan where the shear is low.

Consider the shear stress distribution of Fig. 16.8.2b wherein the stress v must be
developed by the connection between the slab and beam. Under elastic conditions the shear
stress at any point in the cross-section will vary from a maximum at the support to zero at
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Figure 16.8.1
Shear connectors.

Figure 16.8.2

Shear variation for uniform
loading and distribution of
shear stress over the depth of
a steel-concrete composite
section.

L L Headed stud Hooked stud
T ] T
- -~ H, H:
I 4, |
= =
(a) Stud connectors
..
Cc e l/ Flexible
‘ channel
<~ <
4
—
i
{b) Channel connectors
00000000000
77 77
=~ =<

T

Uniform load vo

RN

T

{d) Angle connectors

{c) Spiral connector

I_‘ —T e —
Moment I M, M;mu _ _ _
— x_..|
-1,

\'

L
2

|

L
2

(@ (b)

midspan. Next, examine the equilibrium of an elemental slice of the beam, as in Fig. 16.8.3.
The shear force per unit distance along the span is dC/dx = vibg = V( [y dA)/1. (The
f y dA is commonly given the symbol Q in elastic beam theory; this should not be confused
with the nominal connector strength O, used below.) Thus, if a given connector has an
allowable service load capacity g (kips), the maximum spacing p to provide the required
strength is
q
=—" 16.8.1
P v(fyaay (165D

where [y dA is the statical moment of the transformed compressive concrete area (the
slab) taken about the neutral axis of the composite section. Equation 16.8.1 is based on

elastic beam theory and a fully composite section.
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3 Uﬂﬂ.l recent years, Eq. 16.8.1 was used to space shear connectors. AASHTO0-6.10.10.1.2
(1. llztfl';mvsmgl?q: 168.1 to design for fatigue, a service load limit state related to the
m%mozliapph_ed,mdnscasc}inmgeofshearwmﬂﬁngﬁomﬁvelmd(mmw).

) requires a strength limit state check.

According to the strength limit state, the shear connectors at nominal moment
strength share e?qually in transmitting the shear at the interface between concrete slab and
steel beam. This means, referring to Fig. 16.8.2a, that shear connectors are required to
transfer the .compressive force developed in the slab at midspan to the steel beam in the dis-
tance L/2, since no compressive force can exist in the slab at the end of the span where zero

moment exists. The nominal shear transfer strength cannot exceed the maximum force the
concrete can develop, namely

V' = Coax = 0.85f1bpt, (16.8.2)

where by, is the effective slab width and 1, is the slab thickness. When the maximum force
Tonax that can develop in the steel is less than Cyy, the maximum shear transfer strength
will be

V' = Thax = AsF5 (16.8.3)

where A, is the cross-sectional area of the sieel section.

Thus, when the nominal strength Q,, of one shear connector is known, the total number
N of shear connectors required between points of maximum and zero bending moment is

C
v= o Im o hichever is smaller (16.8.4)
O oF

Thus, the strength is achieved when the total number N of shear connectors is placed
between the maximum moment and zero moment iocations. Uniform spacing will be the
simplest procedure. because the number of connectors rather than the spacings affects the
strength.

The determination of the connector capacity analytically is complex. since the sheswr
connector deforms under load and the concrete which surrounds it is also 2 deformable
material. Moreover, the amount of deformation a shear connector undergoes is dependent
upon factors such as its own shape and size. its Jocation along the beam. the location of the
maximum moment, and the manner in which it is attached to the top flange of the sizel
beam. In addition, any particular shear connector may yield sufficiently to cause shp
between the beam and the slab. In the latter case the adjacent shear connectors pick up the
additional shear.

As a result of the complex behavior of shear connectors, their capacities are not
based solely on a theoretical analysis. In order to develop a rational approach, a number of
research programs, summarized by Viest [16.1, 16.5), were undertaken to develop the
strengths of the various types of shear connectors.

Investigators determined that chear connectors will not fail when the average load
per connector is below that causing 0.003 in. (0.076 mm) residual slip between concrete
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Figure 16.8.4
Weak and strong stud
positions [16.47]

and steel. The amount of slip is also a function of the strength of the concrete that sur-
rounds the shear connector. Relating connector capacity to a specified slip may be realistic
for bridge design where fatigue strength is important, but it is overly conservative with
respect to failure loads. So-called “ultimate” capacities used prior to 1965 [16.17] were
based on slip limitation, giving values about one-third of the strengths obtained when fail-
ure of a connector is the criterion.

When flexural strength of the composite section is the basis for design, the connec-
tors must be adequate to satisfy equilibrium of the concrete slab between the points of
maximum and zero moment, as discussed in the development of Eqs. 16.8.2, 16.8.3, and
16.8.4. Slip is not a criterion for this equilibrium requirement. As stated by Slutter and
Driscoll [16.17], “the magnitude of slip will not reduce the ultimate moment provided that
(1) the equilibrium condition is satisfied, and (2) the magnitude of slip is no greater than
the lowest value of slip at which an individual connector might fail.” Studies by Ollgaard,
Slutter, and Fisher [16.19] and McGarraugh and Baldwin [16.20] included the effect of
lightweight concrete on stud connector capacity.

All research work cited above was based on experimental work that used solid slabs
or steel decks from flat steel plates. Most of composite steel floor decks used in buildings
today are formed and have a stiffening rib in the middle of each deck flute. Recent research
by Rambo-Roddenberry and others [16.47] concluded that shear stud strength equations in
past AISC Specifications are unconservative. The stud strength whether the deck was per-
pendicular or parallel to the beams, is higher than those derived from either pushout or
beam tests for studs embedded in modern steel decks. Also, because of the stiffener, studs
must be welded off-center in the deck rib. Rambo-Roddenberry et al [16.47] have shown
that shear studs behave differently depending upon their position within the deck rib. The
“weak” (unfavorable) and “strong” (favorable) positions are shown in Figure 16.8.4.

Two currently accepted expressions for the nominal strength Q,, of shear connectors
are as follows:

1. Headed steel stud connectors welded to flange (Fig. 16.8.1a). Load and Resis-
tance Factor Design (AISC-I3.2) gives essentially the expression developed at Lehigh
[16.19], and subsequently modified at Virginia Tech [16.47]

0, = 054,V fIE. = RgR,AsF, (16.8.5)

where A, = cross-sectional area of stud shear connector, sq in.
F, = specified minimum tensile strength of a stud shear connector, ksi

R, = 10;

(a) for one stud welded in a steel deck rib with the deck oriented perpendicu-
lar to the steel shape;

(b) for any number of studs welded in a row directly to the steel shape;

(c) for any number of studs welded in a row through steel deck with the deck
oriented parallel to the steel shape and the ratio of the average rib width to
rib depth = 1.5

Web embossments
not shown
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e = 0.85;

(a) for two studs welded i dec!
in a stee i 1 y H
lar to the steel shape: 1 deck rib with the deck oriented perpendicu-

(b) f
) ﬂ(:; (s)tl:;stnd welded through steel deck with the deck oriented parallel to
shape and the ratio of the average rib width to rib depth <1.5

R, =
g = 0.7 for three or more studs welded in a steel deck rib with the deck
oriented perpendicular to the steel shape

R =1 i .
p m&f‘:il studs welded directly to the steel shape (in other words, not
steel deck or sheet) and having a haunch detail with not more

than
e o 50 percent of the top flange covered by deck or sheet steel closures
p — Y- 5

(a) for studs welded in a co i ab with
mposite slab with the deck oriented perpendicular
to the beam and ¢,,;4 5, = 2 in.; ¢ deck onien .

(b) t;(:lrdsmdsweldefiﬂnmghsteeldeck,msteelslwdusedasgirdaﬁﬂanmm&
embedded in a composite slab with the deck oriented parallel to the beam

R, = 0.6 for studs welded i i i i
p € in a composite slab with deck oriented dicul
to the beam and ¢,,;5 5, < 2in. pepeniet

Cmid-ht = di.stanc.e from the edge of stud shank to the steel deck web, measured at
uud-hel'ghlofl?e deck rib, and in the load bearing direction of the stud (in other
words, in the direction of maximum moment for a simply supported beam), in.

w, = weight of concrete per unit volume (90 pef < w, = 155 pcf)
E. = modulus of elasticity of concrete. ksi

= (w'? )\/E, according to AISC-12.1b, using f in ksi. For normal-weight
concrete having density 1 = 145 pcf. E, = 1746\/)7;. Note that the ACI
Code [16.15} gives slightly different values using E, = w33\ FL . with
£~ in psi instead of ksi.
2. Channel connectors (Fig. 16.8.1b. AISC-13.2D(4) gives for the pominal connec-
tor strength O,

——

g, = 031 — 031, )LV fLE, (16.8.6

J

where Q, = nominaj strangth o1 0N chennel, Xips
= channel flangz thicknass 1Fig. 16.8.1 . in

t,, = channe] web thickness. :n.
L. = length of channet. ir..
fL. = 28-day compressiv= strenzih of concrete. ksl

ksi

E. = modulus of elastici’y ot concrete (defined following Eq. 16.5.5.

Connector Design—AISC LRFD Method

The nominal strength Q,, of the connectors is directly used in the AISC Design Methods.
AISC-I3.2d requires “... the entire horizontal shear at the interface between the steel
beam and the concrete slab shall be assumed to be transferred by shear connectors.” For
fully composite sections, the nominal horizontal shear strength V,;, to be provided by con-
nectors is the smaller of Egs. 16.8.2 and 16.8.3.

The section may also be designed as partially composite, where the forces utilized
of the internal couple are less than either the nominal compression strength available from
the concrete, or the nominal tension strength available from the steel section. In partiaily
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EXAMPLE 16.8.1

composite sections, the strength £Q, of the shear connectors determines the magnitude
of the forces of the internal couple and nominal moment strength M,,, and correspond-
ingly the required nominal horizontal shear strength V,;;. Lorenz and Stockwell [16.8]
have discussed stresses in partial composite beams. Bradford and Gilbert [16.44] have
provided recent work on partial interaction under sustained loads.

For the positive moment situations (i.e., compression in the concrete slab), the shear
strength V,,;, required is, therefore, the smallest of the following:

1. V,, required = 0.85 fbgt, [16.8.2]
2. V,, required = AF) (16.8.3]
3. V,, required = ZQ, provided

When 3. applies, the number of connectors controls the nominal strength M, of the section.

As stated earlier, and as specifically stated in AISC-13.2d(6), the strength V,;, must
be provided “... each side of the point of maximum moment ..." to the points of zero
moment. Further, AISC-13.2d(6) states that the connectors shall be distributed uniformly
between the point of maximum moment and the point of zero moment. This is “unless oth-
erwise specified”, whatever that may mean. As long as adequate strength is provided, the
spacing of the connectors is not important.

The nominal strengths Q,, for stud and channel connectors from AISC-13.2d(3) and
(4) are given by Eqgs. 16.8.5 and 16.8.6; values for common stud diameters and some chan-
nels are given in Table 16.8.1.

When a formed steel deck is used (see Fig. 16.1.2) with shear studs embedded in
the supported concrete slab, reduction factors must be applied to 0, in accordance with
AISC-13.2d(3).

In the case of continuous beams (also see Sec. 16.13), the longitudinal reinforcing
bar steel within the effective width of the concrete slab is permitted (AISC-13.2d(2)) to be
assumed to act compositely with the steel beam in the areas of negative moment. The total
nominal horizontal strength V,,;, needed from shear connectors between the interior support
and each adjacent point of inflection (zero moment) equals the tension force available from
the reinforcement (since the tension in the concrete is neglected),

Tslab = ArF yr (16.8.7)

where A, = total area of adequately developed longitudinal reinforcing steel within
the effective width bg of the concrete slab

F,, = minimum specified yield stress of the reinforcing steel

Determine the number of %—in.-diam X 3-in. shear stud connectors required to develop the
fully composite section of Fig. 16.8.5. Assume the applied loading is uniform and the
beam is simply supported. Use A992 steel, f. = 4000 psi, n = 8, and Load and Resis-
tance Factor Design.

Solution:
Using Egs. 16.8.2 and 16.8.3,

Vi, = Conax = 0.85f%bgt, = 0.85(4.0)(72)7 = 1714 kips

or
Vor = Tax = AsFy = 47.0(50) = 2350 kips
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TABLE 16. i
16.8.1 Igl}c:mmal Strength Q,, (kips) for Stud and Channel
Rea_r Connectors Used with No Decking
(Rg= R, =1.0) and Normal-Weight Concrete’

Concrete strength

fe (ksi)

Connector 3.0 35 4.0

1/2" diam X 2" headed stud 9.4 10.5 1.6

5/8 ; dlvam X 2-1/2" headed stud 14.6 16'.4 18.1

3/4" diam X 3" headed stud 21.0 23.6 26.1

7/8" diam X 3-1/2” headed stud 28.6 32.1 35.5
gllllanne} (é3x4.1 10.2L.* 11.5L, 12.7L,
annel C4X5.4 11.1L, 12.4L, 13.8L,
Channel C5X6.7 119L, 133L, 14.7L,

+
AISC Formula (13-3), Eq. 16.8.5, used for studs and AISC Formula {I3-4), Eq. 16.8.6,
used for channels. Studs, A108Type 2, F? = 60 ksi.

*L. = Length of channel, in.

: - r_ 0.85f; bg=12"
C.=0 [ |
_— ‘ g -— C
V., — L

% T s L W36X160
_ F,=50ksi

1 Sym. about (G _ span

f—F=
. L !
] ——_ Bending moment
- Figure 16.8.5 / diagram
Example 16.8.1. |

As found from the analysis in Example 16.7.2, the neutral axis is located within the steel

section; thus, Cipax < Tmax. The force in the concrete to be carried by shear connectors 1%

1714 kips.
The nominal strength Q,, per connecter, from Eq. 16.8.5 or Table 16.8.1, s 26.1 kips.

The number N of shear connectors required for each half span is
1714
=-— =60
26.1

-y

] Use 66—%—in.-diam X 3-in. studs per half span.

Connector Design—Elastic Concept for Fatigue Strength

; The 1992 AASHTO Specification [1.3] requirements for fatigue are based largely on the
‘ work of Slutter and Fisher [16.21]. For fatigue, the range of service load shear rather than
strength under overload is the major concern. Fatigue strength may be expressed

log N = A + BS, (16.8.8)

oad horizontal shear; N is the number of cycles to failure;

where S, is the range of service .
The equation used for design is shown in Fig. 16.8.6.

and A and B are empirical constants.

h |
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Figure 16.8.6
Fatigue strength of stud shear
connectors. (From Ref. 16.21)

EXAMPLE 16.8.2

25 175
log N = 8.072 - 0.17538,

20 |- 140 _
o= &
g 15 + -{ 105 g
%y o

10 |- 470 “

5F - 35

1 ] 1
104 10° 108 107
N cycles

Since the magnitude of shear force transmitted by individual connectors when ser-
vice loads act agrees well with prediction by elastic theory, the horizontal shear is calcu-
lated by the elastic relation VQ/I. Fatigue is critical under repeated application of service
load; thus it is reasonable to determine variation in shear using elastic theory. The spacing
of the connectors will vary along the span in accordance with V.

For cyclical load, Eq. 16.8.1 gives

(Vimax — Vmin)@  Allowable range £Z,
‘/sr = 7 = ?

where p is the connector spacing. AASHT0-6.10.10.1.2 [1.3] gives Eq. 16.8.9 as

(16.8.9)

VA
p=
Ver

(16.8.10)

where V,, = horizontal fatigue shear range per unit length, kip/in.
Z, = allowable range of load per connector, Ib/stud connector

2
= ad? = 2'521 (AASHTO 6.10.10.2)

P
d = stud diameter, in.
a=7345—-428log N

indicates the sum of Z, for connectors at the section is to be used.

Redesign the shear conncetors for the beam of Example 16.8.1 (Fig 16.8.5) using the ser-
vice load stress fatigue requirement of AASHTO with %—in.-diam X 3-in. stud connectors.
Design for 500,000 cycles of loading of live load. Whether or not the beam is shored, only
the live load is the cylical load. Use uniform live load of 3.5 kips/ft, a spacing of 6 ft for
beams, a beam span of 45 ft, F, = 50 ksi, and f; = 4 ksi.

Solution:

(@) Loads and shears. For the fatigue recjuirement in AASHTO-6.10.10.1.2 only the
range of service live load is needed. At the support with full span loaded,

= lwL = 0.5(3.5)45 = 788 kips
Using partial span loading of live load,
Max V(at § point) = 3.5(45)(0.75)(0.375) = 443 kips
Max V(at midspan) = §wL = §(3.5)45 = 19.7 kips
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J88k —
Max live load shear, Vinax
7 Sym
5 60 }ﬁ/ abt
g 17 G of span
- _1._
-] 40 N~ —— - 2 "
g G ofsu =3 394
g B pport V., from horizontal
: E »nl v, ' o baseline
‘ N
E Spacing 5" —] | fell’ jew, selr |3@20” 4 studs
‘ W T - l L1 l Lo by per space
" 6.8.7
iﬁg"m r;ngc diagram and stud 4.9
; et ¢ according t0 elastic _ o7
e used by Min. live load shear V, .
MsmO—Example 16.8.2. 296" |
The envelope showing the range of live load shear is given in Fig. 16.8.7. Inclusion of
dead load shear would change both V,;,, and V,,;, by the same amount at any section along
the beam; however, (Vyax — Vinin), that is, the range V, would not be affected.
. (b) Compute elastic composite section properties (n = 8) (see Fig. 16.8.5).
Effective slab width by = by = 72 in.
) Arm from
Effective CG of steel
area, A beam, y Ay Ay lo
Element {sqin.) {in.) (sqin.) (in.%) (in.%)
1 Slab, 72(7)/8 63.0 215 1355 29,120 257
: W36X160 47.0 — — — 9750
3 110 1355 29,120 10,017

Io= 4yt + Iy = 29120 + 10,017 = 39,100 in.4

1355
y = = 1232 in,

I, = 39,100 — 110(12.32)% = 22,400 in.*
= 180 + 7 — 1232 = 12.68in.
y, = 18.0 + 12.32 = 30.32in.

=
!

22,400 .
S, = 122.68 = 1767in.> (concrete at top)
22,400
= == = 739in.> (steel at bottom
S5 =50 = 3032 " ¢ )

Determine the static moment of the effective concrete area about the centroid of the com-

posite section,
0 = 63.0(y, — 35) = 63.0(9.18) = 578 in.>
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(¢) Determine the allowable load for %—in.-diam X 3-in. stud connectors. AASHTO-
6.10.10.1.2 gives an allowable service load range Z, per connector based on fatigue for
500,000 cycles of loading as

a=345—428log N
= 34.5 — 4.28 log(500,000) = 10.1

5d2
Z, = ad? = 10.1(0.75)* = 5.68 kips > [ST = 1.55 kips:l 0K

The AASHTO allowable values are based on a slip limitation.

(d) Determine spacing of connectors. Use 4 studs across the beam flange width at
each location:

2 Z, for 4 studs = 4(5.68) = 22.7 kips

Using Eq. 16.8.10,
2Z, 2Z,

P= Ver B (Vmax - Vmin)Q/I

where 1/Q = 22,400/578 = 38.8 in.

_ 227(388) 881
P ™ Vi — Vo) (Vinax — Vi) (kip$)

The values are computed in the table below and the spacing is determined graphically on
the shear diagram of Fig. 16.8.7.

P Ve P v,
(in.}  ({kips) {in.}  (kips)
11 79 20 45
14 61 22 39

17 51
V, = Vinax — Vinin

The fatigue service load criterion requires 8% more connectors (68 vs 61 per half
span) than the procedure based on strength. ]

16.9 COMPOSITE FLEXURAL MEMBERS CONTAINING
FORMED STEEL DECK

Composite flexural members may be made using formed steel deck, as shown in Fig. 16.1.2.
The formed metal deck may be placed perpendicular to or parallel with the supporting
beam. Furthermore, the beam may actually be an open web joist. Typically, the deck plate
varies in thickness from 22 ga. (0.0336 in., 0.853 mm) to 12 ga. (0.1084 in., 2.75 mm). The
deck rib height typically is 1%, 2, and 3 in. for spans of, say, 8, 10, and 15 ft. As shown in
Fig. 16.1.2, the thickness of the concrete slab above the top of the ribs must be at least 2in.
AISC-I3.2c and the embedment of the stud connectors into the concrete above the top of the
ribs must be at least l%in.

When the steel deck ribs are perpendicular to the steel beam, the stud strength On
may have to be reduced from that given by Eq. 16.8.5 by a reduction factor as explained
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earlier. E i ibbi

e d:Sctl‘:lg:lng(,)an::)bslirtlgsb;;nntisl‘Vlurray {16.43] provide a study of strength of shear studs

scopel:)?l:lniezill;legro{;onned st_eel deck supported slab composite beams is outside the

e e pter. The reader 1§ referred to Grant, Fisher, and Slutter [16.23], and par-
larly wi rega‘rd to LRFD design, to Vinnakota, Foley, and Vinnakota [16.24]. Com-

p;);u;% open-web Joist§ have been treated by Tide and Galambos [16.25] and Rongoe

|[:16.29]. 'I‘v:lo-(;vay acting f:omposite slabs with steel deck have been treated by Porter
.29], and design Specifications and Commentary [16.27, 16.28] are available from

ASCE. The special considerations regardin i i
the de f “stub ”
Buckner, Deville, and McKee [16.30].g * g of "stubgirders are reated by

\ 16.10 DESIGN PROCEDURE—AISC LRFD AND ASD METHODS
116.10 D277

The design f’f composite beams involves providing sufficient plastic strength $M,, of
the cc.)mposu.e section to equal the factored moment. Using rolled W shapes, lgcal
buckling ordinarily is not a controlling limit state although h/f,, should be checked
when the PNA is in the web, and because the compression flange is attached to the
concrete slab lateral-torsional buckling is precluded as a controlling limit state. Thus,
it is required that

$sM, = M, (LRFD) (16.10.12)
M,/Q, =M, (ASD) (16.10.1b)

where ¢, = 0.90 and 2, = 1.67 for a composite beam.

N In general, the design should be started by assuming the plastic neutral axis (PNA) is
within the slab (Case 1—Fig. 16.7.1b). Thus, using Eq. 16.7.5, the required area A; for the
steel section is

M,

d a
Fi—+t,— =
‘f)b )(2 s 2)

: M,
Required A5 = 7

QN2 2

Typically a/2 can be estimated s 1 in. for preliminary design.

In addition to the strength requirement under full dead and live load, AISC-13.1¢
requires that when temporary shores are not used during construction, the steel section
alone must have adequate strength “to support all loads applied prior to the concrete attain-
ing 75% of its specified strength f..” For this condition, local buckling of the beam cle-
ments and lateral-torsional buckling must be considered.

Required A; = (LRFD) (16.10.2a)

(ASD) (16.10.2b)

16.11 AISC EXAMPLES—SIMPLY SUPPORTED BEAMS

EXAMPLE 16.11.1

Design an interior composite beam for the floor whose plan is shown in Fig. 16.11.1 assuming
the beam is to be constructed without temporary shoring. Use 50 ksi, f¢ = 4 ksi (n=8),a
4-in. slab, and the AISC LRFD Method.
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Figure 16.11.1

Beam framing plan for
Examples 16.11.1 and
16.12.1.

Composite Steel-Concrete Construction

I————— 4@ 8'-0" = 32'0"
6=l =
28'-0" LL = 200 psf
=] =
Solution:

(a) Compute factored and service loads.
Loads carried on steel beam:

concrete slab, 15 (0.15)8 = 0.40 kip/ft

beam weight (estimated) = 0.04 kip/ft

service dead load = 0.44 kip/ft
factored dead load = 0.44(12) = 0.53 kip/ft

Load carried by composite action:

service live load, 0.2(8) = 1.6 kips/ft
factored live load = 1.6(1.6) = 2.56 kips/ft

(b) Compute service load and factored load moments.

Mp = 1(0.44)(28)% = 43 ft-kips (service load)
M; = 3(1.60)(28)* = 157 fr-kips (service load)
M, = §(0.53 + 2.56)(28)* = 303 ft-kips (factored)

(c) Select the section. Use Eq. 16.10.2 assuming the PNA (plastic neutral axis) is
within the slab. Estimate a =~ 1.0 for preliminary selection.

M,

d a
¢be(5 + 1 — 5)

From Eq. 16.10.2, the design strength ¢, M, provided can be computed as A, times the
denominator. For a given value of (£, — a/2), ¢»M,, can be tabulated for a steel W section
for any given yield stress; such tabulated information is given in the AISC Manual. Thus,
for the 4-in. slab and estimated a of 1 in.,

[16.10.2a]

Required A =

t,——=4—050=35in.

IR
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. 303(12)
Required A = _ .
4 : 0.90(50)(7 + 3.5) 7.7sqin. (for W14)

303(12) '
0.90(50)(8 + 35y _ 0sain. (forWi6)

Required A; =

Using AISC Manual, Table 3-19 “Composite W Shapes-Available Strength in Flexure” enter-
ing with Y2 = £, — a/2 = 3.5 in. and required $M, = 303 ft-kips, find

W16X26 dpM, = 327 ft-kips A; = 7.68 sq in.
W14X26 $pM, = 302 ft-kips Ag = 7.69 sq in.

The tabulated values selected are for the PNA within the slab (that is, Y1 = distance from
PNA to top of steel beam = 0 in.). When these tables are available, their use will be faster
and more accurate than putting estimated 4 into Egs. 16.10.2.

(d) Compute the plastic neutral axis location and check strength.
Try W16X26: Properties of the steel section alone are:
A; =768sqin. I, = 301 in.? bs = 5.50 in.
d = 15.70 in.

Determine effective width of slab:

bg = g of span = 0.25(28)12 = 84 in. controls
or bg = beam spacing = 8(12) = 96 in.

The compressive force in the concrete, assuming a < ¢, and the tension force in the
steel section, are

C = 085f.bpa = 0.85(4)84a = 286a
T = AGF, = 7.68(50) = 384 kips
Statics requires
C=T
a= 134in. <y, OK as assumed

The nominal moment strength M,, is

d a
M,=T E+IS—E

15.7 1.34\ 1
= =7 -0 )= = ft-ki
M, 384( > + 4.0 > )12 358 ft-kips

bpM, = 0.90(358) = 322 fi-kips > (M, = 301 fi-kips) oK

Note that M,, has been revised to include the correct beam weight.

(e) Check the strength of the steel section to support construction loads (AISC-
13.1c). This check is required when shores are not used. Assume adequate lateral support is
provided during construction such that L, = L, and the section is compact
for local buckling; therefore ¢,M, = ¢,M,, and ¢, = 0.90 for the steel section acting
noncompositely. There are no AISC-prescribed construction loads. It is prudent to consider
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that some of the wet concrete load should be treated as live load, say 50% of it (accom-
plished by using an average overload factor of 1.4). Further, other construction live load on
the order of 20 to 25 psf should be included (20 psf used here).

Slab = 040(1.4) = 0.56 kip/ft
Construction = 0.02(8)1.6 = 0.26 Kkip/ft
Steel section = 0.026(1.2) = 0.03 kip/ft
w, = 0.85 kip/ft
M, = }(0.85)(28)? = 83 ft-kips
M, for W16X26 = 166 ft-kips > 83 ft-kips OK

(D) Design shear connectors. The compressive force in the slab must be carried by
shear connectors,

C = 085 fibga = 0.85(4)84a = 286a = 286(1.34) = 385 kips

Since a < t,, V,;, will be based on the 385 kips, which does equal T, = AJF).

Using %-in.-diam X 3-in. headed studs, @, = 26.1 kips/stud from Table 16.8.1. The num-
ber N of connectors required to carry 385 kips is

V, 385
=" - == _ 148, sayl5
Q, 261
which is the number of connectors required for the region between maximum moment
and the support (zero moment location). Thus, 30 studs are needed for the entire
span. Using a uniform spacing with two studs at each location, the spacing p required
would be
L 28(12) i
P=N= "5 = in.
Maximum p = 8¢, = 8(4) = 32in. (AISC-13.2)

Minimum p = 6(diam) = 6(0.75) = 4.5in. (AISC-13.2)

Use W16X26 section of A992 steel, along with 30—3-in.-diam X 3-in. headed stud conne-
ctors over the entire span, spaced at 22 in. The connectors are to be placed in pairs starting
at the support. [

EXAMPLE 16.11.2

Design an interior composite beam to span 30 ft with a beam spacing of 8 ft, using the min-
imum number of %—in.~diam X 3-in. stud shear connectors. The slab is 5 in. thick. The
beam is to be constructed without shores. The beam must support a ceiling of 7 psf, parti-
tions and other dead load of 25 psf, and live load of 150 psf. Use A572 Grade 50 steel and
£ = 3ksi(n = 9) concrete. Use the AISC LRFD Design Method.

Solution:
(a) Compute factored loads and bending moments. The dead load and moment that
must be carried by the steel beam alone during construction are
5-in. slab, 3 (8)0.15 = 0.50 kips/ft

Steel beam (assumed) = 0.03
0.53 kips/ft
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Mp = 1(0.53)(30)2 = 60 ft-kips
M, = 1.2(60) = 72 fi-kips

The partition and ceiling dead loads, and the live load that must be carried by the compos-
ite section are

Live load 0.15(8) = 1.2 kips/ft
Partitions 0.025(8) = 0.2
Ceiling 0.007(8) = 0.06

1.46 kips/ft

M, = £(1.46)(30)% = 164 ft-kips

w,y = 1.2(0.25) + 1.6(1.2) = 2.22 kips/ft

M, = §(2.22)(30)? = 250 ft-kips

Mu = Mul + MuZ =72 + 250 = 322 ft—kipS

(b) Select the section. One could use Eq. 16.10.2 assuming the PNA (plastic neu-

tral axis) is within the slab and solve for required A; as illustrated in Example 16.11.1
(part c). Alternatively, it will be simpler to use AISC Table 3-19, “Composite W Shapes-
Available Strength in Flexure” Equation 16.10.2 is tabulated for the steel W shapes for

various values of Y2. Estimate @ ~ 1.0 for preliminary selection as in Example 16.12.1.
For the 5-in. slab,

Y2=ts—%=5—0.50=4.5in.

Required ¢pM,, = 322 ft-Kips

Find:
W16X26 ¢M, = 356 ft-Kips
W14X26 oM, = 330 ft-kips
The tabulated values selected are for the PNA within the slab (that is, Y1 = distance from
PNA to top of steel beam = 0 in.).
(¢) Investigate the W16Xx26 further. For fully composite action, compute the plastic
neutral axis location and check strength.
Try W16X26: Properties of the steel section alone are:
A, =768sqin. I, =30lin* by =5.500in.
d = 15.69 in.
Determine effective width of slab:
bg = }of span = 0.25(30)12 = 90in. controls
or bg = beam spacing = 8(12) = 96in.

The compressive force in the concrete, assuming a < I, and the tension force in the steel
section are

C = 0.85 flbga = 0.85(3)90a = 229.5a
T = AF, = 7.68(50) = 384 kips
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Statics requires
C=T
a=167in. < ¢ OK as assumed

The nominal moment strength M, is

d a
M,,:T(’2—+t_r—5)

15.69 1.67\ 1
M, = — + 50 — — | — = 384 ft-ki
n 384( 2 5.0 2)12 384 ft-kips
[¢pM, = 0.90(384) = 346 fi-kips] > [M, = 322 ft-kips] OK

The W16X26 section is adequate as a fully composite section. However, when a minimum
number of shear connectors is desired and only partial composite action is used, the steel
section usually must be heavier. Try W16X31 section.

(d) Minimum number of shear connectors required. The maximum spacing p along
the span is
Maximum p = 8¢, = 8(5) = 40in. (AISC-I3.2)
L 30(12)

p 40

= 9 spaces

The connectors would be in pairs which would mean 20 connectors for the 30-ft span, with
5 pairs (10 connectors) located between midspan and the end of the beam. When
%—in.-diam studs are used, 10 connectors provide nominal strength 20,

20, = 10(21.0) = 210 kips

Since the force in the slab based on connector strength is less than the maximum steel
force,

Trax = AsFy = 9.12(50) = 456 kips

the plastic neutral axis (PNA) is within the steel section.

(e) Locate plastic neutral axis (PNA) and compute nominal strength. Check if PNA
occurs within the flange,

20, = 210 kips
Max force in flange = tybsF, = 0.440(5.525)50 = 121.6 kips
Tmax — 121.6 = 334.5kips > 20,

Thus, PNA is in the web. For equilibrium of internal forces, referring to Fig. 16.11.2, com-
pute the compression force in the web,

2Qn+Cf+c'w=Tmax_Cf—'c'w
210 + 121.6 + C,, = 3345 — C,,

2C,, = 2.9 kips
DepthtoPNAfrom C, = 145 0.11i
inside of flange Fp, 50(0275)

PNA from top of slab = #; + #; + 0.11
=5+ 044 + 0.11 = 5.55in.
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0.455"
i 3Q,
>
—F
PNA  PNA =555
048" 0.05"
T, ~
11.2 . p
‘%?16-112- show'ng /
g TR - NEIOT O F, | F
pe
Locate the centroid y; of the portion of the steel section in tension measured from the
bottom of the steel section,

Area, A Arm, y Ay
W section 9.12 7.94 72.41
Flange —2.43 15.66 —38.07
Web —-0.03 15.39 —0.45
6.66 sq in. 33.90 in.?
33.90
=——=5.09in.
1~ 666

() Compute the nominal moment strength M,. Since the ZQ, representing the
strength of the shear connectors used is less than the force in the concrete when there is fully
composite action, force 20, is taken equivalent to C. = 085 fbga, the concrete force rep-
resented by the rectangular stress distribution in the concrete. That means

30, 210
“ T 085 fiby  085(3)90

= 091 in.

Referring to Fig. 16.11.2, taking internal moments about the point of action of T,
gives
20, My = 2Q,(d — 509 + 1, — a/2)

= 210(15.88 — 5.09 + 5 — 0.91/2)
= 210(15.33)7; = 268.3 ft-kips
Cy: My = Cy(d — 509 — 17/2)
121.6(15.88 — 5.09 — 0.440/2) &
121.6(10.57) 5 = 107.1 ft-kips
Co: M3 = Cy(d — 509 — t; — 0.11/2) 3%
1.45(15.88 — 5.09 — 0.440 — 0.055) 5
1.45(10.30) 13 = 1.2 fi-kips
M, =M, =M, + My
= 2683 + 107.1 + 1.2 = 376.6 ft-kips
ésM,, = 0.90(376.6) = 340 ft-kips

I
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After correcting the dead load for the W16X31 section, the factored moment M, becomes
321 ft-kips. Thus, ¢pM, > M, and the design is acceptable.

The designer should compare the economics of the W16X26 using connectors to
develop a fully composite section with W16X31 using the minimum 20 connectors needed
for this span length. To obtain a fully composite section the force to be carried by shear
connectors would have been Tax = A;Fy = 384 kips for the

W16X26 section. The number of 3-in.-diam studs needed would be

384

N=m

= 18.3, say 20 for half the span

Thus, the 40 connectors required for fully composite action can be reduced to 20 using par-
tial composite action with the next heavier section.

(g) Check the strength of the W16X31 steel section to support construction loads
(AISC-I3.1c). Refer to discussion in Example 16.14.1, part (). Assume construction live
load consists of 50% of the wet concrete (accomplished by using an average overload fac-
tor of 1.4), plus 20 psf for other construction loads.

Slab = (0.50(1.4) = 0.70 kip/ft
Construction = 0.02(8)1.6 = 0.26 kip/ft

Steel section = 0.031(1.2) = 0.04 kip/ft
w, = 1.00 kip/ft

M, = 3(1.00)(30)* = 113 ft-kips
¢pM,, for W16X31 = 203 fi-kips > 113 ft-kips OK

Use W16X31 section (F, = 50 ksi), with 20—3-in.-diam connectors over the entire span,
spaced at 40 1n. ]

16.12 ASD EXAMPLE—SIMPLY SUPPORTED BEAM

EXAMPLE 16.12.1

Redesign the composite beam of Example 16.11.1 (see Fig. 16.11.1) using the AISC ASD
Method. The materials are Fy, = 50 ksi, f. = 4 ksi (n = 8), and a 4-in. slab.

Solution:
(a) Service load bending moments. From Example 16.11.1,
Mp = 43 ft-kips
M; = 157 f-kips

(b) Select steel section. Use Eq. 16.11.2b, assuming the PNA is within the slab.
Estimate ¢ = 1.0 in for preliminary selection.

The required allowable strength M, = 43 + 157 = 200 ft-kips

[16.11.2b]
i(iﬂ _g)
Q\2 " 2

Required A, =
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20
Required A, = 0(12)

50 =7.63sqin. (for W14)
—(7+
67 (7 + 33)

20
Required A; = 0(12)

= 6.97sqin. (for W16)

20 8 + 35
1.67( )

Using AISC-Table 3-%9, “Composite W Shapes-Available Strength in Flexure” with
Y2 = t, — a/2 = 3.5 in. and required M,/Q = 200 ft-kips, find

W16X26 M,/Q = 217 ft-kips A; = 7.68 sqin.
W14X26 M,/Q = 201 fe-kips A, = 7.69 sq in.

This is identical to the sections determined by the LRFD Method.

(¢) Compute the plastic neutral axis and check allowable strength.
From Example 16.11.1,

M, = 358 ft-kips
M,/Q = 358/1.67 = 214 fi-kips > (M, = 200 fi-kips) OK

(d) Check the allowable strength of the steel section to support construction loads.
Loads values are obtained from Example 16.11.1.

Slab = 0.40 kips/ft
Construction = 0.16 kips/ft
Steel Section = 0.026 kips/ft

w, = 0.586 kips/ft
M, = §(0.586)(28)2 = 57.4 ftkips
M,/ for W16X26 = 110 ft-kips > 57.4 ft-kips OK

(e) Designing the shear connectors is identical to the LRFD Method.

Use W16X26 of A992 steel along with 30—3/4-in.-diameter X 3-in. headed stud connec-
tors over the entire span, spaced at 22 in. The connectors are to be placed in pairs starting
at support. =

16.13 DEFLECTIONS

The deflection of a composite beam will depend on whether it is shored or unshored dur-
ing construction. Creep and shrinkage of the concrete in the slab also affect the result. Cal-
culation of deflection requires obtaining the elastic cracked transformed section moment
of inertia ; for the composite beam, and if unshored, also the elastic moment of inertia of
the steel section alone.

When the steel beam is shored from below during the hardening of the concrete slab,
the composite section will carry both the dead and live load. However, if the steel beam is
not shored, the steel beam alone must carry the dead load.

When the construction is without shoring, the total deflection will be the sum of the dead
load deflection of the steel beam alone and the live load deflection of the composite section.
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EXAMPLE 16.13.1

Figure 16.13.1
Beam cross-section for

Example 16.13.1.

When shoring provides the support during the hardening of the concrete slab, the
composite section resists the entire load. Account should be taken to reflect the fact that
concrete is subject to creep under long time load and that shrinkage will occur. This inelas-
tic behavior may be approximated by multiplying the modulus of elasticity ratio n by a
time-dependent factor such as two; thus reducing the effective width bg/n. The result is a
reduced moment of inertia /;; to be used for computing the sustained load (dead load)
deflection. The live load deflection would be computed vsing the elastic cracked trans-
formed section moment of inertia.

Because the concrete slab in building construction is normally not too thick (say
t, < 6 in.) creep deflection is often not considered. The AISC Specification [1.15] gives no
indication of any concemn with creep of a concrete slab in composite construction. However,
as discussed in Sec. 7.6, AISC-L3 states “Deflection in structural members and structural
systems under appropriate service load combinations shall not impair the serviceability of
the structure.”

The ACI-ASCE Joint Committee [16.16] recommends using E,/2 as the sustained
concrete modulus of elasticity instead of E. when computing sustained load creep deflec-
tion. AASHTO-6.10.1.1b [1.3] uses E_./3 instead of E.. Such arbitrary procedures can at
best give an estimate of creep effects, probably no better than +30%. The steel section,
exhibiting no creep, and representing the principal carrying element, ensures that creep
problems will usually be minimal.

More accurate procedures for computing deflections to account for creep and
shrinkage on composite steel-concrete beams are available in a paper by Roll [16.31],
and particularly in Deformation of Concrete Structures by Branson {16.32]. Lamport
and Porter [16.45] have treated deflection prediction for concrete slabs reinforced with
steel decking.

Compute the service dead and live load deflections for the composite beam consisting of
W16X26 with 4-in. slab designed in Example 16.12.1 (see Fig. 16.13.1).

Solution:

Regardless of whether the selection of the steel section has been done by Load and Resis-
tance Factor Design or by Allowable Strength Design, the deflections must be computed
for service loads acting on the elastic section.

b, =84"
- -~
=4 « CG of slab
Y
R —— 7
— - 1T
/ ) g .
7 :, o = Composite section
=~ Z a neutral axis
4] % W\ T T T
4
2
7
R _F_\\
W16X26,/, =301 in.*
1,=1015in*

CG of steel section  (composite section)
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(@) Compute the dead load deflection, From Example 16.11.1, part (a), the service

deadol:;l is 0.44 kip/ft, and all must be carried by the steel beam alone when the beam is
unsh .

_ SwL*  5(0.44)(28)%(12)} _ .
3B4EL,  384(29000)a48 047 in. sayjin

ApL

The beam can be cambered or the slab can be thickened toward midspan so that this
amount of deflection is compensated for during construction.

(b) Compute the live load deflection, From Example 16.11.1, part (a), the service
live load is 1.6 kips/ft. This load must be carried by the composite section; thus, the elastic
composite moment of inertia is required. Compute composite elastic section properties.
Referring to Fig. 16.13.1 determine effective width bg (ASCE-13.1).

bg = §of span = 0.25(28)12 = 84in. controls
or
bg = beam spacing = 8(12) = 96 in.

The width of equivalent steel is bg/n = 84/8 = 10.5 in. The moment of inertia and elas-
tic section modulus values are computed as follows:

Moment arm

Transformed from
area centroid
A y Ay Ay ly
Element {sqin.) (in.) (in.%) (in.%) (in4,
Slab 420 9.85 413.7 4075 78.8
W16X36 7.68 0 0 0 301
49.7 413.7 4075 379.8

I, = Iy + Ay* = 380 + 4075 = 4455 in*
_ 4133
T 497
L, = I, — Ay = 4455 — 49.7(8.32)2 = 1015 in.*

y = 8.32 in. above centroid of W16X26

Often some of the dead load, such as partition loads and other items placed after the con-
crete slab has cured, acts on the composite section.

A swL*  5(1.6)(28)%(12)°
Ll 384E,1, ~ 384(29,000)1015

0.75 in

As discussed in Sec. 7.6, it has been traditional to consider that live load deflection
exceeding L/360 may cause cracking of plaster. On the other hand, the ACI Code {16.15]
restricts the live load plus creep and shrinkage deflection to a maximum of L/480. Thus, in
the absence of any specific AISC limitation, a limit of approximately /400 will likely give
satisfactory serviceability for the floor system. In this case,

A _ L 28(12)
imit 400 400

=0.84in. > A OK
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One may conclude that deflection will not cause concern. Note that 2/400 is not an AISC
limit. It is the designer’s responsibility to establish any limit.

In the solution above, the full thickness of the slab was assumed to be contributing
to the elastic stiffness of the composite beam. However, there is some uncertainty about
the thickness of the slab that is actually contributing to the stiffness of the composite
beam. The AISC Manual adopts a more conservative approach by assuming that the
thickness of the concrete slab that is contributing to the strength is also defining the stiff-
ness of the beam. So, regardless of whether the beam is fully composite or partially com-
posite, the elastic stiffness of the composite beam is determined using the depth of the
rectangular stress block a. The moment of inertia computed using a for the concrete
thickness is defined as the lower bound moment of inertia Ij;, because the actual
moment of inertia would be always larger. f;;, can be determined from AISC-Table 3-24
as follows:

30, = 26.1(15) = 392 kips
1.34

Y2=1,—%=4—T=3.33in.

Enter AISC-Table-3.20 with these values.
By interpolation: Iy, = 781 in4

swLt _ 5(16)(28)*(12)° _

Ay = -  098in. > o osin,
t 3B4E, 384(29,000)781 0.98 in [Afimie = 0.84in.] NG

The authors believe the “exact” deflection probably falls near the L/400 limit. [ ]

16.14 CONTINUOUS BEAMS

Traditionally on continuous beams the positive moment region has been designed as a
composite section and the negative moment region where the concrete slab is in tension
as a noncomposite section. However, some composite action has been known to exist in
the negative moment region. Continuous composite beams have been studied by Barnard
and Johnson [16.33], Johnson, Van Dalen, and Kemp [16.34], Daniels and Fisher
[16.35], Hamada and Longworth [16.36, 16.37], and Kubo and Galambos [16.38). Kubo
and Galambos extended the treatment to plate girders (that is, beams having A/t
exceeding 970/ \/I-Ty).

According to AISC-I3.2b the negative moment strength is determined for the steel
section alone. AISC allows for calculating the negative moment strength using the com-
posite section, which accounts for the reinforcement contribution. However to analyze the
beam as a composite section, the following conditions must be met:

1. The steel beam is compact and adequately braced.
2. Shear connectors are provided over the support region.
3. The slab reinforcement is within the effective width bz and properly developed.

When the steel reinforcing bars in the concrete slab are utilized to contribute to com-
posite action, the force developed by such bars must be transferred by shear connectors.
The nominal strength developed would be

T,(for —M region) = A,F,, (16.16.1)
C,,(for +M region) = ALF, (16.16.2)
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where A, = total area of longitudinal reinforcin
within the effective flange width b
A§ = total area of longitudinal com
the location of maximum
width by
Fy, = specified minimum yield stress of the longitudinal reinforcing steel

Thus, the nominal strength
negative moment zone is

g steel at the interior support located

E

pression steel acting with the concrete slab at
positive moment and lying within the effective

&

Vo for which shear connectors must be provided in the

Vnh = A_;rFyr (1616.3)

In the positive moment zone, when compression steel is included in the computation of

composite section properties (plastic neutral axis), the nominal strength V,,;, from the com-
pression steel is

sl o & P o

Vana = AF,, (16.16.4)

The total horizontal shear force between the point of zero moment and the point of maxi-
mum moment is the smallest of (0.85f.4, + Vanz), AsFy, and £Q,,. AISC has no specific
mention of the compression reinforcement in the positive moment zone; thus, inclusion of
Vanz 18 optional.

As discussed in Sec. 16.7, the usual limit state for composite sections in the positive
moment zones is crushing of the concrete at the top of the slab. This assumes no shear con-
nector failure, no longitudinal splitting because of inadequate reinforcing bar develop-
ment, and no shear failure in the slab. In the negative moment region, the usual limit state
is flange local buckling [16.37].

Regarding the lateral-torsional buckling limit state, the usual provisions for noncom-
posite steel sections apply to the negative moment regions of continuous composite beams.
The limits on A from AISC-B4 for the flange and web local buckling limit states must be
applied in the negative moment zone,

EXAMPLE 16.14.1

Compute the plastic neutral axis (PNA) location and the nominal strength M,, for the sec-
tion of Fig. 16.14.1 subject to negative bending moment. The W12X26 steel section is of
A992 steel and the reinforcement in the slab has F,, = 60 ksi.

Solution:

(@) Determine the plastic neutral axis location. The concrete slab will be in tension:
therefore, none of the concrete is assumed to be effective. The reinforcing bars contribute

b, =48 F.
PNA = 430"
4" slab ! 2
T ———
\ /- . . . . . . N R N —/ — T
Ve L —T,
10 — #5 bars . c
F_ = 60 ksi o~ s
Feme 16,14, SR !
POsile section for {
mvewmg of Example 1 b = 6490 /
)i e R CEa:
b Msdé_“nhmon according =
13.2b, (a) (b)
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the nominal tension strength 7, ,

T, = A, F,, = 10(0.31)60 = 186 kips
The maximum nominal compression force in the W12 section is

Conax = A,F, = 7.65(50) = 382.5 kips
Since Cp,, exceeds T,, the PNA is within the steel W12 section. In which case the force
equilibrium requirement may be expressed,

T, + T, =Cpax — T
2T, = Cpax — T = 382.5 — 186 = 196.5
T, = 98.3 kips

Assuming that the PNA is within the flange of the W12,

T, _ 983
Fby  50(6.49)

From top of flange to PNA = = 0.30in.

The assumption that PNA is within the flange is confirmed since 0.30 < (7, = 0.38 in.).
Thus, the distance PNA from top of slab is
PNA = ¢, + 030 = 4.0 + 0.30 = 4.30in.

(b) Compute the nominal moment strength M,,. Locate the center of gravity y; of
the compression force C; in the steel section, measured from the bottom of the steel

section,
Area, A Arm, y Ay
W12 section 7.65 6.11 46.74
Flange -1.95 12.07 — 235
57 2324
2324
= —— = 4.081in.
N 7570
Referring to Fig. 16.14.1, taking internal moments about the point of action of C;
gives

T, My =T, (d— 408 + 1, — 2.00)
= 186(12.22 — 4.08 + 4 — 2.00);
= 186(10.14) 5 = 157.2 f-kips
T My =T,(d — 408 — 030/2)
= 98.3(12.22 — 4.08 — 0.30/2);
= 98.3(7.99); = 65.5 ft-kips
M, = My + My
= 1572 + 65.5 = 223 ft-kips
duM,, = 0.90(223) = 201 ft-kips

Note that for composite action in the negative moment region, shear connectors must be used
throughout the entire region. The required 2Q, equals the force T, in the reinforcement.
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When partial composite action is used, 30,

. will be less than T;,. In such a case, the PNA
location and the nominal moment strength

are computed using2Q,, instead of T, . ]

MPOSITE COLUMNS

A composite column can be defined as “

a steel column fabricated from rolled or built-up
steel shapes and encased in structural co

: ncrete or fabricated from steel pipe or tubing and
filled with structural concrete.” An example of the former is shown in Fig. 16.15.1, where

a steel W section is encased in concrete; the concrete must contain longitudinal reinforcing

bars and these must be surrounded by lateral ties in the manner of a reinforced concrete
column.

The steel section must comprise at least 1% of the total cross-sectional area, other-
wise the column must be designed as an ordinary reinforced concrete column. Research by
Furlong [16.39, 16.40] and others was reviewed by Task Group 20 of the Structural Stabil-

ity Research Council, chaired by Furlong [16.41]. This SSRC Task Group Report forms
the basis for design of composite columns under AISC-12.

Limitations

In order to qualify as a composite column, the limitations of AISC-I1.2 and I2 must be
satisfied:

1L Ag = 0.014, (16.15.1)
2. For a concrete encasement:

(a) Longitudinal reinforcing bars must be used; load carrying bars must be con-
tinuous at framed levels (wherever a beam or slab frames to the columny);

other longitudinal bars used only to restrain concrete inay be interrupted at
framed levels.

(b) Lateral ties must be used; spacing of ties may not exceed the smallest of 16
longitudinal bar diameter, 48 tie bar diameter, or 0.5 the least dimension of
the composite section.

(¢) Area of lateral ties must be at least 0.009 sq in./in. of bar spacing.

(d) The minimum required area of steel for continuous longitudinal reinforce-
ment shall be 0.0044 g

(e) Clear cover of at least 15 in. is required.
3. Concrete strength f:

(a) Normal-weight concrete: 3ksi < f. < 10 ksi
(b) Structural lightweight concrete: 3ksi < f. < 6 ksi

Longitudinal
Ties, reinforcing bars
commonly
#3 bars

{F4— Rolled steel

% o d bl shape
2 '7///’//'/;1/'//1111‘ o P
G :
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4. Maximum yield stress of steel used in strength computations is 75 ksi for either
structural steel or reinforcing bars.

5. Minimum wall thickness ¢ for concrete-filled pipe or tubing:
(a) For each face width b in HSS rectangular sections:

E

= 226, — (16.15.2)

Fy

NIG“

(b) For outside diameter D in circular sections:

D |E
— = 015/ .15,
; F, (16.15.3)

Nominal Strength

To account for slenderness effects, the AISC equations for composite columns are based
on a modified form of the equations for steel columns in AISC-E. The yield strength
becomes a modified strength P,, and the elastic stiffness of the column is defined by an
effective elastic stiffness £1, ¢, defined in what follows.

The resistance and safety factors adopted for composite columns are rather conserv-
ative in order to account for the uncertainty of composite columns and the use of ultimate
strength of two different materials in defining the capacity. The factors are as follows:

¢ = 0.75 (LRFD) Q = 2.00 (ASD)
The nominal compressive strength shall be determined according to AISC-I2.1b as follows

1. When P, = 0.44P,

P, = Pa|:0.658(%):| (16.15.4)
2. When P, < 0.44F,
P, = 0.877P, (16.15.5)
where P, = w2(ELs;)/(KL)? (16.15.6)
For filled composite columns, AISC-12.2b defines:
P, = AF, + AgFy + CAS". (16.15.7)
where C, = 0.85 for irregular sections and 0.95 for circular sections
Els; = EJd; + El, + GE/ (16.15.8)
C; =06 + 2(—i—) =09 (16.15.9)
A, + A,
For encased composite columns. AISC-12.1b defines:
P, = AF, + A, Fy + 085A.f, (16.15.10)
Elys; = Ef; + 05E, + C\E, (16.15.11)

s
Cy =0l 2( .:A ) 3 (
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where A, = area of concrete

area of longitudinal reinforcing bars
gross area of steel shape, pipe, or tube
E. = modulus of elasticity of concrete, ksi

= (W) V/f~, where w is the density of concrete in pef (i.e., 145 pef for
normal-weight concrete) and £, is in ksi
E; = modulus of elasticity of steel
F,, = specified minimum yield stress of steel shape, pipe, or tube
Fy, = specified minimum yield stress of longitudinal reinforcing bars
¢ = specified 28-day compressive strength of concrete
I. = moment of inertia of concrete section

1; = moment of inertia of steel shape
I, = moment of inertia of reinforcing bars

N
L
[

The AISC Manual contains tables for concrete filled HSS sections giving axial
strengths ¢F, and F,/(). Note that ¢, = 0.75 for composite columns.

Composite beam-column design has been treated by Uang, Wattar, and Leet
[16.46]. AISC-I4 defines the method of treating composite beam-columns. An interac-
tion curve similar to reinforced concrete needs to be developed, while accounting for the
stability requirement of the column. The nominal strength of the section is to be deter-
mined using plastic stress distribution or strain compatibility. AISC-12 is to be used :n
determine the nominal axial strength of the cross-section, using P, as determined in
AISC-14.
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problems are to be done according to the AISC LRFD Method or the ASD Method, as indicated by the instructor. All

given lo

{6.1. For the case (or cases) assigned by the instructor,
compute the location of the transformed compos-
ite section neutral axis and moment of inertia I,
Refer to the accompanying figure.

ads are service loads unless otherwise indicated.

16.3. For the case (or cases) listed for Prob. 16.1 and
assigned by the instructor, select an economical size
of headed stud shear connector from Table 16.8.1,
determine the total number needed to develop a
fully composite section for the beam, and specify
the spacing. Assume the simply supported beam

Slab span equals 4bg.
Steel Fy I be fe. 16.4. For the case (or cases) assigned by the instructor,
Case section (ksi) (in) (in.)  (ksi) select a W section to design a fully composize sec-
7 WI4X30 60 4 72 3 (n=9) tion for span.BD of the accompan).'ingE figure.
. e s b i the onlc
4 WIBX60 SO 4 84 4 (n=8) éXSf:me dfor s;mphclrt_)' mz:it IZT- ..,iaolls 1, Iv
5 Wu4xs5 50 45 90 4 (n=28) eac Iola w© ff”g":feii - Iso, se e:i an Fefﬁv
6 WI8x50 50 5 72 4 (n=8 firofr]llc% 65;2? O@ ::zimi:’bcé at tha‘r rcxovhe.')ﬂrm::ﬂed
7  WI8SX50 50 4 72 3 (n =9) lapie 16.0.1. u; l: ‘.7 ¢ d.i‘ ?u‘, ; 7 1‘4
8 50 45 7 4 -3 for the beam, and specity the spacing, to develop a
ziixgi 50 4'5 7 4 Sn - 8{) fully composite beam. No shoring is to b2 used;
’ 9 ’ 6 4 " 7 therefore. assume that during comsimiciion wet
0 waixe2 %0 ; > (r = of‘ concrate of 75 psf is live toad and that an addi-
I wabadr 30 45 % 4 (m=%) tional construction live ioad of 25 psf may act. The
final composite beam may not have live load
deflection exceeding L/360.
I~ b, |
| JI
t, i
] Live Slab Beam
Load Ffy ts Span Spacing 'o
W section Case (psf) (ksi) (in) (f)  (ft)  (ksi)
2 100 60 4 36 8 3 (n=29)
4 80 S0 4 36 7 4 (n=8)
Problems 16.1, 16.2, .
162, and 163 5 80 50 4 40 7 4 (n=218)
6 80 50 4 40 7 4 (n=28)
162. For the case (or cases) listed for Prob. 16.1 and g8 125 50 45 40 8 3 (In =9)
assigned by the instructor, compute the location of 9 125 50 45 42 8 4 (n=03)
plastic neutral axis (PNA) measured from the top of 10 125 50 45 45 8 4 (n=28)
the slab, as well as the nominal strength M,. 11 125 S0 5 45 9 4 (n=28)
Assume the sections are fully composite. Refer to the 1 125 50 s5 48 9 4 (n=8)

accompanying figure.
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For the case (or cases) given in Prob. 16.4 assigned
by the instructor, select a W section to design a
partially composite section for span BD of the
accompanying figure, using the minimum number of
%—in.—diam headed stud shear connectors. Specify
number of studs and the spacing. In addition to the
slab dead load, using a ceiling load of 7 psf and parti-
tion load of 25 psf. No shoring is to be used; there-
fore, assume that during construction wet concrete of
75 psf is live load and that an additional construction

16.6.

live load of 25 psf may act. The dead load deflection
before composite action is effective may not exceed
%in. and composite beam deflection resulting from
superimposed dead load (i.¢., ceiling and partitions)
and live load may not exceed L/360.

Design a composite encased W shape column to
resist a factored axial compression load P, of 900
kips. The effective length KL = 12 ft, F, = 50 ksi
for structural steel, and f,. = 4.5 ksi for concrete.

I——- 6 @ Beam spacing ——I

AM B

Span

=l

Assume simply
supported spans

CH D

Problems 16.4 and 16.5
Framing plan.
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TABLE A1 Approximate Radius of Gyration

Y Y Y
X T ry=0.29h E"L—I_j[ ro= 0.42 'L_:_J'_f r.= 031k
ry= 0.29 L- { _J ry=0_42b J- | -L _?_ ry=0-48b
-5 —p— b~
b .
r.= 0.40h I:!L‘:I r,= same as ':I'-—_z_d:‘ _}: "x=g-;;:
= == for2L ry="0.
h = mean h _Ill_ or _r: -L_L 'y
b !
r,= 0.25h L L b I (= T r=03m
* —-—-— h ry=sameas ! 1
| —— for2L 1
== |
s S AN e iy St G (2 RIS
LNt | r=035H, I O i | L
IN+—7F f—b—{ f—b—|
*— h r,=0314 =T r.= 0.45h T r,=040k
Lt =03 —-d-— h r,=0235 B or=021b
b 7 r,=0.197h | Y ¥
b;l ro= 0.29 b
Z I‘ r,=0.32b __L_ _,t- r.=0.36h T r,=0.38h
o Sl h+b | d_L r,=045b h r,=0.22b
zl r.=018—— — _t
= n=oas 1T oees I": B r.=03%
sl T =021 +002s) N I - A
b —
l’.‘_‘_L r =032 _IHI)—-II'_F r = 036h hrT
||| h r,=021b ~b- 4 =053 | # r=035k
el T =bas+ooze | N L JdiL 4
e r— b
r‘_?_"__l_ r.=0.2% _I | r_r r,= 0.39h I';dj-
AT =024 Jhile _§ r=oss h re=0435h
soile” T T=0(023 40029 | T 1} r=02%
b ol e
=030k T T -0 1T r=042¢
Ty =047 1 b =032 I: | :I_;{_ *
— !
b— m—
F—b—f
=== 1 =025 AT fﬁg-‘;gz ] [z r,=042h
=T kR =021 L.—.JLJ_L r,=0
47 :
7T r.= [ ——
Z 7 ’:3‘%}2 - T 7= 050k FJ__ —i' r,= 0.285h
1 ’ : ;019h b ry= 0.28b i r),= 0.37b
/‘—Z—b—— C [l —p— T
[l =24 b
| R 7o |y n-om
—' _}{_ ry=0.19b - r),=0.21b —:J l.:_ ry=0.23b

* J.A.L.Waddel. Bridge Engineering, Vol. 1. NewYork: John Wiley & Sons, Inc., 1916, p. 504.

Used by permission.



Appendix © 869

- TABLE A2 Torsional Properties

O = sheas center J = torsion constant,  C,_ = warping constant
G = centroid 4

1, = polar moment of iwertia sbowt shear center

I“'”—" 7 =40b3 + )

“— _ L PR M,
Wy ¥ 2T s
J_O'G ] L=1+1,

L=1I+ 1+ Ay}

i b l J =46} + )
I o 3
7 - 1" )
‘gf — ! Cn= 36{4 + 11
¢ ;, = zexo for smali 1
. |

=48 + b3

C.= 3R

=~ zevo for smali r

J=1b + ht)

LY _
) b c - z‘,—lr'irz (3b9'+ th.)=i'_2(1’+ AT — gFA}
q i * 12 \eby+h) 4
ey
Yo ¢ _ p
3 |— 74,
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F9 T-beam requiremenis, 475476

F13.1 hole reduction requirements, 358-359, 366

F13.2 proportioning limits requirements, 541

G1 shear requirements. 358-359

G2 shear requirements. 358, 556-558,
569-570.572.573

G3 tension field action shear requireinents,
565-366. 571

HI beam-column safety requirements, 375,
627, 644. 804

H2 beam-column safety requirements, 375

I1 composite member design requircments, 826

12 composite axial mernber requirements,
828. 829

13 composite flexural member requirements,
203, 804, 827, 829, 833, 835, 837, 840-842,
846, 858

14 composite combined axial flexural member
requirements, 863

J2.1 groove weld requirements, 203

J2.2 fillet weld requircments, 201-202, 573

J2.3 plug and slot weld requirements, 202

J2.4 weld strength requirements, 201, 205,
207, 209-210, 228-229

J2.5 combination weld requirements, 208-209

13.2 bolt hole size requirements, 78,96

3.3 bolt hole spacing requirements, 122

J3.4 edge distance requirements, 122-123

J3.6 tension rod requirements, 96, 727

J3.8 slip-critical connection requirements,
129-131

J3.10 hole bearing strength requirements,
120, 122
14.2 connections in shear requirements. 208-210
J4.3 block shear failure modes, 37, 678
16 splice connection requirements. 529
37 bearing strength conmection requiremesis. 529
118 flange and web connecticn d=sign,
361-364, 574, 712, 714717, 720
1.3 beam deflection requirerents, 351352
Ales, Joseph M., Jr., 478, 495
Alignment charis for effective length (XL), 281-286
Allen, D. E., 350G, 378, 379
Allowable resistance (R,), 215
Allowable strength design (ASD), 38-39,42-43,
45-46
AISC specifications, 42-43, 48
beams, see Beams
bolts, see Bolts
columns, see Columas
connections, see Connections
LRFD compared to, 45-46
nominal strength (R,), 43
safety factor (2), 4243
tension members, see Tension members
welds, see Welds
Alloy steels, 56
American Concrete Institate (ACD, 828-829, 864
American Institute of Steel Construction (AISC)
allowable strength design (ASD) specification,
38-39, 42-43, 48, 272-273
beam-column design, 627-663
Design Guide Series, 136
frame bracing requiremeats, 786789
Joad and resistance factor design (LFRD)
specification, 40-42, 43-45,272-273, 3_61—364
plastic deformation width/thickness Limits
(Ap): 315-316

871
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American Institute of Steel Construction (AISC)
(Continued)
Plastic Design in Steel, 792, 820
plate buckling and post-bucking strengths,
317-323
safety factor (1), 42-43
simple shear connections, 676-677
Specification for Structural Steel Buildings,
38-39, 48, 72, 86, 115, 128-129, 276, 294,
321-322, 361, 450, 502, 736, 782, 856
Steel Construction Manual, 48, 81, 284, 736,
741, 746
stiffener design requirements, 714-715
stiffness reduction factors, 284-285
tension-field action design, 564-567
yield stress width/thickness limits (A,), 311-315
Amencan Iron and Steel Institute (AISI), 33, 48,
66, 313, 317, 321, 571, 603
compression member specifications, 313, 321
North American Specification for the Design
of Cold-Formed Steel Structural Members,
48, 66, 317
Proposed Criteria for Load and Factor Design
of Steel Building Strictures, 5§71, 603
American National Standards Institute (ANSI), 22
American Railway Engineering and Maintenance
of Way Assaciation (AREMA), 24, 38, 48
American Society for Testing and Materials (ASTM)
AB specifications, 30, 53-54, 69
A7 steel specifications, 51, 90
A36 steel, 52, 53, 55, 60, 74, 205
AS53 pipe stecl, 53, 55, 74
A242 high-strength low-alloy steel, 51, 53, 55,
73.74
A307 carbon steel, bolts, 57, 74, 105, 106,
160, 166
A325 high-strength steel, bolts, 57-58, 74,
105, 106, 109, 112, 159, 160
A373 steel, 51
A441 high-strength steel, 60
A449 quenched and tempered steel, bolts, 57,
74, 105, 106
A490 quenched and tempered alloy, bolts, 57,
58, 74, 105, 106, 109, 160
AS500 steel, 53, 55, 74
A501 tubing steel, 55. 74
AS02 carbon steel, rivets, 106
AS510 steel, 53
A514 alloy steel, 53, 55, 56, 74
AS529 steel, 53, 55, 74
AS572 high-strength steel, 53, 55, 74
AS588 weathering steel, 53, 55, 73, 74, 205
A606 sheet and strip steel, 53, 55, 74
A607 sheet and strip steel, 55
A611 sheet steel, 55
A618 tubing steel, 54, 55, 74
A709 bridge construction steel, 54, 55, 56, 73, 74
A852 quenched and tempered low-allow plate
steel, 54, 55, 56, 74
A913 high-strength low-alloy steel, 54, 55, 56,
75, 205
A992 high-strength low-alloy steel, 54, 55, 74
A1008 high-strength low-alioy steel, cold-rolled,
54,74
A1011 high-strength low-alloy steel, hot-rolled,
54, 55,74
alloy properties, 56
carbon steel properties, 52-55
fasteners, 57-58
high-strength low-alloy steel properties, 52-55
structural steel designations, 51-58
American Society of Civil Engineers (ASCE).
See also ASCE-AASHTO Joint Committees
Ad Hoc Compmittee on Serviceability
Research, 350, 377

Minimum Design Loads for Buildings and
Other Structures (71-05 standards), 22,
25-30, 43-45, 48

Specifications for the Design and Construction
of Composite Slabs, 847, 864

State-of-the-Art Survey on Composite
Construction, 823-824, 833, 863

Task Committee on Structural Safety, 39, 49

Task Committee on Wind Forces, 28, 49

American Standard beams, 30-31
American Welding Society (AWS)

A5.1 SMAW specifications, 58

AS5.17 SAW specifications, 58, 59, 182

AS5.18 GMAW specifications, 58, 183

A5.20 FCAW specifications, 58, 184

AS5.23 SAW specifications, 58, 59, 182

A5.28 GMAW specifications, 58

AS5.29 FCAW specifications, 58, 184

AS.5 SMAW specifications, 58

D1.1 specifications, 58, 205

Qualification Test, 198-199

Standard Symbols for Welding, Brazing and
Nondestructive Examination, 192, 199, 247

Structural Welding Code, 72, 75, 195-196,
201, 246

welding symbols, 191-193

Aminmansour, Abbas, 644-645, 665
Ammar, Albert R., 487, 496
Ammerman, Douglas J., 676, 757, 758
Anand, 8. C,, 621, 664

Anderson, John P., 273, 281, 332
Anderson, Katherine E., 579, 603
Angle of rotation (6), 342-343

Angle of twist (¢), 384-385
Angle-shaped beams, 30-31

Angles, 81-82, 678692

connection strength, 678692

eccentric shear on, 688-689

flexural deformation and strength, 678688

holes staggered in, 81-82

tension and shear on, 690-692

weld capacity, 688-692

Antoni, Charles M., 367, 379
Apparao, Tamirisa V. 8. R., 487, 496
Arbitrary point-in-time value, 4445
Area, 77-85, 115-116, 203-204

effective net (A.), 83-85

effective throat (2,), 203-204

flaying surface, 204

net (A,), 77-85

tensile stress, 115-116

welds, 203-204

Aristizabal-Ochoa, J. Dario, 783, 791
Amold, Peter, 769, 791
ASCE-AASHTOQ Joint Committees

Design Criteria, 367, 378

Flexural Members, 552-554, 603

Longitudinally Stiffened Plate Girders, 576, 603

ASCE-ACI Joint Committee on Composite

Construction, 833, 856, 864

Aslani, Farhang, 276, 334

Assadi, Mahyar, 450, 495

Association of State and Highway Transportation
Officials (AASHTQ), 23, 26, 38, 48, 839. See
also ASCE-AASHTO Joint Committees

Astaneh, Abolhassan, 276, 332, 677, 728, 729,
758, 760

Atsuta, Toshio, 625, 665

Austin, Walter ., 435, 494, 609, 619, 664

Avent, R. Richard, 355, 378

Avery, Louie K., 736, 760

Axial compression and bending, 34

Axial tension on bolts, 153-156

Axially loaded members, 215-227, T47-751. See
also Beam-columns

balanced connections, 220-224

base plates, 747-751

fillet welded, 218-219

groove welded, 215-217

plug welded, 224-227

slot welded, 224-227
Azad, Abul K., 579, 603
Azizinamini, Atorod, 676, 758

Baldwin, J. W., Ir., 840, 864
Bansal, J., 442, 494
Baranda, Hemnan, 367, 379
Bamard, P. R., 858, 864
Bamey, George B., 621, 664
Barsom, John M., 61, 66, 72, 75
Barton, M. V., 392, 425
Base plates, 746-753
axial loads, under, 747-751
coluomns, 746-753
design equation, 749750
plan dimension, 748
resisting moments, 751-753
thickness, 748-751
Base shear force design method, 28-29
Basler, Konrad, 538, 540, 542, 549, 551, 557,
559-560, 562, 567, 570, 571, 573, 603
Bateman, E. H,, 107, 172
Batho, C., 107, 172, 675, 730, 757
Bathon, Leander, 279, 334
Batson, Gordon B., 738, 760
Beam-columns, 34, 375, 609-672, 770-772
AISC-B6 design requirements, 674
AISC-C2 design required strength
calculations, 616, 628, 632-635, 643-644
AISC-H1 safety requirements, 375, 627, 644
AISC-H2 safety requirements, 375
AISC design, 627-663
braced frames, 628~632
criteria, 627-632
direct analysis method, 627, 641-643
effective length method, 636637
first-order method, 643-644
LRFD, 627-628, 644-663
unbraced frames, 632-644
axial compression and, 609-614
biaxial bending, 625-627
braced frames, 628—632
curvature (C,) values, 615-616
design strength (¢M,,), 627-628
differential equations for, 610-614
elastic buckling, 770-772
introduction to, 34, 609610
load and resistance factor design (LRFD),
627628, 644-663
moment maggification, 614621, 628635
braced frames, 628-632
end moments and no joint translation,
617-619
sidesway, 620621
single curvature without end translation,
614-617
unbraced frames, 632-635
nominal strength (£,), 621-625
failure by combined bending and torsion,
622-623
interaction equations, 623-625
plane of bending instability, 621-622
slope-deflection equations for, 770-772
transverse loading, 612-614
equal end moments without, 614
unequal end moments without, 612
uniform, 613
unbraced frames, 632-644
AISC stability analysis, 635-644



ified first-order elastic analysis,
ﬂ”d,a-csk( analysis, 635
u—“"zs}ﬁ;fm 409-415,449-501,
pows- 5’;; 536-538. 692-696, 709-740,
-5 Sas 837, 847-861
;‘;C—?l' flexure speciﬁmllons. 343

ifications, 358359

. GL19 rolled speciﬁcalions..358 )
AISC-J10 flange and web comnection design,
361-364 e
deflection cations, 351-352
ascL design (ASD), 349-350,
1, 362-366, 414-415, 449
% bending, 375-376
concenirated loads on rolled beams,
362-366
beams, 449

web crippling, 363
American siandard, 30-31
30-31
pending, 34, 339-340, 367-377
axial compression and, 34
bizial, 374-377
flexural theory, 340, 367-374
section modulus (5), 340
ical shapes, 339-341,
bracing, 441-442, 478-489
beckling, 363-366, 449-501
lateral-torsional, 449-501
sidesway web, 363366
catilever, 451
channe}-shaped, 30-31
collapse mechanism, 342-343, 504-511
composite, §23-824, 847, 855-858
composite construction, 824825, 847-861
concentrated loads applied to, 361-366
continuous, 450-451, 502-533, 858-861
continnous connections, 709-740
beam-to-beam, 739-740
beam-to-colunm, 709-739
deflection, 824825, 855-858
flexural theory, 367383
ginders, 25-26, 339
girts, 33, 339
holes in, 366367
boflow structural steel (HSS), 30-31
!‘dﬂpﬂl see F-shaped members
joists, 33, 34 (photo), 339
lateral support, 432435
baeral stabifity of, 340-350, 409415
lineels, 33, 339
Yoad and resistance factor design (LRFD),
343-349, 358-359, 361-364, 409-414,
442-449, 491494
biaxial bending, 375
compact sections, 343345
concentrated loads on rolled beams,
361-364
design strength ($M,), 343-344
Fshaped beams, 442449, 491-494
laterally supported beams, 343349
local web yielding, 361362
Boncompact sections, 344345

partially compact sections, 346
s!m on rolled beams, 358359
sidesway web buckling, 363364
slender sections, 346-347
torsion in laterally stable beams, 409414
web crippling, 362-363
moment gradient factor (C,), 446449, 450-451
plastic deformation width/thickness ratio limits
(Ap), 345
plastic neutral access (PNA), 835-837
plastic strength (moment, M;), 341-343,
502-511
plate girders compared to, 536-538
purlins, 339
rolled, 355-366
seated, 692-705
sections, types of, 32-33
serviceability of, 350-355
shapes, 30-31
shear on, 355-361
shear strength (V, ;. 358
simply supported, 847-855
splices, 529-531
stningers. 339
structural steel, 3034
tee-shaped. 30-31
torsion in. 409413
wide-flange (W), 30-32, 341
yield stress width/thickness ratio tmits (4, 5, 344
Beam-to-beam connections.
Beam-to-column connecitons, 709-739
column-web direcr 73%-725
end-plate, 735-738
prying action. 727-733
split-beam: 1ee. 727-73%
stiffeners. 712-727
AISC requiremperis for 714
compression regions, 7171
herizontzl. 712-719

[T

plates. T19-7ZY
nsion rg

vertical. 7
Bearing stiffeners
Bearing strength 'R, . .i .

bolt design. 1i7, 11312
holes, 119-121

ASD method, 133124
combined shear and iEns..
LRFD methed, 122-12
ultimate strength {plestic) enzyss. 140
Beaulieu. Denis. 633. 595
Becker, Herbert. 310, 333
Beedle, Lynn S.. 47, 49, 112,172,262, 262, 221,
332, 504, 511. 531. 621. 564, 705. 747 0.
711.735.759. 792. 819, 820
Bend-buckling. 546-552
Bena::ﬂnfg) between torsion and flexure. 401-406
beamn-columns, 621-623. 623627
beams, 339-340, 367-377. 442-449. 469470
biaxial, 374377, 490-494. 625-627
combined planes { unsymmetrical sections).
370, 388
flexural theory, 340, 367-374
geutral axis inclination. 370-374
principal axes for, 370
moments (A?{T 167-172. 303-305, 367368
plane of, instability in, 621-622,623
plate girder strength, 567-569
plate stability and, 301-305
shear combined with, 567-569
shear stresses due to, 387-388
stress (), 369-370

Index ® 873

strong-axis, 442-449
symmetrical shapes, 339-340
tension from, 167-172
torsion, 387-388, 401-406, 622-623
flexure analogy for, 401-406
reliability index ( 8) values, 404405
thin-wall open cross sections, 387388,
623
weak-axis, 469470
xz plane only, 369-370, 387-388
3z plane only, 369, 388
Bennett, Richard M., 90, 102
Bennetts, lan D., 711, 759
Bemoulli’s theorem, 27
Bertwell, W., 683, 758
Bessemer process, 21
Biaxial bending. 374-377, 4%)-49%4
allowable strength design (ASD), 375-376
I-shaped sections, 490494
lateral-torsional buckling. 490494
load and resistance factor design (LRFD). 375,
491-494
nominal strength. 374
Biilaard, Frans S. K.. 711, 759
Bijlaard. P. P, 80. 101
Birkzmoe, Peter C.. 677. 678. 755
Bimstizl. Charles, 625. 643
Bjorhovde. Reidar, 85, 101, 272 332, 427 €43
K76, T58. 824 8RS

eccentric loads. P
eccentric shear. !

plastic {ullimats Sued :
single-line fasteners. 14120
failure modes. 116 L
galvanized high-strengih. 37-33 L
high-strength. 103. H7—108. 100-111, 133155
history of, 167-10% i
instatiation methods. 108. 110, 111113
alternative design. 113
calibrated wrench. 11
direct tension indicator. 113
nut rotation. 110. 113
snug tight 111, 113
turn-of-the-nut, 108. 111-112
interference-body, 107
interrupted-nib. 107
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Bolts (Continued)
load and resistance factor design (LRFD),
117-127, 129-131, 144-146, 157-166
bearing-type connections, 123-127,
157-158
bolt spacing, 121, 123

combined shear and tension of, 157-166

design strength (¢R,), 117121
eccentric shear and, 144146
edge distance, 122

end distance (L,), 121-122
hole bearing strength, 119-121
resistance factor (f), 118

slip-critical connections, 129-131, 158-166

load-deformation relationship, 140-141
machine, 57

nominal strength (R,), 113-117, 132
prestress effects on, 153

pretension requirements, 109-111
ribbed, 107

shear strength (F,,,), 116, 118-119, 132

slip-critical joints, see Slip-critical connections

split-tee connections, 729-730
structural, 105-178
tensile stress area, 115-116
tension strength, 729-730
unfinished, 107

Boresi, Arthur P, 62, 383, 386, 424

Borgsmiller, J. T., 736, 760

Bower, John E., 367, 378

Bowman, M. D,, 761

Box girder, 536

Braced frames, 280, 628-632, 768, 769-770,
T72-774, 782-789, 819. See also Frames
bracing requirements, 782-789
effective length (KL), 280, 766
elastic buckling, 772-777
elastic stability of, 768
moment magnification, 628—632
multistory, 819
plastic hinges, 789
slope-deflection method of analysis, 772-774
strength of, 769-770

Bracing, 441-442, 478-489, 782-789
AISC requirements or, 786-789
axial strength and stiffness, 488
beam stability, 483488
diagonal, 785-786
elastic columns and beams, 478483
frames, 782-789
inelastic range requirements, 441-442
inelastic steel beams, 488-489
lateral design, 478-489
nodal, 484485, 787
point, 478-483
relative, 483-484, 787
spring constant (), 783
stiffener members for, 783-785
stiffness required from, 782-783

Bradford, Mark Andrew, 450, 495, 623, 664,
842, 865

Brady, G. W., 80, 101

Brandes, J. L., 725, 760

Brandt, G. Donald, 142, 172, 228, 246

Branson, Dan E., 856, 864

Brendel, Gottfried, 824, 863

Brennan, Paul J., 367, 379

Bresler, Boris, 579, 603

Bridge, Russell Q., 286, 334, 478, 495

Brittania Bridge, 21

Brittle fracture, 66-71
dynamic loading effects, 69
lamellar tearing, 69, 70-71
multiaxial stress effects, 67-69
temperature effects, 67

thickness effects, 69
welding effects, 68-69
Brockenbrough, Roger L., 61, 64, 75, 694, 759
Brown University, dome roof, 35 (photo)
Brown, Jack H., 676, 757
Brozzetti, Jacques, 676, 758
Buckling. See also Lateral-torsional buckling
AISC provisions for plate strength, 317-323
allowable strength design (ASD), 449, 465-469
beams, 372-366, 431-501
bending, 546-552
coefficient (k), 308
columns, see Columns
compression members, 323-331
critical stress (F,}, 266, 308
design of members affected by, 323-331
Engesser’s modulus theories, 257-258, 258-260
elastic, 254-256, 305-311, 435439,
554-557, 769-177
coefficient (k), 308, 556
columns, 254-256
differential equations for, 435439
Euler’s theories for, 254-256
plates, 308-311
pure shear, under, 554-557
slope-deflection method of analysis,
770-777
stiffness coefficient (¢), 770-772
transverse load (g), 305-306
flanges, 537-541, 542-545
frames, 769-777
history of, 254-256
inelastic, 257-261, 284-286, 440442,
557-558, 769
adjustment factor (7,) of alignment,
284-286
double modulus theory, 258-260
effective length (KL), adjustment for,
284-286
frames, 769-777
lateral bracing requirements, 440-442
pure shear, under, 557-558
Shanley concept for, 260-261
tangent modulus theory, 257-258
lateral-torsional, 431-501, 538
limit states, 444449, 537-541
load, 256
load and resistance factor design (LRFD),
421-424, 442449, 451-465
local provisions for design, 323-331
plate girders, 537-541, 541-552, 554-558
moment-strength reduction (h/1,,),
546-552
nominal moment strength (M,,), 541-552
nominal shear strength (7;), 554-558
plates, see Plates
sidesway web, 363-366
slenderness parameter (A.), 272, 309-311
torsional, 418-424
torsional-flexural, 623
vertical, 538-541
warping rigidity (EC,), 58
webs, 537, 546-552
Buckner, C. Dale, 847, 864
Buettner, Donald R., 705, 706, 707, 759
Building codes, 38, 828
Building Structural Design Handbook, 26, 28, 48
Burgett, Lewis B., 355, 378
Butler, Lormne 1., 207, 228, 246
Butt joints, 179, 186

C

Cal, C. S., 625, 665
Call, Steven M., 677, 758

Canadian Structural Commentaries, 26, 48
Cantilever beams, 451
Carbon steels, 52-55
Carpmael, H., 179, 245
Carskaddan, Philip S., 552, 603
Carter, C. J., 693, 694, 761
Carter, Charles J., 386, 425
Cast iron, structural uses, 21
Castagno, L., 182183, 246
Castiglioni, Carlo A., 273, 332
Cayci, M. A, 80, 101
Celebi, N., 623, 664
Chan, Peter W., 367, 379
Chang, F. K., 386,425
Channel sections, 30-31, 386, 389, 470472
beams, 30-31
lateral-torsional buckling, 470472
torsion in, 386, 389
Charpy V-notch test, 61
Chen, Min-Tse, 406, 425
Chen, Wai-Fah, 273, 276, 277, 332,334, 619, 62
625, 626, 627, 634, 635, 664, 665, 676, 711,
713, 738, 757, 759, 760, 761, 768, 790, 791
Cheng, Jung-June R., 677, 678, 758
Cheong-Siat-Moy, Franfois, 622, 625, 664, 665
769, 783, 790, 791, 820
Chesson, Eugene., 80, 83, 101, 158, 173
Chiang, Kah Ching, 128, 172
Chinn, James, 355, 378
Chong, Chooi K., 363, 378
Chong, Ken P., 579, 603
Chopra, Anil K., 28, 29, 33, 50
Chow, Hsueh-Lien, 777, 791
Christopher, Richard, 711, 735,759
Chu, Kuang-Han, 391, 418, 425, 777, 791
Chuenmei, Gue, 279, 333
Circular sections, torsion in, 385
Clark, J. W., 435, 451, 472, 494, 495
Clarke, M. J., 478, 495
Clip angles, 678
Clough, R. W., 28, 33, 50
Coaxing, 72
Coburn, Seymour, 73, 75
Cochrane, V. H,, 79-80, 101
Code of Standard Practice for Steel Buildings
and Bridges, 482
Coel, Joseph, 711, 735, 759
Coffin, Charles, 179
Cold work pracess, 65-66
Cold-Formed Steel Design Manual, 31, 48
Cold-formed steel shapes, 31
Collapse mechanism, 47, 342-343, 504-511
continuous, statically indeterminate beams,
504-511
laterally stable beams, 342-343
Colson, Andre, 676, 758
Columns, 257-300, 431432, 478483, 574-5'
709-739, 746-753, 861-863
allowable strength design (ASD), 292-293
axially loaded, 286-292
base plates, 746-753
bearing stiffeners, 574-575
bracing, 478483
buckling, 254268, 284286, 431432
Euler elastic, 254-256
inelastic, 257-261, 284-286
lateral-torsional, 431432
strong axis, 266268
weak axis, 265-266
built-up sections, 276
composite, 861863
connector spacing, 276-277
continuous beam-column connections, 709-7.
critical stress (Fer}, 266, 271-275
double-angle sections, 275-276



i KL), 279-286
a:ie lengﬂ: ((;mns, 281-286

' *raced frames, 281
e odulus thearies, 257-258, 258-260

Engesser’s
paler’s ritical load, 256
jatticed, 294-300 . )

‘esistance factor design (LRFD),

toed 2
”;ﬂ%ﬁ:;ﬁﬁn and, 275, 276, 286-292
reduction factor (). 274-275
rolled (W, S, and M) szh'fg“, 286-292
trical sections,
o e, 261271
ey
or (£2),
me;aznc(ept for, 260-261
shear effect, 293-296
single-angle sections, 277-279
sirength, 256-257, 263-274, 279-283
axial loads, varied, 273-274
buckling and, 257, 265-268
curves, 271-274
effective length (KL), 279-286
effective modulus and, 264-265
nominal (P,), 272-273
fic equation, 27 1-274
residual stress and, 263-271
slenderness parameter (A;), 272
slenderness ratio (KL/r), 256-257, 263264
te-sections, 275276
tubular sections, 277
web direct connections, 738-739
wide-flange (H-shaped) sections, 261-263
Composite beams, 823-824, 847, 855-858
AISC design for, 847
deflection (A), 855-858
equivalent width, 823824
plastic neutral access (PNA), 847
Composite construction, 822-866
advantages and disadvantages, 826
AISC-I1 design requirements, 826
AISC-I2 axial member requirements, 828, 829
AISC-I3 flexural member requirements, 203,
804, 827, 829, 833, 835, 837, 840-842,
846, 858
AISC-14 combined axial and flexural member
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elastic analysis, 525-528

introduction to, 502
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bolted connections, 166-172
initial tension from, 167-172
lines of welds designed for, 243-245
plane of welds, applied to, 241-245
Eccentric shear, 135-152, 227-241, 688-689
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Stiffened elements, 309, 311-315, 316, 317-318,
321-323
nominal strength (£,), 317-318
plastic deformation width/thickness limits
(A,). 316
plate compression, 309
shape factor (Q,), 317-321, 321-323
yield stress widthithickness limits {A,), 311-315
Stiffeners, 712-727, 783-785
beam-to-column connections, 712-727
AISC requirements for, 714-715
compression regions, 712-715
horizontal, 712-719
tension regions, 715-719
vertical, 719-724
bearing, 574-575
buckling criterion, 575
column stability criterion, 574-575
web-flange connections, 575
bracing provided by members, 783785
compression regions, 712-715
local web yielding, 712
web buckling, 713-714
web crippling, 712-713
flanges, 573, 575, 716-719
intermediate transverse, 569-573
adjacent panels, 571
AISC requirements for, 569-571
stiffness requirement, 572
strength requirement, 572
tension field action and placement of, 571
web-flange connections, 573
plate girders, 569-577
bearing, 574-575
mtermediate transverse, 569-573
longitudinal, 575-577
plates, 715-727
tee sections, 719-724
tension regions, 715-719
column strength, 718
local flange bending, 716-719
webs, 573, 575-577, 712-714
Stiffness coefficient ($), 770-772
Stiffness design criterion, 87-88
Stockwell, Frank W_, Jr., 284, 333, 738, 747, 749,
760, 824, 842, 863
Stoman, Sayed H., 281, 334
Stout, R. D., 70, 75
Strain aging, 66
Strain hardening, 60, 65-66, 78
Straub, Hans, 21, 48
Strength
bolts, 118-121, 132
bearing (R,), 117, 119-121, 132
block shear (Uj,), 86-87
columns, 256257, 263274
combined bending and shear, 567-569
compression members, 256-257, 263-271,
308-311,317-323
curves, 271-274
design, see Design strength (PR,)
fasteners, 113-117
fatigue, 71-72
limit states, 39
moment, see Moments (M)
nominal, see Nominal strength (R,)
parabolic equation, 271-274
plastic, 502-511
plate girders, 540-569
plates, 308-311, 317-323
shear, see Shear (1)

tensile (F}), 115-116
tension (7,), 77-78, 99, 115-117, 119
tension members, 77-78, 86-87
usable, 40
Stress
bending (o), 369-370
critical (F), 266, 271-275
index (1), 355
multiaxial effects, 67-69
residual, 261-271
service load (g), 831-833, 838-839
shear flow (rr), 387-388
shear yield (-ry), 62-63
tensile, 115-116, 313
torsional, 391401
yield, 51, 60, 311-315, 344
Stress-strain curves, 59-60, 64-63, 65-66
atmospheric temperature behavior, 59-60
engineering, 59
high-temperature behavior, 64-65
strain hardening and, 60, 65-66
structural stee] properties from, 5960, 64—65
tension test for steels, 59-60
true, 59
Stringers, 339
Strohmeyer, A. P, 179
Structural design, 19-50
Structural Engineers Association of California
(SEAOCQC), 28, 50
Structural Safety, ASCE Task Committee on, 39, 49
Structural Stability Research Council (SSRC),
261, 263, 272-273, 295-296, 861, 864
composite columns, Task Goup 38, 861, 864
Guide, see Guide to Stability Design Criteria
for Metal Structures
latticed columns, 295-296
parabolic curve, 272-273
Structural steel, 30-34, 51-75, 185-186
alloy, 56
ASTM designations, 51-58
atmospheric temperatures and, 59-60
beams, 30-34
brittle fracture, 66-70
carbon, 52-55
cold-formed, 31, 65-66
compression, 31-32
corrosion resistance, 51, 73-74
fastener, 57-58
fatigue strength, 71-72
high temperatures and, 6365
high-strength low-alloy, 52-55
hot-formed, 30-31, 51-52
lamellar tearing, 70-71
material toughness, 60-61
members, 30-34
properties, 51-75
strain hardening, 65-66
stress-strain behavior, 59-60
tension, 31, 32
weathering, 51, 73-74
weldability, 185-186
welding, 58-59
yield strength, 51, 60, 62-63
Structural Welding Code, 72,15, 195-196, 201, 246
Struik, John H. A., 77, 83, 101, 108, 113, 172,
712, 728,735

Styer, E. F,, 435, 494

Submerged arc welding (SAW), 59, 182, 210, 215
allowable strength design (ASD), 215
AWS A5.35 specifications, 58, 59, 182
AWS A5.41 specifications, 58, 59, 182
design shear strength {$R,,,), 210
electrodes (E), 58, 59, 182
granular flux (F), 180, 182

load and resistance factor design (LRFD), 210
Sumner, Emmett A., 736, 760
Surry, David, 28, 49
Suspension-type steel structures, 37-38
Swannell, Peter, 207, 246
Swanson, James A., 729, 761
Sway (A),48
Switzky, Harold, 282, 333, 769, 790
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Tables
ASTM steel designations, 53-55
beam-columns
average values of p, b, and by
coefficients, 645
values for C,, with no joint translation, 616
beams
deflection relationships, 351
moment gradient factor C, comparisons,
447
parabolic segments non-uniform bending
moment Cy, 448
plastic deformation slenderess ratio
limits (A,), 443
plastic deformation width/thickness ratio
limits (A,), 345
section modulus (S,, Sy} values, 377
web limits 4 /1,,
when stiffeners are not used, 359
yield stress slendemess ratio limits (A,),
445
yield stress width/thickness ratio limits
(A;), 344
bolts
allowable shear stress, bearing-type
connections, 160
design strength ($R,), 120
edge distances (AISC-J3.22), 122
markings, 110
nut rotation, 113
pretension requirements (AISC-J3.19), 113
properties of, 106
brittle fracture risks, 70
columns
adjustment 7, of restraint factor G for
inelastic buckling, 285
axial compression, 276
composite construction
modular ratio (n) values, 829
nominal strength (Q,) for stud and
channel shear connections, 842
frame sway magnification factor B,,
comparison of values, 781
gages for holes in angles, 81
loads
combinations, 44, 45
uniform live, 23
plate girders
elastic buckling coefficient (k,), 556
maximum web slenderness (h/f)
limitations, 541
slenderness ratio limits A, and A, 545
strength values of M’, /M, for V's/Va
568
plates .
plastic deformation width/Ahickness ratio
limits (A,), 316
yield stress width/thickness ratio Bmits
(A,), 314-315
radius of gyration (r), 868
reliability index (B), 44
steels o
properties of, 53-54 _ i
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ﬂn’lhﬁg K G, 415,425
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sections,
71, 719-724, 727-735
30-31

ional buckling, 475-478
strength (M,,) of flanges, 729
peying action, 727-735
split-beam connections, 727-735
siffeners for connections, 7 19-724
ension strength (¢R,,) of bolts, 729-730
orsion in, 386

Temperatore )
amospheric, 59-60
ittle fracture effects from, 67
ductility transition, 61
high, 63-65
stractaral steel behavior and, 59-60, 6365
transition, 61

Tempering, 56
Temple, Murray E., 221, 247, 276
Templin, J. T., 26, 49
nsile strength (F?,), 115-116
Temsile stress area, 115-116
Tension, 152-156, 157-166, 166172, 690-692
axial, 153156
bearing-type connections, 157-158
eccentric loading, 166172
inifial, 167-172
shear combined with, 157-166, 166-172,
690-692
lﬁ?—cliﬁml connections, 158166
Tension-field action, 558-567, 571
AISC design, 564-567
faiture condition of, 562-563
tominal shear strength (7,) and, 558-567
optimum direction, 562
Plate girders, 558567
shear strength from, 562
stiffener placement and, 571
Tension members, 31, 32, 76-104
AISCD2 design specifications, 90
AISC-D3 area specifications, 83-85
M‘"‘Wﬂble strength design (ASD), 98101
shear strength, 86-87
€10ss sections, 31, 32, 76
boles in, 77-82

introduction to, 76-77
limit states, 77-78
load and resistance factor design (LRFD), 89-95
AISC specification, 90-91
design strength ($R,), 89-90
overload factor (7y), 90
resistance factor (f), 90
load transfer at connections, 88-89
net area (A,), 77, 78-85
nominal strength (R,), 77-78
reduction coefficient (U), 83-87
rods, 95-98
staggered holes, effects of, 79-85
stiffness design criterion, 87-88
Tension strength (7,,), 77-78, 99, 115-117, 119,
729-730
bolts, 115-117, 119, 729-730
tee connections, 729-730
tension members, 77-78, 99
Tension test, see Stress-strain behavior
Thambiratnam, David P, 753, 761
Thin-wall sections, 387-388, 415418
closed, 415418
combined open and closed parts, 418
open, 387-388
shear flow (1), 387-388, 415
shear stresses due to bending in, 387-388
torsion in, 387-388, 415418
Thomas, F. P, 107, 172
Thomas, Ian R, 711, 759
Thompson, Elihu, 179
Thornton, Charles H., 70, 75, 228, 247, 693, 694,
728, 729, 730, 734, 735, 747, 749, 760, 761
Thru-thickness direction, 70
Thiirlimann, Bruno, 309, 311, 333, 511, 331
Tide, Raymond H. R., 228, 246, 847. 864
Tie rods, 95
Tiedemann, J. L., 435, 494
Timmler, P. A., 207, 228, 246
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421,424,425, 435, 547,555, 615, 713, 826, 863
Tobiasson, Wayne, 26, 49
Todhunter, Isaac, 383
Tolaymat, Raed A., 350, 378
Toprac, A. Anthony, 552. 603
Torsion, 383430, 869
allowable strength design (ASD), 414-415.
421424
angle of twist (&), 384-385
bending and, 387-388, 401-406
buckling, 418424
channel sections, 386, 389
circular sections, 385
differential equations for, 392-396
homogeneous sections, 384-386
introduction to, 383-384
I-shaped sections, 386, 391-401
laterally stable beams, 409415
load and resistance factor design (LRFD).
409-414, 421-424
loading situations, 406409
riies, 869
gru(:ep‘ZSaint Venant's, v,), 384-386, 391-392. 396
rectangular sections, 385-386
shear center, 388-391
shear stresses, 387-388
stresses, 391401
tee sections, 386
thin-wall sections, 387-388, 415-418
closed, 415418
combined open and closed parts, 418
open, 387-388
shear flow (1), 387-388, 415
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warping (v,,), 392, 396-398
Torsional Analysis of Steel Members, 394, 404, 407
Torsional end restraints, 408400
Torsional moment (7), 384-385, 406-408
Toughness of materials, 60-61
Trahair, Nicholas S., 409, 425, 440, 450, 478
487, 494, 495, 496, 623, 664 T
Transition temperature, 61
Transverse loads (g), 305-306, 612-614
beam-columns, 612-614
elastic buckling under, 305-306
uniform, 613
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design recommendations, 705-707
plastic strength of, 707-709
Triaxial loading, 67-68
Tubular column sections, 277
Tung, T. P, 435, 494
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AISC design for, 632644
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plastic hinges. 789790
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Ungar. Eric E.. 330, 372
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Warmner, Marvin E., 738, 760
Warping torsion (2,,), 392, 396-398
Warping torsional constant (C,,), 393
Wasil, Benjamin A., 367, 379
Watson, Paul D., 199, 246
Wattar, Samer W., 863, 865
Weathering steel, 51, 73-74
A588 properties, 53, 55, 73, 74
AT709 bridge construction properties, 54, 55,
56,73, 74
corrosion resistance, 51, 73-74
Weaver, Ronald R., 440, 494
Webs, 361-366, 367, 537, 541, 546-552,
558-567, 573, 575-577, 712-715, 738-739
buckling, 546-552, 713-714
column-web direct connections, 738-739
crippling, 362-363, 712-713
holes, 367
Limit states, 537
moment-strength reduction {4 /1,,), 546-552
nominal shear strength (7. ), 558-567
plate girders, 537, 546-552, 558-567
rolled beams, 361-366
sidesway buckling, 363-366
slenderness (h/1,,) limitations, 541

stiffeners for connections, 573, 575-577, 712-715

tension-field action, 558-567
yielding, 361-362, 712
Weldability of structural steel, 185-186
Welded joints, see Joints
Welded plate girders, 199-200
Welding, 58-59, 68-69, 179-253
arc, 180-181
brittle fracture effects from, 68—69
defects, 196-198
economical value, 199-200
electrodes (E), 58-59, 179, 181-182, 193,
204-205
AWS specifications, 58-59
base metal matching, 193, 204205
coatings, 179, 181-182
electrogas (EGW), 184
electroslag (ESW), 184185
filler material, 59
flux core arc (FCAW), 180, 183-184
forge, 179
gas metal arc (GMAW), 180, 182-183
granular flux (F), 180, 182
history of, 179-180
inspection, 198-199
AWS Qualification Test, 198-199
magnetic particle, 199
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ultrasonic, 199

Joining processes, 180-185
machines, 193
metal inert gas (MIG), 183
positions, 193-194
shielded metal arc (SMAW), 58, 181-182,
210-211, 214215
structural steel weldability, 185-186
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submerged arc (SAW), 59, 182, 210, 215
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axially loaded members connected by, 215-227
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defects, 196-198
cracks, 1180
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field, 192, 193, 690
fillet, 189, 190, 200-203, 205-207, 209-214,
218-219
flaws, 71-72
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groove, 188-189, 203, 205-207, 207-209,
215-217
lamellar tearing, 70-71, 72
lines, treated as, 236-237, 243-245
load and resistance factor design (LRFD),
207-214
design shear strength (¢R,,,), 210-211
design strength ($R,), 207-214
fillet welds, 209-214
groove welds, 207--209
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= notional jateral load, Sec. 12.11

= pitch (spacing) of bolts; connector spacing (Chap. 16); 1 bePnr Eq.12,12.2

= design strength of column web to resist a concentrated factored load

= required prace strength

= critical puckling load; compression force at buckling

= Fulerload = w2 EA, /(KL /r)? for axis of bending (using two subscripts for biaxial bending)

= Euler load = w’EAg/(KL/ r)? for axis of bending, for use with magnification factors By and
according to the second subscript , and B,

= pominal strength of an axially loaded compression member, FiA.; nominal strength of weld

confi guration (Fig. 5.17.2)

~ factored axial Joad (Sec. 1.9); factored reaction or load

= yield load, FyAg (Chap. 12)

~ form factor, Qs (3ec 6.18); first moment of area (i.c., statical moment [y dA) about the neutral

axis from extreme fiber to section at which elastic shear stress is computed, (see Sec. 7.7)

shape factor for stiffened compression element (Sec. 6.18)

= moment of area of one-half flange about y-axis (Sec. 8.5)

shape factor for unstiffened compression element (Sec. 6.18)

VI/A g radial distance from centroid to point of stress (Sec. 5.18)

il

i

— radius of gyration,
distance from instantaneous center to a weld element (Fig. 5.17.2)

— distance from instantaneous center to vertical weld line

— distance to weld element farthest from instantaneous center

~ radius of gyration of a section comprising the compression flange plus one-third of the compression

web area, taken about an axis in the plane of the web; used in ASD, Eq. 9.7.14

effective radius of gyration used in determining L, (Chap. 9)

radius of gyration about x-, y-, O z-axes, respectively

required strength (ASD)

moment strength reduction factor for hybrid girder (Secs. 11.7 and 16.9)

coefficient to account for group effect (Chap. 16)

resistance of a bolt at any deformation D (Chap. 4); strength of a fillet weld segment pet unit length

(Sec. 5.17)

ultimate shear load on an element, Eq.5.17.3

cross-section monosymmetry parameter (Chap. 9)

nominal strength of one fastener in tension, shear, or bearing; nominal reaction strength (Sec. 7.8)

nominal strength of bolt in tension

nominal strength of bolt in shear

nominal strength of weld per inch of length

position effect factor for shear studs (Chap. 16)

= reduction factor for “bend-buckling” of the web, Eq. 11.4.3

= direct shear component of bolt resistance

= factored load per bolt; factored load per unit length of weld; factored reaction (Sec. 7.8)

= ultimate shear resistance in a bolt, 7,Ap

= factored direct shear on bolt subject to eccentric load

= factored tension load on bolt

= factored direct shear component on bolt

= factored shear on bolt, in x- or y-direction, respectively

= direct shear component of bolt resistance; shear component 0
shear component of weld resistance/per unit length

= x-or y-direction component of bolt resistance; x- Of y-com

= stagger of bolt holes measured in the line of force (Chap. 3): distance from
section (Chap 8); band width for tension-field force T (Sec. 11.9) .

= elastic section modulus, //y (Table 5.18.1), with respect to X- Of y-axes (Iefeyor Iv/ex); according
to subscript

i

il

I

[

i

fl

I

f eccentric force on fillet welds; direct

ponent of torsional moment force on fillet welds
free edge along a thin wall



S; = elastic section modulus of steel section alone, referred to its tension flange

Sy = elastic section modulus of composite section, I/ y
Sier Syt = section modulus S, referred to the compression flange, S,., or the compression flange, S,
' = thickness; thickness of material against which bolt bears
t, = effective throat dimension of a weld (Sec. 5.12)
tr bpps tpe = flange thickness; for beam, ¢, for column, 1,
1, = thickness of stiffener; slab thickness
Lo tagh s M = web thickness; for beam, t,,;,; for column, 1,
T = tensile force; service load tensile force: torsional moment or torsional service load moment (Chap. 8);
base metal thickness (Table 5.11.1)
To = required tension strength (ASD)
I = initial force in bolt resulting from installation
= nominal strength of a tension member
[ = factored tension load; factored torsional moment (required tension strength, required torsion strength) (Chap. 8)
u = displacement in the x-direction

uy = lateral deflection of flange

1 = reduction factor to account for shear lag (Sec. 3.9)

Uy, = stress reduction factor for nonuniform stress for block shear rupture

v = shear stress; displacement in the y-direction

v, = St. Venant torsion shear stress (Chap. 8)

Vg = warping torsion shear stress (Chap. 8)

Vv = shear; service load shear force on a bolt

Ve = warping torsion shear force in flange

V, = nominal shear strength

vV, = nominal shear strength in the presence of bending moment

Vau = nominal horizontal shear strength across interface between slab and steel section in a composite beam

v, = range of service load shear force, Eq. 16.8.9

V. = factored shear force

Ve, Vy = shear in the x- and y-directions, respectively

w = uniform loading; service uniformly distributed load on beam; displacement in z-direction (Fig. 6.14.2);
width of stiffener plate (Chap. 11); density of concrete, Eq. 16.5.1

Wp, Wy = service uniform dead and live load, respectively

W, = w,/¢; = required nominal uniform load causing collapse mechanism (Chap. 10)

wy = factored uniform load

Wy = factored uniform horizontal load

w = total service load on a span; concentrated load on beam; width of stiffener Chap. 11); seat width (Chap. 13)

W, = W, /¢, = required nominal concentrated load causing collapse (Chap. 10)

W, = factored concentrated load

X0+ Yo = shear center distances from centroid measured along the x- and y-axes, respectively

y = deflection at a location z along axis of member

y = center of gravity (CG) of composite section measured from CG of gravity of steel W section

Y = (Va/Va)h

» = total deflection (including second-order deflection) of beam-column

73 = distance to bottom of steel section from CG of composite section

Yer Ve = distances from CG of the section to the compression and tension extreme fibers, respectively

zZ,2,,Z, = plastic modulus, f y dA, with respect to the axes indicated by subscript

o = constant GJ /(2EC,,), Eq. 9.4.7; , ratio of web yield stress to flange yield stress, Fyu/Fyz, (Sec. 11.7);
P,/P,or )P,/ 3, F. (Chap. 12)

B = flexure analogy modification factor (Chap. 8), A,/Aj, ratio of web cross-sectional area to cross-sectional
area of the compression flange (Sec.11.7)

Bor = required brace stiffaess (Chaps. 9 and 15)

B, = E,/E, Eq. 6.9.2 (Table 6.9.1)

Buw = selected ratio 4 /1,, for design (Sec. 11.14)



= generdl term for overload factor; strain angle; angle between the plane of bending and the xz plane
(Sec- 7.10)
1 Joad factors (ASCE7)

= over . X .
:vﬂecﬁon' virtual displacement; sidesway buckling deflection
= (€ 4

;K — first-order deflection of beam-column
= strain, infin. ot mm/mm .

£ ~ sirain at onset of strain hardening

g : gtrain in the x and y-directions (Sec. 6.14)

ety - gtrain at first yield, Fy/E; (Fig. 6.6.1)

& = deflection; shear deformation on a boit (Chap. 4); maximum deformation on a fillet weld (Chap. 5);

5 - sway deflection (Fig. 6.9.3); lateral deflection of a frame, i.e., drift; deformation on framing angles(Sec. 13.2)
= maximum deformation on fillet weld when 8 = 0°,0.11in.

8o = deformation on any weld segment (Eq. 5.11.5)

& — first-order sway deflection (Sec. 12.11)

Bu = total sway deflection, including second-order effect (Sec. 12.11)
Bu = first-order interstory drift due to lateral force
B = maximum deflection; maximum shear deformation in a bolt = 0.34 in.

Bgus = deformation of weld element at ultimate stress (Chap. 5)

5 — slenderness ratios for plate elements (see AISC-B4.1); torsion parameter,1 /a = V GJ /EC,, (Chap. 8)

A = slenderness parameter; for columns, Eqs. 6.7.2 and 6.7.3; for plate compression elements, Eq. 6.15.1

k — maximum slenderness ratio for compact element

b = maximum slenderness ratio for noncompact element

» — Poisson’s ratio (0.3 for steel); coefficient of friction

i: = shape factor, Z/S

" = factor in Cp, (EQ- 12.3.8)

¢ = resistance factor; strength reduction factor; angle of twist (Chapters 8 and 9); stability parameter LV P JEI
(Chap. 14)

b — resistance factor for flexural member, 0.90; for composite section, 0.85

9. — resistance factor for compression member, 0.85

bor = value of stability parameter when buckling occurs (Chap. 14)

& = resistance factor for tension limit state, (Chap. 3); resistance factor for bolt strength in tension, 0.75

o, — resistance factor for shear on beam web, 0.90; resistance factor for bolt strength in shaar, 0.75

(1 = safety factor (ASD) for bending

Q. = safety factor (ASD) for compression

O, = safety factor (ASD) for tension

0, = safety factor (ASD) for shear

T = shear stress (theoretical)

Ty = stiffness reduction factor, used in direct analysis method (Chaps. 12 and 15)

Ter = buckling stress in shear; 0.6Fy,, or F, / \/3 (See Sec. 11.8)

Ty = ultimate (fracture) shear strength

Try = shear stress in the xy plane (Sec. 6.14)

Ty = shear yield stress )

’ = angle of loading of weld segment measured from the weld longitudinal axis (Sec. 5.17); rotation of

0 beam section (curvature); rate of twist, dffdz (Chap. 8); end slopes on beam (Sec. 13.1)

0" = rotation angle at M, (see Fig. 7.3.4)

0" = rotation angle at onset of strain hardening (Fig.9.3.2)

au = rotation angle at plastic hinge M, (see Figs. 7.3.4 and 10.2.1)

o’ = rotation angle of beam section when extreme fiber reaches Fy

o0 = general term for compressive of tensile stress due to bending

o, y = Slfes.s in the x- and y-directions (Sec. 6.14)

P = tension—-compression yield stress

~

= flexural stress (theoretical) in z-direction



