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ABSTRACT

Three design methods, originally developed by Donahey and Darwin (1986), for
determining the maximum shear capacity of composite beams with unreinforced web openings are
extended to include steel and composite beams with or without reinforcement at the opening. The
three design methods incorporate simplifying assumptions that permit closed-form solutions for
maximum shear capacity. The first method assumes that the neutral axes for secondary bending
lie in the flanges of the top and bottom tees and defines the interaction of shear and normal
stresses by a linear approximation of the von Mises yield function. The second method ignores
the contribution of the flanges to secondary bending moments and employs the von Mises yield
function to define the interaction of shear and normal stresses. The third method ignores the
contribution of the flanges to secondary bending moments and defines the interaction between
shear and normal siresses with a linear approximation of the von Mises yield function. Simplified
design expressions for the maximum moment capacity of steel and composite beams with web
openings are presented. Six refinements of the design methods are investigated to determine their
significance in predicting member strengths. Simplified design expressions developed by Darwin
(1990) for determining the maximum moment capacity of steel and composite beams at web
openings are summarized. The accuracy and ease of application of the design methods presented
in this report (Methods I, II, and IIT) and applicable procedures proposed by Redwood and
Shrivastava (1980), Redwood and Poumbouras (1984), and Redwood and Cho (1986) are
compared with experimental results of fifty steel beams and thirty-five composite beams.
Resistance factors are calculated for use in LRFD of structural steel buildings. The simplest of

the design methods
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presented in this report, coupled with moment-shear interaction procedures proposed by Donahey
and Darwin (1986), provides excellent agreement with test results and a superior approach in
terms of accuracy and ease of application. Resistance factors of 0.90 and 0.85, applied to both

shear and bending, are suitable for steel and composite beams, respectively.
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1.0 INTRODUCTION

The aims of this report are to (1) extend three design methods, originally developed by
Donahey and Darwin (1986), for determining the maximum shear capacity of composite beams
with unreinforced web openings to cover steel and composite beams with or without reinforcement
at the opening, (2) summarize simplified design expressions for the maximum moment capacity
of composite and steel beams with web openings, (3) investigate the effect of the following on
predicted capacities:

(a) the use of a linear approximation for the von Mises yield function by comparing two
design methods that employ, respectively, the von Mises yield function, and a linear
approximation of the von Mises yield function;

(b) the relative sizes of the flange and the web as a function of the design method by
comparing two design methods where the only difference is whether the flanges are included or
excluded in determining the secondary bending moments in a tee;

(c) reducing the tee depth to approximate the movement of the plastic neutral axis, PNA,
with the addition of reinforcement by comparing two methods, one in which the PNA is
constrained to the top of the flange, the other in which the PNA is permitted to move within the
flange;

(d) limiting the normal force in the concrete at the high moment end of the opening to
the axial yield capacity of the net top tee steel in a composite tee;

(e) limiting the maximum moment capacity, M,,, of reinforced steel beams to the plastic
moment capacity of the unperforated section, M,.

(f) limiting the normal force permitted in the reinforcement at the opening by the strength

of the weld attaching the reinforcing steel to the web at the opening.
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(4) compare the accuracy and ease of application of the three methods with procedures proposed
by Redwood and Shrivastava (1980), Redwood and Poumbouras (1984), and Redwood and Cho
(1986), and (5) calculate resistance factors, ¢, for use in load and resistance factor design of
structural steel buildings.

Comparisons are made with experimental results of thirty-five composite beams and fifty
steel beams. The methods for shear and moment capacity found in Section 2.0 are compared with
results obtained using procedures proposed by Redwood and Shrivastava (1980) for steel beams
and with results published by Redwood and Shrivastava (1980), Redwood and Poumbouras (1984),
and Redwood and Cho (1986) for composite beams with ribbed slabs, and composite beams with

solid slabs, respectively.
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2.0 STRENGTH DESIGN PROCEDURES

2.1 Overview of Design Procedures

In this section, the three design methods proposed by Donahey and Darwin (1986) for
determining the maximum shear capacity, V,,, of composite beams with unreinforced web openings
are modified to account for reinforcement at the opening and extended to cover steel beams.
Design expressions for the maximum moment capacity, M,,, of composite and steel beams, with
or without reinforcement, are also presented, as are the procedures for moment-shear interaction
proposed by Donahey and Darwin (1986).

Figs. 2.1 and 2.2, respectively, illustrate web openings in steel beams and web openings
in composite beams with solid and ribbed slabs. Openings are of length a,, depth A,, and may
have an eccentricity, e, which is always taken as a positive for steel beams and positive in the
upward direction for composite beams. The slab thicknesses, ¢, and ¢,’, effective slab width, b,,
and steel section dimensions, 4, b, &, t,,, §, , §, , b, and ¢, are as indicated in these figures. The
regions above and below the opening are referred to as the top tee and bottom tee, respectively.
Definitions of variables and notation used in the report are given in Appendix A.

The procedures described in this report are based on the following assumptions:

(1) The steel will yield in tension or compression.

(2) Shear forces can be carried in the steel and the concrete at both ends of the opening.

(3) Shear forces in the steel are carried by the webs of the tees.

(4) Shear stresses are uniformly distributed over the depth of the webs.

(5) The normal forces in the concrete are applied over an area defined by an equivalent

stress block.

(6) For the calculation of maximum moment capacity, the reinforcement is concentrated

at the edge of the opening in the top and bottom tees.



2.2 Interaction Curve

The nominal shear and bending strengths, V, and M,, of a member at an opening
subjected to both shear and bending moment are obtained using the interaction equation proposed

by Donahey and Darwin (1986).

MV
_: + _3 =1 (2.1)
M, V,

This continuous function, illustrated in Fig. 2.3, permits the calculation of the nominal
shear and moment capacities and provides good agreement with test data (see Section 3.0).

Eq. 2.1 can be rearranged to provide a convenient expression for V, or M, for a given

moment to shear ratio, M/V.

Mmv? v?
i (i (2.2)
V.M, v,

Setting M/V, = M/V and solving for V,, gives

- 13 M3 13
.71 M
V,=V,| L s1| =v, 1 23)
M,
v V2

M =V [‘_"_] @.4)
"V



M, y? "
=% =
M, =M~ +1| =M|_" «1 R
M M
v M

2.3 Forces at the Opening
The forces acting at a web opening are shown in Fig. 2.4. Under positive bending, the
top and bottom tees are each subjected to axial forces P, and P,, shear forces, V, and V,, and

secondary bending moments, M, M,, and M, M,,, respectively. Using equilibrium, the following

relationships result.

P,=P =P (2.6)
V=V +V, (2.7)
Va, =M, + M, 2.8)
Va, = M, + M, (2.9)
Vi
M=Pz+M, + M, - ;" (2.10)
in which V = total shear acting at an opening;

M = primary moment acting at opening center line;
a,= length of the opening; and

z = distance between the local neutral axes in the top and bottom tees.



2.4 Shear Capacity Equations

In this section, the three design methods, developed by Donahey and Darwin (1986) to
predict the maximum shear capacity of composite beams with unreinforced web openings, are
extended to cover both steel and composite beams with or without reinforcement at the opening.
Theoretical differences between the methods and limitations of the methods are discussed.

A closed-form solution for the maximum shear capacity at a web opening requires the use
of several simplifying assumptions. Three closed-form solutions for the maximum shear capacity
are derived, each simpler than the previous one. These closed-form solutions, hereafter referred
to as Methods I, 11, and III, are based on the assumption that the normal forces in the top and
bottom tees is zero. As discussed by Clawson and Darwin (1980) and Donahey and Darwin
(1986), this load state only approximates pure shear at the opening in composite beams because
the secondary bending moments at the high and low moment ends of the top tee are not equal.
As a result, the total moment at the opening center line is close to, but not equal to zero. The
procedure, however, does represent pure shear in steel beams and gives a close approximation of
the true maximum shear maximum capacity at web openings in composite beams.

The approach that is taken in the following sections is to develop an expression for the
maximum shear capacity of the most general case, a top tee in a composite beam with a reinforced
opening. The capacity of the other tees, top or bottom, can be obtained from the general case by
neglecting appropriate terms in the expressions. The total shear capacity at an opening is obtained

by summing the shear strengths of the top and bottom tees.
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2.4.1 Forces in the Concrete and Steel
Normal forces in a composite tee are illustrated in Fig. 2.5. For composite beams, the
normal force in the concrete at the high moment end of the opening, P,,, is limited by the

compressive strength of the concrete, the shear connector capacity, and the tensile strength of the

top-tee steel. These limitations are expressed as follows.

P, < 085f/bgt, @4
(2.12)
P, < NQ,
P, sFA, (2
in which , = t, for solid slabs;
I, =t for ribbed slabs with transverse ribs;
2 = (t, + t,)/2 for ribbed slabs with longitudinal ribs;
;A = concrete compressive strength, ksi;
0, = shear connector capacity accounting for appropriate reduction factor for
ribbed slabs;
A, = area of top tee steel, including reinforcement; and
N = number of shear connectors from high moment end of opening to the

support.
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Fig. 2.5 shows the location of the concrete normal forces. Shear stresses are assumed to
have no effect on the normal stresses in the concrete at the maximum load.
The concrete force at the low moment end of the tee, P, is dependent upon the number

of shear connectors over the opening, N,, and the high moment end concrete force, P,,.

(2.14)
P,=P,-N,Q,20

N,and N include only the shear connectors entirely within the opening. Connectors at the edge
of the high-moment end of the opening are not included.
The moment arms of the high moment end and low moment end concrete forces about

the top of the steel flange, d, and d,, respectively, are given by the following equations.

P
d, =t - ch (2.15)
1.7/b,
For solid slabs,
4= td_ 2.16)
1.7f/b,
For ribbed slabs with transverse ribs,
2
dowt = w9 2.17)
1.7f/b,

For ribbed slabs with longitudinal ribs, 4, is the distance from the top of the flange to the centroid
of the compression force in the concrete. Only the ribs that lie within the effective width, b,, are
considered for this calculation. A conservative estimate of d, can be obtained by treating the sum

of the minimum widths of the ribs that lie within the effective width of the slab as b,.



9

The maximum shear in the top tee, V,,, is assumed to be carried by the steel web unless

V.. exceeds the plastic shear capacity of the top tee web, given by

V — Fylv stt

B

(2.18)

This is possible only for a composite tee, not for other cases derived from the composite
tee. When the plastic shear capacity of the top tee is exceeded, the top tee web will fully yield
in shear and will not contribute to moment equilibrium of the tee. As will be explained, Egs.
2.32, 2.43, and 2.54 predict maximum shear capacity in accordance with Methods I, II, and III,
respectively, when the top tee web contributes to moment equilibrium. When the web fully yields
in shear, these equations must be rederived, excluding any contribution of the top tee web to
moment equilibrium. This results in Eq. 2.33 for Method I and Eq. 2.46 for Methods II and III.
In this case, the normal force in the concrete, at high moment end of the opening, P, is further

limited based on the reduced normal force in the top tee steel.

P, <F(b.~1)+P, (2.19)

in which P, = normal force in the reinforcement in the top tee.

F t.a
B.w BAM =) a2 (2.20)

r 2 ﬁ
The term on the right side of the inequality in Eq. 2.20 represents the horizontal shear strength
of the web below or above the opening. Following the determination of V,,, the result must be
compared to the combined shear capacity of the steel web and the concrete over the opening, V.,

given by Eq. 2.21.
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(2.21)

¥

wh = Vet ¥,

in which V, = pure shear capacity of the concrete slab = O.IIJf?Aw, kips;
£ and |Jf/ are in ksi; and
A, = effective concrete shear area = 312,

The maximum shear capacity of the bottom tee, V,, , assumed to be non-composite, may not

exceed the plastic shear capacity of the web in the bottom tee, which is

(2.22)

The maximum shear capacity of the section, V,,, is the sum of the maximum capacities of the top

and bottom tees expressed as

(2.23)

2.4.2 Derivation of the Design Methods

The three design methods are developed for the most general case, a composite tee with
a reinforced opening. In each of the three design methods, the von Mises yield function, or a
simplification of the function, is used to model the reduced normal yield strength of the web, F,
caused by interaction with the shear stress, .

For a material with yield strength, F,, the von Mises yield function is given by

= (2.24)
F, = (F, - 3t

which is illustrated in Fig. 2.6.
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The three design methods derived in the following sections employ simplifying

assumptions that permit a closed-form solution for the maximum shear capacity.

2.4.2.1 Method I

The fully plastic stress distribution at an opening with zero axial force in the tees is
illustrated in Fig. 2.7. Two simplifying assumptions will be made in the derivation of this method
to facilitate a closed-form solution for the maximum shear capacity. First, the position of the
neutral axis in the top and bottom tees for secondary bending is assumed to lie in the flanges.
Second, the interaction of shear and normal stresses is defined by a linear approximation of the

von Mises yield function given by

- AF, - 3 (2.25)

in which T < F,Iﬁ

A = a factor used to adjust the approximation to obtain an improved match with
experimental results. Donahey and Darwin (1986) used A = (1 + 2)12 = 1.207.
As will be shown in Section 3.0, a value of A = V2 appears to give better results.
The maximum shear capacity of a composite tee is found by using the moment

equilibrium equation for the tee.

V,a, = M, + M, (2.26)

To determine M,, and M, based on the stresses in the steel and concrete, the locations of
the neutral axes at the high and low moment ends of the opening, g, and g, must be known. g,

and g, are measured with respect to the outside of the flange (Fig. 2.7).
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Assuming the neutral axis to be in the flange and using normal force equilibrium,

“Pa + Pl - t)y + Fps, + P, 2.27)
z{p fb, - 1) + Fpr,

& =

Py + B[ =104+ B s, + &

g = 2 - (2.28)
AF (b, - 1) + Fp,)

in which P, = F 1 (b, - t)

Substituting Eq. 2.25 for F, in Egs. 2.27 and 2.28 results in the following expressions for g, and

&

P, + Ffb, - t)t, + NFts, - V,/3 +P,
(2.29)
= 43V
2[1"”(!3, -1) + AF g, - 2 ”“]

& =

13

w

P+ F b -ty + AFps, -V, /3 + P,
8 = Ty (2.30)
2iF (b, - 1) + AFt, - =

4

w

Using moment equilibrium of the tee

Fylb, - )8y + &) Flb, - 14 - )

Vud, =P,d, - P,d - 3 3

B - )0 - g0 Fren + &) | FrGl - g)
) 2 2

. sl - )

. + 2F, t(b, - 1)(s, - ¥) (2.31)
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Substituting the resulting expressions for g, and g, into Eq. 2.31 and simplifying results in an

equation that is quadratic in V,,. This equation can be reduced to

e [[3 - {B? - 4oy ] (2.32)
™ 7 20

2y/3a,
+

Sy

in which a =3
rl

B =2/3(b, - t)ls, - t, + Z|+ 2B, + 2afb, + A - 1]
sl

Zﬁ(ZPrdr +Pd - Pd \/3—(‘0::. - P, -2P)
& +
sF, K,

Y = (b, - )4 + Nais) + 2M, (b, - 1)) - sp, + )

206, + A - D)
" F

y

(ZPrdr = P:hdi = Pd‘il)

(2P}+P;+Pcz!) q Pr(P:h-Pnl)
2F? F?

y 2

L P

y

For the derivation of preceding terms using the different yield strengths for the flanges, web, and

reinforcement, see Appendix B.



14

If V,, > V,, the web has yielded. Resolving Eq. 2.29 through Eq. 2.31 with F, = 0.0
gives

14
[2Prdr+P¢ada”Pctd¢+‘i{(Pca - P, - 2P)]
Vv =

mi

ao

PP, ~ Py -2P - P - P}
aF (b, - 1)

+ %(bf -ty + 2V, (2.33)

2.4.2.2 Method II

The primary simplification made in this method is to ignore the contribution of the flanges
to the secondary bending moments. This approximation works because the contribution of the
normal stresses in the flanges to the secondary moments is small when moments are calculated
about the extreme edges of the flanges. Both the normal and the shear stresses are assumed to
be uniform within the web. The normal stresses in the reinforcement are assumed to act at the
centroid of the reinforcement. The plastic stress distribution is illustrated in Fig. 2.8. The von
Mises yield function, Eq. 2.24, controls the stresses in the web.

The normal force in the web when shear is acting on a tee, P,, is given by

(2.34)

w
n

. =Fst,

The shear stress, T, is

T = E (2.35)

Substituting Eq. 2.34 and Eq. 2.35 into the von Mises yield function results in the following

equation for the normal force in the web.

P, =3V} - 3V} (2.36)

w
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Taking moments about the top of the flange results in

Vmao = Pws + Pckdh - Pcldf 5 ZPrdr

Eq. 2.37 can be more simply represented by

V.8, = P,s, +uV,s,

P,d, - Pd, +2Pd,

in which p = v
ot

Substituting Eq. 2.36 into Eq. 2.38 and solving gives,
V.4, = |3Va - 3V + pV.g,

(V,.a, - pl."m,s")1 = SV; - 3V:,

Vad, - 20V, sV, a, + WV, s)? = 3V, - 3V,

Vala; +3) -V, (2uV,58) + @V,5) -3V, =0

Substituting v = aspect ratio of the tee = a,/s, into Eq. 2.42 and solving for V,, gives

v =V[pu—#3u’-3p¢+9}

e a v+ 3

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

When reinforcement is added at the edge of the opening, the plastic neutral axis, PNA,

will shift toward the opening to maintain equilibrium in the tee. However, a key assumption made

in the derivation of this method is that the PNA is located at the top of the flange.

This
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assumption becomes increasingly unconservative as more reinforcement is added. An adjustment
can be made to approximate the true movement of the PNA by reducing the effective depth of the
steel tee, in the calculation of v, by a distance which is proportional to the amount of

reinforcement present.

(2.44)

c
"
hll &=

. = A
inwhichs =5 - __
2bf

The procedure to approximate the movement of the PNA is discussed in greater detail in Section

243.2.

When V,, exceeds the plastic shear capacity of the web, V,,, an altemnate determination of
maximum shear capacity is necessary because the web has yielded in shear. In this case, P, =
0.0 and Eq. 2.38 gives

V.a, = pVP‘s, (2.45)

Solving for V,, gives

v o< B BV (2.46)

in which u is defined in Eq. 2.38 and v = a/s. No adjustment is necessary in s for Eq. 2.46,

when reinforcement is present.
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2.4.2.3 Method III

A linear solution for the maximum shear capacity is possible by adding the linear
approximation for the von Mises yield function, Eq. 2.25, used in Method I to the simplified stress
distribution used in Method II (see Fig. 2.8).

The normal force in the web when shear is acting on a tee is given by

P =Fst (2.47)

Substituting Eq. 2.47 into Eq. 2.25 results in

P, = (\F, - 31)sy, (248)

Rewriting Eq. 2.48 in terms of V,, and V,, results in

P, =30V, - V,) (249)

The maximum shear capacity in the top tee, V,,, can be found by taking moments about the top

of the flange.

V.3, =Py, + P,d, + Pd +2Pd, (2.50)

Substituting Eq. 2.49 into Eq. 2.50 gives

v,a, =3 AV, - V,)s, + P,d, + Pd, + 2P d, 2.51)

Consolidating terms results in

V"" (a"’ * s’ﬁ) = kﬁvﬂs t * Pr.hdk s Pefd 1 + 2Prdr (2.52)
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Rearranging, and using v and u as defined in Egs. 2.38 and 2.44,

V0 +y3) = V.3 +p) (2.53)

v oy M3 +n (2.54)

- P'U+\{3_

As with Method II, the definition of v should be altered to account for the shift in the PNA when

reinforcement is added to a tee (see Eq. 2.44, also Section 2.4.3.2).

When V,, exceeds the plastic shear capacity of the web, V,, the altemate determination

of maximum shear capacity summarized in Eq. 2.46 applies.

2.43 Limitations and Differences Between Design Methods

The preceding derivations can be more fully understood by exploring the limitations of
the simplifying assumptions.

In this section, the effect of the linear approximation for the von Mises yield function for
secondary bending will be evaluated by comparing the predicted maximum shear capacities using
Methods II and III. The effect of neglecting the flanges when determining maximum shear
capacity will be established by comparing Methods I and III over the range of permissible
combinations of opening length and tee depths.

Fig. 2.6 illustrates the von Mises yield function and its linear approximations when A =
1.207 and A = 1.414. Two concerns arise when the linear approximation of the von Mises yield
function is used. First, for slender tees (high v), it is possible that the predicted normal stress in

the web, F), will exceed the yield stress of the web, F, , This unconservative prediction of F,
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results in a less conservative and potentially unconservative prediction of the maximum shear
capacity when using Methods I and III, compared to the maximum shear capacity predicted by
Method II. Second, for stocky tees (low v), it is possible that the predicted shear stress in the
web, T, will exceed the shear stress predicted by the von Mises yield function. This will also
result in less conservative predictions of maximum shear capacity for Methods I and III compared

to Method II.

2.4.3.1 Effect of the Linear Approximation of the von Mises Yield Function

The linear approximation of the von Mises yield function allows the normal stress in the
web, F, to be overpredicted by as much as 41% when A = 1.414, as indicated in Fig. 2.9, which
is a comparison of yield functions considering practical restraints. While this large overprediction
is possible, the practical maximum stress predicted by the linear yield function is 1.236F, when
v is limited to 12.0 and A = 1.414 (see Appendix C). At this same practical maximum, for an
unreinforced tee, Method IIT predicts a maximum shear capacity that exceeds that predicted by
Method II by 24.5%, while the absolute difference between Methods II and III is 3.5% of the
plastic shear capacity of the tee, V,. For an unreinforced tee, when A = 1.207 and v = 12.0, the
predicted maximum shear capacities of Method II and III differ by 6.3% which translates to 0.90%
of V,. Another practical consideration that further reduces the effect of the unconservative normal
stress in the web on the predicted maximum shear capacity is a restriction, p,, placed on the size
of the opening (see Appendix D). This restriction limits the value of v for the second tee to
2.836 when p, = 5.6, a,/h, = 3.0 and v = 12.0 for first tee. This is illustrated for A = 1.414 and
A = 1.207 in Figs. 2.10 and 2.11. Fig 2.10 illustrates the difference between the maximum shear
capacities predicted by Methods II and III for the top and bottom tees normalized on the plastic

shear capacity of the perforated web versus a,/s,. Fig. 2.11 illustrates the ratio of Methods II and
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III versus a,/s. A W21X44 beam with an opening depth, h,, equal to 50% of the overall beam

depth is used for the comparisons. The curves were generated by varying the opening length, a,.
The ratio of opening length to tee depth for the bottom tee, a,/s,, becomes limited as the opening
length increases, consequently, the difference in the combined maximum shear capacities of the
top and bottom tees predicted by Methods II and III diminishes as the opening length increases.
Fig. 2.11 was generated with the same beam and opening except the ratio of the maximum shear
capacities predicted by Methods II and III is plotted with respect to a /s, For either value of A,
the predicted maximum shear capacity is not significantly affected by the unconservative
prediction of the normal stress in the web by the linear approximation of the von Mises yield
function.

For openings with a low v, the linear approximation of the von Mises yield function can
predict the shear stress in the web of a tee to be as much as 9.7% higher than that predicted by
the von Mises yield function when A = 1.414 and v = 0.717, as illustrated in Fig 2.9. The
corresponding maximum shear capacities predicted by Methods II and III differ by 9.9%, or 9.0%
of the plastic shear capacity of the tee. When A = 1.207 and v = 0.359, the linear approximation
overpredicts the shear stress in the web by 2.1%, and the corresponding maximum shear capacities
predicted by Methods II and III differ by 2.2%, or 2.1% of the plastic shear capacity of the tee.
When A = 1.414 and v = 0.717, the potential difference between the maximum shear capacities
predicted by Methods II and III are significant and will have the most effect on the nominal shear
capacity when the opening is under high shear. Openings with v = 0.717 or 0.359 are very
unlikely, however. Consequently, potentially unconservative predictions of maximum shear
capacity by Method III are very unlikely to occur in practice.

The effect of the linear approximation of the von Mises yield function on the predicted

capacities of fifty steel and thirty-five composite beams is investigated further in Section 3.4.
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2.4.3.2 Effect of Reducing the Tee Depth in Proportion to Reinforcement

For an unreinforced steel tee, with x = 0.0, Method I predicts a higher maximum shear
capacity than Method III over the entire range of acceptable values of v = a/s, as illustrated in
Fig. 2.12. This difference is as high as 15% of the plastic shear capacity of the tee when a/s =
2.00. As reinforcement is added to a tee, the PNA will shift toward the opening, and the
assumption made in the derivation of Methods II and III, that the PNA is at the top of the flange,
becomes increasingly unconservative. Method I accounts for the shift of the PNA, so reasonably
conservative predictions of shear capacity can be expected regardless of the amount of
reinforcement at an opening. The unconservative difference between Methods I and III when
nothing is done to account for the shift in the PNA is about 7.5% of the plastic shear capacity of
the tee when u# = 9.0 and a,/s = 12.0. By reducing the depth of the tee in proportion to the
reinforcement present (Eq. 2.44), the unconservative difference between Methods I and III is
reduced to about 2% of V,, for heavily reinforced slender tees. As shown in Fig. 2.12, with
increasing quantities of reinforcement, it becomes more likely that the maximum shear capacity
of a steel tee will be governed by the plastic shear capacity of the tee. The unconservative affect
on predicted shear capacity by an unadjusted PNA location for Method III will likely be lessened
in many situations because the plastic shear capacity of a tee will govern. However, reducing the
tee depth in proportion to the reinforcement present to approximate the actual shift in the PNA
permits the prediction of maximum shear capacity more in line with those predicted by

Method L.
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2.5 Moment Capacity Equations

The expressions for the maximum moment capacity of steel and composite beams with
web openings presented in this section are applicable only to members meeting AISC (1986)
criteria for compact sections. Instabilities in the compression flange or web, likely in non-compact
sections, may render the expressions of this section unconservative because the full strength at the
opening may not be attained.

Well established strength procedures are employed in deriving the expressions for
maximum moment capacity, M,,. In all cases, fully plastic behavior is assumed for the steel

section in both tension and compression.

2.5.1 Steel Beams

The maximum moment capacity of unreinforced steel beams, as derived in this section,
involves no approximations. Simplified, conservative design expressions for reinforced steel
beams are derived by assuming that the reinforcement is concentrated along the top and bottom
edges of the opening and that the thickness of the reinforcement is small. For members with an
eccentric opening, e # 0, the plastic neutral axis will be located in the reinforcement at the edge
of the opening closest to the centroid of the original steel section or in the web of the deeper tee.
When reinforcement is used, the maximum moment capacity, M,,, should not exceed the flexural
strength of the unperforated beam, M,

The eccentricity of an opening, e, is always taken to be positive in steel beams. Figs.

2.13(a), 2.13(b), and 2.13(c) illustrate stress diagrams for steel sections in pure bending.
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2.5.1.1 Unreinforced Openings

For members with unreinforced openings and eccentricity, e, the maximum moment

capacity of a steel member can be expressed as

hz
M, =M, -Ft| " +eh (=33)
yw 4 )
h
M,=M -FAA[_i +e] (2.36)
m P Y I 4

in which A A, = A,

2.5.1.2 Reinforced Openings

The maximum moment capacity of steel beams with reinforcement along both the top and
bottom edges of the opening are derived in this section. Two simplifying assumptions are used
in the following derivation so that concise, conservative expressions for M,, are possible. First,
the reinforcement is assumed to be concentrated along the top and bottom edges of the opening,
and second, the thickness of the reinforcement is assumed to be small. The maximum moment
capacity of a perforated, reinforced, steel beam in which the PNA resides in the reinforcement and

e < F A, [ F,t, can then be expressed as

2

h; (2.57)
2
M =MP—F,er+eho-e + F Ah, <M,

in which  F,, = yield strength of the reinforcement

A, = area of reinforcement at the top or bottom of an opening
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The maximum moment capacity of a perforated, reinforced, steel beam in which the PNA

resides in the web and e 2 F,A, / F 1, can be expressed as

h? F A h h, FA
M =M -Ft| -2 +eh, - 2 "2e+ _L2||+F TR S 2R (2.58)
=M - Bl o W[ '3 "A'[z ol

Further simplification is possible if Eq. 2.58 is rewritten in terms of the original

unperforated cross-section.

h A
M=M—FAA[__°.+e+FAA T<M (2.59)
L P ¥ 174 yr ¥

=T P
2t,,

in which AA = ht - ZAF'F”
y

2.5.2 Composite Beams

Expressions for the maximum moment capacity of composite beams (Darwin 1990) are
presented in this section. Simplified design expressions (Darwin 1990) are also developed
following a review of the more precise moment capacity equations. When the opening is
reinforced, the maximum moment capacity, M,,, should not exceed the flexural strength of the
unperforated composite section, M,,.. The eccentricity of the opening, e, is taken to be positive
in the upward direction in composite beams. Figs. 2.14(a), 2.14(b), 2.14(c) illustrate stress

diagrams for composite beams in pure bending.
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2.5.2.1 Derivation

For a given beam and opening configuration, the force in the concrete, P,, is limited to
the lower of the concrete compressive strength, the shear connector capacity, or the tensile

capacity of the net steel section.

P, < 0.85f'bt, (2.60)
P_ < NQ, (2.61)
P,ST' =FA, (2.62)
in which A =A - ht + ZAI;F"

The depth of the concrete stress block, a, for solid slabs or for ribbed slabs with transverse ribs

is given by

o (2.63)
0.85//5,

The maximum moment capacity, M,, is dependent on the goveming inequality from Egs. 2.60,
2.61, and 2.62. If P, = T [Eq. 2.62, Fig. 2.14(a)], the PNA resides at the top of the steel flange

and the maximum moment capacity is expressed by

M =74, B4 L, _alcy (2.64)
" 3y el i
24 F
in which AA = ht - I;"

e = opening eccentricity, (+) upward for composite beams
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Eq. 2.63 is valid for ribbed slabs if a <% If a > ¢, as is possible for ribbed slabs with

longitudinal ribs, the term (7, - a/2) in Eq. 2.64 must be replaced with the appropriate expression
for the distance between the top of the steel flange and the centroid of the concrete force.

If P, < T (Eq. 2.60 or Eq. 2.61), the PNA is in the steel section, placing a portion of the
steel member in compression. The PNA can be either in the flange or the web of the top tee,
based on the inequality

P+ F,A!% F,A, - A) (2.65)
in which A, = flange area = b, .

If the force in the concrete and the tensile capacity of the flange (left side of Eq. 2.65)

exceeds the tensile capacity of the web (right side of Eq. 2.65), the PNA will be in the flange (Fig.

2.14(b)) at a distance x from the top of the flange. For this case,

I (2.66)
2bF,
The corresponding maximum moment capacity can be expressed as
2
M==T‘*f.+___“3A"e_‘bft +Plt -%l<Mm (2.67)
- 2 A, HT 2 =

If the tensile capacity of the web exceeds the capacity of the concrete slaband steel flange,
the PNA will reside in the web at a distance x from the top of the flange, as illustrated in Fig. 2.15

(c). For this case,

A e
Lk . I (2.68)
2t 2F 1 !

w yw
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The corresponding maximum moment capacity can be expressed as

A

m

- _ 2 _ 4 42
M, = T;; L Me - -y -1 x| P,[:, B %]S M (2.69)

2.5.2.2 Design Equations

Simplified design expressions (Darwin 1990) for the maximum moment capacity of
perforated composite beams are developed in this section. When the PNA in an unperforated
member resides at the top of the steel flange, Eq. 2.64, a simplified design expression is possible
by assuming that F,, = F,, and that the internal moment arm between tensile and compressive
forces is not significantly affected by the loss in steel area due to the opening or the addition of
steel from the reinforcement.

Using the first assumption, Eq. 2.64 can then be rewritten as
+ 1 - —

2 A 2

m

M =ar|d ., 24 a (2.70)
m m )

in which A, =4, - ht, + 24,

Rearranging,

M, =AF (ﬁ v, - %J + FAAe @.71)
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Using the second assumption, the term (d/2 + ¢, - a/2) is assumed to be about the same for the
perforated and unperforated sections. Thus the first term of Eq. 2.71 can be expressed in terms
of the maximum moment capacity of an unperforated composite section, M,,.
A
M, =M=+ FAe< M, (2.72)
Eq. 2.72 is usually accurate within a few percent and is conservative when the steel cross-sectional
area of the reinforced beam at the opening is less than that of the original unreinforced beam.
When the PNA in the unperforated member resides in the steel section, [Eq. 2.61 or 2.62],
one design expression for M,, is possible by assuming that the term -b, x’/A,, in Eq. 2.67 and the

term [-(b; - 8,17 - 1, X°]/A,, in Eq. 2.69 are small in comparison to d/2 and, thus, can be ignored.

The following simplified expression results.

AA
M, =FA [ﬁ + =‘J + P{: = _‘1] 2.73)
m xn 2 A”' £ 2
Rearranging,
M =FA[£]+P[-3J+FAA¢*SM 2.74)
m ¥ m 2 c| 2 2 y s Pe

Eq. 2.74 is exact when the PNA lies at the top of the flange and can be used in place of
Eq. 2.72, and it is very accurate, but slightly unconservative, when the PNA is in the flange. Eq.
2.74 becomes progressively more unconservative as the PNA moves into the web. A limitation
on the application of Eq. 2.74 is then necessary to preclude overly unconservative results. This

can be conservatively accomplished by limiting the magnitude of the terms neglected by Eq. 2.74
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(see Eq. 2.67 and 2.69) to less than 4 percent of d/2 for members in which the flange area is
greater than or equal to 40 percent of the web area [i.e., (b, - £,)t,2 0.41,d). This is accomplished
by limiting the force in the concrete, P to values greater than F,(0.75:,4 - AA,). The flange-to-
web area ratio stipulation is conservative, and as that ratio increases, the accuracy of Eq. 2.74
improves. For members in which the PNA resides in the web, and either P, < F,(0.75t,d - AA),
or the flange-to-web area ratio is less than 0.40, M, must be determined using Eq. 2.67 or 2.69.
A derivation of the stipulation on P, for configurations where the PNA is located in the web can

be found in Appendix E.

2.6 Redwood Methods

In this section, the design expressions proposed by Redwood and Shrivastava (1980) for
determining the maximum shear capacity, V,, and an intermediate value of moment used for
moment-shear interaction, M,, for steel beams with and without reinforcement at the opening are
altered to account for the yield strengths of the web and reinforcent. These altered expressions
are used in calculating the nominal capacities of steel beams which are summarized in Tables
3.11, 3.19, and E.6. The expressions for determining moment capacity used with expressions
presented in this section are those derived in Section 2.5.

The intermediate moment capacity, M,, for an unreinforced beam at which the nominal

shear capacity commences to diminish because of increasing moment at the opening is given by
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The maximum shear capacity, V,,, of the top and bottom tees of an unreinforced beam is

= - h, _ 2e % " B h, L, 2e %p (2.76)
ro-losd - - 2 [ sy - & 2 [

in which

The intermediate moment capacity, M,, for a reinforced beam at which the nominal shear

capacity commences to diminish because of increasing moment at the opening is given by

1 - :}fz

» (Fy @.77)
=
AFy,

The maximum shear capacity, V,,, of the top and bottom tees of a reinforced beam is

2d\( A,F h
V = “a r’yr & 8 (2.78)
" ﬁ[a,][AwF,w](l d] < 1
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3.0 ANALYSIS AND RESULTS

3.1 Introduction

In this section, the three design methods described in Section 2.0 are evaluated. The
results from fifty steel beams and thirty-five composite beams are used for comparison. Of the
fifty steel beams, nineteen are unreinforced with rectangular openings, ten are unreinforced with
circular openings, and twenty-one are reinforced with rectangular openings. Of the thirty-five
composite beams, twenty-two have ribbed slabs and thirteen have solid slabs. Two of the beams
with solid slabs and one of the beams with ribbed slabs are reinforced at the opening. The
proportioning and detailing guidelines presented in Appendix D are also discussed in this section,
along with the equations used to calculate resistance factors. The results of six specific areas of
investigation are presented in Sections 3.4 - 3.9. The six areas investigated are the effects of (1)
varying A, the factor used in the linear approximation of the von Mises yield function, (2)
reducing the tee depth of a reinforced tee to approximate the actual movement of the plastic
neutral axis with the addition of reinforcement, (3) limiting P,,, the normal force in the concrete
at the high moment end of the opening, by the axial yield capacity of the net steel in a composite
tee, (4) limiting the normal force in the reinforcement at an opening by the capacity of the
accompanying weld, (5) size of the flanges relative to the web as a function of the design method,
and (6) limiting the maximum moment capacity of a perforated beam to the plastic moment
capacity of the unperforated beam. These six areas are important because they are refinements,
simplifications, and limitations that impact the accurate prediction of shear and moment capacity.

The comparisons made in Sections 3.4 - 3.9 are not based on tests specifically formulated

to validate the refinement, simplification, or limitation in question, however. Consequently, the
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comparisons, in themselves, may not present a complete picture and the theoretical basis of these
comparisons is of greater importance.

Dimensions znd properties for the steel and composite beams included in the analysis are
contained in Tables 3.1 and 3.2, respectively.

The results obtained using the expressions developed in Section 2.0 and presented in
Appendix B to account for the yield strengths of the flanges, web, and reinforcement are
summarized in Tables 3.3 - 3.10, and 3.13 - 3.18. Results obtained using the appropriate methods
proposed by Redwood and Shrivastava (1980), Redwood and Poumbouras (1984) and Redwood
and Cho (1986) are summarized in Tables 3.11, 3.12, 3.19 and 3.20. Table 3.21 is an overall

summary of the results of the analysis for all of the methods considered.

3.2 Proportiomng and Detailing Guidelines

Proportioning guidelines have been developed for web openings in steel and composite
beams which ar: most recently summarized by Darwin (1990). These appear in Appendix D.
The majority of the guidelines help to insure that failure of a beam, as predicted by the design
methods presented in Section 2.0, does not occur prematurely.

The design limitations dictated by the proportioning and detailing guidelines for beams
used in the analysis are presented in Table 3.3 for steel beams and in Table 3.4 for composite
beams. Ten of the beams used in the analysis violate one or more of the proportioning
guideleines which are summarized in Table 3.3(f) and Table 3.4(d) for steel and composite beams,
respectively. These beams were retained in the analysis because either the violation was related
more to detailing practice than to the strength of the beam and/or failure did not occur because

of the violation,
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Twenty-one steel beams and one composite beam tested in previous studies have been
excluded from consideration in this analysis due to violations of the proportioning and detailing
guidelines. Sixteen steel beams tested by Kim (1980) were excluded because of extremely
conservative test/theory ratios for tests with shear acting at the opening. Dimensions and
properties, design limitations and results for the design methods presented in this report and the

applicable Redwood method for the excluded beams are presented in Appendix E.

3.3 Resistance Factor Determination

Resistance factors appropriate for the design methods presented in this report and design
methods proposed by Redwood and Shrivastava (1980), Redwood and Poumbouras (1984), and
Redwood and Cho (1986) were determined in accordance with procedures outlined in AISC

(1986). The basic equation for determining the resistance factor, ¢, is

b = R, -0V, (3.1)

n

in which R, = mean resistance
R, = nominal resistance according to expressions in Section 2.0
B = reliability index = 3.0

V, = coefficient of variation of the resistance

The term R, /R, is the average test/theory ratio for a group of beams, expressed as

Ra (&.I,V:: , Mw} (32)
R F v M
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in which  F,,/F,, = mean steel strength/nominal steel strength = 1.07;
This value was determined by Galambos (1978) using a large number of test coupons
from steel beams. It serves to account for the additional strength available from steel

beams beyond the nominal yield strength.

V = actual shear capacity at an opening

V. = predicted shear capacity at an opening
M,, = actual moment capacity at an opening
M, = predicted moment capacity at an opening

The term V, is the coefficient of variation resulting from several sources of variation, which is

given by

V = JV: - Vf - V:,,‘ (3.3)

in which  V,, = coefficient of variation of F,,/F,, = 0.10 (Galambos 1978)
V. = coefficient of variation of construction = 0.05 (Galambos 1978)
V, = coefficient of variation of the prediction method (obtained from comparison of

predicted strengths with test results)

3.4 Effect of Varying A

The first of six areas investigated is the effect of varying A, the variable used in the linear
approximation of the von Mises yield function. The effect of varying A is investigated to establish
a value that yields the most accurate predictions of maximum shear capacity by Methods I and

III. Two values for A are considered, 1.207 and 1.414. Donahey and Darwin (1986) used A =



35

1.207 which represents the best uniform approximation of the von Mises yield function. This
study uses A = 1.414, which represents the practical upper limit for a linear approximation (Fig
2.6). The maximum shear capacities, and the predicted nominal shear and moment capacities for
steel and composite beams using A = 1.414 are presented in Tables 3.5 - 3.10, 3.13 - 3.18 and
3.21. The maximum shear capacities, and the predicted nominal shear and moment capacities for
steel and composite beams using A = 1.207 are presented in Tables G.1 - G.9.

For the fifty steel beams, when A = 1.414, the mean test/theory ratios are 1.158, 1.213,
and 1.183 and the coefficients of variation are 0.134, 0.179, and 0.150 for Methods I, II, and III,
respectively. The corresponding resistance factors for the three methods are 0.929, 0.916, and
0.929. Considering the test/theory means, Method I is the most accurate followed by Method III
and Method II. The fact that Method III is more accurate, for the beams considered, than Method
IT might not be expected considering Method III is a simplification of Mcthod II. However,
Method III, with A = 1.414, tends to give a better match with the test data because the von Mises
yield function does not account for strain hardening, which appears in virtually all of the high
shear tests. The higher values of shear strength obtained with Methods I and IIT with A = 1.414
take advantage of this behavior. For the same steel beams, when A = 1.207, the mean test/theory
ratios are 1.232 and 1.281 and the coefficients of variation are 0.166 and 0.193 for Methods I and
I1I, respectively. The corresponding resistance factors for Methods I and III are 0.947 and 0.949.
Method 1I is not influenced by A. Considering test/theory means, coefficients of variation, and
resistance factors, Method I is the most accurate followed by Method II and Method III, when
A = 1.207. In ger.eral, for the steel beams, using A = 1.414 for Methods I and III produces lower
test/theory ratios, lower coefficients of variation, and lower resistance fac_:tors. In all cases,

resistance factors are higher than 0.90.
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For the thirty-five composite beams, when A = 1.414, the mean test/theory ratios are
1.024, 1.065, and 1.039 and the coefficients of variation are 0.084, 0.088, and 0.092 for Methods
I, II, and III, respectively. The corresponding resistance factors for the three methods are 0.870,
0.901, and 0.876. Considering the test/theory means, coefficients of variation, and resistance
factors, Method I is the most accurate followed by Methods III and II. For the same composite
beams, when A = 1.207, the mean test/theory ratios are 1.060 and 1.083 and the coefficients of
variation are 0.079 and 0.086 for Methods I and III, respectively. The corresponding resistance
factors for Methods I and III are 0.905 and 0.918. Method II is not influenced by A. Considering
test/theory means, coefficients of variation, and resistance factors, Method I is the most accurate
followed by Method II and Method III, when A = 1.207. In general, for the composite beams,
using A = 1.414 produces lower test/theory ratios, slightly higher coefficients of variation, and
lower resistance factors. In all cases, resistance factors are higher than 0.85. Using A = 1.414 for

both steel and composite beams produces more accurate predictions of nominal capacity.

3.5 Effect of Reducing Tee Depth for Reinforcement

The effect of reducing the depth of a tee when reinforcement is present for Methods II
and III is investigated to establish its significance with test data. Results obtained using Method
III with no adjustment in the tee for reinforcement are compared with results obtained using
Method III with an adjustment in the tee for reinforcement. The effect of reducing the depth of
a tee in the calculation of v in Eq. 2.44 is summarized in Table 3.22 for twenty-one reinforced
steel beams and three reinforced composite beams. Reducing the tee depth for reinforcement does
reduce the predicted maximum shear capacity and produces slightly more conservative nominal
capacities for those beams affected. The overall test/theory ratio mean for the steel beams

increases from 1.141 to 1.148, the coefficient of variation does not change and the resistance
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factor increases from 0.929 to 0.935 when the stub is reduced proportionally py the reinforcement
present. The tesy/theory ratio for the single reinforced composite beam affected (CHO-6) increases
from 1.112 to 1.118 when the stub is reduced. The other two beams have very little shear (CHO-
7) or no shear (WJE-1) and are thus not affected. Reducing the tee depth by an amount
proportional to the reinforcement present does not have a large affect on many other beams
because the reinforcement contributes to shear capacity in excess of the maximum permitted by
Section D.1.2. This restriction serves to maintain similiar conservatism available with Method I

for tees with significant quantities of reinforcement.

3.6 Effect of Limiting P,, by the Net Top Tee Steel

The effect of limiting P,,, the normal force in the concrete slab at the high-moment end
of the opening, by the normal force in the net steel in the top tee when V,, < V,, for Methods IT
and III was investigated to establish if the limitation could be applied accurately and consistently
with all three design methods for predicting maximum shear capacity presented in Section 2.0.
The basis of comparison is the results obtained from Methods II and III with A = 1.414 and P,,
not limited to the normal force in the net steel when V,, < V,,. Donahey and Darwin (1986) did
not limit P, when V,,, < V,, for Methods II and III because this was thought to be unconservative
and inconsistent with the assumptions made in the derivation of Methods II and III.

The results of limiting P,, by the net steel when V,,, < V,, and A = 1.414 are summarized
for Method III in Table 3.23. For the D-series beams, the test/theory mean is unchanged at 0.974,
the coefficient of variation increases from 0.060 to 0.067 and the resistance factor decreases from
0.845 to 0.841 when the limitation is applied to P_,. For the R-series beams, the test/theory mean
decreases from 1.065 to 1.050, the coefficient of variation decreases from 0.087 to 0.057, and the

resistance factor increases from 0.902 to 0.913. For the C, G and CHO-series beams the
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test/theory mean decreases from 1.121 to 1.116, the coefficient of variation increases from 0.076
to 0.080, and the resistance factor decreases from 0.960 to 0.952. For the CHO-series beams
(reinforced) the test/theory mean, the coefficient of variation and the resistance factor do not
change. For the composite beams as a group, the test/theory mean decrease from 1.048 to 1.043,
the coefficient of variation decreases from 0.095 to 0.091 and the resistance factor is unchanged
at 0.880. For the thirty-five composite beams considered with A = 1.414, the limitation on P,
yields test/theory means closer to 1.000 and smaller coefficients of variation, though the

differences are small.

3.7 Effect of Limiting P, by Weld Strength

The effect of limiting the normal force in the reinforcement by the weld strength in
determining the maximum shear capacity is checked to establish its significance on the prediction
of maximum shear capacity for reinforced beams. The results of this investigz*ion are summarized
in Table 3.24. F,.r nine beams of the twenty-four reinforced beams was affected by the
limitation. Of these nine beams, the maximum shear capacity of only one, CHO-6, was
influenced. No change was seen in the maximum shear capacity for the other eight beams
because the maximum shear capacity was limited by the plastic shear capacity of the tee even after

applying the limitation.

3.8 Effect of Flanges

Because Methods II and III ignore the contribution of the flanges to the secondary bending
moments, it is possible, for beams with large A, /A, ratios, that these two methods could
significantly underpiedict the maximum shear capacity when compared to Method 1. Fig. 3.86

(refer to Table 3.25 for selected members and other study parameters) illustrates that, as the A, /A,,
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ratio increases, the difference between Methods I and III also increases and can be very
significant. Within the typical range of A, /A,, 0.40 to 0.80, the difference between the two
methods is never larger than 5% of V,. For A, /A, ratios larger than 0.80, for sections typically
used as beams, the difference between the two methods is as high as 16% (for a W12x58). A
larger difference between the two methods occurs for a W14x109, but this section is not typically
used as a beam. The effect of ignoring the contribution of the flanges to the secondary bending
moments for sections typically used as beams with moderate flange areas is not significant.
However, unnecessarily conservative predictions of shear capacity can result for some beam

sections using Methods II or III, if the A, /A, ratio exceeds 0.80.

3.9 Effect of Limiting M, by M,

The effect of limiting the maximum moment capacity by the plastic moment capacity of
the unperforated section is summarized in Table 3.26. All but two of the twenty-one reinforced
steel beams are affected by the limitation. As a group, the test/theory ratio mean increased from
1.133 to 1.148, the coefficient of variation dropped from 0.128 to 0.122, and the resistance factor
increased from 0.916 to 0.935. Insuring that M, < M, provides slightly more conservative

predictions of strength than when M,, is not limited to M,

3.10 Redwood Design Methods

For the purpose of comparison with the current work, nominal shear and moment
capacities are obtained for all of the steel and composite beams considered in the report using
applicable methods developed by Redwood and his coworkers. Maximum capacities are
calculated for the steel beams using procedures proposed by Redwood and Shrivastava (1980) and

are given in Table 3.11 for beams included in the analysis and in Table E.6 for beams not used
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in the analysis. Equations proposed by Redwood and Shrivastava (1980) are modified in Section
2.6 to account for the individual yield strengths of the flanges, web and reinforcement. Tables
3.11 and E.6 contain intermediate values, defined in the respective table and the respective
reference, used to calculate the maximum shear capacities. Maximum shear capacities are
calculated for thirteen composite beams with ribbed-slabs tested by Donahey and Darwin (1986)
(D-series) using procedures presented by Redwood and Poumbouras (1984) which are given in
Table 3.12. Capacities for nine composite beams with ribbed slabs tested by Redwood and
Poumbouras (1984) (R-series) are taken from published values. The capacities for the remaining
unreinforced composite beams with solid slabs are taken from values published by Redwood and
Cho (1986). The predicted nominal shear and moment capacities for the steel and composite
beams are presented in Tables 3.19 and 3.20, respectively. Capacities were not calculated or
provided for beams CHO-6, CHO-7, and WJE-1 because no Redwood method has been published
which accounts for reinforcement in composite beams. Several of the calculated capacities for
composite beams do not agree with capacities published by Redwood. These discrepencies may
be due to the way in which the shear connector capacities are calculated (see Donahey and Darwin
(1986)).

Two moment-shear interaction procedures have been proposed by Redwood and
Shrivastava (1980). Both require the calculation of an intermediate value for the moment, M,, at
which interaction with shear begins to have an influence on the moment capacity, M,,. The first
interaction diagram is composed of two straight lines connecting the maximum shear capacity, V,,,
to M,, and M, to the maximum moment capacity, M,, (see Fig. 3.87). This method is referred to
as Redwood(L). The second interaction procedure used by Redwood uses a straight line to

connect V,, to M,, and a circular arc to connect M, to M, (see Fig. 3.88). This procedure is
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referred to as Redwood(C). Both interaction procedures are used for the steel beams, while only

Redwood(C) is used for the composite beams.

3.11 Compariscn of Design Methods with Test Results

In this section the nominal shear and moment capacities obtained using the design
methods discussed in Section 2.0, using A = 1.414, and those by Redwood and Shrivastava (1980),
Redwood and Poumbouras (1984) and Redwood and Cho (1986) are compared with test results.
The analysis includes fifty steel beams and thirty-five composite beams. A tabular summary of
results for both steel and composite beams is given in Table 3.21. Individual moment-shear
interaction curves and the respective beam test values are given in Figs. 3.1 - 3.85 for the steel
and composite beams. Graphical comparisons of the predicted strengths using Method III and the

actual test values for the steel and composite beams are given in Figs. 3.89 and 3.90, respectively.

3.11.1 Steel Beams

Nineteen of the fifty steel beams are unreinforced with rectangular openings, ten are
unreinforced with circular openings, and twenty-one are reinforced with rectangular openings. The
beams with unreinforced rectangular openings have test/theory means of 1.213, 1.302, 1.250,
1.265, and 1.391 with coefficients of variation of 0.142, 0.211, 0.167, 0.191 and 0.195 for
Methods I, II, III, Redwood(C), and Redwood(L), respectively. The corresponding resistance
factors are 0.963, 0.939, 0.960, 0.939, and 1.027. The beams with unreinforced circular openings
have test/theory means of 1.088, 1.145, 1.127, 1.111, and 1.264 with coefficients of variation of
0.119, 0.154, 0.142, 0.140 and 0.131 for Methods I, II, I1I, Redwood(C), and Redwood(L),

respectively. The corresponding resistance factors are 0.889, 0.895, 0.895, 0.885, and 1.018. The
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group of beams with reinforced rectangular openings have test/theory means of 1.143, 1.166,
1.148, 1.142, and 1.362 with coefficients of variation of 0.121, 0.125, 0.122, 0.151 and 0.195 for
Methods I, II, III, Redwood(C), and Redwood(L), respectively. The corresponding resistance
factors are 0.932, 0.946, 0.935, 0.896, and 1.006. Overall, the fifty steel beams have test/theory
means of 1.158, 1.213, 1.183, 1.183, and 1.353 with coefficients of variation of 0.134, 0.179,
0.150, 0.174 and 0.185 for Methods I, II, III, Redwood(C), and Redwood(L), respectively. The
corresponding resistance factors are 0.929, 0.916, 0.930, 0.900, and 1.013. Generally, Method I
provides test/theory means closest to 1.000, followed by Method I1I, Redwood(C), Method II, and
Redwood(L). Method I gives the smallest coefficients of variation, followed by Method III,
Redwood(C), Method II, and Redwood(L). Redwood(C) gives the lowest resistance factor

followed by Method II, Method I, Method II1, and Redwood(L).

3.11.2 Composite Beams

Of the thirty-five composite beams, twenty-one have ribbed slabs and unreinforced
rectangular openings, eleven have solid slabs and unreinforced rectangular openings, one has a
ribbed slab and a reinforced rectangular opening, and two have solid slabs and reinforced
rectangular openings. Methods I, II and III are applied to all thirty-five beams. The Redwood(C)
method (Redwood and Poumbouras (1984) and Redwood and Cho (1986)) is applied to the thirty-
two beams without reinforcement. Redwood(L) is not applicable. The group of beams with
ribbed slabs and unreinforced rectangular openings have test/theory means of 0.995, 1.037, 1.006,
and 1.090 with coefficients of variation of 0.071, 0.069, 0.072, and 0.121 for Methods I, II, III,
and Redwood(C), respectively. The corresponding resistance factors are 0.856, 0.893, 0.864, and
0.889. The beams with solid slabs and unreinforced rectangular openings have test/theory means

of 1.092, 1.141, 1.116, and 1.207 with coefficients of variation of 0.066, 0.075, 0.080, and 0.124



43

for Methods I, 11, III, and Redwood(C), respectively. The corresponding resistance factors are
0.943, 0.978, 0.952, and 0.981. The beams with ribbed and solid slabs with reinforced rectangular
openings have test/theory means of 0.978, 0.985, and 0.983 with coefficients of variation of 0.110,
0.122, and 0.119 for Methods I, II, and III, respectively. The corresponding resistance factors are
0.808, 0.802, and 0.803. These low values are due to the fact that only three beams are used for
this calculation, and the results are dominated by a single member (WJE-1) for which failure was
controlled by shear connector capacity (Wiss et al. 1984). Thus these values are not considered
to be representative of what is expected in practice.

The thirty-five composite beams [thirty-two for Redwood(C)] have test/theory means of
1.024, 1.065, 1.039, and 1.131, with coefficients of variation of 0.084, 0.088, 0.092, and 0.128
for Methods I, II, III, and Redwood(C), respectively. The corresponding resistance factors are
0.870, 0.901, 0.875, and 0.895. Overall, Method I provides test/theory means closest to 1.000,
followed by Method III, Method II, and Redwood(C). Method I provides the smallest coefficients
of variation, followed by Method II, Method III, and Redwood(C). Method I yields the lowest

resistance factor followed by Method 11, Redwood(C), and Method II.

3.11.3 Recommendations

Method I11, the simplest of the design methods for determining maximum shear capacity,
coupled with the cubic moment-shear interaction procedure proposed by Donahey and Darwin
(1986) is recommended for design. Resistance factors of 0.90 and 0.85, applied to shear and
bending, are recommended for the design of steel and composite beams, respectively. As
illustrated in Figs. 3.89 and 3.90, none of the beams used for the comparisons had a strength

below the product of the resistance factor and the predicted strength.
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SECTION 4.0 SUMMARY AND CONCLUSIONS

4.1 Summary

Three design methods, originally developed by Donahey and Darwin (1986), for
determining the maximum shear capacity of composite beams with unreinforced web openings are
extended to include steel and composite beams with or without reinforcement at the opening. The
three design methods incorporate simplifying assumptions that permit closed-form solutions for
maximum shear capacity. The first method assumes that the neutral axes for secondary bending
lie in the flanges of the top and bottom tees and defines the interaction of shear and normal
stresses by a linear approximation of the von Mises yield function. The second method ignores
the contribution of the flanges to secondary bending moments and employs the von Mises yield
function to define the interaction of shear and normal stresses. The third method ignores the
contribution of the flanges to secondary bending moments and defines the interaction between
shear and normal stresses with a linear approximation of the von Mises yield function. Simplified
design expressions for the maximum moment capacity of steel and composite beams with web
openings are presented. Six refinements of the design methods are investigated to determine their
significance in predicting member strengths. Simplified design expressions developed by Darwin
(1990) for determining the maximum moment capacity of steel and composite beams at web
openings are summarized. The accuracy and ease of application of the design methods presented
in this report (Methods I, II, and III) and applicable procedures proposed by Redwood and
Shrivastava (1980), Redwood and Poumbouras (1984), and Redwood and Cho (1986) are
compared with experimental results of fifty steel beams and thirty-five composite beams.

Resistance factors are calculated for use in LRFD of structural steel buildings.
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4.2 Conclusions

Based on the work presented in this report, the following conclusions can be made:

1. For slender tees, the predictions of normal stress made by the linear approximation of
the von Mises yield function, when A = 1.414, can be as much as 41% higher than the normal
stress predicted by the von Mises yield function. Considering practical design limitations on
opening sizes (Appendix D), the normal stress is overpredicted by 26.3%. This translates into a
maximum shear capacity that is overpredicted by 3.5% of the plastic shear capacity of a tee when
considering the design limitations presented in Appendix D.

2. For stocky tees, the linear approximation of the von Mises yield function can
overpredict the shear stress in a tee by as much as 9.7% when A = 1.414 and v = 0.717. This
translates into a difference in predicted maximum shear capacity of 9.0% of the plastic shear
capacity of a tee. While this difference is signicant, such low values of v are very unlikely to
occur in practice.

3. Using A = 1414 with Methods I and III, instead of 1.207, for both steel and
composite beams produces more accurate predictions of nominal capacity and more consistent
resistance factors for different opening and slab types thus eliminating unnecessary conservatism
from potential designs.

4, Unnecessarily conservative predictions of shear capacity can result for some beam
sections using Methods II or III, if the ratio of the area of the flange to the area of the web, A/A,,
exceeds 0.80.

5. The effect of reducing the tee depth by an amount proportional to the reinforcement
present, when calculating the maximum shear capacity at an opening, did not have a large effect
in many of the reinforced beams considered, because the reinforcement contributed to shear

capacity in excess of the maximum permitted by Section D.1.2. The procedure, however, serves
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to maintain conservatism similiar to that obtained with Method I for tees with significant
quantities of reinforcement,

6. For the thirty-five composite beams considered, with A = 1.414, consistently limiting
P, by the axial yield capacity of the top tee steel gives test/theory means closer to 1.0 and smaller
coefficients of variation, than when P, is not limited by the net top tee steel.

7. Insuring that M, < M, provides slightly more conservative predictions of moment
capacity than when M,, is not limited to M,.

8. Insuring that the normal force in the reinforcement is less than the capacity of the
corresponding weld provides predictions of shear capacity that are more conservative than when
the normal force in the reinforcement is not limited by the weld capacity.

9. For the steel beams, Method 1 provides test/theory means closest to 1.0, followed by
Method III, Redwood(C), Method II, and Redwood(L). Method I gives the smallest coefficients
of variation, followed by Method III, Redwood(C), Method II, and Redwood(L). For the group
of steel beams, Redwood(C) yields the lowest resistance factor followed by Method II, Method
I, Method III, and Redwood(L). For the composite beams, Method I provides test/theory means
closest to 1.0, followed by Method II, Method III, and Redwood(C). Method I yields the smallest
coefficients of variation, followed by Method II, Method III, and Redwood(C). Method I gives
the lowest resistance factor followed by Method III, Redwood(C), and Method II.

10. Methods proposed by Redwood and Shrivastava (1980), Redwood and Poumbouras
(1986) and Redwood and Cho (1986) for determining shear and moment capacity for steel beams,
composite beams with ribbed slabs, and composite beams with solid slabs, respectively, are

generally more complex than the methods in this report and do not offer any additional accuracy.
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11. Method III coupled with the moment-shear interaction procedures proposed by
Donahey and Darwin (1986) is easily applied and provides strength predictions that are in
excellent agreemen® with test data.

12. Resistance factors for shear and bending of 0.90 and 0.85 are appropriate for steel

and composite beams, respectively.
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Table 3.0 References Corresponding to Beam Designations

Designation Reference
Steel Beams
B Bower (1968)
L Clawson and Darwin (1980)
CR Congdon and Redwood (1970)
CS Cooper and Snell (1972)
CSK Cooper, Snell, and Knostman (1972)
DO Doughterty (1980)
KKS Kim (1980)
RBD Redwood, Baranda, and Daly (1978)
RL Lupien and Redwood (1978)
RM Redwood and McCutcheon (1968)

Composite Beams

C Clawson and Darwin (1980)

D Donahey and Darwin (1986)
CHO Cho (1982)

G Granade (1968)

R Redwood and Poumbouras (1983)

WIE Wiss, Janney, and Elstner (1984)



Table 3.1 Material and Section Properties for Steel Beams

(in inches unless noted)

Web Opening Reinforcement Top Tee Bottom Tee

o e Fy Fy Fy
Test d L (ksi) D, h, a, b, L, ¥, (ksi) s b, 4 (ksi) 5 b, 7 (ksi)
RBD-Cl 16970 0276 46500 4670 4203 2101 6384 7210 0423 43000 6384 7210 0423 43100
RM-1A 8125 0246 51400 4500 4050  2.025 2038 5250 032 45500 2038 5250 0322 45.500
RM-1B 8125 0242 51600 4500 4050 6525 2030 5250 0317 44900 2038 5250 0317 44900
RM-2A 8125 0249 54400 4500 4050  2.025 2038 5250 0324 50900 2038 5250 0324 50900
RM-2B 8040 0233 45300 4500 4050  6.525 1995 5250 0296 46400 1995 5250 0296 46.400
RM-2C 8040 0234 44200 4500 4050 2025 1995 5220 0296 43000 1995 5220 0296 43.000
RM-3A 8125 0245 52200 4500 4050 2025 2038 5250 0323 45000 2038 5250 0323 45.000
RM-4A 8125 0245 52100 4500 4050  2.025 2038 5250 0322 45700 2038 5250 0322 45.700
RM-4B 8125 0244 51000 4500 4050  6.525 2038 5250 0322 43000 2038 5250 0322 43.000
RM-4C 8125 0246 58000 4500 4050 2025 2038 5250 0322 42800 2038 5250 032 42800
CR-IA 9890 0244 57,000 5500 8750 2720 0253 0326 37000 2195 5780 0324 43100 2200 5780 0324 43100
CR2A 14130 0326 41300 7000 10460 2813 0381 0383 43700 3565 6770 049 38800 3565 6770 0496 38.800
CR2B 14130 0326 41300 7000 10460 2813 0381 0383 43700 3565 6770 0496 38800 3565 6770 0496 38.300
CR2C 14220 0305 55.800 7000 10450 2720 0368 0267 39800 3610 6680 049 44600 3610 6680 0490 44.600
CR2D 14220 0305 55.800 7000 10450 2720 0368 0267 39800 3610 6680 0490 44600 3610 6680 0490 44,600
CR-3A 14130 0326 41300 7000 10460 5313 0381 0383 43700 3565 6770 0496 3880 3565 6770 049  38.800
CR3B 14220 0305 55.800 7000 10450 5230 0361 0329 33100 3610 6680 0490 44600 3610 6680 0490  44.600
CR4A 14220 0305 55.800 7000 13980 2720 0368 0340 39800 3610 6680 049 44600 3610 6680 0490 44,600
CR4B 14220 0305 55800 7000 13980 2720 0368 0340 39800 3610 6680 0490 44600 3610 6680 0490 44.600
CR-SA 14220 0305 55.800 9000 13440 3770 0371 0305 44400 2610 6680 0490 44600 2610 6680 0490 44.600
CR-TB 14270 0317 47,700 7030 10570 2817 0378 0338 39900 3620 6700 0486 40500 3620 6700 0486 40.500
CR-ID 14270 0317 47,700 7030 10570 2817 0378 0338 39900 3620 6700 0486 40500 3620 6700 0486  40.500
CSK-2 16130 0345 46,070 6000 9000 4340 0250 0375 43420 3065 7035 0565 45430 7065  7.035 0565 44.890
CSK-5 16010 0305 44710 6000 12000 4305 0250 0375 42720 3005 6995 0505 42630 7.005 6995 0505 43940
CSK-6 16010 0305 44710 8000 16000 4305 0250 0375 35520 6005 6995 0505 42630 2005 6995 0505 43940
CSK-7 16010 0305 44710 8000 12000 4305 0250 0375 35520 6005 6995 0505 42630 2005 6995 0505 43940
CS-1 12060 0335 37500 6000 9000 4340 0375 0438 34700 3030 8045 0575 33000 3030 8045 0575 33.000
€S2 12060 0335 36100 6000 9000 4340 0375 0438 35000 3030 8045 0575 33700 3030 8045 0575 33700
CS3 12060 0335  37.400 6000 9000 3340 0500 0625 33100 3030 8045 0575 32200 3030 8045 0575 32200
RL-5 16330 0274 47.900 7160 17.810 2188 0249 0000 38130 4585 6980 0416 41240 4585 6980 0416 41.240
RL-6 16350 0266 49.960 10720 26760 2766 0372 0000 44750 2815 6940 0423 40340 2815 6940 0423 40.340
B-1 15940 0314 44000 7440  9.000 4250 7165 0420 36200 4250 7165 0420 36200
B-2 15810 0300 40200 7112 9.000 4349 7125 0420 35600 4349 7025 0420 35.600
B-3 15880 0310 37,700 7320 9.000 4280 7.094 0425 33700 4280 7.094 0425 33.700
B4 15800 0313 43700 7160 7.300 4320 7.094 0419 35000 4320 7.09%4 0419 35000
CL-4B 17875 0343 52,000 10813 21.625 3000 7500 0485 46390 3060 7500 0485 44890
CR-6A 14220 0305 55.800 7.000  10.450 3610 6680 0490 44600 3610 6680 0490 44,600
CSK-1 16130 0345 4479 6000  9.000 3065 7035 0565 45980 7.065 7.035 0565 46.060
DO-1 7920 0232 52210 2362 7.087 2779 5275 0315 45690 2779 5275 0315 45.690
DO-2 7920 0232 52210 4724 9449 1598 5275 0315 45690 1600 5275 0315 45690
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Table 3.1 (continued)

Web Opening Reinforcement Top Tee Bottom Tee
Test d L (ksi) D, h, a, b, f, y,  (ksi) s b, 7 (ksi) 5 b, 7 (ksi)
DO-3 7920 0232 52210 2362 7.087 1598 5275 0315 45690 3960 5275 0315 45.690
DO-4 782 0256 51.490 3543 9.449 1550 5198 0324 47140 2729  5.198 0324 47.140
DO-5 7920 0232 52210 4124 47% 1598 5275 0315 45690 1598 5275 0315 45690
RBD-RIB 16980 0273 46.500 2300 6900 7340 7250 0426 43400 7340  7.250 0426 43.400
RBD-R2 16970 0276 46.500 5293 11.700 5835 7210 0423 43100 5835 7210 0423 43.100
RM-11H 8125 0295 56.100 4500 6750 1813 5250 0321 45100 1813 5250 0321 45.100
RM-21H 8000 0230 48.600 4500 6750 1750 5250 0292 43900 1750 5250 0292 43.900
RM-2F 8063 0238 45600 4500  6.750 1782 5250 0300 43500 1782 5250 0300 43.500
RM-4F 8125 0250 54.100 4500 6750 1813 5250 0322 46100 1813 5250 032 46.100
RM-4H 8030 0230 50.600 4500 6750 1765 5250 0292 44900 1765 5250 0292 44.900

Notes:

1. Refer to Table 3.0 for key to beam designations
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Table 3.2 Material and Section Properties for Composite Beams

(in inches unless noted)

(a) STEEL SECTION

Web Opening Reinforcement Top Tee Bottom Tee
Fw Fr FJ{ Flf
Test” d L, (ksi) h, a, b, A ¥, (ksi) s b, y (ksi) ] b, L (ksi)
D1 20630 0358 55400 12380 24750 4178 6510 0440 54600 4101 6500 0430 52.300
D2 20630 0357 53100 12380 24750 4094 6500 0427 52300 4094 6510 0448 51200
D3 20630 0358 52500 12380  24.750 4.105 6570 0423 52600 4097 6560 0435 51700
D-SA 20630 0358  S2700 12380 24750 4168 6510 0440 53100 4110 6500 0430 54700
D-SB 20630 0358 52700 14390 24750 4.110 6570 0440 53100 2123 6450 0430 54.700
D-6A 20630 0357 52700 12380 24750 4120 6.580 0440  53.600 4115 6570 0432 52700
D68 20630 0357 52700 12380 24750 4.120 6.580 0440  53.600 4115 6570 0432 52700
DJ7A 20630 0360 41200 12380 24750 4.025 6.660 0409 40.600 4150 6590 0412 41100
D78 20630 0360 41200 12380 24750 4075 6.660 0409  40.600 4188 6590 0412 41100
DSA 10130 0231 50800 5950 11820 2096 3.980 0268  47.600 2090 4020 0280 47.700
D9A 20630 0365 41200 14750 24750 2960 6.670 0425 41100 2960 6610 0429 40600
D98 20630 0369 41200 14750 14750 3.075 6670 0427 41100 2812 6610 0427 40.600
R-0 9.980 0228 56.100 5910 11.810 2039 4.020 0.256 50,600 2039 4020 0256 50.600
R-1 14010 0293  45.100 8390 16770 2810 6870 0448 40100 2810 6870 0448 40.100
R-2 14050 0309 47300 83%0 16770 2830 6.740 0441  43.800 2830 6740 0441 43500
R-3 14030 0313 47.200 8390 16750 2820 6.740 0444 42200 2820 6740 0444 42200
R4 14040 0313 48,100 8390 16750 2835 6.860 0436 43700 2835 6860 0436 43700
R-5 14010 0293 45100 B3%0 16770 1410 6870 0448  40.100 4210 6870 0448  40.100
R-6 14050 0305  47.200 8390 16750 2835 6.750 0437 43700 2835 6750 0437 43700
R-7 14050 0305  44.000 8390 16750 2835 6750 0437 43700 2835 6750 0437 44.100
R-8 13.980 0.292 44,000 8.390 16.750 2795 6.690 0.450 44.100 2795 6690 0450 44.100
C-1 14.000 0.287 38.500 8.000 16.000 3.003 6.750 0453 39.400 3.003 6750 0453 40400
c2 17880 0356 42400 10810  21.630 3475 7500 0475 39300 3770 7500 0520 39.900
3 17.880 0356 42400 10810 21630 1,605 7.500 0475  39.300 3650 7500 0520 39.300
Cc4 17.880 0.343 52.000 10.810 21.630 3485 7.500 0.485 46.400 3555 7500 0495 44900
c-5 18130 0380 44200 10810  21.630 3683 6.000 0623  43.900 31745 6000 0615 45.100
C-6 14000 0296  49.800 8000  16.000 2855 6.690 0475 42900 2803 6690 0423 43500
G1 8000 0285  47.900 4.800 7.200 1.630 6.540 0463  43.800 1630 6540 0463 43.800
G2 8000 0285 47900 4.800 7200 1.630 6.540 0463  43.800 1630 6540 0463 43.800
CHO-3 7870 0236 50.800 4720 7.280 1.500 5910 0.354 44.100 1.500 5910 0354 43.400
CHO4 11810 0256  64.600 7050 10630 2360 5910 0354  54.000 2400 5910 0354 50.700
CHO-5 11810 0256  64.600 709 10630 2400 5910 0354  54.000 2320 5910 0354 50700
CHO-6 7870 0236 50800 4610 7.130 4170 0.236 0374 50.800 1.540 5910 0354 44.100 1500 5910 0354 43.400
CHO-7 11810 025  64.600 7090 14370 4170 0236 0374 50.800 2360 5910 0354  54.000 2360 5910 0354 50.700
WIE-l 20830 0380 37000 15000  39.000 5.000 0500 0000  37.000 2938 6.530 0535 37000 2938 6530 0535 37.000
D-$B 10130 0231  50.800 6380  18.630 2025 3.980 0268  47.600 1725 4020 0280 47.700
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Table 3.2 (continued)

(b) SLAB
f‘l

Test” Type (psi) b, £ t L, Woa  Woa W, H,
D-1 TRIB 4470 48000 2000 5000 2000 7000 5000 6000 3000
D2 TRIB 4850 48000 2000 5000 2000 7000 5000 6000 3000
D-3 TRIB 5400 48.000 2,000 5.000 2.000 7.000 5.000 6,000 3.000
D-5A TRIB 4740 48.000 2,000 5.000 2000 7.000 5.000 6,000 3.000
D-58 TRIB 5090 48.000 2,000 5.000 2.000 7.000 5.000 6,000 3.000
D6A  TRIB 4020 48000 2000 5000 2000 7000 5000 6000 3000
D-6B LRIB 4300 48.000 2.000 5.000 3.500 7.000 5.000 6.000 3.000
DJA  LRIB 419 48000 2000 5000 3500 7000 5000 6000 3000
D78 LRIB 4300 48000 2000 5000 3500 7000 5000 6000 3000
D-8A TRIB 3940 48.000 2500 5.500 2500 7.000 5.000 6.000 3.000
DYA  TRIB 4170 36000 4000 7000 4000 7000 5000 6000 3000
D98 TRIB 4360 48000 4000 7000 4000 7000 5000 6000 3000
R0 TRIB 3830 48000 2600 5600 2600 6460 5550 6005 3,000
Rl TRIB 3190 39.400 2600 5600 2600 6460 5550 6005 3.000
R2 TRIB 2830 47200 2600 5600 2600 6460 5550 6005 3.000
R3 TRIB 4290 47200 2600 5600 2600 6460 5550 6005 3.000
R-4 TRIB 3960 47200 2600 5600 2600 6460 5550 6005 3000
R-S TRIB 3190 47200 2600 5600 2600 6460 5550 6005 3000
R-6 TRIB 2610 39400 2600 5600 2600 6460 555 6005 3000
R-7 TRIB 2610 39.400 2600 5.600 2.600 6.460 5.550 6,005 3.000
R-8 TRIB 2480 39.400 2600 5.600 2.600 6.460 5550 6.005 3.000
c1 SOL 7000 39400 4000 4000 4000

c2 SOL 4200 48000 4000 4000 4000

c3 SOL 4930 48000 4000 4000 4000

C-4 SOL 4460 48.000 4.000 4.000 4.000

C-5 SOL 4680 45.000 4.000 4,000 4.000

C6 SOL 4020 48000 4000 4000  4.000

G-1 SOL 3970 45000 3600 3600 3600

G-2 SOL 3990 24.000 3.600 3.600 3.600

CHO-3  SOL 3270 24.000 5.300 5300 5.300

CHO-4  SOL 3040 21.600 5.400 5400 5400

CHO-5  SOL 3270 23.800 5.300 5.300 5.300

CHO6 SOL 3270 23800 5300 5300 5300

CHO-7  SOL 3170 23.800 5.300 5.300 5.300

WIE-1 TRIB 4420 110500 3.500 6.500 3.500 7.000 5.000 6,000 3.000
DB TRIB 3940 48000 2500 5500 2500  7.000 5000 6000 3000

LS



Table 3.2 (continued)

(c) SHEAR CONNECTORS

FI As: QI R I.*Ql RI'QI Aﬂ‘ Fl
Test® H, N® NP N® N NP (si) Dia @ R® R® ® ( ® &
D-1 4500 10 4 2 67.900 0.750 0.442 0.601 0.000 2883 17.33 0.00 30.00
D2 4.500 10 12 4 2 4 67.900 0.750 0.442 0.601 0.491 30.65 18.42 15.04 30,00
D-3 4.500 20 4 2 67.900 0.750 0.442 0.601 0.000 B2 19.97 0.00 30.00
D-5A 4.500 7 2 1 67.900 0.750 0442 0.850 0.000 30.13 25.61 0.00 30.00
D-5B 4.500 16 4 2 67.900 0.750 0442 0.601 0.000 3178 19.10 0.00 30.00
D-6A 4.500 12 4 2 67.900 0.750 0.442 0.601 0.000 2662 16.00 0.00 30.00
D-68 4500 20 L] 67.900 0.750 0.442 0.491 0.000 28.00 13.74 0.00 30.00
D-7A 4.500 2 10 67.900 0.750 0.442 0.491 0.000 2747 13.48 0.00 30.00
D-7B 4500 10 67.900 0.750 0442 0.491 0.000 247 13.48 0.00 30.00
D-8A 5.000 8 2 2 63.200 0.625 0.307 0.801 0,000 18.21 14.60 0.00 19.39
D-8B 4.500 6 2 2 67.900 0.625 0.307 0.601 0.000 18.23 10.95 0.00 20.85
D-9A 5.500 10 4 2 63.200 0.750 0.442 1.000 0.000 2137 2 0.00 2192
D-98 5.500 ] 2 2 68.800 0.750 0.442 1.000 0.000 28.30 28.30 0.00 30.39
R-0 4.840 4 1 1 68.800 0.750 0.442 1.000 0.000 25.68 25.68 0.00 30.39
R-1 4.840 4 1 1 0750 0.442 1.000 0.000 2239 2.39 0.00 0.00
R-2 4.840 18 2 2 0.750 0.442 0.738 0.000 20.46 15.10 0.00 0.00
R-3 4.840 n 4 2 0.750 0.442 0,738 0.000 2796 20,63 0.00 0.00
R-4 4.840 3 0 1 0.750 0.442 1.000 0.000 2633 2633 0.00 0.00
R-5 4.840 4 1 1 0.750 0.442 1.000 0.000 2239 2239 0.00 0.00
R-6 4.840 4 0 2 0.750 0.442 1.000 0.000 239 239 0.00 0.00
R-7 4.840 ] 4 2 0.750 0.442 0.738 0.000 19.26 1421 0.00 0.00
R-8 4.840 § L} 2 0.750 0.442 0.738 0.000 18.53 13.68 0.00 0.00
C-1 3.000 14 4 0.750 0.442 1.000 0.000 40.36 40.36 0.00 0.00
Cc-2 3.000 16 2 0.750 0.442 1.000 0.000 2151 21.51 0,00 0.00
C3 3.000 16 2 0.750 0.442 1.000 0.000 31.03 31.03 0.00 0.00
c4 3.000 10 4 0.750 0.442 1.000 0.000 28.78 28.78 0.00 0.00
C-5 3.000 16 4 0.750 0.442 1.000 0.000 29.84 29.84 0.00 0.00
C-6 3.000 10 4 0.750 0.442 1,000 0.000 26.62 26.62 0.00 0.00
G-1 2500 10 2 0.625 0.307 1.000 0.000 18.32 18.32 0.00 0.00
G2 2500 16 2 0.625 0.307 1.000 0.000 1839 18.39 0.00 0.00
CHO-3 3.940 12 4 0.500 0.196 1.000 0.000 10.14 10.14 0.00 0.00
CHO-4 3.940 18 “ 0.500 0.196 1.000 0.000 9.60 9.60 0.00 0.00
CHO-5 3.940 20 4 0.500 0.196 1.000 0.000 10.14 10.14 0.00 0.00
CHO-6 3.940 12 4 0.500 0.196 1.000 0.000 10.14 10.14 0.00 0.00
CHO-7 3.940 20 L] 0.500 0.196 1.000 0.000 9.90 990 0.00 0.00
WIE-1 4.500 18 6 | 0.750 0442 0.850 0,000 28.59 24.30 0.00 0.00
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Table 3.2 (continued)

Notes:

(1) refer to Table 3.0 for key of beam designations

(2) N, = number of studs/rib in first set(*) of ribs

(3) N, = number of studs/rib in second set(*) of ribs

(4) N, = number of studs over the opening

(5) N,, = number of ribs in first set(*)

(6) N,; = number of ribs in second set(*)

(7) R, = reduction factor for first set of shear connectors
(8) R, = reduction factor for second set of shear connectors

(*) A set of ribs is a series of ribs with the same number of
stubs per rib.

6S
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Table 3.3 Design Limitation Summary for Steel Beams

(a) Local Buckling of (b) Web Buckling (D.1.2)
Compression Flange
(D.1.1)

Test™ by 12, <gs; Jp—-’ P, <60 ht 40 JF, 520/,/F, a/kh, a/h(max)

RBD-C1 852 9.9 2.10 58.42 61.59 76.26 0.45 3.00
RM-1A 8.15 9.64 am 30.41 58.58 7253 0.45 3.00
RM-1B 8.28 9.70 4T 30.95 5847 72.9 1.45 3.00
RM-2A 810 an am 30.03 56.94 70.50 0.45 3.00
RM-2B 887 954 4381 3L.97 62.40 T1.26 1.45 3.00
RM-2C 8.82 9.91 3.8 31.83 63.17 8.2 0.45 3.00
RM-3A 813 9.69 am 30.53 58.13 T1.97 0.45 3.00
RM-A 815 9.62 m 30.53 5819 72.04 0.45 3.00
RM4B 8.15 9.91 477 30.66 58.81 72.81 1.45 3.00
RM4C 8.15 9.94 am 30.41 55.15 68.28 0.45 3.00
CR-1A 8.92 9.90 493 37.88 55.63 68.88 1.59 3.00
CR-2A 682 1044 4.47 40,30 65.35 80.91 1.49 3.00
CR-2B 6.82 1044 447 40.30 65.35 20.91 1.49 3.00
CR-2C 6.82 9.73 4.45 43.41 56.23 69.61 1.49 . 3.00
CR-2D 6.82 9.73 445 4341 56.23 69.61 1.49 3.00
CR-3A 682 1044 447 40.30 65.35 80.91 1.49 3.00
CR-3B 6.82 9.73 445 43.41 56.23 69.61 1.49 3.00
CR-4A 6.82 9.73 4.95 4341 56.23 69.61 2.00 3.00
CR-4B 6.82 9.73 4.95 4341 5623 69.61 2.00 3.00
CR-5A 682 973 529 43.41 56.23 69.61 1.49 3.00
CR-7B 689 1021 4.46 41.95 60.81 75.29 1.50 3.00
CR-TD 689 1021 4.46 41.95 60.81 75.29 1.50 3.00
CSK-2 623 9.64 373 4348 61.88 76.61 1.50 3.00
CSK-5 6.93 9.96 425 49.18 62.81 nmn 2.00 3.00
CSK-6 6.93 9.96 5.00 49.18 62.81 nmn 2.00 3.00
CSK-7 6.93 9.96 4.50 49.18 62.81 nmn 1.50 3.00
Cs-1 7.00 1132 4.49 2s? 68.59 84.92 1.50 3.00
Cs-2 7.00 11.20 4.49 3257 69.90 86.55 1.50 3.00
Cs-3 7.00 1145 449 32.57 68.68 85.03 1.50 3.00
RL-5 839 1012 5.12 56.56 60.69 75.13 249 3.00
RL-6 820 1023 6.43 5829 59.42 73.57 2.50 3.00
B-1 853 10.80 4.01 48.09 63.32 78.39 1.21 3.00
B-2 848 10.89 3.96 49.90 66.24 82.01 .27 3.00
B-3 835 1120 4.00 48.48 68.40 84.69 1.23 3.00
B4 847 1099 3.74 47.80 63.53 78.66 1.02 3.00
CL<B 1.73 9.54 5.63 49.29 5824 7211 200 3.00
CR-6A 682 9.73 4.45 43.41 56.23 69.61 1.49 3.00
CSK-1 623 9.53 373 43.48 62.76 T1.70 1.50 3.00
DO-1 8.37 9.62 4.79 3142 58.13 .97 3.00 3.00
DO-2 837 9.62 5.58 3142 58.13 71.97 2.00 3.00
DO-3 8.37 9.62 4.79 3142 5813 71.97 3.00 3.00
DO-4 802 947 5.38 28.02 5853 7247 2.67 3.00
DO-5 837 9.62 4.58 3La2 58.13 ney 1.00 3.00
RED-RIB 8.51 9.87 3.81 59.08 61.59 76.26 3.00 3.00
RBD-R2 852 9.9 4.08 58.42 61.59 76.26 22 3.00
RM-11H 8.18 9.68 4.82 25.37 56.07 69.43 1.50 3.00
RM-21H 8.99 9.81 4.88 3224 60.25 74.59 1.50 3.00
RM-2F 8.75 9.86 4.85 3136 62.20 77.01 1.50 3.00
RM-4F 8.15 9.57 4.82 29.92 57.10 70.70 1.50 3.00

RM<4H 899 9.70 4.86 3237 59.04 73.10 1.50 3.00



Table 3.3 (continued)

(c) Buckling of Tee Shaped Compression Zone (D.1.3)

P, P., P, Test/
Test® (k) () ) MJM, ajs, Theory®
RBD-C1 121.24 121.22 138.48 0.552 0.33 1.258
RM-1A 57.34 57.56 9241 1.000 0.99 1.016
RM-1B 54.90 55.69 90.34 1.000 3.20 1.002
RM-2A 64.58 64,85 73.08 0.524 0.99 1.208
RM-2B 51.88 52.65 37.80 0.275 3.27 1.394
RM-2C 49.83 50.02 61.48 0.513 1.02 1.354
RM-3A 56.80 57.02 78.61 0.782 0.99 1.031
RMA 57.54 51.17 87.79 0.922 0.99 1.012
RM-4B 5331 54.07 70.26 0.730 3.20 1.000
RM4C 53.94 54.15 85.39 0.946 0.99 0.994
CR-1A 59.36 59.87 110.38 0.812 199 1.007
CR-2A 100.46 100.86 13422 0.492 293 1.320
CR-2B 100.46 100.86 202.88 0.813 293 1.211
CR-2C 111.90 112.32 183.30 0.597 289 1.194
CR-2D 111.90 112.32 121.86 0.360 289 1.294
CR-3A 100.63 100.86 15277 0.485 293 1.461
CR-3B 112.08 11232 240.50 0.845 239 1.154
CR-4A 111.44 112.05 128.64 0.379 3187 1.302
CR-4B 111.44 112.05 200,08 0.692 3.87 1.140
CR-5A 102.97 104,04 127.66 0.456 5.15 1.167
CR-TB 102.25 102.62 211.96 0.804 292 1.174
CR-TD 102.25 102.62 11422 0.362 292 1.343
CSK-2 130.34 131.11 22717 0.670 294 1.161
CSK-5 108.22 109.05 185.37 0.655 199 1.108
CSK-6 132.08 131.79 110.11 0.445 266 1.002
CSK-7 13239 132.18 133.24 0.521 200 1.060
Cs-1 106.87 107.46 183.18 0.857 297 0.976
CSs-2 109.13 109.74 179.24 0.842 297 0.963
CSs-3 104,22 104.88 16264 0.682 297 1.066
RL-5 98.68 98.97 239,74 1.000 3.88 1.085
RL-6 83.64 85.15 87.09 0.396 9.51 0.927
B-1 90.57 90.91 65.78 0.317 212 1.114
B-2 83.23 88.54 119.88 0.573 207 1.212
B-3 84.31 84.60 0.13 0.001 210 1.348
B4 87.39 87.62 70.71 0.371 1.69 1.055
CL4B 118.23 123.19 63.10 0.149 7.21 1.616
CR-6A 111.08 112.09 93.46 0.273 239 1.483
CSK-1 127.43 129.13 167.03 0.478 294 1.269
DO-1 60.33 60.76 56.67 0.403 2.55 1.163
DO-2 51.09 53.20 2473 0.143 5.91 1.619
DO-3 51.86 5334 90.61 0.761 443 1.093
DO-4 53.65 55.96 70.45 0.498 6.10 1.250
DO-5 5255 53.47 98.66 1.000 296 1.081
RBD-R1B 129.03 128.85 124.10 0.520 0.94 1.089
RBD-R2 116.35 116.40 86.43 0.346 201 1.080
RM-11H 56.12 57.12 103.49 1.000 i 1.031
RM-21H 4791 48.89 46.20 0.325 3.86 1.469
RM-2F 49.02 49,98 331 0.241 379 1.607
RM-F 55.58 56.68 75.51 0.642 2 1.078
RM-<4H 49.09 50.09 64.98 0.617 382 1.097



Table 3.3 (continued)

(d) Hole Restrictions (D.3.1)

h, < 0.7d s, s, >0.15d
Test? (in.) (in.) (in.) (in.) (in.) ajs, & aJjs, < 120
RBD-C1 4.67 11.88 6.38 6338 255 033 0.33
RM-1A 4.50 5.69 2.04 2.04 L2 0.99 0.99
RM-1B 4.50 5.69 2.04 2.04 1.2 1.20 3.20
RM-2A 4.50 5.69 204 204 12 0.99 0.99
RM-2B 4.50 5.63 2.00 200 1.21 3 3.27
RM-2C 4.50 5.63 2.00 200 121 102 1.02
RM-3A 4.50 5.69 2.04 2.04 1.2 0.9 0.9
RM<A 4.50 5.69 2.04 204 1.2 0.99 0.99
RM<4B 450 5.69 204 2.04 1.2 320 3.20
RM-4C 4.50 5.69 2.04 2.04 1.2 0.9 0.99
CR-1A 5.50 6.92 2.20 220 1.48 3.9 3.98
CR-2A 7.00 9.39 3.57 3.57 212 293 293
CR-28 7.00 9.39 3.57 3.57 212 293 293
CR-2C 7.00 9.95 1.61 3.61 213 289 2.89
CR-2D 7.00 9.95 3.61 3.61 213 289 289
CR-3A 7.00 9.89 5 157 212 293 293
CR-3B 7.00 9.95 3.61 3.61 213 289 2.89
CR-4A 7.00 9.95 3.61 3.61 213 187 3.87
CR-4B 7.00 9.95 3.61 3.61 213 3.87 3.87
CR-5A 9.00 9.95 261 261 213 5.15 5.15
CR-TB 7.03 9.99 362 3.62 214 292 292
CR-7D 1.03 9.99 3.62 3.62 214 292 292
CSK-2 6.00 11.29 .07 7.07 242 294 1.27
CSK-5 6.00 1.21 3.01 7.01 240 3.9 1.71
CSK-6 8.00 1.21 6.01 201 240 266 7.98
CSK-7 8.00 .21 6.01 201 240 200 5.99
CS-1 6.00 8.44 3.03 3.03 1.81 297 2.97
cs-2 6.00 8.44 3.03 3.03 1.81 297 297
Cs-3 6.00 8.44 3.03 3.03 1.81 297 297
RL-5 7.16 11.43 459 459 2.45 3.8 3.88
RL-6 10.72 11.45 282 282 245 9.51 9.51
B-1 7.44 11.16 425 425 239 212 212
B-2 7.11 11.07 435 435 237 207 2.07
B-3 7.32 1112 428 428 238 210 2.10
B4 7.16 11.06 432 432 237 1.69 1.69
CL4B 1031 1251 3.00 3.06 268 7.21 1.07
CR-6A 7.00 9.95 3.6 3.61 213 289 2.89
CSK-1 6.00 11.29 3.07 7.07 242 294 1.27
DO-1 2.36 5.54 2.78 278 1.19 255 2.55
DO-2 472 5.54 1.60 1.60 1.19 591 5.91
DO-3 2.36 5.54 1.60 3.96 L19 4.43 1.79
DO-4 3.54 5.48 1.55 273 1.17 6.10 3.46
DO-5 472 5.54 1.60 1.60 1.19 29 296
RBD-RIB 230 11.89 734 7.34 255 0.94 0.94
RBD-R2 5.29 11.88 5.84 5.84 255 2.01 2.01
RM-11H 4.50 5.69 1.81 1.81 1.2 in 3.72
RM-21H 4.50 5.60 175 1.75 1.20 1.6 1.86
RM-2F 4.50 5.64 1.78 1.78 1.21 am 3.79
RM-4F 4.50 5.69 1.81 1.81 L2 in 372
RM-4H 4.50 5.62 1.77 .77 1.20 1.82 3.82
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Table 3.3 (continued)

(e) One-sided Reinforcement (D.3.5)

A< A3
1 . 2
Test™? (in.%) alh, <25 st slt, S lq.in: M, /(V.*d) < 20
CR-7B 0.29 1.09 1.50 11.42 11.42 20.77 316
CR-7D 0.29 1.09 1.50 11.42 11.42 20.27 1.19
CSK-2 0.25 1.32 1.50 8.38 20.48 20.63 1.86
CSK-6 0.23 1.18 200 19.69 6.57 20.94 1.88
CSK-7 0.28 1.18 1.50 19.69 6.57 20.94 1.88
Cs-3 0.32 1.54 1.50 9.04 9.04 2289 2
RL-5 0.16 0.97 249 16.73 16.73 203 193471.52
RL-6 0.32 0.98 250 10.58 10.58 19.81 3.0



Table 3.3 (continued)

Test™? () Violations™
CR-5A D.1.3)

RL-5 (D.1.3), (D.3.5)
RL-6 (D.1.3)

DO-3 (D.1.3)

DO-4 (D.1.3)

Notes:

(1) refer to Table 3.0 for key to beam designations

(2) The Test/Theory ratios for Method III, A = 1.414, are provided
as some indication of the effect of a potential violation of the design

parameter on the predicted capacity. If the tee-shaped compression zone
were 1o buckle prematurely, unconservative predictions would result.

(3) Design parameters violated by the respective beams listed did not adversely affect
the predicted capacities and did not contribute to premature failure.
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Table 3.4 Design Limitation Summary for Composite Beams

(a) Local Buckling of
Compression Flange

(b) Web Buckling (D.1.2)

(D.1.1)
1
Test™ b, /21, <gs5;, JF’ P.<6.0 hit 420 Jp—" 520/ \/Fr a/h, a/h(max)
D1 757  2.80 560 5517 56.43 69.86 2.0 3.00
D-2 725 899 560  55.39 57.64 736 2.00 3.00
D3 755 896 560 5526 571.97 nT 2.00 3.00
D-5A 757 892 560 5517 57.86 71.63 2.00 3.00
D-5B 764  8.92 591 5517 57.86 71.63 172 3.00
D-6A 762 8.8 560 5532 57.86 763 200 3.00
D-6B 762  8.88 560 5532 57.86 7163 2.00 3.00
D7A 8.08 1020 560  55.03 65.43 81.01 2.00 3.00
D-7B 8.08 1020 560 5503 65.43 81.01 2.00 3.00
D-8A 711 9.42 551 4153 58.93 72.96 1.99 3.00
D-9A 777 10.14 597 5419 65.43 81.01 1.68 3.00
D-9B 781 1014 529 5359 65.43 81.01 1.00 3.00
R0 785 9.4 555 4153 56.07 6943 200 3.00
R-1 7.67 1026 559 447 62.54 7743 200 3.00
R2 764 982 558 4261 61.07 75.61 2.00 3.00
R3 759 10.01 558 4199 61.13 7560 2.0 3.00
R4 7.87 983 558  42.07 60.56 7498  2.00 3.00
RS 7.67 1026 559 4476 62.54 7743 2.00 3.00
R-6 772 9.83 558 4320 61.13 7560 2.00 3.00
R 772 9.83 558 43.20 63.32 78.39 2.00 3.00
R-3 743 979 560 4479 63.32 78.39 2.00 3.00
c1 745 1036 543 45.62 67.69 83.81 2.00 3.00
c2 721 1037 5.63  47.56 64.50 79.8 200 3.00
c3 721 1037 563 4756 64.50 7936 200 3.00
c4 758 9.5 563  49.30 58.24 7211 2.00 3.00
cs 488 9.8 558 4443 63.17 7822 2.00 3.00
c6 791 9.92 543 44.09 59.52 736 200 3.00
G-1 7.06 9.82 5.10 24.82 60.69 75.13 1.50 3.00
G2 7.06  9.82 510 2482 60.69 75.13 1.50 3.00
CHO-3 835 9.79 514 30.35 58.93 72.96 1.54 3.00
CHO4 835 885 500 4337 52.26 64.70 1.51 3.00
CHO-5 835 885 510 4337 52.26 64.70 1.50 3.00
CHO-6 835 979 506 3035 58.93 72.96 1.55 3.00
CHO-7 835 885 563 4337 52.26 6470  2.03 3.00
WIE-1 6.10 10.69 692  52.00 69.05 8549 260 3.00



Table 3.4 (continued)

(c) Hole Restrictions (D.3.1)
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h, < 0.7d s, & s > 0154
Test” (in.) (in.) (in.) (in.) (in.) ajs, & ajs, < 12.0
D-1 1238 1444 4.18 4.10 3.09 592 6.04
D-2 1238 1444 4.9 4.09 3.09 6.05 6.05
D-3 1238 1444 4.11 4,10 3.09 6.03 6.04
D-5A 1238 1444 417 4.11 X0 5.94 6.02
D-5B 1439 1444 4.11 2.12 3.9 6.02 11.66
D-6A 1238 1444 4.12 4.12 3.09 6.01 6.01
D-6B 1238 1444 4.12 4,12 3.09 6.01 6.01
D-7TA 1238 1444 4.03 4.15 3.09 6.15 5.96
D-7B 1238 1444 4.08 4.19 3.09 6.07 5.91
D-8A 5.95 7.09 2,10 2.09 1.52 5.64 5.66
D-9A 1475 1444 2.96 2.96 3.09 8.36 8.36
D-9B 1475 1444 3.08 2.81 3.09 4,80 5.25
R-0 5.91 6.99 2.04 2.04 1.50 5.79 579
R-1 3.9 9.81 281 281 2.10 5.97 5.97
R-2 8.39 9.83 2.83 283 211 5.93 5.93
R-3 8.39 9.82 2.82 2.82 2.10 5.94 5.4
R4 8.39 9.83 2.34 2.84 2.11 5.9 5.91
R-5 8.39 9.81 1.41 4.21 2.10 11.89 3.98
R-6 8.9 9.83 2.84 284 211 3.9 591
R-7 8.39 9.83 284 2.84 2.11 5.9 5.91
R-8 8.39 9.79 2.80 2.80 2.10 5.9 5.99
C-1 8.00 9.80 3.00 3.00 2.10 533 533
c-2 10.81 1252 348 an 2.68 6.2 5.74
c-3 10.81 1252 3.61 3.65 2.68 6.00 5.93
c4 10.81 1252 3.49 3.56 2.68 6.21 6.08
C-5 10.81 12.69 3.68 3.75 272 5.87 5.78
C-6 8.00 9.8 2.86 2.80 210 5.60 57
G-1 4.80 5.60 1.63 1.63 1.20 442 4.42
G-2 4,30 5.60 1.63 1.63 1.20 4.42 4,42
CHO-3 4.72 5.51 1.50 1.50 1.18 4.85 4.85
CHO-4 7.05 8.27 23 240 1.77 4.50 443
CHO-5 7.09 8.27 2.40 y & ] .77 4.43 4.58
CHO-6 4.61 5.51 1.49 1.45 1.18 4.78 4.91
CHO-7 7.09 3.7 229 228 177 6.28 6.30
WIE-1 15.00 1458 2.76 2,76 312 14.12 14.12



67
Table 3.4 (continued)

Test? (d) Violations @

D-9A (D3.1)

D-9B (D3.1)

R-5 (D3.1)

WIE-1 (D.1.2), D.3.1)
Notes:

(1) refer to Table 3.0 for key to beams designations

(2) Design paramteters violated by the respective beams did not adversely affect
the predicted capacities and did not contribute to premature failure.
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Table 3.5 Steel Beam Shear Capacity Summary: Method I, A = 1.414

(values in kips)

Test Vi Vo Vu Vi v, v, v, v,
RBD-C1 57.72 47.30 47.30 51.72 47.30 47.30 82.99 82.99
RM-1A 14.89 14.88 14.88 14.89 14.88 14.88 39.15 29.76
RM-1B 7.68 14.69 .68 7.64 14.64 7.64 18.66 15.32
RM-2A 16.10 15.94 15.94 16.10 15.94 15.94 41.94 31.88
RM-2B 6.41 12.16 6.41 6.41 12.16 6.41 1234 12.82
RM-2C 11.88 11.91 11.88 11.88 11.91 11.88 21.69 23.76
RM-3A 15.02 15.05 15.02 15.02 15.05 15.02 39.60 30.05
RM-4A 15.02 15.02 15.02 15.02 15.02 15.02 39.52 30.04
RM<B 7.63 14.64 7.63 7.63 14.64 7.63 18.53 15.26
RM-4C 16.35 16.79 16.35 16.25 16.79 16.35 44,17 32.71
CR-1A 14.39 17.67 14.39 14.34 17.63 14.34 52.41 28.73
CR-2A 30.36 2.1 21.71 30.36 2.m 27.71 72.49 55.42
CR-2B 30.36 27.711 27.71 30.36 21.71 27.71 72.49 55.42
CR-2C 33.00 35.47 33,00 33.00 35.47 33.00 2.2 66.01
CR-2D 33.00 35.47 33.00 33.00 35.47 33.00 2.2 66.01
CR-3A 30.36 1.1 217 30.36 211 21.71 72.49 55.42
CR-3B 39.02 35.47 35.47 39.02 35.47 35.47 2.2 70.94
CR-4A 26.64 35.47 26.64 26.64 35.47 26.64 92.2 53.27
CR-4B 26.64 35.47 26.64 26.64 35.47 26.64 222 53.27
CR-5A 23.67 25.65 23.67 23.67 25.65 23.67 92.22 47.34
CR-TB 31.40 31.60 31.40 31.39 31.60 31.39 82.22 62.79
CR-TD 28.47 31.60 28.47 31.39 31.60 31.39 82.22 59.86
CSK-2 80.37 64.83 64.83 31.60 28.13 28.13 97.69 92.96
CSK-5 60.91 55.15 55.15 23.62 23.66 23.62 83.19 78.78
CSK-6 10.21 15.79 10.21 41.16 4728 41.16 83.19 51.36
CSK-7 13.02 15.79 13.02 48.93 4728 47.28 83.19 60.30
Cs-1 24.60 21.98 21.98 24.60 21.98 21.98 51.73 43.95
Cs-2 23.87 21.16 21.16 23.87 21.16 21.16 55.58 42.31
Cs-3 23.54 21.92 21.92 23.54 21.92 21.92 57.58 43.84
RL-5 21,30 34.74 21.30 21.30 14.74 21.30 81.67 42.60
RL-6 11.84 21.60 11.84 11.84 21.60 11.84 82.80 23.69
B-1 21.59 13.90 21.59 21.59 33.90 21.59 83.92 43.18
B2 19.68 30.28 19.68 19.68 30.28 19.68 72.65 19.36
B-3 18.60 28.88 18.60 18.60 28.8% 18.60 70.72 37.20
B4 24.53 34.12 24.53 24.53 34.12 24.53 82.35 49.06
CL4B 9.26 1151 9.26 8.78 30.89 8.78 121.49 18.03
CR-6A 19.13 35.47 19.13 19.13 35.47 19.13 2.2 38.27
CSK-1 51.67 63.03 51.67 16.28 2134 16.28 94,98 67.95
DO-1 1.27 19.43 1z 11.27 19.43 11.27 36.56 22.53
DO-2 4.00 11.19 4.00 4.00 11.18 4.00 36.56 8.00
DO-3 19.18 27.69 19.18 5.01 11.18 5.01 36.56 24.19
DO-4 9.80 20.77 9.80 4.13 11.80 4.13 39.29 13.93
DO-5 672 11.18 672 672 11.18 612 36.56 13.45
RBD-R1B 49.59 53.80 49.59 49.59 53.80 49.59 82.14 82.14
RBD-R2 28.29 43.24 28.29 28.29 43.24 28.29 82.99 56.58
RM-11H 7.98 17.32 7.98 7.98 17.32 7.98 51.24 15.96
RM-21H 5.35 11.29 5.35 5.35 11.29 5.35 34.08 1071
RM-2F 5.40 11.17 5.40 5.40 11.17 5.40 33.34 10.80
RM-<4F 6.81 14.16 6.81 6.81 14.16 6.81 41.87 13.62
RM~H 5.62 11.86 5.62 5.62 11.86 5.62 35.61 11.25
Notes:

refer to Table 3.0 for key to beam designations

-

Vigis Vi = shear capacity of bottom and top tee, respectively, using Eq. B.1.

V'V, = plastic shear capacity of bottom and top tee, respectively, using Eqs. 2.22, and 2.18.
Vin Vi = governing shear capacity of top and bottom tees, respectively.

v, = maximum permissible shear capacity of beam per Section D.1.2.

v = maximum shear capacity as predicted by Method I.
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Table 3.6 Composite Beam Shear Capacity Summary: Method I, A = 1.414

(values in kips)

Test Vi Var Vi Vi v, v, Ve Vi v,
D-1 28.88 47.84 47.84 54,86 28.88 14.85 46.96 14.85 437
D-2 28.45 44.81 44,81 5212 28.45 13.99 44,31 13.99 42.44
D-3 29.78 44,54 44.54 52.26 29.78 13.86 44.46 13.86 43.64
D-5A 25.94 45.40 45.40 5263 25.94 1339 477 13.39 39.33
D-SB 29.14 a7 4477 52.26 29.14 453 23.13 453 33.67
D-6A 2658 4475 44,75 51.41 26.58 13.94 44,70 13,94 40.52
D-6B  41.99 44.75 44.75 53.36 41.99 13.94 44.70 13.94 55.92
D-7A 3448 34.47 34.47 42.96 34.47 10.93 35.54 10.93 45.40
D78 3151 34.90 34.90 43.50 31.51 1L11 35.86 111 42.62
D-8A 2071 17.39 14.20 23.26 17.39 4.58 14.16 458 21.97
D-9A 3524 30.56 25.70 44.68 30.56 6.32 25.70 6.32 36.88
D-9B 4529 4004 26,99 46.40 40.04 8.96 24.68 8.96 49.00
R-0 20,90 17.02 15.06 24,52 17.02 476 15.06 476 21.78
R-1 18.51 21.44 21.44 30.07 18.51 7.18 21.44 7.18 25.70
R2 21.76 23.38 23.38 32.01 21.76 7.95 23.88 7.95 29.71
R-3 34.93 32.52 24.05 34,07 32.52 7.94 24.05 7.94 40.46
R4 17.98 24.64 24.64 34.26 17.98 8.18 24.64 8.18 26.16
R-S 16.04 16.14 10.76 19.39 16.14 1371 3212 137 29.85
R-6 12.93 23.56 23.56 31.37 12.93 7.87 23.56 7.87 20.80
R-7 25.30 23.80 21.97 29.78 23.80 7.38 21.97 7.38 31.19
R-8 24.32 23.05 20.73 28.35 23.05 7.08 20.73 7.08 30.13
c1 34,32 29.51 19,16 3321 20.51 7.01 19.16 7.01 36.52
c2 30.45 30,28 30.28 41.17 30.28 10.87 3285 10.87 41.15
(o ] 3212 31.42 31.42 4321 31.42 10.42 31.81 10.42 41.84
c4 1775 35.89 25,89 47.11 15.89 11.90 36.61 11.90 47.78
cs 37.47 35.71 a5 4721 35.71 11.69 36.32 11.69 47.40
c-6 37.33 3175 24.30 34.95 31.75 7.91 23.86 791 39.65
G-1 48.90 54.53 12.85 21.42 21.42 177 12.85 1.27 28.69
G2 38.74 44,97 12.85 21.44 21.44 177 12.85 127 28.71
CHO-3 5047 55.78 10.38 21.25 21.25 4.90 10.38 4.90 32.15
CHO-4 4262 4213 22.53 39.41 39.41 9.82 2292 9.82 49.24
CHO-5 45.28 43.56 2292 39.78 39.78 9.31 2215 9.31 49.09
CHO-6 59.80 72.61 10.66 27.53 27.53 9.99 10.38 9.99 37.52
CHO-7 45.03 48.37 2253 39.14 39.14 17.32 2253 17.32 56.46
WIE-1 4213 40.88 23.85 23.85 23.85 14.00 23.85 14.00 37.85
Notes:

refer to Table 3.0 for key to beam designations

= shear capacity of top tee using Eq. B.1.

shear capacity cf top tee using Eq. 2.33.

plastic shear capacity of top tee using Eq. 2.18

combined plastic shear capacity of top tee and concrete using Eq. 2.21.
governing shear capacity of top tee.

shear capacity of bottom tee using Eq. B.1.

plastic shear capacity of bottom tee using Eq. 2.22.

governing shear capacity of bottom tee.

, = maximum shear capacity as predicted by Method L.

BE*2E
0

£ %
L}

<c<c<c<cadL
]
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Table 3.7 Steel Beam Shear Capacity Summary: Method II

(values in kips)

Test Vi Ve Vi Voa v Va V. V;
RBD-C1 46.47 47.30 4647 4647 4730 4647 3299 8299
RM-1A 1291 1488 1291 1291 1488 1291  39.15 2581
RM-1B 6.99 14.69 6.99 694 1464 694 3866 13.93
RM-2A 13.82 1594 1382 1382 1594 1382 4194 2765
RM-2B 5.69 12.16 5.69 569 1216 56 323 1138
RM-2C 10.28 11.91 1028 1028 1191 1028 3169 2056
RM-3A 13.05 1505 1305 13.05 1505 1305 39.60  26.11
RM<A 13.03 1502 1303 1303 1502 13.03  39.52  26.06
RM-<B 6.97 14.64 697 697 1464 697 3853 1393
RM-4C 14.56 1679 1456 1456 1679 1456 4417 29.12
CR-1A 14.18 1767 1418 1414 1763 1404 5241 2832
CR-2A 27.19 21 2119 2719 2071 2109 7249 5438
CR-2B 21.19 2171 2119 2719 2171 2019 7249 5438
CR-2C 31.63 3547 3163 3163 3547 3163 9222 6327
CR-2D 31.63 3547 3163 3163 3547 3163 9222 6327
CR-3A 27.02 211 .02 702 7T 2702 7249 5404
CR-3B 3492 35.47 34.92 34.92 35.47 34.92 222 69,84
CR-4A 26.56 3547 2656 2656 3547 2656 922 5312
CR-4B 26.56 3547 2656 2656 3547 2656 922 5312
CR-SA 22.67 25.65 2267 2267 2565 2267 9222 4534
CR-TB 29.51 31.60 2951 2949 3160 2949 8222  59.00
CR-7D 27.50 31.60 27.50 2949 3160 2949 8222 569
CSK-2 64.76 6483 6476 2750 2813 2750 97.69 9226
CSK-5 54.58 §5.15 5458 2196 23.66 21.96 8319 7655
CSK-6 9.64 1579  9.64 4046 4728 4046 8319  50.10
CSK-7 1217 1579 1217 4511 4728 4511 8319 5728
Cs-1 21.26 2198 2126 2126 2198 2126 5173 4253
cs-2 20,47 21.16 2047 2047 2116 2047 5558 4095
Cs-3 2075 2192 2075 2075 2192 2075 5758 41.50
RL-S 21.40 3474 2140 2139 3474 2139 8167 4279
RL-6 1.7 21,60  1L71 171 2160 1L71 8280 2342
B-1 21.46 3390 2146 2146 3390 2146 8392 4293
B-2 19.44 30.28 19.44 19.44 30.28 19.44 72.65 38.87
B-3 18.36 2888 1836 1836 2888 1836 7072 3672
B4 24.42 34.12 24.42 24,42 34.12 24.42 82.35 48.84
CL-4B 7.50 31.51 750 72 3089 7.2 12149 1472
CR-6A 18:21 3547 1821 1821 3547 1821 9222 3643
CSK-1 50.78 63.03 5078 1389 2734 1389 9498  64.67
DO-1 1092 1943 1092 1092 1943 1092 3656  21.84
DO-2 315 11.19 315 314 1118 314 3656 629
DO-3 19.26 2769 1926 407 1118 407 3656 2332
DO-4 9.29 2077 9.9 322 1180 32 3929 1252
DO-5 5.65 1118 5.65 565 1118 565 3656 1130
RBD-RIB 4728 53.80 4728 4728 5380 4728  §2.14 8214
RBD-R2 28.26 4324 2826 2826 4324 2826 8299 5653
RM-11H 7.31 1722 1.3 731 1732 731 5124 1461
RM-21H 4.63 1129 463 463 1129 463 3408 925
RM-2F 4.64 117 464 464 1117 464 33M 929
RM<F 5.97 14.16 5.97 597 1416 597 4187 1194
RM-4H 489 11.86 489 489 1186 489 356l 9.79
Notes:

refer to Table 3.0 for key to beam designations

Vs Via = shear capacity of bottom and top tee, respectively, using Eq. 2.43.
Vi Vs = plastic shear capacity of bottom and top tee, respectively, using Eqs. 2.22 and 2.18.
Via V2 = governing shear capacity of bottom and bottom tees, respectively.
Vi = maximum permissible shear capacity of beam per Section D.1.2.

v, = maximum shear capacity as predicted by Method II.
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Table 3.8 Composite Beam Shear Capacity Summary: Method II

(values in kips)

Test V,, Vay Ve Ve V, v, vV, Via v,
D-1 29.00 47.84 47.84 54.86 29.00 12.95 46,96 1295 41.96
D-2 29.27 44,81 44,81 5212 2.7 1234 44.81 1234 41.61
D-3 30.48 44.54 44.54 52.26 30.48 1225 44.46 1225 4273
D-5A 26.40 45.40 45,40 52.63 26.40 1237 477 1237 w77
D-5B 29.93 4.7 4477 52.26 29.93 340 21.13 3.40 33.33
D-6A 27.01 44,75 44,75 5141 27.01 1237 44.70 1237 9.3
D-6B 41.05 4475 4475 53.36 41.05 1237 44,70 1237 5341
D-TA 327 34,47 3447 42.96 77 9.91 35.54 9.91 42.68
D-7B 31.36 34.90 34.90 43,50 31.36 10.09 35.86 10.09 41.45
D-8A 0.00 16.83 14.20 23.26 16.33 4.15 14.16 4.15 20.98
D-9A 0.00 29.15 25.70 44.68 29.15 521 25.70 5.21 34,36
D-9B 0.00 38.61 26.99 46,40 38.61 7.74 24.68 7.74 46,35
R-0 0.00 16.53 15.06 24.52 16.53 431 15.06 4.3 20.85
R-1 17.84 21.44 2144 30,07 17.84 5.98 21.44 5.98 23.82
R-2 21.87 23,88 23.88 32.01 21.87 6.70 2338 6.70 28.57
R-3 0.00 307 24,05 34,07 30.71 6.73 24.05 6.73 37.44
R4 18.64 24.64 24.64 34.26 18.64 693 24.64 693 25.58
R-5 0.00 14,97 10.76 19.39 14.97 12.81 3212 1281 21.718
R-6 12.48 23.56 23.56 31.37 1248 6.63 23.56 6.63 19.10
R-7 0.00 2 2197 29.78 22.31 6.18 21.97 6.18 28.49
R-8 0.00 21.40 20.73 28.35 21.40 5.76 20.73 5.76 21.16
C-1 0.00 27.06 19.16 x| 27.06 592 19.16 592 3299
c-2 29.41 30.28 30.28 41.17 29.41 9.50 32.85 9.50 38.90
c3 30.74 3142 3142 43.21 30.74 8.92 31.81 8.92 39.66
c4 35.29 35.89 35.89 47.11 35.29 10.02 36.61 10,02 45,31
Cc-5 34.90 5N 357 47.21 34.90 10.43 36.32 10.43 45.33
C-6 0.00 29.23 24.30 34.95 2923 6.93 23.86 6.93 36.16
G-1 0.00 5234 12.85 21.42 21.42 4.69 12.85 4.69 26.11
G-2 0.00 42.77 12.85 21.44 21,44 4.69 12.85 4,69 26.13
CHO-3 0.00 54.03 10.38 21.25 21.25 3.49 10.38 3.49 30.74
CHO-4 0.00 40.97 22.53 39.41 39.41 8.35 2292 8.35 47,76
CHO-5 0.00 4234 2292 39.78 39.78 7.83 2215 7.83 47.61
CHO-6 0.00 70.81 10.66 27.53 21.53 .22 10.38 .2 36.75
CHO-7 0.00 48.32 2253 39.14 39.14 1670 2.53 16.70 55.84
WIE-1 0.00 38.76 23.85 23.85 23.85 14.43 23.85 14.43 38.28
Notes:

refer to Table 3.0 for key to beam designations

V., = shear capacity of top tee using Eq. 2.43

shear capacity of top tee using Eq. 2.46.

plastic shear capacity of top tee using Eq. 2.18

= combined plastic shear capacity of top tee and concrete using Eq. 2.21.
= governing shear capacity of top tee.

shear capacity of bottom tee using Eq. 2.43.

plastic shear capacity of bottom tee using Eq. 2.22.

governing shear capacity of bottom tee.

= maximum shear capacity as predicted by Method II.

5 £<'%<‘::F:¢i<‘l 55
won
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Table 3.9 Steel Beam Shear Capacity Summary: Method III, A = 1.414
(values in kips)

Test Ve Ve Vo Vg Ve V v,

RBD-C1 56.21 47.30 47.30 5621 47.30 47.30 8299 82.99
RM-1A 13.37 14.88 13.37 13.37 14388 13.37 39.15 26.74
RM-1B 7.29 14,69 7.29 725 1464 .25 38.66 14,54
RM-2A 14.32 15.94 14.32 1432 1594 1432 41.94 28.64
RM-2B 5.95 12.16 5.95 595 1216 5.95 3234 11.90
RM-2C 10.62 11.91 10.62 1062 1191 10.62 31.69 21.24
RM-3A 13.52 15.05 13.52 13.52 15.05 13.52 39.60 27.04
RM-4A 13.50 15.02 13.50 13.50 15.02 13.50 39.52 26.99
RM-4B .21 14.64 127 727 1464 .27 38.53 14.54
RM4C 15.08 16.79 15.08 15.08 1679 15.08 44.17 30.17
CR-1A 14.26 17.67 14.26 1422 1763 1422 5241 28.47
CR-2A 29.62 21.71 21.n 2962 2171 1.7 7249 §5.42
CR-2B 29.62 2.7 21n 29.62 2771 2.1 72.49 55.42
CR-2C 3255 35.47 3255 32,55 3547 3255 9222 65.10
CR-2D 3255 35.47 32.55 3255 3547 3255 2.2 65.10
CR-3A 29.19 211 2 29.19 2.7 2.n 7249 55.42
CR-3B 38.23 35.47 35.47 38.23 3547 35.47 9222 70.94
CR-4A 26.59 3547 26.59 26.59 3547 26.59 2xr 53.17
CR-4B 26.59 3547 26.59 26.59 3547 26.59 9222 53.17
CR-5A 23.06 25.65 23.06 23.06 25.65 23.06 nxn 46.12
CR-TB 30.92 31.60 30.92 3091 3160 3091 8222 61.83
CR-7D 28.09 31.60 28.09 3091  31.60 30.91 222 59.00
CSK-2 78.48 64.83 64.83 29.82 2813 28.13 97.69 9296
CSK-5 62.34 55.15 55.15 2276 23.66 2276 83.19 .91

CSK-6 9.67 15.79 9.67 41.22 4728 4.2 83.19 50.89
CSK-7 12.19 15.79 219 48.61 47.28 47.28 83.19 59.47
CS-1 22.80 21.98 21.98 22.30 2198 21.98 57.73 43.95
Cs-2 2195 ~i1.16 21.16 2195 2116 2116 55.58 4231
Cs-3 21.90 2..92 21.90 2190 2192 21.90 57.58 43.80
RL-5 21.51 3474 2151 2150 3474 21.50 81.67 43.01
RL-6 11.81 21.60 11.81 11.81 2160 11.81 82.30 23.63
B-1 21.57 33.90 21.57 21.57 3390 21.57 83.92 4313
B-2 19.51 30.28 19.51 19.51  30.28 19.51 7265 39.02
B-3 18.44 28.88 18.44 18.44 2888 18.44 70.72 36.89
B4 24.42 3412 24.42 2442 3412 2442 8235 48.83
CL-4B .77 31.51 8.7 846 3089 846 12149 17.23
CR-6A 18.78 35.47 18.78 18.78 3547 18.78 9222 37.55
CSK-1 51.35 63.03 51.35 1435 2734 14.35 94.98 65.70
DO-1 11.11 19.43 11.11 11.11 1943 11.11 36.56 nx3
DO-2 3.59 11.19 3.5 358 1118 358 36.56 7.17
DO-3 19.26 27.69 19.26 444 1118 444 36.56 23.70
DO-4 9.79 20.77 2.79 369 11.80 3.69 39.29 13.48
DO-5 5.84 11.18 5.84 58 1118 5.84 36.56 11.68

RED-RIB  49.31 53.80 49.31 49.31 53.80 49.31 8214 8214
RBD-R2 28.33 43.24 28,33 2833 4324 28.33 8299 56.67
RM-11H 7.78 17.32 7.78 7.7 17.32 7.78 5124 15.55
RM-21H 4.95 11.29 4.95 495 1129 495 34.08 9.90
RM-2F 4.95 11.17 4.95 495 1117 4.95 3334 9.91
RM<4F 6.36 14.16 6.36 636 1416 6.36 41.87 127
RM<H 5.3 11.86 5.23 523 1186 523 35.61 10.45

Notes:
refer to Table 3.0 for key to beam designations

Veon Vs = shear capacity of bottom and top tee, respectively, using Eq. 2.54.

Vit Ve plastic shear capacity of bottom and top tee, respectively, using Egs. 2.22 and 2.18.
Via Vs governing shear capacity of bottom and bottom tees, respectively.

v, maximum permissible shear capacity of beam per Section D.1.2.

v, = maximum shear capacity as predicted by Method IIL.
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Table 3.10 Composite Beam Shear Capacity Summary: Method III, A = 1.414

(values in kips)

Test Via Vi V. Ve Vs A Ve Vi v,
D-1 29.14 47.84 47.84 54,86 29.14 14.81 46.96 14.81 43,95
D-2 29.30 44.81 44,81 5212 29.30 14,11 44,81 14.11 43.41
D-3 30.48 44.54 44.54 52.26 30.48 14.01 44.46 14.01 44,49
D-5A 26.59 45.40 45.40 52.63 26.59 14.14 4.7 14.14 40,73
D-5B 29.95 4477 4T 5226 29.95 423 23.13 4.23 34.17
D-6A 27.14 44,75 44,75 51.41 27.14 14,13 44,70 14,13 41.27
D-6B 42.03 44,75 44,75 53.36 42.03 14.13 44,70 14,13 56.16
D-TA 33.93 34,47 34.47 42.96 33.93 1131 35.54 11.31 45.24
D-7B 31.95 34.90 34.90 43.50 31.95 11.49 35.86 11.49 43.45
D-8A 0.00 16.83 14,20 23.26 16.83 4.69 14,16 4,69 21.53
D-9A 0.00 29.15 25.70 44.68 29.15 6.24 25.70 6.24 35.38
D-9B 0.00 38.61 26.99 46.40 38.61 8.66 24.68 8.66 47.28
R-0 0.00 16,53 15.06 24.52 16.53 4,90 15.06 4,90 21,43
R-1 17.97 21.44 21.44 30.07 17.97 6.82 21.44 6.82 24.79
R-2 2239 23.88 23,88 3201 22.39 7.64 23.88 7.64 30.02
R-3 0.00 307 24,05 34.07 30.71 7.68 24.05 7.68 38.38
R4 18.66 24.64 24.64 34.26 18.66 7.90 24.64 7.90 26.56
R-5 0.00 14.97 10.76 19.39 14.97 13.76 3212 13.76 2873
R-6 1267 23.56 23.56 31.37 12.67 7.55 23.56 1.55 2022
R-7 0.00 22.31 21.97 29.78 2231 7.04 21.97 7.04 29.3%
R-8 0.00 71.40 20.73 28.35 21.40 6.57 20.73 6.57 27.98
C-1 0.00 2,06 19.16 3321 27.06 6.65 19.16 6.65 337N
c2 30,75 30.28 30.28 41,17 30.75 10.77 3285 10.77 4153
C3 3234 31.42 31.42 43.21 3234 10.17 31.81 10,17 4252
c4 37.24 35.89 35.89 47.11 37.24 11.47 36.61 11.47 437
c-5 3673 iy b | asn 47.21 36.73 11.85 36.32 11.85 48.58
C-6 0.00 29.23 24.30 34.95 29.23 7.85 23.86 7.85 37.08
G-1 0.00 5234 12.85 21.42 21.42 312 12.85 5.12 26.54
G-2 0.00 4a2a.m 12.85 21.44 2144 5.12 1285 5.12 26.56
CHO-3 0.00 54,03 10.38 21.25 21.25 186 10.38 3.36 3L11
CHO-4 0.00 40.97 2253 39.41 39.41 9.11 2292 9.11 48.52
CHO-5 0.00 4234 2292 39.78 39.78 8.59 22.15 8.59 48.37
CHO-6 0.00 70.81 10.66 21.53 27.53 9.40 10.38 9.40 36.93
CHO-7 0.00 48.32 253 39.14 39.14 1671 22.53 16T 55.85
WIE-1 0.00 38.76 23.85 23.85 23.85 14.46 23,85 14.46 38.31
Notes:

refer to Table 3.0 for key to beam designations

Vi = shear capacity of top tee using Eq. 2.54.
Viey =  shear capacity of top tee using Eq. 2.46.
V,, = plastic shear capacity of top tee using Eq. 2.18

combined plastic shear capacity of top tee and concrete using Eq. 2.21.
governing shear capacity of top tee.

shear capacity of bottom tee using Eq. 2.43.

plastic shear capacity of bottom tee using Eq. 2.22.

governing shear capacity of bottom tee.

= maximum shear capacity as predicted by Method III.

FETENE
i
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Table 3.11 Steel Beam Shear Capacity Summary: Redwood and Shrivastava (1980)

v v, Vi Vv

Test (k) o Oy term,  termy,  (d-2)ft, (k) (k) (k)

RBD-C1 12574 27.69 27.70 037 0.37 5842 9294 83.87 83.87
RM-1A 59.31 3.04 304 0.2 0.22 30.41 25.80 29.76 25.80
RM-1B 58.58 0.29 0.29 0.12 0.12 30.95 13.98 29.33 13.98
RM-2A 63.54 3.04 304 0.2 0.2 30.03 27.64 31.88 27.64
RM-2B 48.99 0.28 0.28 0.12 0.12 3197 11.38 24.31 11.38
RM-2C 48,01 29 291 0.21 0.21 31.83 20.56 2383 20.56
RM-3A 59.99 3.04 3.04 022 0.2 30.53 26.10 30.10 26.10
RM-A 59.88 3.04 3.04 0.2 0.2 30.53 26.05 30.04 26.05
RM-4B 58.37 0.29 0.29 0.12 0.12 30.66 13.93 29.28 13.93
RM<4C 66.93 3.04 3.04 0.2 0.2 30.41 29.12 33.58 29.12
CR-1A 79.41 0.00 0.00 0.29 0.00 37.88 23.26 35.29 23.26
CR-2A 109.84 0.00 0.00 0.50 0.00 40.30 55.42 55.42 55.42
CR-28 109.84 0.00 0.00 0.50 0.00 40.30 55.42 55.42 55.42
CR-2C 139.72 0.00 0.00 0.35 0.00 4341 48.38 70.94 48.88
CR-2D 139.72 0.00 0.00 0.35 0.00 4341 48.88 70.94 48.88
CR-3A 109.84 0.00 0.00 0.50 0.00 40.30 55.42 55.42 55.42
CR-3B 139.72 0.00 0.00 0.51 0.00 43.41 70.94 70.94 70,94
CR-4A 139.72 0.00 0.00 0.26 0.00 43.41 36.53 70.94 36.53
CR-4B 139.72 0.00 0.00 0.26 0.00 4341 36.53 70.94 36.53
CR-5A 139.72 0.00 0.00 0.32 0.00 4341 4434 51.29 4434
CR-7B 124.58 0.00 0.00 0.41 0.00 41.95 51.65 63.21 51.65
CR-TD 12458 0.00 0.00 0.41 0.00 41.95 51.65 63.21 51.65
CSK-2 148.02 0.00 0.00 0.63 0.00 43.48 9296 92.96 92.96
CSK-5 126.05 0.00 0.00 0.57 0.00 49.18 nom 78.81 no
CSK-6 126.05 0.00 0.00 028 0.00 49,18 35.56 63.06 35.56

CSK-7 126.05 0.00 0.00 0.38 0.00 49.18 47.42 63.06 47.42
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N. V., Vo v

Test (k) o, o, term,  termy  (d-2)Nt, (k) (k) (k)
Ccs-1 87.47 0.00 0.00 0.50 0.00 3257 4395 4395 43.95
Ccs-2 84.21 0.00 0.00 0.50 0.00 3257 4231 42.31 4231
cs-3 87.24 0.00 0.00 0.50 0.00 32.57 4384 4384 43.84
RL-S 123.74 0.00 0.00 0.15 0.00 56.56 18.71 69.49 18.71
RL-6 125.45 0.00 0.00 0.14 0.00 58.29 1751 4320 17.51
B-1 127.15 0.67 0.67 0.17 0.17 48.09 4293  67.80 4293
B-2 110.08 0.70 0.70 0.18 0.18 49.90 38.87  60.56 38.87
B-3 107.15 0.68 0.68 0.17 0.17 48.48 3672 5176 3672
B4 124.77 1.05 1.05 0.20 0.20 47.80 4334  68.23 48.84
CL4B 184,07 0.06 0.11 0.04 0.07 49.29 20.16 62.40 20.16
CR-6A 139.72 0.36 0.36 0.13 0.13 4341 3643 7094 36.43
CSK-1 143.90 0.35 1.85 0.10 0.35 43.48 64.67 9038 64.67
DO-1 55.39 0.46 0.46 0.20 0.20 31.42 21.84 3694 21.84
DO-2 55.39 0.09 0.09 0.06 0.06 31.42 628 2236 6.28
DO-3 55.39 0.15 0.94 0.07 0.35 31.42 2332 36.94 23.32
DO-4 59.53 0.08 0.25 0.05 0.16 28.02 1252 3256 1252
DO-5 55.39 0.34 0.34 0.10 0.10 31.42 1130 2235 11.30
RBD-RI1B 124.45 3.39 3.39 0.38 0.38 59.08 9456 8301 83.01
RBD-R2 125,74 0.75 0.75 0.22 0.3 58.42 56.58  83.87 56.58
RM-11H  77.63 0.2 0.22 0.09 0.09 25.37 14.61 34.65 14.61
RM-21H  51.63 0.20 0.20 0.09 0.09 32.24 925 2259 9.25
RM-2F 50.52 0.21 0.21 0.09 0.09 31.36 928 2233 9.28
RM-4F 63.45 0.2 0.2 0.09 0.09 29.92 11.94 2831 11.94
RM<H 53.96 0.21 0.21 0.09 0.09 12,37 979 2372 9.79
Notes:

refer to Table 3.0 for key to beam designations

v

r

o,

O
term,

O PR

n

plastic shear capacity of unperforated web

expression used in Eq. 2.76
expression used in Eq. 2.76

first part of Eq. 2.76 for unreinforced beams

Eq. 2.78/(1 - h/d) for reinforced beams
second part of Eq. 2.76 for unreinforced beams,

0.0 for reinforced beams
(term; +termy ) * V,

maximum permissible shear capacity per Section D.1.2 of this report

governing shear capacity
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Table 3.12 Composite Beam Shear Capacity Summary: Redwood and Poumbouras
(1984)

Ca CI‘ c} IVl Vb V- Mv
Test (k) (k) (k) kS k6 p Yy ® (k) (k)  (in-k)
D-1 364.75 173.28 103.97 0.48 0.29 2.21 592 29.00 12.95 41.96 2478.96
D-2 395.76 214.79 141.11 0.54 0.36 2.64 6.05 29.27 12.34 41.61 231213
D3 440.64 215.37 135.50 0.49 0.31 2.86 6.03 30,48 1225 4273 2360.26

D-5A 386.78 179.25 128.04 0.46 0.33 2.4 5.94 26.40 1237 8.7 2407.58
D-5B 41534 222.68 146.27 0.54 0.35 274 6.02 29.93 3.40 3333 2941.50
D-6A 328.03 192.03 128.02 0.59 0.39 224 6.01 21.01 1237 39.37 2486.16
D-6B 438,60 224.28 11433 0.51 0.26 ju 6.01 34.00 1237 46.37 2596.25
D-7A 427.38 164.31 29.53 0.38 0.07 481 6.15 3L14 9.91 41.05 188226
D-7B 438.60 165.05 107.79 0.38 0.25 291 6.07 2394 10.09 34.03 1748.31
D-8A 401.88 7242 4323 0.18 0.11 8.28 5.64 14.20 4.15 18.35 494.13
D-9A 510.41 154.65 45,18 0.30 0.9 1L11 8.36 25.70 .21 3091 2296.02
D-9B 711.55 157.33 100.74 0.22 0.14 845 4.30 26.99 174 3473 2256.19
D-8B 401.88 65.72 43.82 0.16 0.11 7.58 9.20 1241 1.85 14.26 501.24

Notes:

refer to Table 3.0 for key to beam designations

full compressive resistance of the slab

compressiv : force in concrete at the high moment end of the opening
compressive force in concrete at the low moment end of the opening
C,/c,

CJC,

= term relating the internal moments of compression forces at the ends
of the opening and C, to the plastic shear capacity of the tee and tee depth
opening length/tee depth

bottom tee shear capacity

top tee shear capacity

maximum shear capacity without moment interaction

maximum moment capacity without shear interaction

L]

ann
]
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I
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- F A
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Table 3.13 Steel Beam Capacity Summary: Method I, A = 1.414

M, v,
Test™® (in.-k) (k)
Unreinforced

Circular Opening

RBD-C1 2945.79 8299
RM-1A 716.71 29.76
RM-1B 711.06 15.32
RM-2A 798.33 31.88
RM-2B 660.89 12.82
RM-2C 606.23 23.76
RM-3A 713.87 30.05
RM-4A 720.71 30.04
RM<4B 695.17 15.26
RM-4C 701.33 n

Rectangular Opening

B-1 2303.02 43.18
B-2 2171.63 3936
B-3 2081.90 17.20
B4 2207.88 49.06
CL4B 3555.94 18.03
CR-6A 2564.72 kL)
CSK-1 3388.11 67.95
DO-1 725.03 2253
DO-2 674.35 8.00
DO-3 691,24 24.19
DO-4 698.68 13.93
DO-§ 67435 13.45
RBD-R1B 3033.59 82.14
RBD-R2 2925.66 56.58
RM-11H 749.12 15.96
RM-21H 618.27 10.71
RM-2F 629.18 10.80
RM-4F 733.86 13.62
RM-<4H 637.98 11.25

Overall Unreinforced

M o Viat M, Vs
(in.-k) (k) (in.-k) (k)
2046,38 98.17 1626.80 78.04

728.13 0.00 T16.71 0.00

712.13 0.00 711.06 0.00

575.54 31.96 516,63 28.69

295.54 16.41 221.64 1264

480.54 26.69 386.99 21.49

619.49 20.63 624.29 20.79

691.77 14.38 693.16 14.41

55377 11.50 566.64 11.77

672.77 13.98 681.79 14.17

[T SR U — O .
Coefficient of Variation ...........
Resistance Factor . . ... ..covvnunnn

945,00 47.22 849.48 4245

1704.80 42.56 1415.15 35.33
1.80 49.74 1.35 37.20

1003.00 50.12 954.61 47.70
1000.00 27.80 647.36 18.00
121237 55.07 832.78 37.83
2358.39 78.54 1910.29 63,62

392.95 24.94 342,11 21N

182.69 1159 125.79 7.98

622.36 19.73 574.31 18.21

496.99 15.75 408.08 1293

728.74 0.00 674,35 0.00
1718.81 85.06 1577.91 78.09
1269.70 59.86 1173.71 55.33

772.33 0.00 749.12 0.00

342.82 14.27 251.37 10.46

284.54 15.80 192.58 10.69

566.77 1.7 548.14 1138

483.77 10.04 462.12 9.59

BER -« v 4w A A
Coefficient of Variation ...........
Resistance Factor . . . vevvavinsnans
Mean =00 cieierennes
Coefficient of Variation @ ...........

Test/
Theory

1.258
1.016

1114

1.242
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M, v, M, Vi M, Vi Test/
Test™? (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Reinforced
Rectangular Opering
CR-1A 1079.61 28.73 914,16 21.2 911.10 21.15 1.003
CR-2A 2362.84 55.42 1542.37 70.07 1168.65 53.09 1.320
CR-2B 2362.84 55.42 2331.35 51.74 1925.81 4274 1.211
CR-2C 2773.20 66.01 211223 70.36 1786.40 59.51 1.182
CR-2D 2773.20 66.01 1404.33 82.53 1099.34 64.61 1.277
CR-3A 2362.84 55.42 1707.37 77.57 1168.60 53.09 1.461
CR-3B 2773.20 7094 2704.85 60.10 2344.37 52.09 1.154
CR-4A 2773.20 53.27 1487.37 67.57 1144.54 52.00 1.300
CR-4B 2773.20 5327 2313.35 51.34 2032.05 45.10 1.138
CR-5A 2773.20 47.34 1554.23 51.76 136283 45.39 1.140
CR-7TB 2501.55 62.79 2448.35 54,34 2099.57 46.60 1.166
CR-7D 2501.55 59.86 1319.33 71.58 996.03 58.57 1.325
CSK-2 3680.73 92.96 2872.39 95.69 2473.48 82.40 1.161
CSK-5 3141.22 78.78 2309.50 76.93 2100.71 60.98 1.099
CSK-6 3043.56 51.36 1471.10 48.99 1480.76 49.31 0.993
CSK-7 3043.56 60.30 1780.10 59.29 1698.78 56.58 1.048
CS-1 2137.01 43.95 1811.25 30.08 1856.00 30.82 0.976
Cs-2 2155.60 4231 1772.25 29.43 1840.91 30.57 0.963
cs-3 2095.06 43.84 1604.00 40.03 1505.14 37.56 1.066
RL-5 2667.74 4260 2893.50 0.00 2667.74 0.00 1.085
RL-6 2701.97 23.69 1048.89 21.36 1133.79 23.09 0.925
¥ P N 1.143
Coefficient of Vadation ........... 0.121
Resistance Factor . . .. ... ...oven.. 0.932
Overall Steel Beams
N SIS Y S L [ 1.158
Coefficient of Varation . ............... 0.134
Resistance Factor .......c.ocvvevivenns 0929

Notes:

(1) refer to Table 3.0 for key to beam designations
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Table 3.14 Composite Beam Capacity Summary: Method I, A = 1.414

M, Y. M Via M, v, Test/
Test™® (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Unreinforced
Ribbed Slab
D-1 5405.49 43,73 1606.00 37.80 1833.32 43.15 0.876
D-2 5967.14 42.44 3095.00 39.00 3187.38 40.16 0.971
D-3 6096.61 43.64 6075.00 11.30 6061.36 5 ook 1.002
D-5A 5388.57 n13 2768.00 34.60 2961.53 37.02 0.935
D-5B 5226.80 33.67 2568.00 2 2573.39 .27 0.998
D-6A 5422.56 40.52 0.00 41.00 0.00 40.52 1.012
D-6B 5733.80 55.92 2070.00 48.90 2314.16 54.67 0.894
D-TA 4665.32 45.40 1845.00 43.50 1882.53 44.38 0.980
D-7B 4362.93 42.62 3379.00 42.60 2976.26 37.52 1.135
D-8A 1344.57 21.97 T774.00 19.40 807.98 20.25 0.958
D-8B 1056.25 14.76 427.00 14.30 430.55 14.42 0.992 (2)
D-9A 4791.16 36.88 1474.00 34.50 1557.46 36.45 0.946
D-9B 4588.71 49.00 1755.00 47.30 1781.80 48.02 0.985
R-0 1288.17 21.78 752.00 18.20 816.12 19.75 0.921
R-1 2630.28 25.70 978.00 26.00 951.08 25.28 1.028
R-2 351643 b 5 2904.00 28.70 2557.21 5.7 1.136
R-3 3774.33 40.46 3993.00 16.40 3706.13 15.2 1.077
R4 3022.68 26.16 3212.00 13.10 2924.05 11.93 1.098
R-5 2791.69 29.85 1038.00 27.60 1099.37 29.23 0.944
R-6 2594.94 20.80 786.00 21.20 764.39 20.62 1.028
R-7 2833.28 31.19 1134.00 30.50 1134.13 30.50 1.000
R-8 2817.84 30.15 1075.00 28.90 1098.11 29.52 0.979
1T KN B S 0 0.995
Coefficient of Variation ............ 0.071
Resistance Factor ................ 0.856
Solid Slab
C-1 3110.10 36.52 2886.00 33.40 2486.39 28.78 1.161
c-2 4604.48 41.15 4107.00 36.80 3649.89 32.70 1.125
C3 4624.92 41.84 5468.00 14.00 4590.49 11.75 1.191
c4 4900.59 47,78 1723.00 47.60 1705.04 47.10 1.011
C-5 5138.3 47.40 3511.00 48.10 3165.98 43.37 1.109
C-6 3188.26 39.65 1471.00 40.40 1401.73 38.50 1.049
G-1 1734.13 28.69 791.00 32.70 679.72 28.10 1.164
G-2 1712.64 28.711 1296.00 26.50 1212.95 24.80 1.068
CHO-3 1369.30 32.15 634.00 35.70 557.83 31.41 1.137
CHO-4 2356.96 49.24 1477.00 46.70 1431.12 45.25 1.032
CHO-5 2444.36 49.09 2319.00 17.90 2399.78 18.52 0.966
DRSS v o vi g W R S 1.092
Coefficient of Varation ............ 0.066
Resistance Factor ................ 0.943
Overall Unreinforced
BN sriia s R A T R 1.028
Coefficient of Varation .. .........o00uu.. 0.081
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M, v M, Vs M, v, Test/

Test™® (in.-k) (k) (in.-k) (k) (in.-k) (k)  Theory
Reinforced

Ribbed Slab
WIE-1 T7782.56 37.85 7155.63 0.00 7782.56 0,00 0.919

Solid Slab
CHO-6 1745.52 37.52 721.00 40.60 654.36 36.85 1.102
CHO-7 2983.27 56,46 266400 20.60 2918.36 22.57 0.913

Overall Reinforced

Overall Composite Beams

Notes:

e ¢ ISTRPEI - et e § 1.008
Coefficient of Variation ............ 0.133
Registance Faotor . ... .ovvueneins 0.810

0.978
0.110
0.808

1.024
0.084
0.870

(1) refer to Table 3.0 for key to beam designations
(2) excluded form analysis (see Appendix E)
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Table 3.15 Steel Beam Capacity Summary: Method II

M, Ve M, Vit M, Vi Test/
Test™” (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Unreinforced
Circular Opening
RBD-C1 2945.79 82.99 2046.38 98.17 1626.80 78.04 1.258
RM-1A 716.71 25.81 728.13 0.00 716.71 0.00 1.016
RM-1B 711.06 13.93 712.13 0.00 711.06 0.00 1.002
RM-2A 798.33 27.65 575.54 31.96 463.14 25.72 1.243
RM-2B 660.89 11.38 205.54 16.41 202.94 11.27 1.456
RM-2C 606.23 20.56 480.54 26.69 345,66 19.20 1.390
RM-3A 713.87 26.11 619.49 20.63 591.81 19711 1.047
RM<4A 720.71 26.06 691,77 14.38 680.09 14,14 1.017
RM-4B 695.17 13.93 553.77 11.50 541.82 11.25 1.022
RM-4C 701.33 29.12 67277 13.98 674.27 14,01 0.998
Y R S PP P PR 1.145
Coefficient of Varation ........... 0.154
Resistance Factor . oo v o v o0 anncass 0.895
Rectangular Opening
B-1 2303.02 42,93 945.00 1.2 844.70 4221 1.119
B-2 2171.63 18.87 1704.80 42.56 1402.40 35,01 1.216
B-3 2081.90 36.72 1.80 49.74 1.33 36.72 1.355
B4 2207.88 48.84 1003.00 50.12 950.62 47.50 1.055
CL-4B 3555.94 14.72 1000.00 27.80 528.86 14.70 1.891
CR-6A 2564.72 36.43 1212.37 55.07 793.91 36.06 1.527
CSK-1 3388.11 64.67 2358.39 78.54 1833.36 61.06 1.286
DO-1 725.03 21.84 392.95 24.94 332.63 2111 1.181
DO-2 674.35 6.29 182.69 11.59 99.05 6.28 1.844
DO-3 691.24 2332 622.36 19.73 565.20 17.92 1.101
DO-4 698,68 1252 496.99 15.75 373.66 11.84 1.330
DO-5 674.35 11.30 728.74 0.00 674.35 0.00 1.081
RBD-R1B 3033.59 8214 1718.81 85.06 1577.91 78.09 1.089
RBD-R2 2925.66 56.53 1269.70 59.86 117267 55.29 1.083
RM-11H 749,12 14.61 77233 0.00 749.12 0.00 1.031
RM-21H 618.27 9.25 34282 14.27 218.95 9.11 1.566
RM-2F 629.18 9.29 284,54 15.80 166.21 9.23 1.712
RM<4F 731.86 11.94 566.77 11.77 504.51 10.48 1.123
RM-4H 637.98 9.79 48377 10.04 421.11 8.74 1.149
g P e pe R T e 1302
Coefficient of Varation ........... 0211
Resistance Factor . . ..o vvvvnnanns 0.939
Overall Unreinforced
BIBRN ico R e e S e e 1.248
Coefficient of Variation . ... ............ 0.203
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M. v, M., Ve, M, v, Test/
Test” (k)  ® (k) ® (k) @  Theory
Reinforced

Rectangular Opening
CR-1A 1079.61 28.32 914.16 212 905.81 21.03 1.009
CR-2A 2362.84 54.38 1542.37 70.07 1149.29 5221 1.342
CR-2B 2362.84 5438 2331.35 51.74 1908.90 4236 L.221
CR-2C 27713.20 63.27 211223 70.36 1730.93 57.66 1.220
CR-2D 27T73.20 63.27 1404.33 8253 1056.38 62.08 1.329
CR-3A 2362.84 54.04 1707.37 77.57 1142.88 51.92 1.494
CR-3B 2713.20 69.84 2704.85 60.10 2329.68 51.76 1.161
CR-4A 27T713.20 5312 1487.37 67.57 1141.50 51.86 1.303
CR-4B 2773.20 5312 2313.35 5134 2028.51 45,02 1.140
CR-5A 2773.20 4534 1554.23 51.76 1311.57 43.68 1.185
CR-TB 2501.55 59.00 2448.35 5434 2043.93 45.36 1.198
CR-TD 2501.55 56.99 1319.33 77,58 951.15 55.93 1,387
CSK-2 3680.73 92.26 287239 95.69 246043 81.97 1.167
CSK-5 3141.22 T76.55 2309.50 76.93 2058.36 68.56 1122
CSK-6 3043.56 50.10 1471.10 4899 1448.36 4823 1.016
C3K-7 3043.56 51.28 1780.10 59.29 1627.24 54.20 1.094
CSs-1 2137.01 42.53 1811.25 30.08 1834.33 30.46 0.987
Cs-2 2155.60 40,95 171225 2943 1817.55 3018 0.975
Cs-3 2095.06 41.50 1604.00 40,03 1452.76 36.26 1.104
RL-5 2667.74 4279 2893.50 0.00 2667.74 0.00 1.085
RL-6 2701.97 2342 1048.89 21.36 1121.93 2285 0.935

g e S S R ARy 1.166
Coefficient of Variation ........... 0.125
Resistance Factor . . . ............. 0.946
Overall Steel Beams
O o o o i e A T 1213
Coefficient of Varation ........c0000rea 0.179
Resistance Factor ...........cc000000- 0.916

Notes:

(1) refer to Table 3.0 for key to beam designations
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Table 3.16 Composite Beam Capacity Summary: Method II

M, Ve, M, Vi M, v, Tesy/
Test™ (in-k) (&  (n-k) (K (in-k) (k)  Theory
Unreinforced
Ribbed Slab
D-1 5405.49 41.96 1606.00 37.80 1761.88 41.47 0912
D-2 5967.14 41.61 3095.00 39.00 3134.09 39.49 0.988
D-3 6096.61 4273 6075.00 1130 6059.10 11.27 1.003
D-5A 5388.57 38.77 2768.00 34.60 2926.49 36.58 0.946
D-5B 5226.80 3333 2568.00 3220 2550.56 31.98 1.007
D-6A 5422.56 39.37 0.00 41,00 0.00 39.37 1.041
D-6B 5733.80 5341 2070.00 48.90 221670 52.37 0.934
D-TA 4665.32 42.68 1845.00 43.50 1776.25 41,88 1.039
D-7TB 4362.93 41.45 3379.00 42.60 2919.52 36.81 1.157
D-8A 1344.57 20.98 774.00 19.40 778.78 19.52 0.994
D-8B 1056.25 14.26 427.00 14,30 416.89 13.96 1.024 (2)
D-9A 4791.16 34,36 1474.00 34.50 145422 34.04 1.014
D-9B 4588.71 46.35 1755.00 47.30 1690.66 45.57 1.038
R-0 1288.17 20.85 752.00 18.20 789.46 19.11 0.953
R-1 2630.28 23.82 978.00 26.00 884.35 23.51 1.106
R-2 3516.43 28.57 2904.00 28.70 249473 24.66 1.164
R-3 377433 37.44 3993.00 16.40 3689.03 15.15 1.082
R4 3022.68 25.58 321200 13.10 2917.62 11.90 1.101
R-5 2791.69 27.78 1038.00 27.60 1026.99 21.31 1.011
R-6 2594.94 19.10 786.00 21.20 703.59 18.98 1.117
R-7 2833.28 28,49 1134.00 30.50 1041,39 28.01 1.089
R-8 2817.84 27.16 1075.00 28.90 995.18 26.75 1.080
........................ 1.037
Coefficient of Varation ........... 0.069
Resistance Factor ................ 0.893
Solid Slab
C-1 3110.10 3299 2886.00 33.40 2356.44 non 1.225
Cc-2 4604.48 38.90 4107.00 36.80 354421 31.76 1.159
C3 4624.92 39.66 5468.00 14.00 4584.59 11.74 1.193
c4 4900.59 4531 1723.00 47.60 1620.15 44.76 1.063
C-5 5138.3 45.33 3511.00 48.10 3058.00 41.89 1.148
C-6 3188.26 36.16 1471.00 40.40 1287.01 35.35 1.143
G-1 1734.13 26.11 791.00 32.70 621.76 25.70 1.2712
G-2 171264 26.13 1296.00 26.50 1138.24 23.77 1.139
CHO-3 1369.30 30.74 634.00 35.70 534.82 30.12 1.185
CHO-4 2356.96 47.76 1477.00 46,70 1397.35 44,18 1.057
CHO-5 2444.36 47.61 2319.00 17.90 2395.66 18.49 0.968
DIBRE o i€ i) S S e i At 1.141
Coefficient of Variatdon ........... 0.075
Resistance Factor .........c00000 0.978
Overall Unreinforced
o o P e N N P 1.073
Coefficient of Variation . .........0.000 0.084
Resistance Factor . ......c0vvucnnnnan 0912
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Table 3.16 (continued)

M, M., Vit M, V., Test/
Test” (in-k) (k) (in.-k) (k) (in-k) (k) Theory
Reinforced
Ribbed Slab
WIE-1 TI82L56 38,23 7155.63 0.00 TIBLS6 0.00 0.919
Solid Slab
CHO-6 1745.52 36.75 721.00 40.60 641.64 36.13 1.124
CHO-7 2983.27 55.84 2664.00 20.60 2916.28 22.55 0913
ML <o e e T e e 1.019
Coefficient of Variation ........... 0.146
Resistance Factor ............... 0.805
Overall Reinforced
T L PR Ay SRS e A 0.985
Coefficient of Varation . .............. 0122
Resistancs Factor .......ccovivnnnane 0.802
Overall Composite Beams
BN iy 4 4iorser b BRI ok i ok A 1.065
Coefficient of Vanation . . . ...coiiiniinnann 0.088
Resistance Factor . ......cvvvvenerensnanss 0.901

Notes:

(1) refer to Table 2.0 for key to beam designations
(2) excluded from analysis (see Appendix E)
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Table 3.17 Steel Beam Capacity Summary: Method III, A = 1.414

M, Y., M., Vi M, Y. Test/
Test® (in.-k) (k) (in.-k) (3] (in.-k) (k) Theory
Unreinforced
Circular Opening
RBD-C1 2945.79 82.99 2046,38 98.17 1626.80 78.04 1.258
RM-1A 716,71 26.74 728.13 0.00 716.71 0.00 1.016
RM-1B 711.06 14,54 71213 0.00 711.06 0.00 1.002
RM-2A 798.33 28.64 575.54 31.96 476.33 26,45 1.208
RM-2B 660.89 11.90 295.54 1641 211.99 1.77 1.394
RM-2C 606.23 21.24 480,54 26.69 354.93 19.71 1.354
RM-3A T713.87 27.04 619.49 20.63 600.58 20.00 1.031
RM-4A 720.71 26.99 691.77 14,38 683.76 14,21 1.012
RM<4B 695.17 14,54 553.77 11.50 553.66 11.50 1.000
RM-4C 701.33 30.17 67277 13.98 676.80 14.06 0.994
L ORI T~ SRR ) (o S 1127
Coefficient of Variation ............ 0.142
Resimance Factor . . s oo ovcncavrcans 0.895
Rectangular Opening
B-1 2303.02 4313 945.00 41.2 848.59 42,40 1.114
B-2 2171.63 39.02 1704.80 42.56 1406.27 35.11 1.212
B-3 2081.90 36.89 1.80 49.74 1.33 36.89 1.348
B4 2207.88 48.83 1003.00 50.12 950.55 47.50 1.055
CL4B 3555.94 17.23 1000.00 27.80 618.82 17.20 1.616
CR-6A 2564.72 375 121237 55.07 817.70 37.14 1.483
CSK-1 3388.11 65.70 2358.39 78.54 1857.84 61.87 1.269
DO-1 725.03 nn 392.95 24.94 338.00 21.45 1.163
DO-2 674.35 7.17 18269 11.59 112.81 1.16 1.619
DO-3 691.24 23.70 622.36 19.73 569.22 18.05 1.093
DO-4 698.68 13.48 496.99 15.75 397.53 12.60 1.250
DO-5 674.35 11.68 T728.74 0.00 674,35 0.00 1.081
RBD-R1B 3033.59 8214 1718.81 85.06 15717.91 78.09 1.089
RBD-R2 2925.66 56.67 1269.70 59.86 1175.43 55.42 1.080
RM-11H 749.12 15.55 77233 0.00 749.12 0.00 1.031
RM-21H 618.27 9.90 342.82 14.27 233.43 9.72 1.469
RM-2F 629.18 9.91 284.54 15.50 177.10 9.83 1.607
RM4F 733.36 127 566.77 11.77 525.52 10,91 1.078
RM~H 637.98 10.45 433.77 10.04 440,82 9.15 1.097
T D 1.250
Coefficient of Variaion ............ 0.167
Resistance Factor . . . .....covuvvavs 0.960
Overall Unreinforced
IR 1o a0 DA s 80 e WO N I 1.208
Coefficient of Variation .. .....00vvueann 0.165

Resistance Pactor . ....icveeivennasianns 0.930
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Table 3.17 (continued)
M, V. M, Vi, M, Y3 Tesy/
Test™ (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Reinforced
Rectangular Opening
CR-1A 1079.61 28.47 914.16 212 907.83 21.07 1.007
CR-2A 2362.84 55.42 1542.37 70,07 1168.65 53.09 1.320
CR-2B 2362.84 55.42 2331.35 51.74 1925.81 4274 1.211
CR-2C 2773.20 65.10 211223 70.36 1768.33 58.90 1.194
CR-2D 2773.20 65.10 1404.33 82.53 1085.19 6377 1.294
CR-3A 2362.84 55.42 1707.37 T1.57 1168.60 53.09 1.461
CR-3B 2T73.20 70.94 2704.85 60.10 234437 5209 1.154
CR-4A 277320 53.17 1487.37 67.57 1142.54 51.90 1.302
CR-4B 27T73.20 53.17 2313.35 51.34 2029.72 45.05 1.140
CR-5A 27T73.20 46.12 1554.23 51.76 133172 44.35 1.167
CR-TB 2501.55 61.83 2448.35 5434 2086.21 46.30 1.174
CR-TD 2501.55 59.00 1319.33 77.58 982.66 51.78 1.343
CSK-2 3680.73 92.96 287239 95.69 2473.48 8240 1.161
CSK-5 3141.22 7791 2309.50 76.93 2084.50 69.44 1.108
CSK-6 3043.56 50.89 1471.10 48.99 1468.61 4891 1.002
CSK-7 3043.56 59.47 1780.10 59.29 1679.31 55.93 1.060
CS-1 2137.01 43,95 181125 30.08 1856.00 30.82 0.976
CS-2 2155.60 42.31 1772.25 29.43 1840.91 30.57 0.963
Cs-3 2095.06 43,30 1604,00 40.03 1504.35 3754 1.066
RL-§ 2667.74 43.01 2893.50 0.00 2667.74 0.00 1.085
RL-6 2701.97 23.63 1048.89 21.36 1131.03 23.03 0.927
IO i 57 7 s 47 AT i 1.148
Coefficient of Varation ........c0.. 0122
Resistance Factor . . ... vvvvvnnnnnnns 0.935
Overall Steel Beams
RN « BT6 %4 oo e o s wraw vy B e 1.183
Coefficient of Variation .........c0000en 0.150
Resistance Factor ............conecses 0.930

Notes:

(1) refer to Table 3.0 for key to beam designations
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Table 3.18 Composite Beam Capacity Summary: Method III, A = 1.414

Mﬁ V— MM Vldl Mn vn Tcsu
Test™ (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Unreinforced
Ribbed Slab
D-1 5405.49 43,95 1606.00 37.80 1842.19 43,36 0.872
D-2 5967.14 4341 3095.00 39.00 3248.86 40.94 0.953
D3 6096.61 44,49 6075.00 11.30 6063.33 11.28 1.002
D-5A 5388.57 40,73 2768.00 34.60 3048.68 38.11 0.908
D-5B 5226.80 34.17 2568.00 3220 2607.65 32.70 0.985
D-6A 542256 41.27 0.00 41.00 0.00 a7 0.994
D-6B 5733.80 56.16 2070.00 48.90 2323.46 54.89 0.891
D-TA 4665.32 45.24 1845.00 43.50 1876.15 4.3 0.983
D-7B 4362.93 43,45 3379.00 42.60 3015.41 38.02 1.121
D-8A 1344.57 21.53 774.00 19.40 795.00 19.93 0.974
D-8B 1056.25 14.87 427.00 14.30 433.54 14.52 0.985 (2)
D-9A 4791.16 35.38 1474.00 34.50 1496.23 35.02 0.985
D-9B 4588.71 47.28 1755.00 47.30 172263 46,43 1.019
R-0 1288.17 21.43 752.00 18.20 806.35 19.52 0.933
R-1 2630.28 24.79 978.00 26.00 919.08 24.43 1.064
R-2 351643 30.02 2904.00 28.70 2573.65 25.44 1.128
R-3 3774.33 3838 3993.00 16.40 3694.93 15.18 1.081
R4 3022.68 25.56 321200 13.10 2928.20 11.54 1.097
R-§ 2791.69 873 1038.00 27.60 1060.45 28.20 0.979
R-6 259494 20.22 786.00 21.20 743.84 20.06 1.057
R-7 283328 29.35 1134.00 30.50 1071.24 28.81 1.059
R-8 2817.834 27.98 1075.00 28.90 1023.71 21.52 1.050
Mean ...ovvvvvnnerennnnarenasn 1.006
Coefficient of Variation ............ 0.072
Resisance Factor ................ 0.864
Solid Slab
C-1 3110.10 33N 2886.00 33.40 2385.07 27.60 1.210
Cc-2 4604.48 41.53 4107.00 36.80 3666.45 32.85 1.120
C-3 4624.92 42.52 5468.00 14.00 4592.08 11.76 1.191
c4 4900.59 48.T1 1723.00 47.60 1736.49 4797 0.992
Cc-5 5138.23 48.58 3511.00 48.10 3225.35 44,19 1.089
c6 3188.26 37.08 1471.00 40.40 1317.69 36.19 1.116
G-1 1734.13 26.54 791.00 32.70 631.44 26.10 1.253
G-2 171264 26.56 1296.00 26.50 1151.25 23.54 1.126
CHO-3 1369.30 3111 634.00 35.70 540.89 30.46 1172
CHO-4 2356.96 48.52 1477.00 46.70 1414.91 44.74 1.044
CHO-5 244436 48.27 2319.00 17.90 2397.834 18.51 0.967
BERRIE . o vv w0, 5 AT S LR W e e 1.116
Coefficient of Varation ............ 0.080
Resistance Factor . .......cvevuvnn 0952
Overall Unreinforced
BRI« s 00w 0 g cormms i srn SR v A 1.044
Coefficient of Vadation . .......vvuvvann 0.090



Table 3.18 (continued)
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M, v, M Wi M, V.,  Tesy
Test™ (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Reinforced
Ribbed Slab
WIE-1 T782.56 38.31 T7155.63 0.00 T18256 0.00 0.919
Solid Slab
CHO-6 1745.52 36.93 T721.00 40.60 644.63 36.30 1.118
CHO-7 2983.27 55.85 2664.00 20.60 2916.30 2255 0.913
R e A T R T 1.016
Coefficient of Variation ............ 0.143
Resistance Factor .......uchassass 0.806
Overall Reinforced
L P P R P e YA AT SN 0.983
Coefficient of Varation . ............0.0 0.119
Resistance Factor . . ...viouiosiionanns 0.803
Overall Composite Beams
Mexn: ool SRR e RS < e 1.039
Coefficient of Variation . ...........00000e0s 0.092
RS Attt TRCADE o s o ofs 5 b/5 010 /o lR RS 4o e B 0.875

Notes:

(1) refer to Table 3.0 for key to beam designations
(2) excluded from analysis (see Appendix E)
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Table 3.19 Steel Beam Capacity Summary: Redwood and Shrivastava (1980)

Curvilinear Linear
M, V. M, M, Viai M, v, Test/ M, v, Test/
Test? (in.-k) (k) (in.-k)  (in-k) (k) (in.-k) (k) Theory (in-k) (k)  Theory
Unreinforced
Circular Opening

RBD-C1 2945.79 83.87 1987.91 2046.38 98.17 1748.30 83.87 1.170 1748.30 83.87 1.170
RM-1A 716.71 25.80 487.74 728.13 0.00 71671 0.00 1.016 716.71 0.00 1.016
RM-1B 711.06 13.98 398.60 213 0.00 711.06 0.00 1.002 T711.06 0.00 1.002
RM-2A 798.33 27.64 553.50 575.54 31.96 497.77 2164 1.156 497.17 27.64 1.156
RM-2B 660.89 11.38 403.67 295.54 16.41 204.94 11.38 1.442 204.94 11.38 1.442
RM-2C 606.23 20.56 422.86 480,54 26.69 370.10 20.56 1.298 370.10 20.56 1.298
RM-3A T713.87 26.10 482.17 619.49 20.63 627.02 20.88 0.988 447.88 14.92 1.383
RM-A 720.M 26.05 489.50 691.77 14,38 668.72 13.90 1.034 484.81 10.08 1.427
RM-«B 695.17 13.93 383.82 55377 11.50 559.48 11.62 0.990 403.76 8.38 1.372
RM-AC 701,33 29.12 441.9%0 67277 13.98 665.33 13.83 1.011 491.05 10.20 1.370

M. ...coisasniasaans PEALY inirn s o e B Ie 1.264

CoefTicient of Varation BRI iitacaale s A e s g 0.131

Resistance Factor ........ [5G~ "\ s o 18 1.018

Rectangular Opening

B-1 2303.02 4293 965.56 945.00 1.2 §59.07 4293 1.100 859.07 4293 1.100
B-2 2171.63 38.87 999.47 1704.80 4256 1364.53 34.07 1.249 1004.81 25.70 1.656
B-3 2081.90 36.72 952 1.80 49,74 1.33 3672 1.355 1.33 3672 1.355
B4 2207.88 48.84 946.42 1003.00 50.12 976.41 48.79 1.027 936.42 48.84 1.026
CL-4B 3555.94 19.79 1811.28 1000.00 27.80 711.93 19.79 1.405 711.93 19.79 1.405
CR-6A 2564.72 3643 1252.56 121237 55.07 801.92 3643 1.512 801.92 36.43 1.512
CSK-1 3388.11 64.67 1788.75 2358.39 78.54 1863.39 62.06 1.266 1501.53 49,53 1.586
DO-1 725.03 21.84 357.02 392.95 24,94 344.08 21,84 1,142 344,08 21.84 1.142
DO-2 674,35 6.28 425.78 18269 11.59 99.04 6.28 1.845 99.04 6.28 1.845
DO-3 691.24 2332 307.34 62236 19.713 528.17 1674 1.178 373.51 12.00 1.644
DO-4 698.68 1252 344.64 496,99 15.75 373.68 11.84 1.330 294.29 9.60 1.641
DO-5 674.35 11.30 439.79 728.74 0.00 £74.35 0.00 1.081 674.35 0.00 1.081

RM-11H 749.12 14.61 370.85 772033 0.00 749.12 0.00 1.031 749.12 0.00 1.031
RM-21H 618.27 9.25 372.26 34282 14.27 posle..] 9.25 1.542 22.29 9.25 1.542
RM-2F 629.18 9.28 385.47 284.54 15.30 167.15 9.8 1.702 167.15 9.28 1.702
RM-F 733.86 11.94 424.03 566.T7 1.77 520.77 10.81 1.088 9177 8.66 1.360
RM-<4H 637.98 9.79 378.85 483.77 10.04 438.59 9.10 1.103 338.09 7.38 1.360
MO s i.onipin s AtiraT e T T 1.391
Coefficient of Variation IR oaniiviiae s i daaaitary 0.195
Resistance Factor ........ L 1.027

Overall Unreinforced
BRORE 5oici500s 6eis wnsiaiaac e FRR i s e 1.347
CoefTicient of Varation . ........ [ 1 PP v ) P P ur Y 0.182




Table 3.19 (continued)

Curvilinear Linear
M m Vu M v Ml-l’ V&-t Mu Vn T“tf Mu Va TGSU'
Test® (in-k) (k) (in-k) (in-k) (k) (in.-k) (k) Theory (in-k) (k)  Theory
Reinforced
CR-1A 1079.61 3529 548.11 914.16 2.2 999.89 2321 0914 708.65 16.45 1.290
CR-2A 2362.34 5238 119083 1542.37 70.07 1152.98 5238 1.338 1152.98 52.38 1.338
CR-2B 2362.84 52.38 1190.83 2331.35 51.74 1681.32 3731 1.387 1188.91 26.39 1.961
CR-2C 2773.20 68.53 1485.58 211223 70.36 1858.91 61.92 1.136 1395.64 46.49 1.513
CR-2D 2773.20 68.53 1485.58 140433 8253 1166.02 68.53 1.204 1166.02 68.53 1.204
CR-3A 2362.84 5238 1190.83 1707.37 71.57 115292 5238 1.481 115292 5238 1.481
CR-3B 27T73.20 70,94 1964.94 2704.35 60,10 2168.61 48.19 1.257 153459 34.10 1.763
CR-4A 27713.20 $1.22 1485.58 1487.37 67.57 1127.52 51.22 1319 1127.52 5L 1319
CR-4B 2T73.20 51.22 1485.58 2313.35 51.34 194277 43,12 1191 1406.15 L 1.645
CR-5A 27713.20 51.29 1333.02 1554.23 51.76 1522.62 5071 1.021 1336.70 4452 1.163
CR-TB 2501.55 61.75 1267.75 2448.35 54.34 1883.35 41.80 1.300 133290 29.58 1.837
CR-TD 2501.55 61.75 1267.75 1319.33 77.58 1050.14 61.75 1.256 1050.14 61.75 1.256
CSK-2 3680.73 9296 2191.87 287239 95.69 255028 84.96 1.126 1932.36 64.37 1.486
CSK-5 3141.22 74.59 1651.52 2309.50 76.93 2058.46 68.57 1.122 1567.85 5213 1.473
CSK-6 3043,56 477 1761.75 147110 48.99 1344.26 4477 1.094 1344.26 4.7 1.094
CSK-7 3043.56 59.69 1761.75 1780.10 59.29 1791.86 59.68 0.993 1766.59 58.84 1.008
C5-1 2137.01 43.95 1420.07 1811.25 30.08 2069.40 34.37 0.875 147257 24.45 1.238
Cs-2 2155.60 42.31 142436 177225 29.43 2103.08 3492 0.843 1513.06 25.13 L1T1
CS-3 2095.06 43.84 1418.07 1604.00  40.03 1682.07 41.98 0.954 1350.37 33.70 1.188
RL-5 2667.74 2351 1585.70 2893.50 0.00 2667.74 0.00 1.085 2667.74 0.00 1.085
RL-6 2701.97 19.55 1201.35 1048.89 21.36 960.03 19.55 1.093 960.03 19.55 1.093
Y T R, o~ A IR 1t TR i SRR B s 1.362
Coefficient of Variation s b I N gy 18 0.195
Resistance Factor ........ L o Pt oy 1.006
Overall Steel Beams
DR & i 305 v e e d JaiB3: Sviiiaeagiies eaiie 1.353
Coefficienmt of Varation ........ T i R e e oS 0.185
Registance Factor ., .ccvevenes Y, g e o e e 1.013

Notes:

(1) refer to Table 3.0 for key to beam designations
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Table 3.20 Composite Beam Capacity Summary: Redwood et al.

M, M. V. M, M, Vi M, V., Test/
Test(l) (in-k) (k) (0 (k)  (nk) & (in.-k) ®) Theory®
Unreinforced
Ribbed Slab (Redwood and Poumbouras 1984)
D-1 6214.50 5405.49 41.96 2478.96 1606.00 37.80 1782.74 41.96 0.901
D-2 6243.69 5967.14 41.61 231213 3095.00 39.00 3230.04 40.70 0.958
D3 6409.99 6096.61 4273 2360.26 6075.00 11.30 6096.61 11.34 0.996
D-5A 6286.92 5388.57 3877 2407.58 2768.00 34.60 3084.93 38.56 0.897
D-5B 5736.02 5226.80 33133 2941.50 2568.00 3220 2658.12 3333 0.966
D-6A 5990.69 5422.56 39.37 2486.16 0.00 41.00 0.00 39.37 1.041
D-6B 6507.28 5733.80 46,37 2596.25 2070,00 43.%0 1962.90 46,37 1.055
D-7A 4937.41 4665.32 41.05 1882.26 1845.00 43.50 1741.09 41.05 1.060
D-7B 4945.59 4362.93 34.03 1748.31 3379.00 4260 2499.73 31.51 1.352
D-8A 1523.07 1344.57 18.35 494.13 774.00 19.40 709.02 12.717 1.092
D-8B 1428.50 1056.25 14.26 501.24 427.00 14.30 425.81 14.26 1.003 (3)
D-9A 5137.87 4791.16 30.91 2296.02 1474.00 34.50 1320.62 30.91 1.116
D-9B 5169.73 4588.71 3473 2256.19 1755.00 47,30 1288.61 b ] 1.362
R0 1488.10 1070.69 19.07 463.42 752.00 18.20 755.73 18.29 0.995
R-1 3330.08 243245 23.01 1539.59 978.00 26.00 865.53 23.01 1.130
R-2 3556.57 3347.16 25.29 2235.15 2904.00 28.70 2337.04 23.10 1.243
R-3 3756.96 3756.96 29.96 1463.41 3993.00 16.40 3242.95 1332 1.231
R4 3837.03 2921.87 24,70 1775.19 321200 13.10 2921.87 11.92 1.099
R-5 3484.91 2587.36 2352 1213.30 1038.00 27.60 884.56 2352 1.173
R-6 3243.38 2537.64 19.04 1510.48 786.00 21.20 705.92 19.04 1113
R-7 3243.38 2689.19 29.93 1642.66 1134.00 30.50 1112.81 29.93 1.019
R-8 3173.49 2651.24 26.20 1740.68 1075.00 28.90 974.57 26.20 1.103
g e gy 1.090
Coefficient of Variation ............. 0.121
Resistance Factor . .. .. .covnvnvnnunn 1.889
Solid Slab (Redwood and Cho 1986)
C-1 2826.10 2543.80 46.29 1463.90 2886.00 33.40 2274.14 26.32 1.269
c-2 4339.60 3950.20 31.32 201270 4107.00 36.80 3076.26 27.56 1.335
Cc3 4397.20 3499.70 27.86 1757.80 5468.00 14.00 3499.70 8.96 1.562
Cc4 4876.00 4370.60 42.58 2157.80 1723.00 47.60 1541.29 42.58 1.118
C-5 4810.50 4302.50 40,42 2251.70 3511.00 43.10 2726.45 37.35 1.288
c6 3176.60 2650.00 35.59 1488.70 1471.00 40.40 1295.86 35.59 1.135
G-1 1631.20 1269.20 2.3 915.20 791.00 3270 707.06 29.23 1.119
G-2 1631.20 1503.80 30.10 922.30 1296.00 26.50 1262.97 25.82 1.026
CHO-3 1493.20 1055.00 30.10 675.30 634.00 35.70 534.55 30.10 1.186
CHO-4 2497.80 2091.50 42.83 1080.70 1477.00 46,70 131213 41.49 1.126
CHO-5 2497.80 2091,50 42.83 1080.70 2319.00 17.90 2091.50 16.14 1.109
WUERR. ircn s wiss orn acpe o s misln s T e euTer iy 1.207
Coefficient of Variation ........c000000 0.124
Resistanos Factor « oo vivvisevovovsnsn 0.981
Overall Unreinforced
T 1.131
Coefficient of Variation ........cooveveun 0.128
Resistance FaCIOr « c .« oo v eevrinovonossses 0914



Table 3.20 Composite Beam Capacity Summary: Redwood et al. (continued)
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M, M V. M, M., Vi M, v, Test/
Test”  (in.-k) (in.-k) (k) (in.-k) (in.-k) (k) (in.-k) k) Theory®
Reinforced
CHO-6 nfa n/a n/a nfa n/a nfa nfa n/a n/a
CHO-7 n/a n/a n/a n/a n/a n/a nja n/fa n/a
WIE-1 nja n/a n/a nfa n/a nfa nfa nfa n/a
Notes:

(1) refer to Table 3.0 for key to beam designations

(2) curvlinear interaction used
(3) excluded from analysis (see Appendix E)

=
onono

moment capacity based on full composite action
moment capacity based on actual partial composite action
maximum shear capacity

M, moment at which shear interaction begins to diminish moment capacity



Table 3.21 Analysis Summary, A = 1.414 (Methods I and III)

Mean Coefficient of Varation Resistance Factor
Redwood  Redwood Redwood Redwood Redwood  Redwood
# Beams I i m ) (L) I 1] m (C) L) 1 I m ) L)
STEEL BEAMS
Unreinforced 2 1.170 1.248 1.208 1.212 1.347 0.143 0203 0.165 0.186 0.182 0928 0911 0.930 0.907 1.013
Rectangular Opening 19 3213 1.302 1.250 1.265 1.391 0.142 0211 0.167 0.191 0.195 0.963 0939 0960 0.939 1.027
Circular Opening 10 1.088 1.145 1127 111 1.264 0.119 0154 0.142 0.140 0.131 0.889 0895 0.895 0.885 1.018
Reinforced
Rectangular Opening 2 1143 1166 1148 1142 1362 0121 0425 012 0151 0195 0932 0946 0935 0896  1.005
OVERALL STEEL 50 1.158 1.213 1.183 1.183 1.353 0.134 0179 0.150 0.174 0.185 0929 0916 0930 0.900 1.013
COMPOSITE BEAMS
Unreinforced 32 1.028 1.073 1.044 1131 N/A 0.081 0.084 0.090 0.128 N/A 0676 0912 0882 0914 N/A
Ribbed Slab 21 0.995 1.037 1.006 1.090 N/A 0.071  0.069 0.072 0.121 N/A 0856 0893 0864 0.889 N/A
Solid Slab 11 1.092 1.141 1.116 1.207 N/A 0065 0.075 0.080 0.124 N/A 0943 0978 0952 0.981 N/A
Reinforced 5 0978 0.985 0983 N/A N/A 0110 0122 0.119 N/A N/A 0808 0802 0803 N/A N/A
Ribbed Slab 1 0919 0919 0919 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid Slab 2 1.008 1.019 1.016 N/A N/A 0133 0146 0143 N/A N/A 0810 0805 0806 N/A N/A

OVERALL COMPOSITE 35 1.024 1.065 1039 1.131 N/A 0.084 0088 0092 0.128 N/A 0870 0901 0876  0.895 N/A

£6
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Table 3.22 Effect of Reducing the Tee Depth in Proportion to the Reinforcement Present,
Method II1, A = 1.414

(2) 3)

M, VvV, V® vO M. V., M, V, Tesy M, V. Tesy
Test” (in-k) (k) k) (k) (n-k) (k) (in-k) (k) Theory (in.-k) (k) Theory

CR-1A  1079.61 35.29 28.95 28.47 914.16 2122 913.82 212 1.000 907.83 21.07 1.007
CR-2A  2362.34 §5.42 55.42 55.42 1542.37 70.07 1168.65 53.09 1.320 1168.65 53.09 1.320
CR-2B  2362.34 55.42 55.42 55.42 2331.35 51.74 1925.81 42.74 1.211 1925.81 4274 1211
CR-2C 277320 70.94 65.87 65.10 2112.3 70.36 1783.70 59.42 1.184 1768.33 $8.90 1.194
CR-2D  2773.20 70.94 65.87 65.10 1404.33 82.53 1097.22 64.48 1.280 1085.19 63.77 1.294
CR-3A 236284 55.42 55.42 55.42 1707.37 77.57 1168.60 53.09 1.461 1168.60 53.09 1461
CR-3B  2773.20 70.94 70.94 70.94 2704.85 60,10 234437 5209 1.154 234437 5209 1154
CR<4A  2773.20 70.94 53.87 53.17 1487.37 67.57 1156.37 52.53 1.286 1142.54 5190 1302
CR4B  2773.20 70.94 53.87 53.17 2313.35 5134 2045.65 45.40 1131 2029.72 45.05  1.140
CR-5A  2773.20 51.29 47.55 46.12 1554.23 5176 1368.32 45.57 1.136 1331.712 4435 1167
CR-TB  2501.55 63.21 62.69 61.83 2448.35 54.34 2098.18 46.57 1.167 2086.21 4630 1.174
CR-7TD  2501.55 63.21 59.75 59.00 1319.33 77.58 994.35 58.47 1.327 982.66 5778 1.343
CSK-2  3680.73 92.96 92.96 92.96 2872.39 95.69 2473.48 $2.40 1.161 247348 8240 1161
CSK-5 3141.2 78.81 78.33 77.91 2309.50 76.93 2092.39 69.70 1.104  2084.50 69.44 1,108
CSK-6  3043.56 63.06 5141 50.89 1471.10 48.99 1482.00 49.35 0.993 1468.61 48.91 1.002
CSK-7  3043.56 63.06 59.717 59.47 1780.10 59.29 1686.40 56.17 1.056 1679.31 55.93 1.060
Cs-1 2137.01 43.95 43,95 43.95 1811.25 30.08 1856.00 30.82 0.976 1856.00 3082 0976
Cs-2 2155.60 42.31 42.31 42.31 1772.25 20.43 1840.91 30.57 0.963 184091 30.57 0.963
Cs-3 2095.06 43.84 43.84 43.80 1604.00 40,03 1505.14 37.56 1.066 1504.35 3754 1066
RL-5 2667.74 69.49 43.25 43.01 2893.50 0.00 2667.74 0.00 1.085 2667.74 0.00 1.085
RL-6 2701.97 43.20 2423 23.63 1048.89 21.36 1157.61 23.57 0.906 1131.03 23.03 0927

WO s o vv i vove i LI e  stuens bineslies 1.148
Cocfficient of Varation . 0.122.... .........00ues 0.122
Resistance Factor . .. .. B929 ciivsnnnsviiassvns 0.935

CHO-6 1745.52 21.04 37.16 36.93 721.00 40.60 648.42 36.51 1112 644,63 3630 1.118
CHO-7 298327 45.07 56.29 55.85  2664.00 2060  2917.82 22.56 0913  2916.30 2255 0913
WIE-1  7782.56 47.70 39.13 3831 7155.63 0.00 778256 0.00 0919 778256 000 0919

PIORD, <5 v vnigia 5§ ST e e, R 0.983

Coefficient of Variation . 0115 . .........cocunnvn- 0.119
Resistance Factor ..... [ R 0.803

Notes:

(1) refer to Table 3.0 for key to beam designations
(2) no reduction in tee depth for reinforcement
(3) tee depth reduced (as used in this study)
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Table 3.23 Effect of Limiting P_, by the Net Top Tee Steel
Method II1, A = 1.414

(2) 3

M m V-m V-m M text Vllﬂ M: Vn Tes‘f M " Vn Tew

Test? (in.-k) (k) (k) (in-k) (k) (in.-k) (k) Theory (in.-k) (k)  Theory
D-1 5405.49 42.24 43.95 1606.00 37.80 1773.29 41.74 0.906 1842.19 43.36 0.872
D-2 5967.14 40.79 43.41 3095.00 39.00 3081.37 38.83 1.004 3248.86 40,94 0.953
D-3 6096.61 42.02 44.49 6075.00 11.30 6057.19 11.27 1.003 6063.33 11.28 1.002
D-5A 5388.57 40.73 40.73 2768.00 34.60 3048.68 as.11 0.908 3048.68 38.11 0.908
D-5B 5226.80 3372 34.17 2568.00 3220 2576.94 oy | 0.997 2607.65 3270 0.985
D-6A 5422.56 41.27 41.27 0.00 41.00 0.00 41.27 0.994 0.00 41.27 0.994
D-6B 5733.80 58.81 56.16 2070.00 48.90 2424.95 57.29 0.854 2323.46 54.89 0.891
D-TA 4665.32 45,78 45.24 1845.00 43.50 1897.03 44.73 0.973 1876.15 44.23 0.983
D-7B 436293 46,48 43,45 3379.00 42,60 3150.04 397 1.073 3015.41 38.02 1.121
D-8A 1344.57 21.53 21.53 774.00 19.40 795.00 19.93 0.974 795.00 19.93 0.974
D-9A 4791.16 3538 3538 1474.00 3450 149623 35.02 0.985 1496.23 35.02 0.985
D-9B 4588.71 47.28 47.28 1755.00 47.30 172263 46.43 1.019 172263 46.43 1.019
T S R L N SR T B i s e 0.974
Coefficient of Variation . ........ BEBE . i i T R e 0.067
Resistance Factor . ............ 0845 . . ...iiiiiainnannas 0.841
R-O 1288.17 2143 21.43 75200 18.20 806.35 19.52 0.933 806.35 19.52 0.933
R-1 2630.28 2479 24.79 978.00 26.00 919.08 24,43 1.064 919.08 24.43 1.064
R-2 3516.43 25.19 30.02 2904.00 28.70 2289.06 2262 1.269 2573.65 25.44 1.128
R-3 377433 38.38 38.38 3993.00 16.40 3694.93 15.18 1.081 3694.93 15.18 1.081
R4 3022.68 26.56 26.56 321200 13.10 2928.20 11.594 1.097 2928.20 11.94 1.097
R-5 2791.69 28.73 2.7 1038.00 27.60 1060.45 28.20 0.979 1060.45 28.20 0.979
R-6 2594.94 2022 2022 786.00 21.20 T43.84 20.06 1.057 743.84 20.06 1.057
R-7 2833.28 29.35 29.35 1134.00 30.50 1071.24 28.81 1.059 1071.24 28.81 1.059
R-8 2817.84 27.98 27.98 1075.00 28.90 10237 27.52 1.050 102371 21.52 1.050
Mean i e A R S YOGS s s n i b 1.050
Coefficient of Varation ,........ (17 S, " P T, U 0.057
Resistance Factor . ....... .00 LT e 0.913
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Table 3.23 (continued)

(2) (3)
M, V® vO M. V., M, V, Tesy M, V,  Tesy
Test? (in.-k) (k) (k) (in.-k) (k) (in.-k) (k) Theory (in.-k) (k) Theory
C-1 311010 a3n an 2886.00 33.40 2385.07 27.60 1.210 2385.07 27.60 1.210
Cc-2 4604.48 41.06 41.53 4107.00 36.80 3645.52 3267 1.127 3666.45 3285 1.120
Cca 4624.92 41.59 42.52 5468.00 14.00 4589,87 11.75 1.191 4592.08 11.76 1.191
c4 4900.59 47.36 48.71 1723.00 47.60 1690.44 45,70 1.019 1736.49 47,97 0.992
c-5 5138.23 47.56 48.58 3511.00 48.10 3174.11 43.48 1.106 322535 44.19 1.089
C-5 3188.26 37.08 37.08 1471.00 40.40 1317.69 36.19 1116 1317.69 36.19 1.116
G-1 1734.13 26.54 26.54 791.00 270 631.44 26.10 1.253 631.44 26.10 1.253
G-2 1712.64 26,56 26.56 1296.00 26.50 1151.25 23.54 1.126 1151.25 23.54 1.126
CHO-3 1369.30 3111 3n 634.00 35,70 540.89 30.46 1.172 540.89 30.46 1.172
CHO-4 2356.96 48.52 48.52 1477.00 46,70 1414.91 4474 1.044 141491 4474 1.044
I Y S L I e e 3 b P W 1116
Coefficient of Varation . ........ IEE < v o o pmmanm wie w0 w2 0.080
Resistance Factor ......oeuuun D00 v R e e e R 0.952
CHO-6 1745.52 3693 36.93 721.00 40.60 644,63 36.30 1.118 644.63 36.30 1.118
CHO-7 2983.77 55.85 55.85 2664,00 20.60 2916.30 2255 0.913 2916.30 2255 0.913
B e e e T s e B o e e n e 1.016
Coefficient of Vadation ., ....... L, L PR 0.145
Resistance Factor ............. 1501 AT SRR 0.804
Overall ———
TR e S A T A S R P P R 1 1.039
Coefficient of Variation . ........ G G e e S Pl R IO 0.091
Resistance Factor ......o0000vn BN s < am dae 0.880
Notes:

(1) refer to Table 3.0 for key to beam designations
(2) P, not limited by A,, x F,
3) P, limited by A, x F, (as used in current study)
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Table 3.24 Effect of Restricting Normal Force in Reinforcement
by the Weld Strength

(2) (3)
(2) 3
Vv, P, V. P, V.  Tesy Test

Test” (k) (k) k) (k) (k) Theory Theory

CR-1A 35.29 23.18 2847 23,138 28.47 1.007 1.007
CR-2A 55.42 41.41 55.42 40.65 55.42 1.320 1.320
CR-2B 55.42 41.41 55.42 40.65 55.42 1.211 1.211
CR-2C 70.94 35.37 65.10 35.37 65.10 1.194 1,194
CR-2D 70,94 35.37 65.10 35.37 65.10 1.294 1.294
CR-3A 55.42 83.03 55.42 40.65 55.42 1.461 1.461
CR-3B 70.94 58.85 70,94 51.34 70,94 1.154 1.154
CR-4A 70.94 35.37 53.17 35.37 53.17 1.302 1.302
CR-4B 70.94 5.3 53.17 35.37 53.17 1.140 1.140
CR-5A 51.29 57.08 46,12 57.08 46,12 1.167 1.167
CR-7B 63.21 3570 61.83 37N 61.83 1.174 1.174
CR-TD 63.21 3. 59.00 37N 59.00 1.343 1.343
CSK-2 92.96 43.37 9296 41.29 92.96 1.161 1.161
CSK-5 78.81 4272 77.91 4272 7.9 1.108 1.108
CSK-6 63.06 35.52 50.89 35.52 50,89 1.002 1.002
CSK-7 63.06 35.52 59.47 35.52 59.47 1.060 1.060
Cs-1 4395 5212 4395 3264 4395 0.976 0.976
Cs-2 42.31 52.57 4231 3142 42.31 0.963 0.963
CS-3 43.84 49.73 43,84 32,55 43,80 1.066 1.066
RL-5 69.49 18.17 43.01 18.17 43.01 1.085 1.085
RL-6 43.20 41.62 23.63 41.62 23.63 0.927 0.927
CHO-6 nfa 47.16 40,60 24.68 36.93 1.091 1.118
CHO-7 n/a 46.92 55.85 46.92 55.85 0.913 0.913
WIE-1 nfa 85.47 38.31 85.47 38.31 0.919 0.919
Notes:

(1) refer to Table 3.0 for key to beam designations
(2) no restriction on normal force in reinforcement
(3) normal force restricted

V, = plastic shear capacity of the top and bottom tees
P, = nommal force in the reinforcement
V,. = naximum shear capacity as predicted by Method I
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Table 3.25 Effect of Flanges, Method I versus Method III

A =1.414
VJ’ VJ (Vl' - VJ}!

Beam AA, (k) (k) ViV, v
W21X44 0.40 19.32 19.76 0.98 -0.01
Wi12X22 0.54 8.88 8.75 1.01 0.00
W14X26 0.60 9.98 9.69 1.03 0.01
W16X57 0.72 21.3 19.31 1.10 0.03
W14X38 0.80 13.24 11.95 L1 0.04
W12X35 0.91 11.97 10.25 1.17 0.06
W14X43 1.02 13.60 11.39 1.19 0.06
W12X45 1.14 14.34 11.04 1.20 0.10
W14X74 1.24 24.39 17.43 1.40 0.13
W10X39 1.35 12.30 8.54 1.44 0.14
W12X58 1.46 17.79 11.99 1.48 0.16
W10X49 1.65 14.99 9.27 1.62 0.20
WsX10 0.60 3.76 1.67 1.03 0.01
W14X109 1.67 34.38 20.55 1.67 0.2
W18X60 0.69 22.26 20.69 1.08 0.02
W21X122 091 4203 35.55 1.18 0.06
W24X117  0.82 40.45 36.46 111 0.04
W27X114  0.60 44.08 4251 1.04 0.01
W30X108  0.49 4431 44.43 1.00 0.00
W30X211  0.83 74.72 65.53 1.14 0.05
wasxz2t 077 79.09 71.86 1.10 0.03
W36X150  0.50 61.28 61.23 1.00 0.00
W36X300  0.81 108.41 94.88 1.14 0.05
Notes:

Consistent relative opening dimensions calculated using:

ajh, = 20

hJd = 0.60

s, = 0.15d

5, =d-h,-s

v, = maximum shear capacity of top and bottom tees
calculated using Eq. 2.32

v, = maximum shear capacity of top and bottom tees

calculated using Eq. 2.54
v, = plastic shear capacity of top and bottom tees
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Table 3.26 Effect of Limiting the Maximum Moment Capacity, M,,,
to the Plastic Moment Capacity, M,,
Method III, A = 1.414

(2) (3
M, M, V., M, Vi M, Vv, Test/ M, v, Test/
Test”  (in.-k) (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory (in.-k) (k) Theory
CR-1A  1079.61 1102.64 28.47 914.16 21.2 919.11 2133 0.995 907.80 21.07 1.007
CR-2A 236284 2487.76 55.42 1542.37 70.07 1175.41 5340 1312 1168.58 5309  1.320
CR-2B 236284 2487.76 55.42 2331.35 51.74 1978.26 4390 1178 1925.75 4274 1211
CR2C 277320 281231 65.10 2112.23 70.36 1774.62 59.11  1.190 1768.29 5890 1,195
CR-2D  2773.20 2812.31 65.10 1404.33 82.53 1086.05 6383  1.293 1085.16 6377 1294
CR-3A 236284 2779.13 55.42 1707.37 71.57 1187.27 53.94  1.438 1168.52 53.09 1.461
CR-3B 277320 2976.66 70.94 2704.85 60.10 2442.32 5421 1.107 234433 52.09 1.154
CR-4A 277320 281231 53.17 1487.37 67.57 1143.55 5195  1.301 1142.46 5190  1.302
CR4B 277320 2812.31 53.17 2313.35 51.34 2040.66 4529 1134 2029.63 4505  1.140
CR-5A  2773.20 2942.26 46.12 1554.23 51.76 1339.83 4462 1160 1331.74 44,35 1.167
CR-7TB  2501.55 2579.80 61.83 2448.35 54.34 2123.08 4712 1.153 2086.22 4630 1174
CR-TD  2501.55 2579.80 59.00 1319.33 77.58 984.42 5789 1340 982.66 57.78 1.343
CSK-2  13690.74 3680.73 92.96 2872.39 95.69 2473.52 8240  1.161 2473.52 3240 1161
CSK-5 314122 3165.72 77.91 2309.50 76.93 2089.13 69.59  1.105 2084.43 69.44  1.108
CSK-6 31412 3043.56 50.89 1471.10 48.99 1468.63 4891  1.002 1468.63 43.91 1.002
CSK-7 31412 3043.56 59.47 1780.10 59.29 1679.34 5593  1.060 1679.34 5593  1.060
Cs-1 2137.01 2336.64 43.95 1811.25 30,08 1962.33 3259 0923 1855.96 3082 0976
cs-2 2155.60 236215 42.31 1772.25 29.43 1942.98 3227 0912 1840.87 3057 0963
cs-3 2095.06 2280.69 43.80 1604.00 40.03 1548.59 3865  1.036 1504.37 3754  1.066
RL-5 2705.84 2667 74 43.01 2893.50 0.00 266774 0.00  1.085 2667.74 000  1.085
RL-6 2701.97 276631 23.63 1048.89 21.36 1133.14 23.08  0.926 1131.25 23.03 0927
Mo ooug s s TiEseaa IS ccasmivacimaees 1.148
Coefficient of Variation ........ . aicsmre sl dysives 0.122
Resistance Factor . ............ BE o s 0.935
Notes:

(1) refer to Table 3.0 for key to beam designations

(2) M, not limited by M,
(3) M,, limited by M,
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Fig. 2.1(a) Opening Configuration for an Unreinforced Steel Beam
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Fig. 2.2(a) Opening Configuration for an Unreinforced Composite Beam
with a Solid Slab
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Fig. 2.2(b) Opening Configuration for an Unreinforced Composite Beam
with Transverse Ribs
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Fig. 2.2(c) Opening Configuration for a Reinforced Composite Beam
with Longitudinal Ribs



Nominal Moment Capacity, M,
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Nominal Shear Capacity, V,

Fig. 2.3 Cubic Moment-Shear Interaction
(Darwin and Donahey 1988)
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Fig. 2.4 Forces Acting at a Web Opening (Darwin 1990)



Shear Stress, t©
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Fig. 2.5 Normal Forces in a Composite Opening
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Fig. 2.6 Yield Functions for Combined Shear and Normal Stress
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Cubic Moment-Shear Interaction Using
Method III
------ - Curvlinear Moment-Shear Interaction Using
Redwood & Shrivasatava (1980),
Redwood & Poumbouras (1984),
and Redwood & Cho (1986)

[0) Actual Moment-Shear Value for Beam

Fig. 3.0 Legend for Moment-Shear Interaction Curves
in Figs. 3.1 - 3.85
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APPENDIX A

DEFINITIONS AND NOTATION

A.1 Definitions (Darwin 1990)
The following terms apply to members with web openings.

bottom tee - regicn of a beam below an opening.

bridging - separation of the concrete slab from the steel section in composite beams. The
separation occurs over an opening between the low moment end of the opening and a
point outside the opening past the high moment end of the opening.

high moment end - the edge of an opening subjected to the greater primary bending moment.
The secondary and primary bending moments act in the same direction.

low moment end - the edge of an opening subjected to the lower primary bending moment. The
secondary and primary bending moments act in opposite directions.

opening index - parameter used to limit opening size and aspect ratio.

plastic neutral axis - position in steel section, or top or bottom tees, at which the stress changes
abruptly from tension to compression.

primary bending moment - bending moment at any point in a beam caused by external loading.

reinforcement - longitudinal steel bars welded above and below an opening to increase section
capacity.

reinforcement, slab - reinforcing steel within a concrete slab,

secondary bending moment - bending moment within a tee that is induced by the shear carried
by the tee.

tee - region of a beam above or below an opening.
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top tee - region of a beam above an opening.
unperforated member - section without an opening. Refers to properties of the member at the

position of the opening.

A2 Notation (Darwin 1990)

A Gross transformed area of a tee

A, Area of flange

A, Cross-sectional area of reinforcement along top or bottom edge of an opening
A, Cross-sectional area of steel in unperforated member

A, Cross-sectional area of shear stud

A, Net area of steel section with opening and reinforcement

A, Net steel area of top tee

A, Effective concrete shear area = 31,

D, Diameter of circular opening

E Modulus of elasticity of steel

E, Modulus of elasticity of concrete

¥, Yield strength of steel

ﬁ'; Reduced axial yield strength of steel; see Egs. 2.24 and 2.25
F, Yield strength of the flange

Fy Yield strength of opening reinforcement

P Yield strength of the web

M Bending moment at center line of opening
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Secondary bending moment at high and low moment ends of bottom tee,
respectively.

Maximum nominal bending capacity at the location of an opening

Nominal bending capacity

Plastic bending capacity of an unperforated steel beam

Plastic bending capacity of an unperforated composite beam

Secondary bending moment at high and low moment ends of top tee, respectively
Factored bending moment

Number of shear connectors between the high moment end of an opening and the
support

Number of shear connectors over an opening

Axial force in top or bottom tee

Axial force in top tee

Axial force in concrete for a section under pure bending

Axial force in concrete at high and low moment ends of opening, respectively, for
a section at maximum shear capacity

Plastic neutral axis

Axial force in opening reinforcement

Axial force in top tee

Individual shear connector capacity, including reduction factor for ribbed slabs
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R Ratio of factored load to design capacity at an opening
=VJ/oV,
= M /oM,
R, Strength reduction factor for shear studs in ribbed slabs
R, Required strength of a weld
S Clear space between openings
T Tensile force in net steel section
Vv Shear at opening
Vs Shear in bottom tee
fc Calculated shear carried by concrete slab = V, (W - 1) 2 0, or V) = Vi,

whichever is less

Ve Maximum nominal shear capacity at the location of an opening

Vs s Vi Maximum nominal shear capacity of bottom and top tees,
respectively

V utsh) Pure shear capacity of top tee

Ve Coefficient of variation on test-to-prediction ratio

v, Plastic shear capacity of top or bottom tee

‘7’ Plastic shear capacity of unperforated beam

VeV Plastic shear capacity of bottom and top tees, respectively

Ve Coefficient of variation on resistance

V, Shear in top tee

Y. Factored shear

Z Plastic section modulus
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Length of opening

Depth of concrete compressive block

Projecting width of flange or reinforcement

Effective width of concrete slab

Width of flange

Width of reinforcement at top or bottom of opening

Depth of steel section

Distance from top of steel section to centroid of concrete force at high and low
moment ends of opening, respectively

Distance from outside edge of flange to centroid of opening reinforcement; may
have different values in top and bottom tees

Eccentricity of opening; always positive for steel sections; positive up for

composite sections
Compressive (cylinder) strength of concrete
Distance from outside edge of flange to secondary bending neutral axis in top tee

at high and low moment ends of opening, respectively

Depth of opening

Opening parameter = _a_"_ + f'_h_:
h, d

Depth of a tee, bottom tee and top tee, respectively

Effective depth of a tee, bottom tee and top tee, respectively, to account for

movement of PNA when an opening is reinforced; used only for calculation of

v, whenv 2p



a,B,5Y,

AA

U, Uy, Y,
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Thickness of flange or reinforcement
Effective thickness of concrete slab
Thickness of flange

Total thickness of concrete slab

Thickness of concrete slab above the rib

Thickness of web

Distance from top of flange to plastic neutral axis in flange or web of a composite

beam
Distance between points about which secondary bending moments are calculated

Variables used to calculate V,,

Net reduction in area of steel section due to presence of an opening and
reinforcement = Az, - 24,

Constant used in linear approximation of von Mises yield criterion; recommended
value = /2

Dimensionless ratio relating the secondary bending moment contributions of
concrete and opening reinforcement to the product of the plastic shear capacity of
a tee and the depth of the tee
_ 2Pd, + P,d, - P d,

VP,S,

Ratio of length to depth or length to effective depth for a tee, bottom tee or top

tee, respectively = a,/s5 , a,/s

Average shear stress
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[0 Resistance factor
Subscripts:

b Bottom tee

m Maximum or mean
n Nominal

t Top tee

u Factored



136
APPENDIX B

SHEAR CAPACITY EXPRESSIONS FOR

COMPARISON WITH TEST DATA

B.1 Method I
The top and bottom tee shear capacities determined by Method I, considering different

yield strengths for the web, flange, and stiffener, are calculated using the following expressions.

v = B - VB - 4oy (B.1)

e 20.

in which

o =3+

Zﬁ a,
s

t

B =2a,(F, b -1t) +AF,t)

+2f@@-0@-%+@
+ 23 (NF 1,5, - F 1,06, - 1))

* \(3_(P=a = Fy)

443
5 F (b, - 1), -y)

+

Y = (F (b, - L)) + (AF, ¢t S - (F,t0®, - t))?
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+ (P, - P)Ft(b, -t) +AF ts +Ft® -t))

ch cl
+ 2Py, ~ PA)Fb ~8) + MFp) - — - —

+ 2F (b, - tONF b7 - 58 + 1)
+ 4F 1t (b, - 1), - Y)FLb, ~ 1) + AF 1)

- ZFy,r,(b, - I,,)(F”.fj(b! -1) + lF,_,: 5

B.2 Methods IT and III

The yield strengths of the web and reinforcement are differentiated in Methods IT and III
as follows. The yield strength of the web is accounted for in the calculation of V,, and V,, as
given by Eqgs. 2.18 and 2.22.

The yield strength of the reinforcement is accounted for in the expression for p, given by

- Pdldk i Pddl - zprdr
V’s:

(B.2)

i

in which P, = F, (b, - 1),
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APPENDIX C

DERIVATION AND CALCULATION OF VALUES
FOR

THEORETICAL COMPARISON OF METHODS I, IT AND III

In this appendix, calculations are presented which provide the basis for values used in

comparing Methods I, II, and III in Section 2.3.4.

C.1 Overprediction of F, by the Linear Approximation of the von Mises Yield Function

The overprediction of normal stress in a tee under low shear stress by the linear
approximation of the von Mises yield function can be as high as 41% when A = 1.414 (Method
III, p = 0.0). Design considerations, however, limit v to 12.0 (Darwin 1990). The actual effect
of this overprediction, as limited by design considerations, can be determined by comparing
Methods II and III, which employ the von Mises yield function and its linear approximation,
respectively.

The values of V,, /V,, for Methods II and III when p = 0.0 and v = 12.0 for A = 1.207

and A = 1.414 follow.

VN(![) - v3‘02+9 - V(3)(144)+9 = 0.143 (C.].)
th V243 14443

v

Yoy « M3 L Q20043 _ (150 2 = 1207 (C2)

Ve vef3 1243
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v
mary = M3 QA3 o oe 0 s (C.3)
Ve U+‘/3_ 12+ﬁ

The difference between Methods 11 and III is
Voetty = Vigry = (0.152 - 0.143)V, = 0.009V,; A = 1.207 (C4

Vet = Voy = 0178 = 0.143)V = 0.035V,; A = 1.414 (C.5)

The ratio of the maximum shear strengths using the two methods is

v
motn o 0152 _ 4 063; A=1.207 (C.6)
Ve, 0143

v

man . 0178 _ 4 545 221414 (C.7)
Ve 0143

C.2 Overprediction of 1, by the Linear Approximation of the von Mises Yield Function

The overprediction of shear stress in the web of a tee under high shear stress by the linear
approximation of the von Mises yield function can be as high as 9.7% when A = 1.414 and v =
0.717 (Method III, p = 0.0). This overprediction would be even higher without the limit of
0.577F, on the shear stress. A tee with such stocky dimensions is not very likely, but is possible,
and is something that should be considered. The effect of this overprediction can be determined
by comparing Methods II and III, which employ the von Mises yield function and its linear
approximation, respectively.

The von Mises yield function can be expressed as

Flaad - P (C.13)
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Dividing Eq. C.13 by F,%, and rearranging gives

n

L P
F)’ F.'f

By substituting t,, = V,, /s, £,, Eq. C.14 can be rewritten in terms of V,, and V.

F v
- =] - =
P, vy
The linear approximation of the von Mises yield function can be expressed as
F, = AF, - 37,

Dividing Eq. C.16 by F, and rearranging gives,

V3,

F

¥

F
5 ] .
F

b4

By substituting 1,, = V,,./(s2,) into Eq. C.17, the following expression is obtained

iy T
, Ve

Eq. C.15 and C.18 are useful in comparing Methods II and III when 1, /F, = 0.577.

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

The point at which the maximum difference occurs in the predicted shear stress in the web

between the von Mises yield function and its linear approximation can now be easily predicted.

This occurs when V,,, /V,y;) = 1.0 due to the maximum permissible shear stress. Eq. C.18 yields

=A - 10 =0207 ;A = 1.207

=A-10=0414 ;A = 1414

(C.19)

(C.20)
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The respective shear capacities can be determined by substituting the two preceding values

for F, /F, into Eq. C.15, which gives
7

F
=|1 - [...’.’.]I = y1 - (0.414)* = 0910; A=1414

The corresponding ratios and differences between Methods II and III are

v
man o 1000 _ 1 023; A=1.207
Vo, 078
v
mon o 1000y 099; A=1.414
Vo 0910
Vs = Vouay = (1000 = 0.978)V., = 0.022V,; A=1.207

Vi = Vi = (1000 = 0910V = 0.090V ; A=1414

(C.21)

(C.22)

(C.23)

(C.249)

(C.25)

The ratio, 1, /F, for the shear capacities predicted by Methods II and III, respectively, are

2
F F
Soan = L1 - |22|| = Ly - 02077 =0565;-2 = 0207
F, 9/3_ F, \/37 Fr
7]
1 F F
Sovan = L1 - |22 || = Ly1 - 04142 =0526; 22 = 0414
F, : F, 7 F
T 1
Saagm = L = 0577
7 m

-
L

(C.26)

(C.27)

(C.28)
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APPENDIX D

GUIDELINES FOR PROPORTIONING AND DETAILING BEAMS WITH WEB
OPENINGS (Darwin 1990)

To insure that the strength provided by a beam at a web opening is consistent with the
design equations presented in section 2.4, a number of guidelines must be followed. Unless
otherwise stated, these guidelines apply to unreinforced and reinforced web openings in both steel
and composite beams. All requirements of the AISC Specifications (1986) should be applied.
The steel sections should meet the AISC requirements for compact sections in both composite and

non-composite members. F, < 65 ksi.

D.1 Stability Considerations
To insure that local instabilities do not occur, consideration must be given to local
buckling of the compression flange, web buckling, buckling of the tee-shaped compression zone

above or below the opening, and lateral buckling of the compression flange.

D.1.1 Local buckling of compression flange or reinforcement

To insure that local buckling does not occur, the AISC (1986) criteria for compact sections
applies. The width to thickness ratios of the compression flange or web reinforcement are limited
by

b
i s (D.1)

K3
/F
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in which b = projecting width of flange or reinforcement
t = thickness of flange or reinforcement
F, = yield strength in ksi

For a flange of width, b, , and thickness, #;, Eq. D.1 becomes

D.1.2 Web Buckling

To prevent buckling of the web, two criteria should be met:

(a) The opening parameter, p,, should be limited to a maximum value of 5.6 for steel
sections and 6.0 for composite sections.

po = T" + da (D3)

in which a, and h, = length and width of opening, respectively
d = depth of steel section
(b) The web width-thickness ratio should be limited as follows

d-2t,5 520

(D4)

in which r, = thickness of web
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If (d-2tht, < 420/\[?? the web qualifies as stocky. In this case, the upper limit on a,/h,
is 3.0 and the upper limit on V,, (maximum nominal shear capacity) for non-composite sections
is 0.67V,, in which V,, = F,g,d/\f’g. the plastic shear capacity of the unperforated web. For
composite sections, this upper limit may be increased by V, which equals V (/v - 1) 2 0, or

Vomatsy = Voo Whichever is less. All standard rolled W shapes qualify as stocky members.

If 420@ <(d-2th, < SZONI"T , then a /h, should be limited to 2.2, and V,, should be
limited to 0.45V, for both composite and non-composite members. The limits on opening
dimensions to prevent web buckling, presented in this section are summarized graphically in Figs.
D.1,D.2, and D.3. Fig. D.1 graphs a,/h, versus h,/d to determine permissible opening sizes. Figs.
D.2 and D.3 graph a/s, versus the value a/s, that meets the opening dimension requirements of

this section for steel (p, = 5.6) and composite (p, = 6.0) beams, respectively.

D.1.3 Buckling of tee-shaped compression zone

For steel beams only: The tee which is in compression should be investigated as an
axially loaded column following the procedures of AISC (1986). For unreinforced members, this
is not required when the aspect ratio of the tee (v = a,/s) is less than or equal to 4. For reinforced

openings, this check is only required for large openings in regions of high moment.

D.1.4 Lateral Buckling
For steel beams only: In members subject to lateral buckling of the compression flange,
strength should not be governed by strength at the opening (calculated without regard to lateral

buckling).
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In members with unreinforced openings or reinforced openings with the reinforcement

placed on both sides of the web, the torsional constant, J, should be multiplied by

a, AA, (D.5)
1= i e | 558 ]
L, t,(d + 2b)
in which L, = unbraced length of compression flange

AA, = h,,- 24,

In members reinforced on only one side of the web, A, = 0 for the calculation of AA, in
Eq. D.5. Members reinforced on one side of the web should not be used for long, laterally
unsupported spans. For shorter spans the lateral bracing closest to the opening should be designed

for an additional load equal to 2 percent of the force in the compression flange.

D.3 Other Considerations

D.3.1 Opening and tee dimensions

Opening dimensions are restricted based on the criteria in section D.1.2. Additional
criteria also apply.

The opening depth should not exceed 70 percent of the section depth (k, < 0.7d). The
depth of the top tee should not be less than 15 percent of the depth of the steel section (s, 2
0.15d). The depth of the bottom tee, s,, should not be less than 0.15d for steel sections or 0.12d
for composite sections. The aspect ratios of the tees (v = a,/s) should not be greater than 12 (a /s,

<12, a/s, < 12).
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D.3.2 Corner radii

The comers of the opening should have minimum radii at least 2 times the thickness of

the web, 2¢,, or 5/8 in., whichever is greater.

D.3.3 Concentrated loads
No concentrated loads should be placed above an opening. Unless needed otherwise,
bearing stiffeners are not required to prevent web crippling in the vicinity of an opening due to

a concentrated load if

d -2t
: I < 420 (D.6)
w 1’F’
b 4
2% 3 D.7)
'I‘FP
and the load is placed at least d/2 from the edge of the opening.
d -2t
: I < 520 (D.8)
w 1”7,
b 65
Al e (D.9)
t [
F}'

and the load is placed at least d from the edge of the opening. In any case, the edge of an

opening should not be closer than a distance d to a support.
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D.3.4 Circular openings

Circular openings may be designed using the expressions in section 2.4 by using the
following substitutions for &, and a,.

Unreinforced web openings

h, = D, for bending (D.10a)
h, = 0.9 D, for shear (D.10b)
a,=045D, (D.10c)

in which D, = diameter of circular opening.

Reinforced web openings

h, = D, for bending and shear (D.11a)
a,=045D, (D.11b)
D.3.5 Reinforcement
Reinforcement should be placed as close to an opening as possible, leaving adequate room
for fillet welds, if required on both sides of the reinforcement. Continuous welds should be used
to attach the reinforcement bars. A fillet weld may be used on one or both sides of the bar within
the length of the opening. However, fillet welds should be used on both sides of the
reinforcement on extensions past the opening. The required strength of the weld within the length

of the opening is,

R, = 62P, (D.12)
in which R,, = required strength of the weld
0 = 0.90 for steel beams and 0.85 for composite beams
P, =FA<Fta, 23

A, = cross-sectional area of reinforcement above or below the opening.
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The reinforcement should be extended beyond the opening by a distance [, = a,/4 or
V3A, /2t, whichever is greater, on each side of the opening (Figs 2.1 and 2.2). Within each

extension, the required strength of the weld is
R, = @F,A, (D.13)

If reinforcing bars are only used on one side of the web, the section should meet the

following additional requirements,

A< ! (D.14)
r=3
% <as (D.15)
hﬂ
s( Sb 140
5 5 o 140 (D.16)
L t {
w w Fy
E} <20 (D.17)

in which A, = area of flange

M, and V, = factored moment and shear at centerline of opening, respectively.

D.3.6 Spacing of openings
Openings should be spaced in accordance with the following criteria to avoid interaction
between openings.

Rectangular openings:

S>h (D.182)
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Circular openings:

VB

4

§2a, ¥V,

] =

§215D,

VI
§z2D oV,

in which § = clear space between openings.

(D.18b)

(D.19a)

(D.15b)

In addition to the requirements in Eqgs. D.18 and D.19, openings in composite beams

should be spaced so that

D.4 Additional Criteria for Composite Beams

(D.20a)

(D.20b)

In addition to the guidelines presented above, composite members should meet the

following criteria.
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D.4.1 Slab reinforcement

Transverse and longitudinal slab reinforcement ratios should be a minimum of 0.0025,
based on the gross area of the slab, within a distance d or a,, whichever is greater, of the opening.
For beams with longitudinal ribs, the transverse reinforcement should be below the heads of the

shear connectors.

D.4.2 Shkear connectors
In addition to the shear connectors used between the high moment end of the opening and
the support, a minimum of two studs per foot should be used for a distance d or a,, whichever

is greater, from the high moment end of the opening toward the direction of increasing moment.

D.43 Construction loads
If a composite beam is to be constructed without shoring, the section at the web opening
should be checked for adequate strength as a non-composite member under factored dead and

construction loads.
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al&

Fig. D.1 Limits on Opening Dimensions
a,/h, versus h/d (Darwin 1990)
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APPENDIX E

SUMMARY OF BEAMS NOT MEETING DESIGN LIMITATIONS

A total of thirty-eight steel and composite beams available from previous research were
excluded from consideration in determining resistance factors because of one or more violations
of design limitations presented in Appendix D. Tables containing material and section properties,
design limitation summaries, and capacity summaries and figures showing shear and moment
interaction plots for the excluded beams follow (Tables E.1 - E.6 and Figs. E.O - E.38).

Most of the excluded beams violated limitations pertaining to local buckling of the
compression flange and/or the web. These violations contributed most significantly to premature
failure of the beams, as illustrated by the results for beams RBD-UG2, RL-3, and RL-4. With the
exception of RL-3, the predicted capacities for beams resisting high moment at the opening agreed
reasonably well with test data. The predicted capacities for beams resisting high shear at the
opening generally did not agree very well with test data.

Five beams, RM-1D, RM-2D, RM-4D, RM-21G, and RM-4G had closely spaced openings
which, in three cases (RM-2D, RM-21G, and RM-4G), failed as a unit (Redwood and McCutcheon
1968). However, the predicted capacities of all five beams were conservative. Beams RL-1,
RL-2, RL-3, and RL-4 were reinforced on one side of the web and violated associated design
limitations. Beam RL-3 exhibited very premature failure with a testtheory ratio of 0.455.
Reasonable strength predictions were obtained for the other four beams.

Sixteen beams tested by Kim (1980), (KKS-series), were excluded from the analysis
although they met all of the design limitations. Without exception, the beams subjected to any

amount of shear were unusually strong when compared to predicted capacities.
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The predicted capacity of KKS-2HRC was the most conservative with a test/theory ratio of 2.022.

These conservative results may well be due to strain hardening which is not accounted for by the

prediction methods.



Table E.1 Material and Section Properties for Excluded Steel Beams

(in inches unless noted)

STEEL SECTION
Web Opening Reinforcement Top Tee Bottom Tee
FI"' Fyr E ¥ F,’

Test d t, (ksiy D, A, a, b, t, y, (ksi) s b, ¢ (ksi) s b, G (ksi)
RBDIB1A  20.750 0257 45700 7.000 6.300 3.150 6.880 7220 0381 43300 6.870 7220 0381 43300
RBD-UG2 20.770 0251 58000 11000 9.900 4.950 4.89% 7.340 0385  54.100 4.880 T340 0385 54.100
RBD-UG2A  20.770 0.251 58.000  13.000 11.700 5.850 3.890 7.340 0385  54.100 3.880 7340 0385 54.100
RBD-UG3 20,710 0257 59400 11,000 9.900 4.950 4.860 7.250 0388  52.800 4,850 7250 0388 52800
RM-1D 8016 0235  49.600 4.500 4.050 2025 1.983 5.250 0297  46.200 1.983 5250 0297 46200
RM-2D 8.125 0248  53.800 4.500 4.050 2025 2038 5.250 0321 45400 2038 5250 0321 45400
RM-4D 8.125 0248  53.800 4500 4.050 2025 2038 5.250 0326 48.000 2038 5250 0326 48.000
RL-1 20.560 0256 60870 9.000 22560 2510 0.242 0 47070 5780 7.060 0392  55.480 5.780 7060 0392 55480
RL-2 20.560 0256  58.670 13500 33750 253 0368 0 43310 3530 6880 0392 54.170 5780 7060 0392 55480
RL-3 20.630 0252  58.260 9.000 22500 2533 0368 0 43.780  5.815 7.060 0392  53.230 5815 7060 0392 53.230
RL-4 15540 0255  67.000 6780 16940 2751 03251 0 47070 4380 5.500 0355  53.450 4.380 5500 0355 53450
RBD-EHL 15940 0317 47.900 6540 12940 8510 6.940 0488  46.600 0.890 6.940 0488 46.600
RBD-HBlI 20750 0257  45.700 13000 13.000 3875 7220 0381 43300 3875 7220 0381 43300
RBD-HB2 20,740 0254 45700 13000  13.000 3.870 7.200 0372 43.200 3870 7200 0372 43200
RBD-HB3 20720 0254 45700 7.000 7.000 6.860 7190 0379  43.200 6800 7190 0379 43200
RBD-HB3A 20720 0254 45700 7.000  14.000 6.860 7.190 0379 43200 6.860 1190 0379 43.200
RBD-HB4 20.750 0258 45700 7.000 7.000 6.875 7.230 0378 43200 6.875 7230 0378 43.200
RBD-HBS 20.750 0255  57.600 11000 22000 4.875 7.220 0374 55800 4.875 7220 0374 55800
RBD-HB5A  20.750 0255  57.600 11.000  11.000 4.875 1220 0374 55800 4875 7220 0374 55800
RM-21G 8020 0238 47200 4.050 6.750 1.760 5.250 0300  40.200 1.760 5250 0300 40.200
RM-4G 8.125 0251  54.100 4.050 6.750 1.813 5.250 0321 47400 1.813 5250 0321 47400
KKS-1HSC 7.090 0.157 40,000 3.150 3.150 1.970 3.540 0236  40.000 1.970 3540 0236  40.000
KKS-1HRC 7.0% 0157  40.000 3.150 4.720 1.970 3540 0236 40,000 1.970 3540 0236 40.000
KKS-1HS10 7.090 0.157  40.000 3.150 3.150 1,260 3540 0236 40,000 2,680 3540 0236 40,000
KKS-1HR 10 7.09% 0.157  40.000 3.150 4.720 1.260 3.540 0236 40000 2.680 3540 0236  40.000
KKS-21I5C 7.090 0.157  40.000 3150 3.150 L970 3540 0236  40.000 1.970 3.540 0236  40.000
KKS-2HRC 7.0% 0.157  40.000 3.150 4.720 1970 3.540 0236 40.000 1970 3540 0236  40.000
KKS-2HSE 7.09%0 0.157 40,000 3.150 3.150 1.260 3.540 0236 40.000 2.680 3540 0236 40.000
KKS-2HRE 7.090 0.157  40.000 3.150 4720 1.260 3540 0236  40.000 2680 3540 0236 40.000
KKS-3HRC2  7.09 0.157  40.000 3.150 4.720 1.970 3.540 0236  40.000 1.970 3540 0236 40.000
KKS-31ISC3 709 0157 40,000 3.150 3.150 1.970 3.540 0236 40,000 1.970 3540 0236  40.000
KKS-3HSC2  7.09% 0.157  40.000 3.150 3.150 1.970 3.540 0236 40000 1970 3540 0236  40.000
KKS-3HRC3  7.09% 0.157 40,000 3.150 4720 1.970 3540 0236  40.000 1970 3540 0236  40.000
KKS-3HS10 7.09% 0.157 40,000 3150 3.150 1.260 3540 0236  40.000 2680 3540 0236 40.000
KKS-3HR10 7.090 0.157 40,000 3.150 4.720 1.260 3.540 0236  40.000 2.680 3540 0236  40.000
KKS-3lSSE 7.0% 0.157 40,000 3.150 3.150 1.620 3.540 0,236 40,000 2320 3540 0236 40.000
KKS-3LRSE  7.0% 0.157  40.000 3.150 4.720 1.620 3.540 0236  40.000 2340 3540 0236 40.000
Notes:

refer io Table E.O for key to beam designations

91
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Table E.2 Design Limitation Summary for Excluded Steel Beams
(a) Local Buckling of

Compression Flange

(D.1.1)

(b) Web Buckling (D.1.2)

Test™ b/, < 55’.«‘/;.—-, p, <60 hit

420;,,’27,

520;\/F, ath, a/h(max)

RBD-HB1A 948  9.88 247 mnmn 6213 76.92 0.45
RBD-UG2 9.53 884 3.63 79.68 55.15 68.28 0.45
RBD-UG2A 953 884 4.21 79.68 55.15 68.28 0.45
RBD-UG3 9.34 8.95 3.64 77.56 54,49 67.47 0.45
RM-1D 8.84 9.56 3.82 31.58 59.64 73.84 0.45
RM-2D 8.18 9.65 an 30.17 57.26 70.89 0.45
RM-D 8.05 9.38 T 30.13 57.26 70.89 0.45
RL-1 9.01 8.73 5.13 ™25 53.83 66.65 251
RL-2 8.78 8.83 6,44 T7.25 54.83 67.89 2350
RL3 9.01 8.9 512 78.75 55.03 68.13 250
RL4 7.75 8.89 5.12 58.16 5131 63.53 250
RBD-EH1 7.1 9.52 4.44 47.21 60.69 75.13 1.98
RBD-HB1 948 938 4,76 nmn 6213 76.92 1.00
RBD-HB2 9.68 9.89 4.76 78.72 6213 76.92 1.00
RBD-HB3 949  9.89 3.0 78.59 6213 76.92 1.00
RBD-HB3A 949 9389 4.03 78.59 6213 76.92 2.00
RBD-HB4 9.56  9.89 3.02 .50 6213 76.92 1.00
RBD-HBS 9.65 8.70 5.18 78.44 §5.34 68.52 2.00
RBD-HB5SA 965 870 4.18 78.44 §5.04 68.52 1.00
RM-21G 875 10.25 4.70 3L18 61.13 75.69 1.67
RM-=G 818 944 4.66 29.81 §7.10 70.70 1.67
KKS-1HSC 750 10.28 3.67 4215 66.41 8222 100
KKS-1HRC 750 10.28 4.16 4215 66.41 8222 1.50
KKS-1HS10 750 10.28 3.67 4215 66.41 2.2 1.00
KKS-1HR10 750 10.28 4.16 4215 66.41 2.2 1.50
KKS-2HSC 7.50 10.28 3.67 4215 66.41 82 100
KKS-2HRC 750 1028 4.16 4215 66.41 2.2 1.50
KKS-2HSE 7.50 10.28 3.67 4215 66.41 822 1.00
KKS-2HRE 750 1028 4.16 4215 66.41 8222 1.50
KKS-3HRC2S 7.50 10.28 4.16 4215 66.41 8222 1.50
KKS-3HSC35 750 10.28 3.67 4215 66.41 8222 1.00
KKS-3HSC2S 750 10.28 3.67 4215 66.41 8222 1.00
KKS-3HRC35 750 10.28 4,16 4215 66.41 8222 1.50
KKS-3JHS10E2S 7.50 10.28 3.67 4215 66.41 8222 1.00
KKS-3HR10E25 7.50 10.28 4.16 4215 66.41 8222 1.50
KKS-3HSSE2S 7.50 10.28 3.67 4215 66.41 8222 1.00
KKS-3HRSE2S 17.50 10.28 4.16 4215 66.41 8222 1.50
D-3B 7.1 9.42 6.70 41.53 58.93 72.96 292
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Table E.2 Design Limitation Summary for Excluded Steel Beams

(c) Buckling of Tee Shaped Compression Zone (D.1.3)

P.. P V3 Test/
Test? ® ® () MM, ajs Theory®
RBD-HB1A 114,63 114.57 169.52 0.921 0.46 0.957
RBD-UG2 127.71 127.91 88.80 0.454 1.01 L.063
RBD-UG2A 119.17 119.72 72.05 0.330 1.50 1.293
RBD-UG3 124.83 125.01  194.00 0.928 1.02 1032
RM-1D 53.88 54.10 87.35 1.000 1.02 1.033
RM-2D 57.17 57.39 67.54 0523 0.99 1.622
RM-D 61.15 61.39 90,36 0.947 0.9 1014
RL-1 135.82 135,59 279.08 1.000 3.90 1.009
RL-2 109.33 111.05 258,92 1.000 9.56 1.078
RL-3 130.19 12996 127.55 0.999 3.87 0.455
RL4 94.20 93.95 167.21 0.513 3.87 0.954
RBD-EH1 164.64 163,74 139.54 0.715 152 L077
RBD-HB1 9296 9386 177.74 0.992 335 1128
RBD-HB2 90.67 01.54 45.06 0.213 3.36 1.589
RBD-HB3 11278 11266 105.53 0.459 .02 L202
RBD-HB3A 11223 111.96 80.97 0.420 204 1114
RBD-HB4 113.77 113.64 21193 0.999 .02 L098
RBD-HBS 125.11 126.12 42.56 0.205 4.51 1.126
RBD-HBSA 127.13 127.57 73.72 0.318 2.26 1.252
RM-21G 45.21 46.08 31N 0.400 3.84 1.297
RM<G 57.03 58.17 76.66 0.708 372 1.137
KKS-IHSC 26,36 26,46 84,51 1.000 1.60 L042
KKS-1HRC 26.24 26.40 84,51 1.000 240 1.033
KKS-1HS10 23.52 23.81 84.92 1.000 250 1.087
KKS-1HR10 22.30 .75 84.92 1.000 375 1.081
KKS.2HSC 26.36 26.46 84.51 0.000 1.60 1.942
KKS-2HRC 26.24 26.40 84,51 0.000 240 2022
KKS-2HSE 3.52 23.81 84,92 0.000 250 1.909
KKS-2HRE 2.30 23.75 84.92 0.000 s 1.932

KKS-3HRC25 2624 26.40 8451 0.293 240 1794
KKS-3HSC3s 26.36 2646  B4.51 0.492 1.60 1667
KKS.3HSC25 26.36 26.46 8451 0.360 1.60 2013
KKS-3HRC3S 26.24 2640 8451 0.405 240 1.824
KKS-3HS10E2S 23.52 281 8N 0.389 250 L1752
KKS-3HRI0E2S 2330 275 840 0.321 3.75 1852
KKS.3JHS5E25  24.99 25.15 8458 0372 194 1988
KKS-3HRSE2S  24.83 2510 8458 0.303 29 1.837
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Table E.2 Design Limitation Summary for Excluded Steel Beams

(d) Hole Restrictions (D.3.1)

h,< 07d s5& 5> 0.15d
Test™® (in) (@n) (in) (in) (in.) as, ajs, <120
RBO-HBLA 700 452 688 697 3 0.4 0.46
RBD-UG2 100 1454 489 438 312 101 L01
RBD-UG24 1300 1454 389 388 a2 1.50 L51
RBD-UG3 .00 1450 48 485 311 1.02 L02
RM-1D 450 561 198 1.98 120 102 L02
RM-2D 450 569 204 204 L2 0.9 0.9
RM<D 450 569 204 204 L2 0.9 0.9
RL-1 9.00 14.39 5.78 5.78 3.08 3.90 3.90
RL2 1350 1439 353 333 3.08 9.5 9.56
RL3 900 144 582 58 3.09 3.87 3.87
RL4 678 1088 438 438 23 3.8 387
RBD-EH1 654 1116 851 089 239 1.52 14.54
RBD-HB1 1300 1452 388 3.8 a1 3.35 335
RED-HB2 1300 1452 387 3% a1l 3.36 3.3
RBD-HB3 7.00 1450 686 686 a1l 102 102
RBD-HB3A 700 1450 686 686 au 204 204
RBD-HB4 700 1452 688 6.8 ERT! 102 102
RBD-HBS 1100 1452 488 488 an 4.51 451
RBD-HBSA 1100 1452 488 488 311 226 226
RM-21G 405  S61 176 L7 120 3.84 3.84
RM4G 405 569 181 181 L2 EXp) in
KKS-1HSC S 4% 197 1w 1.06 1.60 160
KKS-IHRC 315 4% 197 197 106 2.40 240
KKS-1HS10 315 4% 126 268 106 2.50 118
KKS-1HR10 315 4.96 1.26 268 L06 375 176
KKS-2HSC 315 4% 197 L9 1.06 1.60 160
KKS-2HRC 315 4% 197 197 1.06 2.40 240
KKS-2HSE 315 4.96 1L.26 2.68 1.06 2.50 Li8
KKS-2HRE 315 4% 126 268 1.06 375 L76
KKS-3HRC2S 315 49% 197 197 1.06 240 240
KKS3HSC3S 315 4% 197 197 106 1.60 160
KKS3HSC2S 315 49 197 197 106 1.60 160
KKS3HRC3S 315 4% 197 197 106 2.40 240
KKS-3HS10E25 3.15 496 126 268 L06 2.50 118
KKS3HRI0E2S 315 49 126 268 106 375 L76
KKS3HSSE2S 315 49 162 232 106 1.94 136
KKS-3HRSE2S 3.15 4.96 1.62 232 106 291 203
D-8B 6.38 1.09 203 17 152 9.20 10.80
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Table E.2 Design Limitation Summary for Excluded Steel Beams

(¢) One-sided Reinforcement (D.3.5)

A< A3
Test (ind) a/h, <25 st syt s 140/,/F, M,/(V,*d) = 20
y
RL-1 020 092 251 2258 2258 17.94 223164.88
RL-2 031 095 2.50 13.79 13.79 18.28 22184290
RL-3 030 092 250 23.08 2.08 18.34 19.06
RL< 0.22 0.65 250 17.18 17.18 17.10 25.30
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Table E.2 Design Limitation Summary for Excluded Steel Beams

Test™ (f) Violations
RBD-HB1A (D.L1), (D.13)
RBD-UG2 ©.L1)

RBD-UG2A @.1.1)

RBD-UG3 (D.1.1), (D.13)

RM-1D (D.1.3)

RM-2D (D.13)

RM~D (D.1.3)

RL-1 (D.L1) (0.1.2), (D.L3), (D.3.5)
RL-2 (D.1.2), (D.13), (D3.5)
RL-3 (D.L1), (D.1.2), (D3.5)
RL4 (D.1.2), (D.13), (D.3.5)
RBD-EH1 (D.13), ©.3.1)
RBD-HB1 (D.1.3)

RBD-HB2

RBD-HB3

RBD-HB3A

RBD-HB (D.13)

RBD-HBS (@.L1)

RBD-HBSA (®.1.1)

RM-21G

RM=G ©.13)

KKS-1HSC (D.13)

KKS-1HRC (D.L3)

KKS-1HS10 (D.1.3)

KKS-1HR10 (D.13)

KKS-2HSC (D.1.3)

KKS-2HRC (D.13)

KKS-2HSE (D.1.3)

KKS-2HRE (D.1.3)

KKS3HRC2S  (D.13)
KKS-3HSC35  (D.13)
KKS-3HSC2S  (D.13)
KKS3HRC3S  (D.L3)
KKS-3HS10E2S  (D.L.3)
KKS-3HRIOE2S (D.13)
KKS-3HSSE2S  (D.13)
KKS-3HRSE2S  (D.13)
D-8B (D.L1)

Notes:
(1) refer to Table E.O for key to beam designations

(2) The test/theory ratios for Method IIT with A = 1.414 are provided
as some indication of the effect of a potential violation of the design
parameter on the predicted capacity. If the tee-shaped compression zone
were to buckle prematurely, unconservative predictions would result.
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Table E.3 Excluded Beam Capacity Summary: Method I, A = 1.414

M, V. M, Vi M, V. Test/
Test" (in.-k) (k) (in-k) (k) (in-k) (k) Theory
RBD-HB1A 343179  63.32 3025.09 3645  3161.91 38.10 0.957
RBD-UG2 405231  65.00 169125 6510  1649.78 63.50 1.025
RBD-UG2A 384282  44.83 140565 5410  1154.19 44.42 1.218
RBD-UG3 399494  67.28 368039 4430 360126 43.35 1.022
RM-1D 659.40 23.19 68113 0.00  659.40 0.00 1.033
RM-2D 721,51 27.27 53194 3780  366.2 26.02 1.453
RM<4D 763,06 27.68 71177 1479 72049 14.97 0.988
RL-1 454663  56.15 458827 0.00  4546.63 0.00 1.009
RL-2 422085  23.86 4561.09 0.00 422985 0.00 1.078
RL-3 4437.05 6238  2016.89 513 442832 11.26 0.455
RL-4 254272 5219 1141.72 4861 118322 50.38 0.965
RBD-EH1 2751.06  51.03 1900.56 47.63  1817.83 45.56 1.046
RBD-HB1 3107.81 2234 3459.23 831  3070.09 7.38 1.127
RBD-HB2 3031.42 21.98 37640 3377 560.07 21.93 1.540
RBD-HB3 3413.62 6249 188142 7260  1565.52 60.41 1.202
RBD-HB3A 341362 5082 144355 5570 129288 49.89 1.117
RBD-HB4 344406  63.56 13778.78 9.08  3441.53 8.27 1.098
RBD-HBS 409845 2772 %07.73  3L10  718.60 21.61 1.124
RBD-HBSA 409845 4409 1399.11 5390 1136.36 4378 1.231
RM-21G 590.97 9.46 26372 1097 22334 9.29 1.181
RM-4G 749.67 1212 54077 1123 51319 10.66 1.054
KKS-1HSC 282.23 963  294.20 0.00 28223 0.00 1.042
KKS-1HRC 282.23 7.66  291.60 0.00 28223 0.00 1.033
KKS-1HS10E 268.18 9.98  291.60 0.00  268.18 0.00 1.087
KKS-1HRI0E  268.18 8.04  289.90 000 26818 0.00 1.081
KKS-2HSC 282.23 9.63 013 1741 0.07 9.63 1.808
KKS-2HRC 282.23 7.66 013 1463 0.07 7.66 1.909
KKS-2HSE 268.18 998 013  17.65 0.07 9.98 1.768
KKS-2HRE 268.18 8.04 0.13  14.60 0.07 8.04 1.816
KKS-3HRC25 282.23 7.66 127.00 1291 74.91 7.61 1.696
KKS-3HSC35 282.23 9.63 200.64 14,55 128.50 9.32 1.561
KKS-3HSC25 282.23 9.63 175.80  17.87 93,59 9.51 1.878
KKS-JHRC35S  282.23 766 179.40 1301 103.87 7.53 1.727
KKS-3HS10E2S  268.18 998 157.39 1599 96.70 9.82 1.628
KKS-3JHRI0E2S 268.18 8.04 13678 1390 78.43 7.97 1.744
KKS-3HSSE2S  275.30 971 17474 1776 94,28 9.58 1.853
KKS-3HRSE2S  275.30 775 13136 13.35 75.74 7.70 1.734
Notes:

(1) refer to Table E.O for key to beam designations
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Table E.4 Excluded Beam Capacity Summary: Method II

M, V., M., Vi M, 'V, Tesy
Test? (in.-k) (k) (in-k) (k) (in.-k) (k) Theory
RBD-HB1A 3431.79 63.32 3025.09 36.45 316191 38.10 0957
RBD-UG2 4052.31 70.88 1691.25 65.10 1787.15 68.79 0.946
RBD-UG2A 3842.82 49.29 1405.65 54.10 1265.16 48.69 1.111
RBD-UG3 399494 7375 3680.39 4430 3682.09 4432 1,000
RM-1D 659.40 22.99 681.13 0.00 65940 0.00 1.033
RM-2D 721.51 27.24 53194 37.80  365.83 26,00 1.454
RM<D 763.06 2724 71T 1479 Ti18.61 1493 099
RL-1 4546.63 62.67 4588.27 0.00 454663 0.00 1.009
RL-2 4229.85 24.84 4561.09 0.00 422985 0.00 1.078
RL-3 4437.05 68.80 2016.89 5.13 443054 11.27 0455
RL4 2542.72 5831 114172 4861 130479 S555 0.875
RBD-EH1 2751.06 56.99 1900.56  47.63 1958.71 49.09 0.970
RBD-HB1 3107.81 2411 3459.23 831 30764 739 1124
RBD-HB2 3031.42 2377 876.40 3377 61521 2371 1425
RBD-HB3 3413.62 62.49 1881.42  72.60 156552 6041 1.202
RBD-HB3A 3413.62 59.50 144355 5570 149731 S57.77 0.964
RBD-HB4 144406 63.56 3778.78 9.08 344153 827 1.008
RBD-HBS 4098.45 2063 807.73 3110 76277 29.56 1.052
RBD-HB5SA 4098.45 50.34 1399.11 53.90 1293.01 49.81 1.082
RM-21G 590.97 9.40 263.72 1097° 22134 923 1189
RM-4G 749.67 11.99  540.77 11.23 509.34 1058 1.062
KKS-1HSC 282.23 10.50  294.20 0.00 28223 0.00 1.042
KKS-1HRC 282.23 8.37 291.60 0.00 28223 0.00 1.033
KKS-1HS10E 268.18 10.64  291.60 0.00 268.18 000 1.087
KKS-1HRI10E 268.18 873 289.90 0.00 26818 000 1.081
KKS-2HSC 282.23 10.50 0.13 17.41 0.08 1050 1.659
KKS-2HRC 2823 8.37 0.13 14.63 007 837 1.748
KKS-2HSE 268.18 10.64 0.13 17.65 0.08 10.64 1.658
KKS-2HRE 268.18 8.73 0.13 14.60 008 873 1672
KKS-3HRC25 282.23 837 127.01 12,91 81.67 830 1.555
KKS-3HSC35 282.23 10.50 200.64 1455  138.77 10.06 1.446
KKS-3HSC25 282.23 10.50  175.80 17.87 101,63 1033 1.730

KKS-3HRC35 282.23 8.37  179.40 13.01 112.89  8.19 1.589
KKS-3HS10E25 268.18 10.64 157.39 1599 10275 1044 1.532
KKS-3HR10E2S 268.18 873 13678 13.90 8499 864 1.609
KKS-3HSSE2S 275.30 10.53  174.74 17.76  101.830 1035 1.717
KKS-3HRSE25 275.30 845 13136 1335 8244 8338 1.593

(1) refer top Table E.O for key to beam designations
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Table E.5 Excluded Beam Capacity Summary: Method III, A = 1.414

M, S * R 3 V, Test
Test® (in-k) () (in-k) (&) (nk) (k) Theory
RBD-HBIA 3431.79 6332 3025.09 3645 3161.91 38.10 0.957
RBD-UG2 4052.31 6253 1691.25 65.10  1591.08 61.24 1.063
RBD-UG2A 3842.82 42.17  1405.65 54,10 1087.27 41.85 1.293
RBD-UG3 3994.94 65.02  3680.39 4430  3567.30 42.94 1.032
RM-1D 659.40 20.27 681.13 0.00 659.40 0.00 1.033
RM-2D 721.51 24.08 531.94 37.80 327.94 23.30 1.622
RM-4D 763.06 24,08 M. 14.79 701.80 14,58 1.014
RL-1 4546.63 56.51  4588.27 0.00 4546.63 0.00 1.009
RL-2 4229.85 23.80 4561.09 0.00 4229.85 0.00 1.078
RL-3 4437.05 62.54  2016.89 513 442839 11.26 0.455
RL4 2542.72 52.85 114172 48.61  1196.68 50.95 0.954
RBD-EH1 2751.06 48.95  1900.56 47.63  1763.96 44.21 1.077
RBD-HB1 3107.81 21.60  3459.23 831  3066.16 7.37 L.128
RBD-HB2 3031.42 21.30 876.40 33.77 551.66 21.26 1.589
RBD-HB3 3413.62 62.49  1881.42 7260 1565.52 60.41 1.202
RBD-HB3A 3413.62 50.95 144355 5570 1295.90 5000 L114
RBD-HB4 3444.06 63.56 3778.78 9.08 3441.53 8.27 1.098
RBD-HBS 4098.45 27.68 807.73 iL1o 717.59 27.63 1.126
RBD-HBSA 4098.45 4334 1399.11 53.90 1117.30 43.04 1.252
RM-21G 590.97 8.57 263.72 10.97 203.26 8.45 1.297
RM-4G 749.67 10.89 540.77 11.23 475.53 9.88 1.137
KKS-1HSC 282.23 8.97 294.20 0.00 28223 0.00 1.042
KKS-1HRC 282.23 123 291.60 0.00 28223 0.00 1.033
KKS-1HS10E 268.18 9.24 291.60 0.00 268.18 0.00 1.087
KKS-1HR10E 268.18 7.56 289.90 0.00 268.18 0.00 1.081
KKS-2HSC 282.23 8.97 0.13 17.41 0.07 8.97 1.942
KKS-2HRC 282.23 7.23 0.13 14.63 0.06 7.3 2.022
KKS-2HSE 268.18 9.24 0.13 17.65 0.07 9.24 1.909
KKS5-2HRE 268,18 7.56 0.13 14.60 0.07 7.56 1.932
KKS-3HRC25 282.23 7.23 127.01 12.91 70.80 7.20 1.794
KKS-3HSC35 282.23 8.97 200.64 14.55 120.35 8.73 1.667
KKS-3HSC25 282,23 8.97 175.80 17.87 87.32 8.88 2.013
KKS-3HRC35 282.23 7.3 179.40 13.01 98.34 7.13 1.824
KKS-3HS10E25 268.18 9.24 157.39 15.99 80.83 9.13 1.752
KKS-3HR10E25 268.18 7.56 136.78 13.90 73.86 7.51 1.852
KKS-3HS5E2S 275.30 9.03 174.74 17.76 87.89 8.93 1.988
KKS-3HRSE2S 275.30 .3 131.36 13.35 71.53 1.7 1.837

Notes:

(1) refer 1o Table E.O for key to beam designations
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Table E.6 Excluded Beam Capacity Summary: Redwood and Shrivastava (1980)

Curvlinear Linear

Test™) M, V. M, M, V. M, V, Testy M, V, Test/

(in-k) (k) (in-k) (in.-k) (k) (in.-k) (k) Theory (in.-k) (k) Theory
RBD-HB1A 343179 63.32 243047 025.09 3645 3414.00 4114 0.886 288252 3473 1.049
RBD-UG2 405231 7856 2309.55 1691.25 65.10 2040.88 78.56 0.829 2040.88 78.56 0.829
RBD-UG2A 384282  61.16 2184.18 1405.65 S54.10 1589.06 61.16 0.885 1589.06 61.16 0.885
RBD-UG3 3994.94 8214 217212 368039 4430 3933.19 47.34 0936 315278 37.95 1167
RM-1D 659.40 2299 44485 681.13  0.00 65940 0.00 1.033 659.39 0.00 1.033
RM-2D 72151 2123 46845 53194 37.80 38315 2723 1.388 38315 2723 1.388
RM<4D 763.06 2723 51034 TILTT 1479 75849 1576 0938 639.68 1329 1.113
RL-1 454663 2631 1665.36 4588.27  0.00 454663 000 1.009 454652  0.00 1.009
RL-2 422085  15.19 1435.50 4561.09 000 4229.85 000 1.078 422068 000 1.078
RL-3 4437.05 3799 144810 201689  S5.13 437894 11.14 0461 3697.19 9.40 0.546
RL-4 254272 30.50 91639 1141.72  48.61 71634 3050 1.594 71634 30.50 1.594
RBD-EH1 2751.06  56.99 101912 1900.56 47.63 239694 60.07 0.793 1561.65 39.14 1.217
RBD-HB1 3107.81 24.11 152591 3459.23 8.31 3088.51 7.42 1.120 268464 645 1.239
RBD-HB2 3031.42 2377 1469.69 87640 3377 61693 2377 1421 61693 2377 1421
RBD-HB3 3413.62 6249 190217 1881.42 7260 1619.35 6249 1.162 1619.35 6249 1.162
RBD-HB3A 3413.62  59.50 1081.96 1443.55 5570 2368.12 91.37 0.610 1358.85 5243 1.062
RBD-HB4 3444.06  63.56 190643 377878  9.08 344147 3.27 1.098 1325487 7.82 1.161
RBD-HBS 4098.45  29.63 1609.71 807.73 31.10 769.46 29.63 1.050 769.46 29.63 1.050
RBD-HBSA 4098.45 5034 181578 1399.11 53.90 130683 5034 1.071 130683 5034 1.071
RM-21G 590.97 1177 303.08 26372 1097 28292 1177 0.932 28292 1L77 0932
RM-4G 74967 1490 390,50 54077 1123 71166 1478 0760 499.56 1037 1.082
KKS-1HSC 28223 1050 16280 29420 000 28223 0.00 1.042 28223 0.0 1.042
KKS-1HRC 282.23 837 15150 291.60 000 28223 000 1.033 28223 0.00 1.033
KKS-1HS10E 268.18  10.64 15548 291.60  0.00 268.18 0.00 1.087 268.18 000 1,087
KKS-1HR10E 268.18 873 137.36 289.90  0.00 268.18 0.00 1.081 26818 0.00 1.081
KKS-2HSC 28223 1050  162.80 0.13 1741 0.08 1050 1.659 0.08 1050 1.659
KKS-2HRC 282.23 8.37  151.50 0.13 14.63 0.07 837 1748 0.07 837 1748
KKS-2HSE 268.18  10.64  155.48 013 17.65 0.08 10.64 1.658 0.08 10.64 1.658
KKS-2HRE 268.18 873 137.86 0.13 14.60 0.08 873 1.672 008 873 1672
KKS-3HRC25 282.23 837 151.50 127.01 1291 8234 837 1.543 8234 837 1543
KKS-3HSC35 282.23 10.50 162.80 20064 1455 14474 1050 1.386 14474 1050 1.386
KKS-3HSC25 28223 1050 162.80 175.80 17.87 10326 1050 1.702 10326 1050 1.702
KKS-3HRC3S 282.23 837 15150 17940 13.01 11541 337 1554 11541 837 1554

KKS-3HS10E2S 268.18 10.64 15548 157.39 15.99 10475 10.64 1.503 10475 1064 1.503
KKS-3HR10E25 268.18 873 137.86 13678 1390 8591 873 1.592 8591 873 1592
KKS-IHSSE2S 275.30 10.53 15868 17474 17.76 103.58 10.53 1.687 103.58 1053 1.687
KKS-3HRSE2S 275.30 845 14412 13136 1335 83.19 845 1.579 8319 845 1579

Notes:

(1) refer to Table E.O for key to beam designations
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Cubic Moment-Shear Interaction Using
Method IIT
-=---------=  Curvlinear Moment-Shear Interaction Using
Redwood & Shrivasatava (1980),
Redwood & Poumbouras (1984),
and Redwood & Cho (1986)

o) Actual Moment-Shear Value for Beam

Fig. E.0 Legend for Moment-Shear Interaction Curves
in Figs. E.1 - E38
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APPENDIX F

DERIVATION OF P,,,,, FOR COMPOSITE BEAM SIMPLIFIED MOMENT EQUATION

When the PNA resides in the steel section, a simplified expression for the maximum
moment capacity of a composite beam, Eq. 2.74, can be used. As the PNA moves into the web,
Eq. 2.74 becomes increasingly unconservative. In this appendix, the limit on P, is derived for

applying the approximation for M,, if the PNA is located in the web of a perforated composite

beam.

The approximate equation is

M=FyA£+P[:-£}+FAAe (F.1)
m 182 c ] 2 )’ F 4

The first term of equation F.l is an approximation for the correct terms given in Egs. 2.67 and

2.69. The first term of Eq. 2.69 can be rewritten as

d
F,[A,q - (b, - £t - rwx’] (F.2)

The object of the derivation will be to determine what the lower bound for P, is, such that the

approximate term differs from the more precise term by a small percentage. This is expressed by

b - 1) + 03 S 04,2 (F3)

in which o is some small number.
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The neutral axis location in a perforated composite beam, where the neutral axis is located

in the web, is determined by

(F.4)

in which x is measured from the top of the flange of the steel section. Solving for x in terms of

the inequality expressed by Eq. F.3 gives

!
< | XAad - 244, (F.5)
2
in which A/ = (b, - 1)y,
Solving for P, in Eq. F.4 gives
P.=F(A, -2A -21(x - 1)) (F.6)

Eq. F.6 can be more simply expressed as

P, = F(t(d - h) - 2t0) (E.7)

Substituting the expression for x in Eq. F.5 into Eq. F.7 results in

\

8
P, = Ft(d - h) - 3 \[oh dr, - 2402, | (F3)
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By substituting 24/ + dt,, - h,t, for A,, in Eq. F.8, the expression under the radical can be arranged
to give

24ft (0d - t) + o(d ~ h)ted (F.9)

Setting A/ = BA, = Br,d, in which B is some fraction results in the following expression.

2Bde(od - 1) + old - h)rd (F.10)

Rearranging gives,
dy(o(@B + 1)d - h) - 2Bt) (F.11)
h, is typically between 0.3d and 0.7d, so if A, is assumed to 0.5d, and if ; is conservatively

assumed to be 0.024, Eq. F.11 can be rewritten as

d*i(a2B + 0.5) - 0.04B) (F.12)

Substituting equation F.11 into equation F.8, and rearranging gives,

P = FJt.(d = h) - 1,4/2a(2B + 0.5) - 0.08p | (F.13)

For a = 0.04 (i.e. a 4% maximum error in the first term in Eq. F.1), the following table is

obtained for different values of PB:

B Pd min)

0.00 F(d - h,)

0.40 Fy1,(0.732d - h,)
0.50 F1,(0.717d - h,)

1.00 F1,(0.654d - h))
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As seen from the table, P, = F,t,(d - h,) is always safe, however, P, = F,1,(0.75d -
h,) is safe and reasonable for building construction because 3, the ratio of the flange area to the

web area, is rarely below 0.40.
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APPENDIX G

STEEL AND COMPOSITE BEAM RESULTS FOR METHODS I AND III

WITH A = 1.207

This appendix contains nine tables summarizing shear capacities and analysis results for
steel and composite beams obtained using Methods I and III with A = 1.207. These results were

used to calculate the resistance factors corresponding to A = 1.207.
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Table G.1 Steel Beam Shear Capacity Summary: Method I, A = 1.207

(values in kips)

Test | Ve Vi Vi V., V. V. v,

RBD-C1 49.59 47.30 47.30 49.59 47.30 47.30 8299 82.99
RM-1A 13.06 14,88 13.06 13.06 14.88 13.06 39.15 26.13
RM-1B 6.74 14,69 6,74 6.70 14,64 6.70 38.66 13.44
RM-2A 14.14 15.94 14.14 14.14 15.94 14,14 41.94 28.27
RM-2B 5.64 12.16 5.64 5.64 1216 5.64 324 11.27
RM-2C 10.42 11.91 10.42 10.42 11.91 10.42 31.69 20.85
RM-3A 13.17 15.05 13.17 13.17 15.05 1317 39.60 26.35
RM-<4A 13.18 15.02 13.18 13.18 15.02 13.18 39.52 26.35
RM-<4B 6.70 14.64 6.70 6.70 14,64 6.70 38.53 13.39
RM-C 14.29 16.79 1429 14.29 16.79 14,29 4417 28.58
CR-1A 13.43 17.67 13.43 13.40 17.63 13.40 52.41 26.83
CR-2A 28.49 21n 2.1 28.49 217 21N 7249 55.42
CR-2B 28.49 21N 211 28.49 217 210 7249 55.42
CR-2C 30.57 35.47 30.57 30.57 3547 30.57 9222 61.15
CR-2D 30.57 3547 30.57 30.57 35.47 30.57 9222 61.15
CR-3A 28.49 21N 27.71 28.49 2m 217 7249 55.42
CR-3B 36.61 3547 3547 36.61 35.47 35.47 9222 70.94
CR-4A 24.67 35.47 24.67 24.67 35.47 24.67 9222 49.33
CR-4B 24.67 3547 24.67 24.67 35.47 24.67 922 49.33
CR-5A 2260 25.65 22.60 22.60 25.65 22.60 922 45.19
CR-TB 29.25 3160 29.25 29.24 31.60 29.24 82 58.49
CR-TD 26.31 31.60 26.31 29.24 31.60 29.24 222 55.55
CSK-2 7290 64.83 64.83 29.76 28.13 28.13 97.69 92.96
CSK-5 55.63 55.15 55.15 237 23.66 2.3 83.19 71.52
CSK-6 9.78 15.79 9.78 37.59 47.28 37.59 83.19 47.37
CSK-7 12.47 15.79 1247 44.67 47.28 44,67 83.19 57.14
C5-1 2317 21.98 21.98 23.17 21.98 21.98 57.73 43,95
Cs-2 2248 21.16 21.16 22.48 21.16 21.16 55.58 42.31
Cs-3 211 21.92 2192 22.11 21.92 21.92 57.58 43.84
RL-5 19.29 3474 19.29 19.28 34.74 19.28 81.67 38.57
RL-6 11.28 21.60 11.28 11.28 21.60 11.28 82.80 22.56
B-1 18.66 33.90 18.66 18.66 33.90 18.66 83.92 37.33
B-2 17.02 30.28 17.02 17.02 3028 17.02 72.65 34.04
B-3 16.09 28.88 16.09 16.09 28.88 16.09 70.72 3218
B4 21.18 34.12 21.18 21.18 3412 21.18 8235 42.37
CL4B 8.13 31.51 8.13 173 30.89 7.73 121.49 15.86
CR-6A 16.68 35.47 16.68 16.68 35.47 16.68 2 33.36
CSK-1 44.50 63..3 44.50 14.45 2734 14.45 94.98 58.95
DO-1 9.78 19.43 9.78 9.78 19.43 9.78 36.56 19.56
DO-2 3.57 11.19 3.57 3.56 11.18 3.56 36.56 713
DO-3 16.51 21.69 16.51 4.46 11.18 4.46 36.56 20.98
DO-4 8.51 20.77 8.51 3.69 11.80 .69 39.29 12.20
DO-5 5.99 1L18 5.99 5.99 11.18 59 36.56 11.97

RBD-R1B 4256 53.80 42.56 42.56 53.80 42.56 8214 82.14
RBD-R2 24.36 43.24 24,36 24.36 43.24 24.36 8299 48.72

RM-11H 7.01 17.32 7.01 7.01 17.32 7.01 51.24 14.01
RM-21H 473 11.29 473 473 11.29 473 34,08 9.45
RM-2F 47 1117 4T 477 1117 am 3334 9.54
RM-4F 6.01 14.16 6.01 6.01 14.16 6.01 41.87 12.02
RM-4H 4.96 11.86 4.96 4.96 11.86 4.96 35.61 9.92
Notes:

refer to Table 3.0 for key to beam designations

Vass Vau =  shear capacity of bottom and top tee, respectively, using Eq. B.1.

Vi Vi = plastic shear capacity of bottom and top tee, respectively, using Egs. 2.22, and 2.18.
Vs Vo = governing shear capacity of top and bottom tees, respectively.

Vi = maximum permissible shear capacity of beam per Section D.1.2.
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Table G.2 Composite Beam Shear Capacity Summary: Method I, A = 1.207

(values in kips)

Test Via Vi Ve Vi ¥ v, Ve Vi Vi
D-1 26.83 47.84 47.84 54.86 26.83 1286 46,96 12.86 39.68
D-2 26.55 44,81 44,81 5212 26.55 1212 44.81 1212 38.67
D-3 27.88 44.54 44 54 52.26 27.88 1201 44 .46 12.01 39.89
D-5A 24.01 45.40 45.40 52.63 24,01 11.60 44.77 11.60 35.61
D-5B nn 4.7 44.77 5226 2.3 4.04 23.13 4.04 k) B
D-6A 24.69 44,75 4475 51.41 24.69 12.07 44,70 12.07 36.76
D-6B 40,04 4475 4475 53.36 40,04 1207 4470 1207 5211
D-TA 3297 M.47 34,47 42,96 3297 5.46 35.54 9.46 4244
D-7B 30.01 34,90 34.90 43.50 30.01 9.61 35.86 9.61 39.62
D-8A 20,05 17.39 14,20 23.26 17.39 3.99 14,16 3.99 21.38
D-9A 34.37 30.56 25.70 44.68 30.56 5.53 25.70 5.53 36.09
D-9B 43,88 40,04 26.99 46.40 40.04 7.84 24.68 7.84 47.89
RO 20.23 17.02 15.06 24.52 17.02 4,14 15.06 4,14 21.16
R-1 17.63 21.44 21.44 30.07 17.63 6.33 21.44 6.33 23.96
R-2 20,75 23.88 23.88 3201 20.75 6.99 23.38 6.99 271.758
R-3 33.88 3252 24,05 34.07 32.52 6,98 24,05 6.98 39.50
R4 16.96 24.64 24.64 34.26 16,96 7.19 24.64 7.19 24.15
R-§ 15.82 16.14 10.76 19.39 16.14 11.90 3212 11.90 28.03
R-6 11.97 23.56 23.56 3Ly 11.97 6.92 23.56 6.92 18.89
R-7 24,36 23.80 21.97 29.78 23.80 6.51 21.97 6.51 303
R-8 23.45 23.05 20.73 28.35 23.05 6,25 20.73 6.25 29.30
C-1 33.37 29.51 19.16 3321 29.51 6.18 19.16 6.18 35.70
Cc-2 29,19 30.28 30.28 41.17 29.19 9.51 3285 9.51 38.70
C-3 30.78 31.42 31.42 43121 30.78 9.13 31.81 9.13 39.90
c4 36.24 35.89 35.89 47.11 35.89 10.40 36.61 10.40 46.28
Cc-5 35.92 3571 35.71 47,21 35.71 10.26 36.32 10.26 45,98
C-6 36.21 31.75 24.30 34.95 31.75 6.95 23.86 6.95 38.69
G-1 48.19 54.53 12.85 21.42 21.42 6.67 12.85 6.67 28.09
G-2 38.05 44,97 12.85 21.44 21.44 6.67 12.85 6.67 28.11
CHO-3 49.90 55.78 10.38 2728 21.25 443 10,38 4,43 31.68
CHO-4 41.40 4213 22.53 39.41 39.41 8.59 292 8.59 48.01
CHO-5 44.01 43.56 2292 39.78 39.78 8.15 22,15 8.15 47.94
CHO-6 59.20 7261 10.66 27.53 21.53 9.53 10,38 9.53 37.06
CHO-7 44.09 48.37 22.53 39.14 39.14 16.42 22.53 16.42 55.56
WIE-1 41.63 40.88 23.85 23.85 23.85 13.58 23.85 13,58 37.42
Notes

refer to Table 3.0 for key to beam designations

Vi = shear capacity of top tee using Eq. B.1.

Viey = shear capacity of top tee using Eq. 2.33.

V,, = plastic shear capacity of top tee using Eq. 2.18

Vi = combined plastic shear capacity of top tee and concrete using Eq. 2.21.
V, = governing shear capacity of top tee.

V, = shear capacity of bottom tee using Eq. B.1.

1"1
]

plastic shear capacity of bottom tee using Eq. 2.22.
governing shear capacity of bottom tee.
V, = maximum shear capacity as predicted by Method I.Notes:

=‘<
1}
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Table G.3  Steel Beam Shear Capacity Summary: Method III, A = 1.207

(values in kips)

Test Voss lv”’,l Via Vs Vi Vs Yo v,
RBD-C1 47.98 47.30 47.30 47.98 47.30 47.30 82.99 82.99
RM-1A 11.41 14,88 11.41 11.41 14.88 11.41 39.15 22.82
RM-1B 6.23 14.69 6.23 6.19 14.64 6.19 38.66 1241
RM-2A 1222 15.94 12.22 122 15.94 122 41.94 24.45
RM-2B 5.08 1216 5.08 5.08 1216 5.08 32.34 10.16
RM-2C 9.07 1191 9.07 9.07 11.91 9.07 31.69 18.13
RM-3A 11.54 15.05 11.54 11.54 15.05 11.54 39.60 23.08
RM-<A 11.52 15.02 11.52 11.52 15.02 11.52 39.52 23.04
RM<B 6.20 14.64 6.20 6.20 14.64 6.20 38.53 1241
RM«C 12.88 16.79 12.88 12.88 16.79 12.88 44.17 25.75
CR-1A 13.17 17.67 13.17 13.13 17.63 13.13 5241 26.29
CR-2A 27.53 21.71 2753 27.53 2171 21.53 72.49 55.05
CR-2B 27.53 211 27.53 27.53 217 27.53 72.49 55.05
CR-2C 20.83 35.47 29.83 29.83 35.47 29.83 92.22 59.67
CR-2D 29.83 35.47 29.83 29.83 35.47 29.83 92.22 59.67
CR-3A 21.12 2771 2712 27.12 211 712 72.49 54,25
CR-3B 3553 35.47 35.47 35.53 3547 35.47 2.2 70.94
CR-4A 24.35 3547 2435 24.35 35.47 24.35 92.22 48,69
CR-4B 24.35 35.47 24.35 24.35 35.47 24.35 2.2 48.69
CR-5A 21.76 25.65 21.76 21.76 25.65 21.76 2.2 43.53
CR-TB 28.52 31.60 28.52 28.50 31.60 28,50 2.2 57.02
CR-TD 25.69 31.60 25.69 28.50 31.60 28.50 82.22 54.19
CSK-2 70.79 64.83 64.83 27.69 28.13 27.69 97.69 92.52
CSK-5 56.64 55.15 55.15 21.31 23.66 21.31 83,19 76.46
CSK-6 9.10 15.79 9.10 37.39 47.28 37.39 83.19 46.49
CSK-7 11.48 15.79 11.48 44.09 47.28 44.09 83.19 55.57
Cs-1 2116 21.98 21.16 21.16 21.98 21.16 572713 4232
Cs-2 20.38 21.16 20.38 20.38 21.16 20.38 55.58 40.75
CSs-3 2027 21.92 20.27 20.27 21.92 20.27 57.58 40.53
RL-5 19.30 3474 19.30 19.30 34,74 19.30 81.67 38.60
RL-6 11.14 21.60 1114 11.14 21.60 11.14 82.80 2228
B-1 18.41 33.90 18.41 18.41 33.90 18.41 83.92 36.82
B-2 16.65 30.28 16.65 16.65 30.28 16.65 72.65 33.31
B-3 15.74 28.88 15.74 15.74 28,88 15.74 70,72 31.49
B4 20.84 34.12 20.84 20.84 34.12 20.84 82.35 41.69
CL<4B 7.49 3151 7.49 1.2 30.89 1.2 121.49 1471
CR-6A 16.03 3547 16.03 16.03 3547 16.03 92.22 32.06
CSK-1 43.84 63.03 43,84 12.25 27.34 1225 54,98 56.08
DO-1 9.49 19.43 9.49 9.49 19.43 9.49 36.56 18.98
DO-2 3.06 11.19 3.06 3.06 11.18 3.06 36.56 6.12
DO-3 16.44 27.69 16.44 379 1118 379 36.56 20.23
DO-4 8.36 20.77 8.36 3.15 11.80 3.15 39.29 1151
DO-5 4.98 1118 4.98 4,98 1118 4.98 36.56 9.97
RBD-R1B 4209 53.80 42.09 42.09 53.80 42.09 8214 82.14
RBD-R2 24.19 43.24 24.19 24.19 4324 24.19 82.99 48.37
RM-11H 6.64 17.32 6.64 6.64 17.22 6.64 51.24 13.28
RM-21H 4.2 11.29 422 4 11.29 422 34.08 8.45
RM-2F 43 1117 4.23 423 11.17 423 3334 8.46
RM<F 5.43 14.16 543 5.43 14.16 543 41.87 10.85
RM-4H 4.46 11.86 4.46 4.46 11.86 4.46 35.61 8.92
Notes:

refer to Table 3.0 for key to beam designations
Ver V. = shear capacity of bottom and top tee, respectively, using Eq. 2.54.
Vi Vi = plastic shear capacity of bottom and top tee, respectively, using Egs. 2.22 and 2.18.

Vs Vs = governing shear capacity of bottom and bottom tees, respectively.
Ve = maximum permissible shear capacity of beam per Section D.1.2.

v, = maximum shear capacity as predicted by Method IIL
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Table G.4 Composite Beam Shear Capacity Summary: Method III, A = 1.207

(values in kips)

Test Vi Ve v, ¥ V, v, Ve Vi V3
D-1 26.90 47.84 47.84 54.86 26.90 12.64 46,96 1264 39.54
D-2 21.24 44,81 44.31 5212 21.24 12.04 44.81 12.04 39.28
D-3 28.43 44.54 44.54 52.26 28.43 11.96 44.46 11.96 40.38
D-5A 24.47 45.40 45.40 52.63 24.47 12.07 “4.T 1207 36.54
D-5B 21.87 4T 4477 52.26 271.87 161 23.13 3.61 31.49
D-6A 25.06 44,75 4475 51.41 25.06 12.06 44.70 12.06 37.13
D-6B 39.96 4475 44.75 53.36 29,96 12.06 44.70 12.06 52.02
D-7A 3236 34.47 34.47 42.96 3236 9.65 35,54 9.65 42.01
D-78B 30.35 34.90 34,90 43,50 30.35 9.81 35.86 9.81 40.16
D-8A 0.00 16.83 14.20 23.26 16.83 4.01 14.16 4.01 20.34
D-9A 0.00 29.15 25.70 44,68 29.15 5.32 25.70 5.32 34.47
D-9B 0.00 33.61 26.99 46.40 38.61 7.40 24.68 7.40 46.01
R-0 0.00 16.53 15.06 24,52 1653 418 15.06 4.18 20,72
R-1 16.97 21.44 21.44 30.07 16.97 5.82 21.44 5.82 2279
R-2 21.27 23.88 23.88 32.01 21.27 6.52 23.88 6.52 21.79
R3 0.00 3071 24,05 34.07 30.7 6.55 24.05 6.55 37.26
R4 17.51 24.64 24.64 34.26 17.51 6.74 24.64 6.74 24.25
R-5 0.00 14.97 10.76 19.39 14,97 11.75 3212 11.75 26,72
R-6 11.56 231.56 23.56 31.37 11.56 6.45 23.56 6.45 18.01
R-7 0.00 2231 21.97 29.78 22.31 6.01 21.97 6.01 28.32
R-8 0.00 21.40 20,73 28.35 21.40 5.61 20.73 5.61 27.01
C-1 0.00 27.06 19.16 33.21 27.06 5.67 19.16 5.67 3274
c2 29.39 30.28 30.28 41.17 29.39 9.20 32.85 9.20 38.56
c3 30.89 31.42 31.42 43.21 30.89 8.68 21.81 8.68 39.57
c4 35,61 5.89 35.89 47.11 15,61 9,79 26.61 9,79 45.41
(oX] 35.05 357 35.71 41.21 35.05 10.11 36.32 10.11 45.16
Cc6 0.00 29.23 24.30 34,95 29.23 6.70 23.36 6.70 35.93
G-1 0.00 5234 12.85 21.42 21.42 437 12.85 4.37 25.79
G-2 0.00 amn 12.85 21.44 21.44 437 12.85 4,37 25.81
CHO-3 0.00 54,03 10.38 27.25 21.25 2,30 10.38 3,30 30.54
CHO-4 0.00 40.97 2253 39.41 39.41 7.78 2292 7.18 47.19
CHO-5 0.00 4234 22.92 39.78 39,78 7.33 22.15 7.33 4712
CHO-6 0.00 70.81 10.66 21.53 21.53 8.84 10.38 8.34 36.37
CHO-7 0.00 48.32 22.53 39.14 39.14 15.70 22.53 15.70 54,84
WIE-1 0.00 38.76 23.85 23.85 23.85 13.92 23.85 13.92 nmn
Notes:

refer to Table 3.0 for key to beam designations

V. = shear capacity of top tee using Eq. 2.54,

Vi) = shear capacity of top tee using Eq. 2.46.

V,, = plastic shear capacity of top tee using Eq. 2.18

Vi = combined plastic shear capacity of top tee and concrete using Eq. 2.21.
Vs = govemning shear capacity of top tee.

V, = shear capacity of bcttom tee using Eq. 2.43.

V, = plastic shear capacity of bottom tee using Eq. 2.22.

V., = governing shear capacity of bottom tee.

V, = maximum shear capacity as predicted by Method III.
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Table G.5 Steel Beam Capacity Summary: Method I, A = 1.207

Mn V- MII'J Vll'l Ml Vn Tes“
Test (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Unreinforced
Circular Opening
RBD-C1 2945.79 8299 2046.38 938.17 1626.80 78.04 1.258
RM-1A 716.71 26,13 728.13 0.00 716,71 0.00 1.016
RM-1B 711.06 13.44 712.13 0.00 711.06 0.00 1.002
RM-2A 798.33 2.7 575.54 31.96 471.46 26.18 1.221
RM-2B 660.89 1.27 295.54 16.41 201.06 11.16 1.470
RM-2C 606.23 20.85 480.54 26.69 349.60 19.42 1.375
RM-3A 713.87 26.35 619.49 20.63 594.13 19.79 1.043
RM-4A 720.71 26.35 691.77 14.38 681.31 14.16 1.015
RM-4B 695.17 13.39 553.77 11.50 530.34 1101 1.044
RM-4C 701,33 28.58 672.77 13.98 672.83 13.98 1.000
MaaEsis s a'i iatnt vin e v slimie s slaed 1.144
Coefficient of Variation ........... 0.152
Resimance Factor . . .. ...covvuvuns 0.897
Rectangular Opening
B-1 2303.02 37.33 945.00 47.22 738.68 36.91 1.279
B-2 2171.63 34.04 1704.80 42.56 1266.53 31.62 1.346
B-3 2081.90 3218 1.80 49,74 1.16 3218 1.546
B4 2207.88 4237 1003.00 50.12 832.41 41.60 1.205
CL4B 3555.94 15.86 1000.00 27.80 569.84 15.84 1,755
CR-6A 2564.72 33.36 1212.37 55.07 728.72 33.10 1.664
CSK-1 3388.11 58.95 2358.39 78.54 1693.13 56.39 1.393
DO-1 725.03 19.56 392.95 24.94 300.65 19.08 1.307
DO-2 674.35 7.13 182.69 11.59 112.14 711 1.629
DO-3 691.24 20.98 622.36 19.73 536.43 17.01 1.160
DO-4 698.68 1220 496.99 15.75 365.57 1159 1.359
DO-5 674.35 11.97 728.74 0.00 674.35 0.00 1.081
RBD-R1B 3033.59 8214 1718.81 85.06 1577.91 78.09 1.089
RBD-R2 2925.66 48.72 1269.70 59.86 1018.74 48.03 1.246
RM-11H 749.12 14.01 7233 0.00 749.12 0.00 1.031
RM-21H 618.27 9.45 342,82 14.27 223.44 9.30 1.534
RM-2F 629.18 9.54 284,54 15.80 170.64 9.48 1.667
RM4F 733.86 12.02 566.71 1 506.83 10.53 1.118
RM-<4H 637.98 11.25 483.77 10.04 462,12 9.59 1.047
MBAR ...vveansanrnnrssnaninss 1.340
Coefficient of Varation .......c.000 0.174
Resisance Factor . . . . ............ 1.019
Overall Unreinforced
MEDY, oataiant s LS TR AN 1.2712
Coefficient of Varation ......... Ty 0.182

Resistance Factor



Table G.5 (continued)
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M, | 42 M, Ve M, v, Test/
Test (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Reinforced
Rectangular Opening
CR-1A 1079.61 26.83 914,16 3L22 885.11 20.55 1.033
CR-2A 2362.34 55.42 1542.37 70.07 1168.65 53.09 1.320
CR-2B 2362.84 55.42 2331.35 51.74 1925.81 4274 1.211
CR-2C 2773.20 61.15 211223 70.36 1686.25 5617 1.253
CR-2D T30 61.15 140433 82.53 102277 60.11 13713
CR-3A 2362.84 55.42 1707.37 71.57 1168.60 53.09 1.461
CR-3B 2773.20 70,94 2704.85 60.10 2344.37 5209 1.154
CR-4A 27T73.20 49,33 1487.37 67.57 1065.03 48.38 1.397
CR-4B 2773.20 49,33 2313.35 5134 1935.46 4295 1.195
CR-5A 2T13.20 45.19 1554.23 51.76 1307.87 43.56 1.188
CR-TB 2501.55 58.49 2448.35 54.34 2035.79 45.18 1.203
CR-TD 2501.55 55.55 1319.33 77.58 928.30 54.59 1.421
CSK-2 3680.73 9296 287239 95.69 2473.48 8240 1.161
CSK-5 31412 T77.52 2309.50 76.93 2077.04 69.19 .12
CSK-6 3043.56 47.371 1471.10 48.99 1377.05 45.86 1.068
CSK-7 3043.56 57.14 1780.10 59.29 1623.96 54.09 1.096
Cs-1 2137.01 43,95 1811.25 30.08 1856.00 30.82 0.976
CSs-2 2155.60 4231 177225 29.43 184091 30.57 0.963
Cs-3 2095.06 43.84 1604.00 40.03 1505.14 37.56 1.066
RL-S 2667.74 38.57 2893.50 0.00 2667.74 0.00 1.085
RL-6 2701.97 2256 1048.89 21.36 1083.56 20m 0.968
50T | RN, o PO v o PO 1.176
Cocfficient of Varation ........... 0.128
Resistance Factor . . . v .vvvviewenes 0.951
Overall Steel Beams
e L [l I . T 1232
Coefficient of Variation . ......0c00veues 0.166
Resistance Factor .......ciicevspannsas 0.947

Notes:

(1) refer to Table 3.0 for key to beam designations
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Table G.6 Steel Beam Capacity Summary: Method III, A = 1.207

M— Vu Mhﬂ Vfﬂl’ Mn Vu Tesu
Test (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Unreinforced
Circular Opening
RBD-C1 2945.79 82.99 2046.38 98.17 1626,80 78.04 1.258
RM-1A 716.71 2282 728.13 0.00 T16.71 0.00 1.016
RM-1B 711.06 1241 712,13 0.00 711,06 0.00 1.002
RM-2A 798.33 24.45 575.54 31.96 418.11 nr 1.37M
RM-2B 660.89 10.16 295.54 16.41 181.72 10.09 1.626
RM-2C 606,23 18.13 480.54 26.69 311.04 17.28 1.545
RM-3A 713.87 23.08 619.49 20.63 558.14 18.59 1.110
RMA 720.71 23.04 691.77 14.38 664.65 13.82 1.041
RM-<B 695.17 1241 553.77 11.50 507.20 10.53 1.092
RM~C 701.33 25.75 672,77 13,98 663.46 13,79 1.014
MERR . v s e b T e e 1.208
Coefficient of Varatdon ,.......... 0.193
Resistance Factor . ... ... ovnvnvnnn 0.895
Rectangular Opening
B-1 2303.02 36.82 945.00 471.22 728.99 36.43 1.296
B-2 2171.63 3331 1704.80 42.56 1244.53 3107 1.370
B-3 2081.90 31.49 1.80 49.74 1.14 31.49 1.580
B4 2207.88 41.69 1003.00 50.12 819.73 40.96 1.224
CL-4B 3555.94 1471 1000.00 27.30 528.58 14.69 1.892
CR-6A 2564,72 32.06 121237 55.07 700,86 31.84 1.730
CSK-1 3388.11 56.08 2358.39 78.54 1620.25 53.96 1.456
DO-1 725.03 18.98 392.95 24.94 292.30 18,55 1.344
DO-2 674.35 6.12 182.69 1159 96.35 6.11 1.896
DO-3 691.24 20,23 622.36 19.73 525.85 16.67 1.184
DO 698.68 11.51 496.99 15.75 347.59 11.02 1.430
DO-5 674.35 9.97 728.74 0.00 674.35 0.00 1.081
RBD-RIB 3033.59 3214 1718.81 85.06 1577.91 78.09 1.089
RED-R2 2925.66 48.37 1269.70 59.86 1011.69 47.70 1.255
RM-11H 749.12 1328 77233 0.00 749.12 0.00 1.031
RM-21H 618.27 8.45 342.82 14.27 200.63 8.35 1.709
RM-2F 629.18 8.46 284.54 15.80 151.60 8.42 1.877
RM-4F 733.86 10,85 566.77 1.77 471.50 9.79 1.202
RM<4H 637.98 8.92 483.77 10.04 393.37 8.16 1.230
T 1.415
Coefficient of Variation ........... 0.202
Resistance Factor . . ... ..ovnvenauns 1.034
Overall Unreinforced
Mean ... 1.343
Coefficient of Variation ......co00veenas 0.210

Reuistance Faotor . .q:iceviiisedaesas 0.970
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M, Vi M, Vil M, Vi Test/
Test (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Reinforced
Rectangular Opening
CR-1A 1079.61 26.29 914.16 21.22 876.97 20.36 1.042
CR-2A 2362.84 55.05 1542237 70.07 1161.73 52.78 1.328
CR-2B 2362.84 55.05 2331.35 51.74 1919.33 4261 1.214
CR-2C 2773.20 59.67 211223 70.36 1654.31 55.11 1.217
CR-1D 27T73.20 59.67 1404.33 8253 999.23 5872 1.405
CR-3A 2362.84 54.25 1707.37 71.57 1146.69 5210 1.489
CR-3B 2773.20 70.94 2704.85 60.10 2344.37 52.09 1.154
CR-4A 2773.20 48.69 1487.37 61.57 1052.00 47.79 1.414
CR-4B 2773.20 48.69 2313.35 51.34 1918.77 42,58 1.206
CR-5A 21713.20 43,53 1554.23 51.76 1264.36 4211 1.29
CR-TB 2501.55 57.02 2448.35 5434 2011.66 44.65 1.217
CR-TD 2501.55 54.19 1319.33 77.58 906.68 53132 1.455
CSK-2 3680.73 92.52 287239 95.69 2465.42 8213 1.165
CSK-5 3141.22 76.46 2309.50 76.93 2056.65 68.51 1.123
CSK-6 3043.56 46.49 1471.10 48.99 1353.83 45,08 1.087
CSK-7 3043.56 55.57 1780.10 59.29 1585.73 52.82 1.123
CS-1 2137.01 4232 1811.25 30.08 1831.00 30.41 0.989
Cs-2 2155.60 40,75 177225 29.43 1814.07 30.12 0.977
CS-3 2095.06 40.53 1604.00 40,03 1429.73 35.68 1.122
RL-5 2667.74 38.60 2893.50 0.00 2667.74 0.00 1.085
RL-6 2701.97 2228 1048.39 21.36 1070,93 21.81 0.979
MDY oivriia 0 ¢ e s R 1.194
Coefficient of Vadation ........... 0.129
Resistance Factor . ... ..cvuvvnnans 0.964
Overall Steel Beams
L R O P T Y P R AL P P 1.281
Coefficient of Varation .. ......cc00vuaus 0.193
Resistance FACWOr . .covvvicivasvansnan 0949

Notes:

(1) refer to Table 3.0 for key to beam designations
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Table G.7 Composite Beam Capacity Summary: Method I, A = 1.207

M, Vs M., Vi M, v, Test/
Test (in.-k) (k) (in.-k) (k) (in.-k) (k) Theory
Unreinforced
Ribbed Slab
D-1 5405.49 39.68 1606.00 37.80 1669.31 39.29 0.962
D-2 5967.14 38.67 3095.00 39.00 2941.32 37.06 1.052
D-3 6096.61 39.89 6075.00 11.30 6050.60 11.25 1.004
D-5A 5388.57 35.61 2768.00 34.60 2720.95 4.0 1.017
D-5B 5226.80 nm 2568.00 3220 2409.69 30.21 1.066
D-6A 5422.56 36,76 0.00 41.00 0.00 36.76 1.115
D-6B 5733.80 s52.11 2070.00 48.90 2165.57 51.16 0.956
D-7TA 4665.32 42,44 1845.00 43.50 1766.68 41.65 1.044
D-7B 4362.93 39.62 3379.00 42.60 2827.11 35.64 1.195
D-8A 1344.57 21.38 774,00 19.40 790.80 19.82 0.979
D-8B 1056.25 14.76 427.00 14.30 430.55 14.42 0.992
D-9A 4791.16 36.09 1474.00 34.50 1525.13 35.70 0.966
D-9B 4588.71 47.89 1755.00 47.30 1743.61 46.99 1.007
R-0 1288.17 21.16 752.00 18.20 798.46 19.32 0.942
R-1 2630.28 23.96 978.00 26.00 889.50 23.65 1.099
R-2 351643 2775 2904.00 28.70 2447.86 24.19 1.186
R-3 3T4.33 39.50 3993.00 16.40 3701.23 15.20 1.079
R4 3022.68 24.15 3212.00 13.10 2899.47 11.83 1.108
R-S 2791.69 28.03 1038.00 27.60 1036.07 2105 1.002
R-6 2594.94 18 89 786.00 21.20 695.81 18.77 1.130
R-7 2833.28 30.31 1134.00 30.50 1104.11 29.70 1.027
R-8 2817.84 29.30 1075.00 28.90 1069.76 28.76 1.005
-, T AR . S 1.045
Coefficient of Varation ............ 0.070
Resistance Factor ....... uoieienns 0.899
Solid Slab
C-1 3110.10 35.70 2886.00 33.40 2458.30 28.45 1.174
Cc-2 4604,48 33.70 4107.00 36.80 3534.04 31.67 1.162
C3 4624.92 39.90 5468.00 14.00 4585.32 11.74 1.193
c4 4900.59 46.28 1723.00 47.60 1653.61 45,68 1.042
Cc-5 5138.23 45,98 3511.00 48,10 3092.00 42.36 1.136
Cc-6 3188.26 38.69 1471.00 40.40 1370.48 37.64 1.073
G-1 1734.13 28.09 791.00 32.70 666.40 27.55 1.187
G-2 171264 28.11 1296.00 26.50 1196.46 24.46 1.083
CHO-3 1369.30 31.68 634.00 35.70 550.21 30.98 1.152
CHO-4 2356.96 48.01 1477.00 46.70 1403.01 44.36 1.053
CHO-5 2444.36 47.94 2319.00 17.90 2396.60 18.50 0.968
L R T e O A2 AT 1111
Coefficient of Variation ............ 0.065
Resistance Faotor ..o isaemaiss s 0.960
Overall Unreinforced
BN ety B aaraa e e e 1.068
Coefficient of Variation . ......ovvenuueann 0.073

Resimance Factor ..........covnuvannans 0.917
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M, Ve M., L M, ¥ Test/
Test (in.-k) (%) (in.-k) (k) (in.-k) (k) Theory
Reinforced
Ribbed Slab
WIE-1 TI8256 37.42 7155.63 0.00 T782.56 0.00 0.919
Solid Slab
CHO-6 1745.52 37.06 721.00 40,60 646.74 36.42 1.115
CHO-7 2983.77 55.56 2664.00 20.60 2915.29 22.54 0.914
DABRIY « oo AR ETR vivs v oS e 60 p v 1.015
Coefficient of Varation .. ........00 0,140
Resistance Factor ........... 00000 0.308
Overall Reinforced
P o e | | I, 0.983
Coefficient of Varation ................ 0.117
Resistance Factor v scavassnnsiavaans 0.805
Overall Composite Beams
F T R . ey M T O W P R R TN 1.060
Coefficient of Variation .. .....c.cvnvrvssnen 0.079
Resistance FACIOr . ......covivvacanconssnns 0.905

Notes:

Refer to Table 3.0 for key to beam designations
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Table G.8 Composite Beam Capacity Summary: Method III, A = 1.207

M, V. M, Vier M, V. Test/
Test (in.-k) k) (nk) (®  (ink (k)  Theory
Unreinforced
Ribbed Slab
D-1 5405.49 37.83 1606.00 37.80 1593.53 37.51 1.008
D-2 5967.14 39.28 3095.00 39.00 2981.87 37.57 1.038
D-3 6096.61 40,38 6075.00 11.30 6052.26 11.26 1.004
D-5A 53838.57 36.54 2768.00 34.60 278243 34,78 0.995
D-5B 5226.80 31.49 2568.00 32.20 2424.53 30.40 1.059
D-6A 5422.56 3713 0.00 41.00 0.00 37.13 1.104
D-6B 5733.80 52.02 2070.00 48.90 216199 51.07 0.957
D-7TA 4665.32 42.01 1845.00 43.50 1750.04 41.26 1.054
D-7B 4362.93 40.16 3379.00 42.60 2855.00 35.99 1.184
D-8A 1344.57 20.84 774.00 19.40 774.60 19.42 0.999
D-8B 1056.25 14.87 427.00 14.30 433.54 14.52 0.985
D-9A 4791.16 34 47 1474.00 34.50 1458.75 34.14 1.010
D-9B 4588.71 46.01 1755.00 47.30 1678.74 45.24 1.045
R-0 1288.17 20.72 752.00 18.20 785.65 19.01 0.957
R-1 2630.28 22.79 978.00 26.00 847.76 22.54 1.154
R-2 3516.43 21.79 290400 28.70 2450.20 8.2 1.185
R-3 3774.33 37.26 3993.00 16.40 3687.85 15.15 1.083
R4 3022.68 2425 321200 13.10 2900.85 11.83 1.107
R-5 2791.69 26.72 1038.00 27.60 989.64 26.31 1.049
R-6 2594.94 18.01 786.00 21.20 664.03 17.91 1.184
R-7 2833.28 28.32 1134.00 30.50 1035.52 27.85 1.095
R-8 2817.84 27.01 1075.00 28.90 990.08 26.62 1.086
M s TaRE s s ees 1,065
Coefficient of Variation ............ 0.066
Resistance Factor .......c0vvuuens 0.920
Solid Slab
C-1 3110.10 32.74 2836.00 33.40 2346,28 21.15 1.230
Cc-2 4604.48 38.59 4107.00 36.80 3528.34 31.62 1.164
Cc-3 462492 39.57 5468.00 14.00 4584.33 11.74 1.193
c4 4900.59 45.41 1723.00 47.60 1623.42 44,85 1.061
C-5 5138.3 45.16 3511.00 48.10 3048.64 41.77 1.152
C-6 3188.26 35.93 147100 40.40 1279.56 35.14 1.150
G-1 1734.13 25.79 791.00 3270 614,44 25.40 1.287
G-2 1712.64 25.81 1296.00 26.50 1128.26 23.07 1.149
CHO-3 1369.30 30.54 634.00 35.70 531.65 29.94 1.193
CHO-4 2356.96 47.19 1477.00 46,70 1384.08 43.75 1.067
CHO-5 2444.36 47.12 2319.00 17.90 2394.17 18.48 0.969
VO 5 it o) e R e SRS 1.147
CoefTicient of Variation ............ 0.076
Resistance Factor ........c00nvess 0.982
Overall Unreinforced
Meas coeiones T e 1.093
Coefficient of Variation . ............v000n 0.078



187
Table G.8 (continued)

M, Vi M, Via M, Vi Test/
Test (in.-k) (k) (in-k) (k) (in.-k) (k)  Theory
Reinforced
Ribbed Slab
WIE-1 7782.56 T 7155.63 0.00 T7782.56 0.00 0.919
Solid Slab
CHO-6 1745.52 36.37 721.00 40.60 635.33 35.78 1.135
CHO-7 2983.77 54.34 2664.00 20.60 2912713 252 0915
R P SR 1.025
Coefficient of Varation ............ 0.152
Resistance Factor .......0ovuceenes 0.803
Overall Reinforced _—
Y o LRy gy S T T U 0.990
Coefficient of Variation . ......c.co0vvuvs 0.127
Resistance Fattor ..o amesssnsesenss 0.801
Overall Composite Beams
MBS i wiis s alis o 5w wm e e b eiaTe e & e RN 1.083
Coefficient of Variation . .. ........0c000ueuns 0.086
Resistance Factor . ..........cc0cnvnnnnnans 0918

Notes:

refer to Table 3.0 for key to beam designations



Table G.9 Analysis Summary, A = 1.207 (Methods I and III)

Mean Cocfficient of Varation Resistance Faclor
Redwood Redwood Redwood Redwood Redwood  Redwood
# Beams I I 1 ©) () 1 ] 1 ) (L) 1 ] m ©) (L)
STEEL BEAMS
Unreinforced 29 12712 1.248 1.343 1.212 1.347 0182 0203 0.210 0.186 0.182 0957 0911 0970 0907 1.013
Rectangular Opening 19 1.340 1302 1415 1.265 1.391 0174 0211 0202 0.191 0.195 1.019 0939 1034 0939 1.027
Circular Opening 10 1.144 1.145 1.208 L 1.264 0152 0154 0.193 0.140 0.131 0897 0895 0895 D.885 1018
Reinforced
Rectangular Opening 21 1.176 1.166 1.194 1.142 1.362 0128 0125 0.129 0.151 0.195 0951 0946 0964 0.896 1.005
OVERALL STEEL 50 1.232 1.213 1.281 1.183 1.353 0166 0179 0193 0.174 0.185 0947 0916 0949 0.900 1.013
COMPOSITE BEAMS
Unreinforced 2 1.068 1.073 1.093 1.131 NIA 0073 0084 0078 0.128 N/A 0917 0912 0934 0.914 N/A
Ribbed Slab 21 1.045 1.037 1.065 1.090 N/A 0070  0.069 0.066 0121 NIA 0899 0893 0920 0889 N/A
Solid Shb 4] L 1.141 1.147 1.207 N/A 0065 0.075 0.076 0124 NIA 0960 0978 0982 0.981 NA
Reinflorced 3 0983 0985 099 N/A N/A 0117 0122 ol N/A N/A 0805 0802 0801 N/A N/A
Ribbed Slab 1 0919 0919 0919 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Solid Slab 2 1.015 1.019 1.025 N/A N/A 0140 0146 0152 N/A N/A 0.808 0805 0803 N/A N/A

OVERALL COMPOSITE 35 1.060 1065  1.083 1131 N/A 0079 0088 0086 0128 N/A 0905 0901 0918 0.895 N/A

881



