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ABSTRACT: A simplified analytical model to compute the shear strength
of reinforced concrete members without stirrups is presented in this report.
This model is founded in the basic principles of mechanics of beams. The
main variables considered during model development were the compressive
strength of concrete, the longitudinal reinforcement ratio, and the shear span-
to-effective depth ratio. In addition, the effects of member size, axial load,
type of loading and support conditions on shear strength were considered.
Using the proposed simplified analytical model an evaluation procedure, a
parametrically derived equation, and a simplified design equation are
proposed to calculate the shear strength. The evaluation procedure and
equations were compared with numerous test data and found to be in good
agreement. In addition, the approach is shown to be accurate, yet simpler than
a number of commonly used empirical and analytical expressions. Changes to
shear strength expressions in ACI Code are proposed.

Key words: shear strength, diagonal tension, reinforced concrete
members, high strength concrete, effective shear depth, loading type, support
conditions.
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INTRODUCTION

During the last 25 years significant advances have been made to design reinforced
concrete (RC) members under shear in a more rational manner. Nevertheless, there is still
a considerable amount of research effort going on in the area of shear design. The
motivation for this work is the persistent difference between test data and shear strength
expressions proposed by different investigators and code equations. Even though the
principal reason for such differences is the considerable scatter of experimentally
observed shear strengths, investigation of shear strength is important because of the
brittle nature of shear failure. Another area of current shear strength research is the shear
behavior of high-strength reinforced concrete members due to rapid growth of high-
strength concrete application in construction practice.

It is believed that the shear failure of RC members without stirrups initiates when the
principal tensile stress within the shear span exceeds the tensile strength of concrete and a
diagonal crack propagates through the beam web. In other words, the diagonal cracking
strength of RC members depends on the tensile strength of concrete, which in turn is
related to its compressive strength. This belief is expressed in the fundamental shear
strength model for concrete and the basic ACI Code (1999) equation.

However, the relation between concrete compressive strength and concrete shear
strength is not that simple. Experimental studies by many investigators show that the
present ACI design procedure can be quite unconservative when applied to very high-
strength concrete. Similarly, RC beams with low reinforcement ratio were found to have
substantially lower shear strength than that commonly assumed. There is now substantial
evidence that, for reinforced concrete (RC) members without stirrups, the shear stress at
failure decreases as the member becomes larger (Collins and Kuchma 1999; Kani 1967,
Shioya et. al. 1989). Thus, the current ACI Code (1999) shear design procedures can be
unconservative if applied to large RC members, especially when they are lightly
reinforced. The current ACI empirical expression for the decrease in shear strength
caused by axial tension is, in most situations, excessively conservative. While the Code
procedure is intended for “members subjected to significant axial tension,” it is based
upon tests of members that were not reinforced for axial tension (Bhide and Collins
1989). Test results also show that RC members with uniform loading are likely to have
greater shear strength than those with point loads (Krefeld and Thurston 1966). It may be
noted that most of the shear tests conducted in laboratory by various investigators are
subjected to point loads, whereas most of the loading encountered in practice is generally
distributed in nature. Similarly, most of the shear tests conducted so far are simply
supported, mainly for convenience. However, most support conditions encountered in
practice are either rigid or semi-rigid.

Research Significance

As has been said many years ago, “Nothing is more practical than a simple theory.”
The purpose of this report is to present a simplified approach to compute the shear
strength of RC members without stirrups. Current ACI simplified shear design procedure
does not recognize the influence of member size, type of loading (point load or uniform
loading) and support conditions (pinned or fixed) on the shear strength of the RC



members. The influence of axial load (tension or compression), longitudinal
reinforcement ratio and concrete strength is also not appropriately accounted for. The
effects of all these parameters are addressed in a more rational manner in a model for
shear strength of reinforced concrete members without transverse reinforcement proposed
in this report.

MODELING APPROACH

The goal of this study is to represent the shear strength of RC members without
transverse reinforcement as:

ve=k (£")* §))

a product of a factor k and an exponential function of the nominal concrete strength.
Shear strength factor k is a function of the geometry of the beam, its longitudinal
reinforcement, and the applied load. This model is a generalization of many existing
models. For example, the fundamental ACI Code shear strength equation (1999):

v, =2Jf'

is in this format, with k = 2 and a = 0.5. Similarly, in the general shear design method
based on the Modified Compression Field Theory (MCFT) (Collins et al. 1996), shear

strength
v, =0.9B,f.'

making factor k a function of the tensile stress factor B, defined by Collins et al.
(1996), and a = 0.5. Appendix III gives a summary of the general shear design method
for RC members without stirrups.

SIMPLIFIED SHEAR STRENGTH MODEL

All theoretical models contain simplifying assumptions, with the test of the theory
being that it should be simple enough to be used in practice, but complex enough to
capture what happens in reality (Collins 1998). The following assumptions are made in
the proposed simplified shear strength model:

A cross section that was plane before loading remains plane under load. This means
that the distribution of longitudinal strain on a beam cross section (Fig. 1) is linear as
shown in Fig. 2b. Thus, this model is not applicable to very deep members (with shear
span-to-depth ratios of less than 2) for which longitudinal strain distribution is not linear.

For shear resistance, the cross section is effective over its uncracked depth ¢, (called
as effective shear depth) as shown in Figs. 2c and 3a. The magnitude of c, is slightly
larger than the neutral axis depth ¢ (Fig. 2). Note that the sections with flexural cracks
have less shear capacity than those without flexural cracks.

The shear stress distribution is modeled as parabolic over the effective shear depth
(Fig. 3a) with the maximum value at the neutral axis, as shown in Fig. 3b. Thus, the
magnitude of shear resistance over the effective cross section equals (2/3) Tmax bwCi,



where by, is width of the section (Fig. 2a) and tmay is the shear stress at neutral axis. Note
that the gradient of shear stress is different on either sides of neutral axis.

For simplicity and conservatism, the shear resistance due to dowel action of
longitudinal reinforcement for flexure is neglected.

The proposed model considers the stress conditions just prior to diagonal cracking but
after the formation of flexural cracking, whereas most conventional approaches and
MCFT consider the stress conditions after the formation of diagonal cracking. The latter
approaches may be less efficient due to many unreliable shear-resisting mechanisms
(such as aggregate interlock and frictional resistance) involved along the cracking plane.

The model is based on considering the stress condition at the neutral axis of the cross
section. It should be noted that the general shear design method (Collins et al. 1996)
based on MCFT considers the stress conditions at the level of longitudinal steel for
flexure. The stresses at these locations are always in the higher longitudinal strain region
than other locations closer to the neutral axis. Note, however, that a major portion of the
cross section considered to carry the shear force is under compression (Fig. 3a). In
addition, prior to diagonal cracking, the shear stress at the neutral axis is higher than at
other points of the cross section.

The material at the neutral axis is under pure shear (Fig. 3d), regardless of the
magnitude of axial force. This stress-state is equivalent to a principal tension-
compression stress state, as shown in Fig. 3e. The shear stress on the principal planes
shown in Fig. 3e does not exist. Thus, a diagonal tension crack occurs when the principal
tensile stress (o;) at the neutral axis attains the tensile strength (f;) of concrete.

The shear strength of RC members is conservatively taken as the diagonal cracking
strength. For slender RC beams without transverse reinforcements, this assumption is
quite reasonable, as shown by experimental results (Yoon et al. 1996, Cassio and Siess
1960) for example. This assumption becomes more conservative (i.e., the ultimate shear
strength becomes greater than the diagonal cracking strength) with decreasing shear span
due to arch action. Based on numerous experimental results, Zsutty (1968) reported that
the ultimate strength of RC members without stirrups is about 7% higher than their
diagonal cracking strength.

From the above assumptions it can be inferred that when the principal tensile stress at
the neutral axis reaches the tensile strength of concrete (Fig. 3e) a diagonal tension crack
forms, thereby initiating the shear failure of the beam. Mathematically, at diagonal shear
cracking the shear stress at neutral axis:

Toax =1 @

where f; is the tensile strength of concrete. Diagonal cracking shear strength of a
beam cross section, is (note the parabolic distribution of shear stress over c,)

V. =2b et =2fb.c,=2f b d=v_b.d 3)
3 3 34

cr

where d is the effective depth and v, is the diagonal cracking shear stress of the
member given by
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If the shear strength of concrete v, is taken as k\/_fc_' , then Eq. (4) reduces to:

_2e £, 5
3d |t

Equation 4 shows that the magnitude of v,, depends on the tensile strength of concrete
and the effective shear depth c, of the beam cross section under consideration. The tensile
strength of concrete is a property of the material, and is generally related to its
compressive strength. On the other hand, the effective shear depth ¢; depends on the
factored bending moment M, and factored axial load P, at the section and can be
calculated from force and moment equilibrium conditions (Figs. 1 and 2). For example, if
the effective shear depth ¢, is 0.45d under a given loading condition, and the tensile

strength of concrete is taken as 6.7 \/_fc_' , the shear strength of section computed using Eq.
4 would be 2 ,/f ', identical to simplified ACI Code Equation.

As shown in Eq. 4, to compute the shear strength of RC beams under given loading, it
is only necessary to compute the value of effective shear depth c,. This value can be
obtained from axial force equilibrium (Fig. 2). Corresponding moment capacity (M or
M,) can be obtained from moment equilibrium. The critical shear span-to-depth ratio
(Mu/Vyd)er (My/Vd for shear failure) can then be computed, taking V,, as the diagonal
cracking shear strength computed by using Eq. 3 at the critical section. The critical shear
section is defined as the section where diagonal cracking occurs first following flexural
cracking (Fig. 1). At that section, the shear force due to external loading V, equals the
shear resistance V,, while the magnitude of V,, is less than V; at other sections. Note that
along the shear span, shear force V, can remain constant or vary depending on the type of
loading whereas the cracking shear strength V, is proportional to effective shear depth
Ci.

From the above procedure, it can be seen that the proposed simple model cannot
predict the shear deformation of the member after formation of diagonal cracking. This
can be achieved using MCFT. However, shear deformation for RC members without
transverse reinforcement is of little practical importance because the strength of such
members after first diagonal cracking tends to deteriorate very rapidly leading to quick
collapse.

Proposed Procedure for Computing the Shear Strength of RC Members without
Stirrups

Step 1: At the design section under the factored bending moment M, and axial load
Py, calculate the effective shear depth ¢y, as shown in Fig. 2 using strain compatibility and
equilibrium conditions. Thus,

c,=c+c2=c(l+8—“J 6)
€

c



Step 2: The shear strength of the RC member is (Eq. 4):

where d is the effective depth of the section and f; is the tensile strength of concrete.

PARAMETRIC STUDY

The two-step procedure for evaluating the shear strength of RC beams proposed
above was evaluated in a parametric study. This study has three objectives.

First, the shear strength computed by the proposed procedure was compared to nine
shear strength equations listed in Table 1. These expressions are empirical in nature
because they are derived by regression of numerous experimental data. They are, also,
quite good. For example, empirical expressions proposed by Zsutty (1968), Okamura and
Higai (1980) and ASCE-ACI (1973) (shown in Table 1) were stated to be quite reliable in
a study presented in the State-of-the-Art Report on Shear Strength of Concrete (ASCE-
ACI Committee 445 Report, 1998).

Second, the sensitivity of the shear strength values was computed using the proposed
procedure to changes in 3 primary and 4 secondary parameters The primary parameters
are: (1) critical shear span-to-depth ratio M,/V.d (ranging from 1 to 5); (2) main
longitudinal reinforcement ratio p (ranging from 0.5 to 3.0%); and (3) compressive
strength of concrete .’ (ranging from 4000 to 12,000 psi). The secondary parameters are:
(1) axial stress (-500 psi tension to 2500 psi compression); (2) member size; (3) type of
loading (point vs. uniform loading); and (4) type of support conditions (pinned vs. fixed).
As explained later, the range of 1 to 5 for critical shear span-to-depth ratio My/V.d is
equivalent to a range of 2 to 6 for customary shear span-to-depth (a/d or L/2d) ratio,
depending on the type of loading and support conditions. Note that none of the empirical
expressions in Table 1 considers all 7 parameters simultaneously.

Third, the parametric study was used to determine values of the shear strength factor
k and exponent a in Eq. 1 to account for the effect of the 7 considered parameters.

Material Properties of Concrete

Tensile strength of concrete f; was taken equal to split cylinder strength (f;). The split
cylinder tensile strength (f;;) was considered in two different ways.

The first option is to assume concrete split cylinder strength (f.;) proportional to
(£.")™. A value of splitting tensile strength equal to 6.7 \/—t? is suggested in ACI 318 Sec.

R11.2.1.1 (1999). The average split cylinder strength of normal weight concrete with f;’
between 3,000 and 12,000 psi of 7.4\/—1? , with a lower limit of approximately 6.7\/}?

for lower compressive strength, is suggested in ACI Manual of Concrete Practice (2001),
as shown in Fig. 4a. Experimental results from five different investigations (Bhide and
Collins 1989, Yoon et. al. 1996, Rajagopalan and Fergusson 1968, Halladin et. al. 1971,
and Adebar and Collins 1996) were compiled in this study (Table 2). The average split



cylinder strength of concrete was found to be 6.4J§, close to the ACI 318 value.

Therefore, tensile strength of concrete equal to 6.7‘/5 was adopted as a good average
value for all concrete strengths, and will be used in the following parametric study.

The second option is to assume concrete split cylinder strength (f;) proportional to
(£.))*%7. Table 2 shows that adopting concrete tensile strength f; = l.S(fC’)zl3 is quite
reasonable. It may be noted that some European investigators take tensile strength
proportional to (fc’)o'67 rather than to\/—f? . For example, Reineck (1991) used a value of

l.23(fc-)0'67 for direct tensile strength of concrete. The effect of these two options is
examined later in this report.

Elastic modulus of concrete, E. was taken as
E. [psi] = 40,000 /£, +1,000,000 [psi] (7

following the recommendation in ACI Manual of Concrete Practice (2001). This
expression applies to a wide range of compressive strengths of concrete (3000 psi < f;” <
12,000 psi) for normal weight concrete (Fig. 4b). Elastic modulus of concrete is needed
to calculate the cracking strain (Fig. 2b). It may be emphasized that the assumption of
taking E. according to ACI 318 (1999) will give almost identical results.

A common stress-strain relation for concrete in compression was adopted for all
concrete strengths. It was a second-order parabola, given by the following equation:

ol

where f; is the compressive stress in concrete corresponding to concrete strain g
Strain at peak concrete stress €, is assumed to be equal to 0.002.

This choice of expressions for concrete tensile strength, concrete modulus of
elasticity and stress-strain relation in compression was made for the parametric study.
However, the method for evaluating beam shear strength presented herein is general in
the sense that other expression for concrete strength and stiffness can be used. For
example, a better compression stress-strain equation (Eq. 8a), applicable for all concrete
strengths, suggested by Khuntia and Goel (1999), can be used in place of Eq. 8.

1-Q

N
ECEC
14| —=-
()]
In this equation, Q and N are non-dimensional factors taken as Q = -0.9Z>' and N =

1.5+ (Z—1)°' while Z = £.’/4000 (f.’ in psi). Figure 5 shows typical stress-strain curves
for different concrete strengths based on Eq. 8a. Note that the stress-strain curve for high

f =E.4Q+ — (8a)




strength concrete is not a 2™ order parabola as predicted by Eq. 8, whereas this feature is
captured by Eq. 8a. For a given concrete strength Eq. 8a can be easily simplified into a
second- or third-order equation for use in nonlinear analysis. For example, a second-order
equation f; = fc’(Asc+Bscz) can be generated from Eq. 8a, where A and B are constants
depending on concrete strength.

RESULTS OF PARAMETRIC STUDY

The effect of each parameter was studied by varying its magnitude while maintaining
the values of other six parameters constant. In each case, the proposed two-step
procedure was applied. First, the value of effective shear depth of the beam ¢; was
calculated by solving the equilibrium equations using a computer spreadsheet. Second,
the shear strength v, and the corresponding k-value were computed by using Egs. 4 and
5. In addition, the corresponding critical shear span-to-depth ratio M,/Vd was computed
by using Eq. 3.

The results of data regression are presented using the format of Eq. 1 by specifying
the shear strength factor k. The exponent a is fixed at 0.5, in compliance with the adopted

expression for tensile strength of concrete f; = 6.7 /f," (first option discussed above).

Influence of Critical Shear Span-to-Depth Ratio on Shear Strength

At any section of the RC member, the depth of the flexural crack is expected to
increase (i.e., the magnitude of the effective shear depth c; is expected to decrease) with
increasing bending moment M,. Thus, the cracking shear strength V. decreases with
increasing bending moment. Failure occurs at the section where V,, equals V,, the shear
force due to applied member load. In this parametric study, the shear strength was found
to be proportional to (My/V.d)®" for the considered ranges of concrete strength and
longitudinal reinforcement ratio. For example, the shear strength factor k for a beam with
f.> = 4000 psi and p = 1% can be computed using the following equation, obtained by
curve-fitting the data computed using the proposed two-step procedure:

k=202x(M, /v, d)°" )

The effect of critical shear span-to-depth ratio (My/V.d) on the shear strength is
illustrated in Fig. 6. It shows that Eq. 9 matches closely and conservatively the data
obtained by the two-step procedure. It should be emphasized that M,/Vd is not equal to
a/d (shear span-to-depth ratio). As explained later, M,/Vd can be taken equal to (a/d-1)
for simply supported beams with point loading, while it varies in the case of uniform
loading.

For deep beams with smaller a/d ratios (a/d less than 2.5, i.e. My/Vd less than 1.5 for
simply supported beams with point loading), Eq. 9 may give very conservative results
(Fig. 6). It should be noted that the ultimate shear strength of a deep beam is considerably
higher than its shear strength at diagonal cracking, due mainly to arching action. Properly
designed strut and tie models are likely to give more accurate capacity estimates for such
members.



Influence of Longitudinal Reinforcement Ratio on Shear Strength

The effective shear depth c¢; increases when the amount of tensile reinforcement
increases to maintain axial force equilibrium, thereby increasing the shear strength of the
member (Eq. 4). The proposed two-step procedure replicates this trend, even though it
shows that the increase of shear strength is not directly proportional to the increase in the
amount of longitudinal reinforcement. The computed shear strength is proportional to
(p)**7 for the ranges of concrete strength and critical shear span-to-depth ratios
considered in this study. It should be noted that in empirical expressions suggested (Table
1) by Zsutty (1968), Okamura and Higai (1980), JSCE (1986), and CEB-FIP Model Code
(1993) for normal strength concrete, and by Ahmad et al. (1986) for high-strength
concrete, shear strength is taken as proportional to (p)". Another experimental study
involving high strength concrete by Kim and Park (1994) suggests that shear strength is
proportional to (p)**'. In this study, the shear strength factor k for RC beams with critical
shear span-to-depth ratio M/V.d equal to 3 and concrete strength of 4000 psi is:

k=1.75x(p)*” (10)

The effect of reinforcement ratio (p) on the shear strength is illustrated in Fig. 7. This
figure shows that shear strength values obtained using Eq. 10 compare very well with
values obtained from the proposed two-step method.

Influence of Compressive Strength of Concrete on Shear Strength

When high-strength concrete is used in place of normal concrete, the neutral axis
depth (and the effective shear depth c;) decreases to maintain force equilibrium (Fig. 2).
Thus, the shear strength factor k is expected to decrease, too. Using the proposed two-
step procedure, it was found that shear strength factor k is proportional to (f.’)%*2 for the
ranges of reinforcement ratios and critical shear span-to-depth (My/Vd) ratios
considered in this study. A simplified expression is obtained by fitting the proposed two-
step procedure results for a beam with a 1% longitudinal reinforcement ratio and a critical
shear span-to-depth ratio M,/V d equal to 3:

4000\
k=1.75x( X )

c

(11

The data obtained from Eq. 11 is compared to the proposed procedure data in Fig. 8.
The match is quite good.

It is interesting to construct the entire shear strength equation using the format
specified in Eq. 1. Such equation derived using Eq. 11 (for p = 1% and My/Vd = 3) is:
v, =k(£,)** =24.9x( )" (12)
i.e., v is proportional to (fc’)o"s. Note how the effective shear depth c; and tensile
strength of concrete f; combine to give such exponential relation between v, and f;’.

Conducting the same parametric study assuming that tensile strength f; is proportional
to (£.)*% instead of \/ﬂ (2nd option as discussed above), shows that the shear strength

10



Ver is proportional to (£.’)**2. This is similar to the equations proposed by Zsutty,
Okamura and Higai, JSCE, and CEB-FIP Model (Table 1). Mphonde and Frantz (1984)
suggested that v, is proportional to (f;’)*** using an experimental study of normal and
high-strength concrete beam shear strengths.

Evidently, whether the shear strength v, is proportional to (£)*'® or to (£)°
depends very much on the assumed relationship between tensile strength f; and
compressive strength f.’ of concrete. Furthermore, one selected relation may not hold for
the entire range of concrete compressive strength. Indeed, test results on high strength
concrete (by Yoon et. al. 1996, for example) indicate a need to reduce the shear strength
factor k below the customary ACI value of 2, i.e. to assume that the exponent « in Eq. 1
is less than the customary 0.5. Such reduction in shear strength is commonly explained by
decrease in shear resistance attributed to aggregate friction/interlock. This is because in
high-strength concrete cracks pass through the aggregate, resulting in crack surfaces that
are relatively smooth (Collins and Kuchma 1999). However, as explained in the
assumptions of this study and corroborated by test results, shear capacity of a concrete
beam just prior to diagonal cracking (where aggregate interlock has no role to play) is
almost equal to that after diagonal cracking. Therefore, the smooth crack surface concept
may not entirely explain the reduction in shear strength of high-strength concrete. On the
other hand, the interpretation presented herein, based on formation of longer flexural
crack and correspondingly smaller effective shear depth ¢, for high-strength concrete, is
believed to be more logical. Furthermore, the two-step procedure is applicable to any
concrete strength as long as a suitable concrete stress-strain relation, such as the one
suggested by Khuntia and Goel (Eq. 8a) and a suitable split-cylinder tensile strength are
used.

Proposed Equation for Computing the Shear Strength of RC Members without
Stirrups

Regression of shear strength data computed using the proposed two-step shear
strength procedure in the parametric study presented above makes it possible to formulate
a simplified shear strength equation to replace the two-step procedure for codified design
applications. Combining Egs. 9 through 12, the shear strength of an RC member without
stirrups can be expressed as:

0.13
V,
v, =28.7p0.37(M;rdJ (fc 1)0.18 (13)

u

where the longitudinal reinforcement ratio p is expressed in percent and concrete
compressive strength .’ is in psi. In SI units, (f.” in MPa), Eq. 13 is:

0.13
v, =3.34p°~”(VMLd) (€™ (13a)

u

Note that Eq. 13 was obtained using the proposed two-step procedure (Eq. 4 and Eq.
6) based on principles of beam mechanics and reasonable assumptions about mechanical
characteristics of concrete. Therefore, Eq. 13 is not empirical in the same sense as the
empirical shear strength equations listed in Table 1. The proposed equation accounts only

11



for the effects of three primary parameters: My/Vd, f.’ and p. The form of the shear
strength model equation (Eq. 1) is preserved: the shear strength factor k is a function of
longitudinal reinforcement p and critical shear span-to-depth ratio My/V.d, while the
exponent o = 0.18. The exponents associated with each parameter in Eq. 13 show that
beam shear strength is approximately twice as sensitive to variation of the longitudinal
reinforcement ratio than to the variation of shear span-to-depth ratio or the variation of
compressive strength of concrete.

Eq. 13 can be further simplified to:

V d 0.5
v, =343 p(fc'ﬁ“—j (14)

u

The data shown in Table 3 shows that the predicted ratio of shear strength computed
by using Eq. 14 to Eq. 13 for wide range of f.’ (4000 to 12000 psi), p (1 to 3%) and
My/Vcd (1 to 5) has a mean of 1.00 and a standard deviation of 0.03. In the following,
Eq. 13 is referred to as the “parametric equation”, while Eq. 14 is called the “simplified
equation”.

VERIFICATION USING EXPERIMENTAL DATA

A suite of 127 beam shear strength tests from 8 different investigators, listed in Table
4, are used to check the validity of the proposed two-step procedure, reduced parameter
equation (Eq. 13), and proposed simplified equation (Eq. 14) for computing the shear
strength of RC members. The shear strength values computed using the two-step
proposed procedure and the proposed equations are also compared to those calculated
using other empirical expressions (Table 1) and the Modified Compression Field Theory
(Appendix III).

Table 4 shows the geometric and material properties of concrete beams considered by
various investigators. The test data includes concrete strengths ranging from 2,300 psi to
13,300 psi, shear span-to-depth ratio of 2.5 to 7.3, reinforcement ratio of 0.47% to 6.6%,
and effective beam depth up to 15.9 in. All specimens were simply supported beams
loaded by transverse point loads. None of the specimens had any axial load.

In Table 4, the cracking shear strength is taken equal to ultimate shear strength, unless
reported otherwise. The critical shear span-to-depth ratio for a beam with a point load and
simple supports is computed as:

M a

fnhied T | 15

v.d d (1)
In other words, it is assumed that the critical shear section is at one beam depth away

from the point load. However, as explained later in this report the location of critical
shear section may be different for other loading and support conditions.

The shear strength was calculated using each method and compared to the measured
test values. The mean and standard deviation of the test/prediction ratios for all methods
are reported in Table 4. Table 5 shows the summary of this comparison. Figures 9

12



through 14 also show the test/prediction ratios computed using the proposed procedure,
proposed parametric equation (Eq. 13), proposed simplified equation (Eq. 14), ACI-
Simplified, ACI-Detailed procedure, and MCFT, respectively. The ratios computed using
other empirical and code equations are illustrated in Figs. 15 through 20.

The results presented in Table S show that the proposed simplified procedure and the
parametrically derived equation (Eq. 13), as well as the proposed simplified equation (Eq.
14) fit experimental data well and are statistically similar. Among other methods, MCFT
(Fig. 12), and CEB-FIP Model Code (Fig. 18) are found to be very reliable for design
purposes (with mean minus one standard deviation being close to 1.0 and with a small
scatter). The predictions by JSCE Method (Fig. 19) and ACI-Detailed equation (ACI 318-
99 Eq. 11-5) are also reasonable. However, it may be noted that the magnitude of My/V,d
while using ACI-Detailed Equation (Table 1) is taken as (a/d-1). Using My/Vd =1 (i.e.,
assuming critical shear section at a distance of d from the support), the mean and the
standard deviation of test/predicted ratio for the above data set by ACI-Detailed
procedure are 0.93 and 0.15, respectively.

The predictions by ACI-Simplified and ASCE-ACI Committee are found to be very
conservative for beams with higher reinforcement ratio (Fig. 13 and Fig. 17). The
prediction by Kim et al. (Table 1) was found to be very unconservative. It overestimates
the influence of the tensile steel ratio (Fig. 20). The predictions by Zsutty and by
Okamura show less scatter than the others (Fig. 15, Fig. 16 and Table 5). However, their
predictions can be unconservative for many test cases (Table 4). For design purposes,
their equations need to be multiplied by an appropriate safety factor. For example, a
factor of 1.14 for Zsutty’s equation will make the mean and standard deviation of the
test/predicted ratio equal to 1.13 and 0.13, respectively. Similarly, a factor of 1.22 with
Okamura’s equation will make the mean and standard deviation of the test/predicted ratio
equal to 1.12 and 0.12, respectively (Table 5).

Following important points should be noted about the two-step procedure, MCFT and
equations presented in Table 1:

1. Only the proposed two-step procedure, the parametric and simplified
equations (Eqs. 13 and 14) and the MCFT procedure are based on rational
shear resistance models. Other equations are empirical in nature.

2. Comparing the proposed two-step procedure with MCFT and considering the
influence of longitudinal reinforcement ratio (p), critical shear span-to-depth
ratio (M,/Vd), and compressive strength of concrete (f.’) only, note that both
predict a decrease in shear strength v, with a decrease in p and an increase in
M,/V.d, albeit at somewhat different rate. The major difference between the
two procedures is the relation between shear strength and concrete
compressive strength.

3. The expressions by Zsutty, Kim et al., ACI-Simplified, ACI-Detailed, and
ASCE-ACI Committee do not take the size effect into account. As suggested
by Collins and Kuchma (1999) and explained in this report, shear stress at
failure decreases with increase in member size. By including the size effect
with the proposed simplified equation (Eq. 14) for the above data set, the
mean and standard deviation of test/predicted ratio were found to be 1.10 and
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0.14, respectively, compared to 1.14 and 0.16 by ignoring the size effect. This
difference is small because the beams in this data set were not too deep (the
depth of beams in this data set did not exceed 16 in.).

INFLUENCE OF SECONDARY PARAMETERS

A group of four secondary parameters was also considered in this parametric study.
These parameters were: member axial load, member size, type of member loading, and
member support conditions. The principal findings of the parametric study are presented
below.

Influence of Axial Load

In general, when an RC member is subjected to axial compression, effective shear
depth c, (Fig. 2) will increase, thereby increasing the shear strength of the member (Eq.
4). The reverse is true in case of axial tension. However, the rate change of v with
respect to axial load magnitude is different for different concrete strengths, reinforcement
ratios, and critical shear span-to-depth (My/V.d) ratios (Fig. 21). Therefore, no simple
equation can accurately predict the influence of axial tension and compression on shear
strength. It is suggested to use the proposed two-step procedure (Eq. 4) to predict the
shear strength of RC member in presence of axial load more accurately.

There are only a few shear tests on RC beams with axial load. One of these
investigations (Mattock 1969) is considered in this study for comparison. Table 6 gives
the details of the variables and the test results from Mattock’s study. The principal
variable was axial stress, varied from —250 psi in tension to 400 psi in compression.
Other variables include: concrete strength (ranging between 2200 psi and 8000 psi),
longitudinal reinforcement ratio (ranging between 1% and 3.1%), and shear span-to-depth
ratio (ranging between 2.74 and 5.14). The shear strength at diagonal cracking is taken
for comparison. It is important to note that the magnitude of ultimate shear strength is
almost equal to the diagonal cracking shear strength: the ratio of ultimate to cracking
strength has a mean value of 1.05 and a standard deviation of 0.09 (Table 6).

These test results were compared to the proposed two-step procedure, MCFT, and the
ACI-Simplified method (Fig. 22). The ACI Simplified expressions are:

vc=2(1+ N, }/f_ (16)

2000A,

in case of axial compression (ACI Eq. 11-4), and

N
=2 1+—2— | Jf.' 17).
VC ( SOOAEJ c ( )

in case of axial tension (ACI Eq. 11-7). In both of these equations, N, is positive in
compression, while stress-related quantities \/E » Nw/Ag, 500, and 2000 are in psi.

The results show very good correlation of the proposed two-step procedure
predictions (Eq. 4) to experiment data. The proposed two-step procedure yields an
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average test/prediction ratio of 1.18 and a standard deviation of 0.13. The prediction by
MCEFT is less accurate but reasonable with test/prediction ratio of 1.43 and a standard
deviation of 0.17 (Table 6). On the other hand, the predictions by the simplified ACI
Code method (ACI Sec.11.3.1.2) are more scattered (with the average test/prediction
ratio of 1.58 and a standard deviation of 0.40) and more conservative for members with
significant axial tension (N/A; between -100 to -300 psi). As can be seen from Fig. 21,
the predictions by simplified ACI code method is likely to give very conservative results
for low axial tension (N/Ag less than 150 psi tension). Bhide and Collins (1989) and
Adebar and Collins (1996) also noted such conservativeness of the ACI method for shear
strength of beams under axial tension. Parametric analysis using the two-step procedure
shows that there is rapid degradation in shear strength when axial tension stress becomes
significant. See Fig. 21 for the case when Ny/A; is more than 150 psi in tension. This
occurs because the effective shear depth c¢; becomes very small. Therefore, the
conservativeness of the ACI approach may be justified for axial tension forces producing
tensile stresses larger than 150 psi.

It is sometimes suggested to summarily neglect the shear strength contribution of
concrete when axial tension stress exceeds 300 psi. However, it may be more appropriate
to use the following equation (Eq. 18), when the member is subjected to an axial tension
stress (Nw/Ag ) of less than or equal to 150 psi:

vc=2(l+ N, ]Jf_ (18)

10004,

Using Eq. 18 in lieu of Eq. 17 for members with axial tension stress Ny/Ag < 150 psi
tension gives an average test/predicted ratio of 1.53 instead of 1.58 for the limited data
set shown in Table 6. Also shown in Table 6 and reported by Gupta and Collins (2001),
the simplified ACI Eq. 114 (Eq. 16 above) gives a conservative estimate for shear
strength of RC members under axial compression. This is also the case for the majority of
the data shown in Fig. 22. Therefore, Eq. 16 is recommended for simplicity and
conservatism when there is axial compression and when accuracy is a not very significant
factor.

As expected, shear strength of an RC beam grows with increasing axial compression.
However, there is a limit to the concrete shear strength. Equation 4 shows that for a given
section, the maximum value of effective shear depth c; will be the total member depth h.

Assuming concrete tensile strength f; of 6.7\/E and h/d of 1.15 (h/d ranges between 1.1
and 1.2 in practical cases), the maximum shear strength is:
2(c,) 2h
\/ =L f =—_—x6.7f,'=5.0,f,' 19
Ve =520 = 5 ¥ 6L c )
Equation 19 indicates that the shear strength of RC members will never exceed
5.0 Jf.', even when the member is subjected to excessive axial compression. This value

corresponds to an axial compressive stress (Nu/Ag) of 3000 psi in Eq. 16 (ACI Simplified
Equation). It is interesting to note similar conclusions by Gupta and Collins (2001).
Based on an extensive experimental study and comparison of test results with MCFT and
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ACI Code methods, Gupta and Collins (2001) recommend: “when using ACI Simplified
Equation, the term for axial compression (Nu/A;) not be taken grater than 3000 psi.”

Influence of Member Size

The proposed two-step procedure does not capture the effect of increasing member
depth on its shear strength. Test results by many investigators (Kani 1967, Kim and Park
1994, Collins and Kuchma 1999, Shioya et. al. 1989) show that the shear strength of RC
beams decreases with increasing member depth. This phenomenon is often referred to as
the size effect in shear strength of RC beams.

There are three major reasons for shear strength decrease with increasing member
depth. The first reason is material-related size effect: tensile strength of concrete
decreases with increasing specimen size. This is expected, given the relation between the
tensile and compressive strength and the fact that compressive strength of concrete also
diminishes with increasing specimen size. For example, test results show that the
compressive strength of a 6 x 12 in. cylinder is about 92 percent of that of a 3 x 6 in.
cylinder (Mphonde and Frantz 1984).

The second reason is a decrease in concrete strength in the upper layers of the section
when concrete is cast from above (typical for deep beams). It should be noted that the
ACI Code (1999) Equation (Eq. 12-1) for reinforcement development length considers a
reinforcement location factor of 1.3 (test result mean being 1.2) when more than 12 in. of
fresh concrete is cast below the rebar. Thus, the ACI Code indirectly considers a
reduction of compressive strength in the upper layers of a member because rebar bond

strength is taken proportional to\/E . This reduction is approximately 40% (i.e., 1-

1/1.3%). Thus, the actual concrete strength in the compression zone of large-size beams is
expected to be smaller than that in normal-size beams.

The third reason for reduction in shear strength is attributed to a possible change of
the critical section location with increasing beam depth. Test results by Kani (1967) show
that the decrease in shear strength as depth increases is more prominent for beams with
lower shear span-to-depth (a/d) ratio than for beams with higher a/d ratio (Fig. 23). It has
also been reported (Kani 1967) that the spacing of flexural-shear cracks is almost
constant, independent of the beam depth. Based on these observations, it is believed that
the critical section for point loading, which is taken at a distance d from the load point for
normal size beams under point loads (Eq. 15), would be closer to the load point (i.e., to a
location of higher M,/Vd) for large-size beams. In other words, effective shear depth c,
and corresponding shear strength are likely to decrease for deeper beams. For example,
the critical shear span-to-depth ratio (Mu/Vd) of 4 for a normal-size beam changes to 4.5
for a large-size beam (leading to about 1% decrease in shear strength per Fig. 6) while
M,/Vd of 1 for normal-size beam changes to 1.5 for a large-size beam (leading to about
10% decrease in shear strength per Fig. 6). The test results by Kani (1967) shows similar
trend (Fig. 23).

Recently, based on a series of test results Collins and Kuchma (1999) reported that
longitudinal reinforcement uniformly distributed over the cross section depth slows the
rate the shear strength reduction in large-size beams without stirrups. Longitudinal
reinforcement in more layers distributed over the depth resist diagonal tension better and
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enhances the dowel-mechanism resistance. Collins and Kuchma (1999) suggested the
following simplified predictive equation (hereafter known as Modified ACI or MACI) for
shear strength of large beams without stirrups:

_375 ) JF: (20)

Vc = X
(50+8S,)

The parameter S, is a function of maximum aggregate size a and crack spacing Sy for
normal strength concrete, and a function of Sy only for high-strength concrete, where Sy is
the largest vertical distance between adjacent layers of longitudinal reinforcements (Fig.
24). Mathematically,

1388,

= — 20a
° (a+0.63) (202)

In Eq. 20a, aggregate size a is taken to be zero for high strength concrete. This is
based on the assumption that shear cracks pass through the aggregate thereby making the
size of aggregate meaningless in high-strength concrete.

As reported by ASCE-ACI Committee 445 on Shear and Torsion (1998), the
expression by Okamura and Higai (Table 1) represents a reasonable lower bound for
capturing the size effect. The European (CEB-FIP 1993) and Japanese (JSCE 1986) Code
Equations (Table 1) also incorporate the size effect in their shear strength expressions.

Keeping the above reasons and a large number of experimental results in view, the
following expression is suggested to modify the proposed two-step procedure and
simplified equations (Eq.14) to account for the size effect.

(vcr)wlTH-SIZE—EFFECT _ (EJ(W) @21
s

(vcr )WITHOUT—S[ZE—EFFECT

where S is the longitudinal web reinforcement parameter defined in Fig. 24. Note that
S of Eq. 21 is identical to S of Eq. 20a used in MACI and general shear design method
(Collins et al. 1996).

Combining Eq. 21 with Eq. 14, the proposed simplified equation for RC beams
(without axial load) can be expressed as:

1/6 1/6)
v_d 12
v, =34pl g | [ 2 22
cr P [c M ] (S) ( )

u

To test the accuracy of the proposed equation (Eq. 22) and to compare to other
empirical expressions and MCFT, 94 test results from 7 investigations were considered.
Table 7 gives the summary of their test programs, test results, and predictions by various
methods. The shear strength at diagonal cracking is taken for comparison. In the cases
where diagonal cracking strength is not specified for RC members without transverse
reinforcement, the failure load is considered for comparison. The principal variable, the
member depth, varies from 4.3 in. to 43.2 in. Other variables include concrete strength
(ranging between 3200 and 14,330 psi), longitudinal reinforcement ratio (ranging
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between 0.5% and 4.7%), and shear span-to-depth ratio (ranging between 2.9 and 8).
Predictions by MACI and MCFT were compared by setting the maximum aggregate size
a equal to zero for concrete stronger than 6000 psi. Table 7 shows the comparison of test
results with the proposed simplified equation (Eq. 14), the proposed simplified equation
including size effect (Eq. 22), other empirical expressions, and MCFT. First-order
statistics of the test/predicted ratio are summarized in Table 8. Figures 25 through 36 give
the graphical comparison of results by proposed equations, MCFT and other empirical
expressions.

Table 8 shows that the proposed simplified equation without size effect correction
(i.e., Eq. 14), Zsutty’s expression, ACI-Code expressions, and ASCE-ACI expression can
be quite unconservative for large members. The predictions by Kim et. al. is very
unconservative. It may be noted that the above five expressions do not take size effect
into account. Okamura and Higai expression is unconservative irrespective of member
size due mainly to an overestimate of the influence of a/d ratio in their equations. On the
other hand, the proposed equation with size effect correction (Eq. 22), the JSCE, and
CEB-FIP equations are in good agreement with the test results. Predictions by MCFT and
MACI are generally more conservative, the latter being more scattered. Such scatter is
expected since the MACI equation does not take the reinforcement ratio and critical shear
span-to-depth ratio into account.

The proposed equation for size effects (Eq. 21) has two major differences with
respect to MACI equation (Eq. 20). Figure 37 shows the variation of shear strength with
beam size (containing different aggregate sizes) by both equations. Note that the
proposed equation is independent of aggregate size and the value of maximum aggregate
size is zero in MACI equation (Eq. 20a) for high-strength concrete. First, the reduction in
shear strength in large size beams using the MACI equation is considerably higher (more
being for small size aggregates) than that using Eq. 22 (Fig. 37). The MACI equation is
mainly based on the test results by the authors themselves (Collins and Kuchma 1999)
and observation of test results from Shioya et. al. (1989). Test results by Shioya et. al. on
large size beams show a significant reduction in shear strength. However, note that these
beams have a small reinforcement ratio equal to 0.4%. Analysis (Eq. 10) and test results
(Table 4) show that the shear strength of beams with 0.4% reinforcement ratio is
approximately 70% of that with 1% reinforcement ratio. Therefore, part of the shear
strength reduction in tests by Shioya (1989) can be attributed to low reinforcement ratio.
On the other hand, the test data by the authors of MACI include only a limited number of
variables. Most data for simply supported beams have an a/d ratio of 3 and p of 1%.
Therefore, the application of MACI Equation (Eq. 20) to all ranges of a/d ratio and
reinforcement ratio may not be quite appropriate (Khuntia 2000). Test results by Kani
(1967) show that the decrease in shear strength with beam size is not significant for shear
span-to-depth ratio (a/d) more than 4 and is appreciable for a/d ratio less than or equal to
3 (Fig. 23).

As shown in Fig. 37, the reduction in shear strength for high strength RC beams is
significantly low using MACI method compared to that by the proposed method (Eq. 21).
The higher reduction by MACI is due to the assumption of maximum aggregate size a as
zero in Eq. 20a. However, it is believed that higher reduction in shear strength for high-

18



strength concrete is mainly due to reduction in effective shear depth c;, as explained
under the section on influence of concrete strength.

The other major difference between Eq. 20 (MACI) and Eq. 21 (proposed) is the
consideration of aggregate size a. As explained in the assumptions of this study, and
corroborated by test results, the shear capacity of slender RC beams just prior to diagonal
cracking (where size of aggregate and its frictional resistance have no role to play) is
almost equal to that after formation of diagonal cracking. Therefore, the reduction in
shear strength may not depend on aggregate size at all.

Using “S” instead of “S¢” in the proposed equation (Eq. 22) did not affect the
accuracy of the prediction (Table 7). In general, consideration of aggregate size makes
the calculation more complex.

In general, the comparison with test data (Table 4 and Table 7) shows that the error in
disregarding size effect is negligible when effective member depth is less than 18 in. For
large beams, the size effect can be neglected if the longitudinal reinforcements are
distributed over the web region at a distance not more than 12 in. (Fig. 24).

Influence of Type of Loading

Two types of loading commonly encountered in practice are considered in this
parametric study. They are: concentrated loading and uniformly distributed loading (Fig.
38). The major difference between the shear strength of a beam under these two types of
loading is the location of critical section for diagonal cracking, which corresponds to the
My/(V.d) ratio. The case of simply supported beams (Fig. 38a and b) is considered first.
The influence of other types of support conditions will be discussed later.

For simply supported beams, the critical section for point loading is closer to the
location of maximum moment. The critical shear section can be taken approximately at a
distance of d from the load point. This is because this section has the same shear force,
and a higher bending moment than other sections in the shear span and, thus, develops
longest flexural cracks and has the smallest effective shear depth ¢, (Fig. 38a). The
critical shear span-to-depth ratio (My/Vd) for point loading can be expressed using Eq.
15. For a member with central point load, Eq. 15 is reduced to:

M L

u

v.d 2d

(23)

However, the above situation is different in the case of uniform loading (Fig. 38b).
Under uniform loading, although bending moment increases away from supports (thereby
decreasing the magnitude of c; in Eq. 4), the corresponding shear force also decreases
away from supports. For uniform loading, the critical shear span-to-depth ratio is:

M, x(L-x)

u

V.d d(L-2x)

(24)

where x is the distance between the critical shear section and the support. Using Eq.
24 for different beam L/d ratios, My/Vd can be calculated for varying x/d ratios and the
corresponding shear strength can be computed using the proposed procedure (Eq. 4) for a
given p and f.’. Figure 39 shows the variation of shear strength for beams with different
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L/d ratios. It may be noted that the shear force due to external loading V, equals the shear
capacity V only at one location (i.e., at critical shear section). Also note that V, is a
linear relation of L/d with zero at mid-span, and V; is not linear with L/d (Fig. 39). The
critical shear section location for the beam with a given L/d ratio can be found by
drawing a tangent to the shear strength curve from a point where x = L/2 (i.e., the point
where V, = 0). Using this method and Fig. 39, the x/d ratio is found to vary between 0.8
to 2.0 depending upon L/d ratio, the ratio (x/d) being higher for higher L/d ratios. The
analysis shows that the location of the critical shear section for a simply supported beam
with uniform loading can be found using:

X 0145508220 (25)
d d

Test results on beams under uniform loading (Krefeld and Thurston 1966) show a
similar trend: the critical section moves away from the support with increasing L/d ratio.
They suggested the variation of x/d from 0.8 to 2 depending on L/d ratio.

Using Eq. 25 in Eq. 24, the critical shear span-to-depth ratio (My/Vd) for simply
supported beams under uniform loading can be expressed as:

M L

u
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(26)

In general, for all practical slender beams failing in shear (L/d between 5 to 10) the
x/d ratio varies from 0.80 to 1.40 per Eq. 25. Assumption of x/d = 1.5 is generally
conservative for design purposes.

By combining Eq. 23 and Eq. 26 with Eq. 14 for a simply supported beam under
uniform loading, it can be shown that:

)
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The magnitude of Eq. 27 for different span-to-depth ratio (L/d) is graphically shown
in Fig. 40. The increase in shear strength under uniform loading is 10 to 17% higher than
under central point loading depending upon the L/d ratio (Fig. 40). The experimental
study by Krefeld and Thurston (1966) confirms this observation. Using the available data
at the time, Kani (1966) pointed out that it is slightly conservative if the design
requirements for beams under point loadings are extended to beams under uniformly
distributed loads.

Test data reported by Krefeld and Thurston (1966), consisting of 28 data points, were
used to compare the proposed simplified Eq. 14 (with My/V.d from Eq. 26) with other
empirical equations of Table 1 and MCFT. Table 9 gives the details of the experimental
program. The shear strength at diagonal cracking is taken for comparison. The variables
include longitudinal reinforcement ratio (ranging between 1.3% and 4.3%), and span-to-
depth ratio (ranging between 4.7 and 12.2). Note that the critical shear section in the
above comparison is taken at 0.14L from supports. The effect of considering critical
section at d from support (x = d) is explained later.
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Table 10 gives the summary of test/predicted ratios by various models. It shows that
the predictions by proposed simplified equation (Eq. 14) with appropriate M,/V.d (Eq.
26) are in very good agreement with the experimental results. The predictions by Zsutty
and Okamura are also good. However, it may be noted that the equations by Zsutty and
Okamura give unconservative results for beams under point loading (Table 5). The
predictions by CEB-FIP, JSCE are also quite reasonable. The predictions by ACI-
Detailed equation are slightly unconservative for many test cases. The predictions by
MCFT, ACI-Simplified and ASCE-ACI are more scattered, although on the conservative
side. Figures 41 through 49 show the comparison of test results to various models.

Table 11 shows similar comparison among various methods with the assumption that
critical shear section is at a distance of d (x = d) from the supports, as generally used in
design. It shows that the predictions by all methods, in general, are more scattered that
those assuming x of 0.14L. More over, if the ultimate shear strength is taken for
comparison, all the methods give overly conservative results. Note that unlike the present
method which gives a correction for ultimate shear strength for beams under uniform
loading (explained later), no other method or MCFT distinguish between the cracking
and ultimate shear strength.

Relation between ultimate (V) and cracking (V,,) shear strength also depends on the
type of beam loading. Test data for 21 beams under point loading (Mattock 1969) are
shown in Table 6. The ratio of ultimate to cracking shear strength (V/V,,) has a mean of
1.05 and a standard deviation of 0.09, showing that for point loading the beams have little
or no shear strength reserve after diagonal shear cracking. Similar trend has also been
observed by Zsutty (1968, 1971). However, the loading condition is not similar for
beams under uniform loading. The critical section for such beams is approximate distance
d to 1.5d from supports compared to a distance d from load point under point loading.
Unlike point loading case where the portion between the support and critical shear
section is free from external loading, that portion is subjected to applied loads in case of
uniform loading. In other words, in uniformly loaded beams, arching action occurs in the
region between the critical section and the support. It substantially increases the ultimate
shear strength of the beam. Experimental results by Krefeld and Thurston (1966) support
this observation. The comparison between the ultimate and cracking shear strengths for
the test data are plotted in Fig. 50. Also plotted is the proposed lower bound equation:

1<l dw|o2s-Lcag 28)
v 8d
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As can be seen from Fig. 50, the difference between the ultimate shear strength and
diagonal cracking shear strength can be as high as 50% for uniformly loaded beams.
Based on the above discussion, the proposed procedure and simplified equation can be
used directly to estimate the ultimate shear strength of RC members without stirrups in
case of point loading, but must be corrected using Eq. 28 in case of uniform loading.
Combining Eq. 28 with Eq. 14, the expression for ultimate shear strength for RC beams
under uniform loading can be expressed as (neglecting size effect):

1/6
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If size correction is needed, Eq. 29 can be combined with Eq. 21 in a similar way.
Table 11 shows a comparison of ultimate shear strength between the test results and the
predictions by proposed simplified equation (Eq. 29), MCFT and other empirical
expressions (Table 1). It shows grossly conservative predictions by all other models
except the proposed simplified equation (Eq. 29).

Influence of Support Conditions

The influence of support conditions on the shear strength of RC beams without
stirrups is expressed through the effect of support conditions on the magnitude of bending
moment and shear force at the critical section.

Four common cases are considered to examine the influence of support conditions.
They are: (1) simply supported beam with central point loading (2) fixed beam with
central point loading; (3) simply supported beam with uniform loading; and (4) fixed
beam with uniform loading (Fig. 38). The bending moment and shear force diagrams for
each case are also shown.

For beams with point loading, the critical shear section is at a distance d from the load
point for both pinned and fixed supports. Although the magnitude of shear force is the
same in both cases, bending moment at the critical section for the beam with fixed
supports (Fig. 38c) is substantially smaller than the moment for the beam with pinned
supports (Fig. 38a). Thus, the flexural crack is shorter (making the effective shear depth
c, larger) for the fixed support case, thereby yielding higher shear strength compared to
the simply supported case. Simple static analysis yields Eq. 15 for critical shear span-to-
depth ratio M/Vd) for point loading with simple supports considered as default in the
proposed procedure. For a fixed beam with central point loading:

M, _a_
v,d 2d

(30)

Thus, the ratio of shear strength for fixed and simple supported beams under center-
point loading (using Eqgs. 15 and 30 with Eq. 14) is:
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Equation 31 is plotted in Fig. 51. It shows that the shear strength computed assuming
simple support condition is always conservative for point loading, more so for beams
with smaller L/d ratios.

However, the situation is different for beams with uniform loading. For fixed-end
beams under uniform loading (Fig. 38d), the critical shear section can be taken at a
distance 0.8d or simply d from the support as both shear force and bending moments are
highest at that location. Static analysis shows that for uniform loaded beam with fixed
supports the critical shear span-to-depth ratio is:
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As explained earlier (Eq. 26), the M/Vd for simply supported beam under uniform
loading is L/6d (critical section being 0.8 to 2d from support). Although the magnitude of
shear force at the critical section is similar for both fixed and simply supported beams,
bending moment at the critical section for the beam with fixed supports can be larger or
smaller than the moment for the beam with simple supports depending on the span-to-
depth (L/d) ratio. Mathematically, the ratio of shear strengths of fixed and simple
supported beam with uniform loading is:
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Equation 33 is plotted in Fig. 52. It shows that the shear strength computed assuming
simple support condition is always conservative for uniform loading, more so for beams
with smaller L/d ratios. It is interesting to note that the cracking shear strength under
uniform loading may be 5 to 10% smaller for fixed-end beams where L/d ratio more than
11 if the critical shear section is assumed at a distance of d from support (Fig. 52).
Similar increase in shear strength may be obtained using MCFT or ACI-Detailed
Equation. However, no empirical expressions (Table 1) specifically consider the
influence of support conditions on shear strength. Thus, no comparison can be made. In
general, it may be appropriate to use Eq. 31 for point loading and Eq. 33 for uniform
loading for beams with L/d ratio of less than 8, if more accuracy in determining shear
strength is desired.

CONCLUSIONS

Based on a parametric study and comparisons to numerous experimental results,
different code provisions, empirical expressions, and Modified Compression Field
Theory the following conclusions can be drawn about the proposed shear strength
evaluation procedure and a simplified equation derived from it:

1. The approach can be applied to members with any shear span-to-depth ratio,
reinforcement ratio, concrete strength, presence of axial compression/tension,
member size, loading type and support conditions.

2. The shear strength of RC members without transverse reinforcement can be
conveniently predicted using the proposed simplified procedure (Eq. 4) based
on the basic principles of mechanics.

3. A simplified expression (Eq. 14) is suggested for design purposes. It is
virtually as accurate as the proposed procedure considering the data set used
for comparison.

4. The influence of longitudinal reinforcement is more significant than those of
concrete strength and span-to-depth ratio.

5. Corrections for size effects are not needed if longitudinal reinforcements are
distributed over the entire web region when member depth exceeds 18 in.
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Correction for uniform loading should be used if more accuracy is desired. In
general, the proposed method is conservative for beams with uniform loading.
In addition, the ultimate shear strength compared to diagonal cracking
strength is significantly higher, especially for short spans.

Correction for support conditions is generally not needed for design purposes
as any support type other than simple supports yields conservative results.

Corrections for axial tension or compression can be properly accounted for
using the proposed procedure, if more accuracy is desired. ACI Code
equation, in its present form, is generally conservative.

The present ACI Code Equation for evaluating the shear strength of RC
members needs to be modified to include the effect of concrete strength,
critical shear span-to-depth ratio, tensile reinforcement ratio, and size effect in
an appropriate manner, as suggested in this report.

24



APPENDIX I. NOTATION

shear span, ft (also aggregate size, in.)

shear span-to-depth ratio

area of main reinforcement, sq. in.

gross section, sq. in.

area of longitudinal web reinforcement in each layer, sq. in.
width of beam, in.

depth of neutral axis, in.

effective shear depth, in.

uncracked depth on tension side, in.
compressive force due to concrete, kips
effective depth, in.

effective shear depth in MCFT, in.

modulus of elasticity of concrete, psi
modulus of elasticity of steel,psi
compressive strength in concrete corresponding to a strain of g, psi
compressive strength of concrete, psi

spilt cylinder tensile strength of concrete, psi
tensile stress in main reinforcing steel, psi
tensile strength of concrete, psi

yield strength of steel, ksi

total depth of beam, in.

shear strength factor

development length of rebar, in.

span length, ft

span-to-depth ratio

bending moment, kip-in.

ultimate bending moment, kip-in.

critical shear span-to-depth ratio, both M, and V,, at critical section
axial load, kips

ultimate axial load, kips

nondimensional factors, used in Eq. 8a
longitudinal web reinforcement parameter, in.
crack spacing parameter (used in MCFT), in.
crack spacing, in.

tensile force due to concrete, kips

tensile force due to main steel, kips

shear stress at diagonal cracking, psi

shear force, kips

shear strength at diagonal cracking, kips
ultimate shear force, kips

ultimate shear strength, kips

factored gravity (dead and live) load, kif

distance of critical shear section from support under uniform loading, ft

exponent to compressive strength of concrete
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B = tensile stress factor, used in MCFT

€ = compressive strain in concrete, in/in

€cr = cracking strain in concrete, in/in

€ = compressive strain in concrete at peak stress, in/in

£ = longitudinal strain in tensile steel, in./in.

& = longitudinal strain in tensile steel (used in MCFT), in./in.

o} = longitudinal reinforcement ratio, in decimals

01,02 = principal stresses, psi

T = shear stress in effective shear depth, psi

Tmax = maximum shear stress in effective shear depth, psi

0 = angle of inclination of compressive stress in cracked concrete (in MCFT)
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APPENDIX III. SHEAR STRENGTH COMPUTED BY THE
GENERAL SHEAR DESIGN METHOD BASED ON MODIFIED
COMPRESSION FIELD THEORY (MCFT)

The general shear design method (Collins et al. 1996) is based on MCFT (Vecchio
and Collins 1986). It is a rational approach to shear design of RC members. In this
context, it is appropriate to compare the results from the proposed shear strength
prediction procedure to those predicted by MCFT. The shear strength of concrete without
stirrups is computed as:

Vv, =B/t.b.d, (I1I-1)

where: [3 is the tensile stress factor; dy is the effective shear depth which can be taken
as 0.9d; by is the effective web width. For design purposes, Collins et al. (1996) and
Collins-Kuchma (1999) suggested to use a simplified table or graph for B (Fig. III-1). In
these design aids, B is a function of two variables: (1) S, the crack spacing parameter
(which is a function of crack spacing S, and maximum aggregate size “a”) as defined in
the report, and (2) &, the longitudinal strain at the level of main flexural reinforcements.
The strain €, can be obtained using the following expression for non-prestressed members
in absence of any other axial load:

(M % ) +0.5V,cotd
EA,

where: M,, and V, are the factored moment and shear force; and 0 is the angle of
inclination of compressive stress in cracked concrete. Rearranging the terms with d, =
0.9d, noting that at failure V, = V, Eq. III-2 can be reduced to:

0.9x B\/Fc—'x(l.llgl:l + 0.5c0t9)

X pE

€, = (111-2)

£ (I11-3)

The influence of different parameters on concrete shear strength v, can be reasonably
predicted by using Eqgs. III-1 and III-3 and the table/graph (Fig. III-1) for 3 suggested by
Collins et al. (1996) and Collins and Kuchma (1999). It should be noted that the MCFT
method involves trial and error procedure and is considerably more complex than the
traditional ACI Equation.

29



APPENDIX IV. EVALUATION OF THE PROPOSED ACI
COMMITTEE EQUATION TO INCLUDE SIZE EFFECT AND
REINFORCEMENT RATIO

Recently, there is a discussion within ACI Committee 445 on proposal to include the
size effect and reinforcement ratio in the following manner:

V, =o,ff.b,d, (Iv-1)
For members with p > 1.5%, a = 2.0 (Iv-2)
. 46
For members with p <1.5%, 1.0<a =(1.1+p) 3 <2.0 (IV-3)
40 +
a+0.6

The above proposal is mainly based on the test results by Kani (1967), Taylor (1972),
Shioya (1989), Collins and Kuchma (1999), and Krefeld and Thurston (1966). The results
from above Eq. IV-2 and Eq. IV-3 were compared with the test results reported in Table
4. These 127 data set includes maximum aggregate size of 0.5 to 1.0 in., when reported in
the investigation. When the test data do not report the aggregate size, the default value is
taken to be 0.75 in. In addition, the maximum beam depth in Table 4 was not more than
16 in. The mean and standard deviation of test/predicted ratio using Eqs. IV-2 and -3 are
found to be 1.32 and 0.28, respectively (Fig. IV-1). It is interesting to note that the mean
and standard deviation of test/predicted ratio using ACI-Simplified equation for the same
data set are found to be 1.30 and 0.30, respectively. The proposed ACI-Committee
equation was also used to compare with the test results of Table 7 (i.e., influence of size
effect). These 94 data set include aggregate size from 0.1 to 1.5 in., most data with 0.39
to 1.00 in. The mean and standard deviation of test/predicted ratio using ACI-Committee
445 equation are found to be 1.19 and 0.25, respectively (Fig. IV-2). For the same data
set, ACI-Simplified equation gives mean and standard deviation of test/predicted ratio as
1.13 and 0.28, respectively. Therefore, the proposed equation by ACI committee 445
does not give any appreciable accurate results than the current ACI-Simplified
expression, whereas it is more complex than the latter.

Figure IV-3 shows the influence of member depth and aggregate size by ACI-
Committee proposal. It is compared with the proposed equation (Eq. 21) on size effect.
The proposed Committee equation gives similar drastic reduction in shear strength with
member size, more so with small size aggregate. The variation is similar to that
suggested by MACI method of Collins and Kuchma (1999). See Fig. 37 for details. As
explained earlier, the drastic reduction of shear strength with beam size is too
conservative. The other shortcoming of the proposed ACI is the upper limit of k-factor
being 2.0. However, as numerous test results pointed out (Table 4 and Table 7), the upper
limit of k can go up to 3.0 in many practical cases. Therefore, the proposed Committee
expression is, in general, is very conservative. Note that the equation proposed in this
report is more rational and accurate than the one proposed by the ACI Committee.
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APPENDIX V. EXAMPLES USING THE PROPOSED TWO-STEP
PROCEDURE AND SIMPLIFIED EQUATIONS

The following examples are provided to show the application of proposed two-step
procedure and simplified equations to shear design of RC members without stirrups. For
comparison purposes, corresponding design by ACI Code method is also illustrated.

Example 1.

Calculate the design shear strength of a RC beam shown in Fig. V-1. The beam is
simply supported and uniformly loaded with a factored dead and live load of 4.5 klf.
Assume f.’ = 4000 psi and fy, = 60 ksi.

Solution:

Area of reinforcement A;, =3x0.6 =1.8 sq. in.

Reinforcement ratio p = Aybwd = 1.8/(10x12) = 1.5%

Span-to-depth ratio L/d =12x12/12 =12

1. Check for Flexure:

Factored maximum bending moment M, = wuL%/8 = 4.5x12%x12/8 = 972 k-in.

Design moment capacity was found to be 1012 k-in. > 972 k-in.  (O.K.)
Therefore, no flexural failure of the beam will occur.

2. Check for shear by proposed method:

The critical shear section per the proposed model (Eq. 25) is at 0.14L from support (Fig.
V-2).

At the critical location, applied shear force V, = 4.5x12(1/2-0.14) = 19.44 kips

Nominal cracking shear stress by proposed simplified equation is given by Eq. 14 as
shown below:

V d 0.5
vV, = 34 3 p(fc'Lj
M

u

Size effect can be neglected as beam is not large (effective depth is less than 18 in.).
My/Vd for the example beam (under uniform loading) = L/6d = 2 (Eq. 26).

Cracking shear resistance V_ =34x(1.5)""° (4000/2)"*x 10x12 = 16.58 kips

The ultimate shear strength may be higher than cracking strength for beams under
uniform loading as given in Eq. 24. Note that for beams under point loading there is
negligible difference between ultimate and cracking shear strength.

Magnification factor = 2.5 — L/8d = 1.0. (Eq. 28)

Therefore, ultimate nominal shear strength of the beam = 16.58 x 1.0 = 16.58 kips.

Note that the ultimate shear strength can be higher than cracking shear strength for beams
under uniform loading with L/d ratio less than 12.

Design shear strength ¢V, = 0.85 x 16.58 = 14.1 kips < V,, (=19.44 kips)

Provide transverse reinforcement.

3. Check for shear by ACI -Simplified method:
The critical shear section per the ACI Code method is at d from support.
At the critical location, applied shear force V, =4.5x12/2-4.5x1 = 22.5 kips.
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ACI Code does not distinguish between cracking and ultimate shear strength irrespective
of type of loading. Ultimate shear stress is given by:

v, =2t
Therefore, ultimate nominal shear strength of the beam V, = 24/4000x10x12 = 15.2
kips.

Design shear strength ¢V = 0.85 x 15.2 = 12.9 kips < V,, (=22.5 kips)
Provide transverse reinforcement.

4. Comments:

The design shear force by ACI Code method (V,=22.5 kips) is about 16% higher than
that by proposed method (V,=19.44 kips). In addition, the design shear strength by ACI
Code method (¢ Vu=12.9 kips) is about 9% lower than that by proposed method
(6Vur=14.1 kips). Therefore, by using ACI Code method underestimates the shear design
by about 25%.

Example 2.

Calculate the shear strength of the RC beam in Example 1 if the compressive strength of
concrete is increased from 4000 to 10,000 psi.

Solution:

1. Using the proposed simplified equation, shear resistance

Var= V., =34x(1.5)"" (10000/2)"*x 10x12 = 19.3 kips. This is 16% higher than that
with 4000 psi concrete.

2. Using the ACI Code simplified equation, shear resistance

Var=V,, =2(10000)"? x 10x12 = 24.0 kips. This is 58% higher than that with 4000 psi
concrete.

3. Comments:

ACI Code method overestimates the shear strength for beams with high-strength
concrete. As many test results pointed out, the increase in shear strength is marginal with
increase in concrete strength.

Example 3.

Calculate the shear strength of the RC beam in Example 1 if the effective depth is
increased from 12 in. to 24 in. along with an increase in area of steel reinforcement from
3 to 6 #7 bars. The factored gravity load is increased from 4.5 to 6 kif. Assume shear
failure will govern.

Solution:

Longitudinal reinforcement ratio p is same as in Example 1. However, the value of L/d
decreased from 12 to 12/2 = 6 in this example.
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1. Using the proposed simplified equation

Applied shear force at critical location V, = 19.44 x 6/4.5 = 25.92 kips.
M,/Vd for the example beam = L/6d = 1 (Eq. 22).

Size effect needs to be considered as d > 18 in.

Web reinforcement parameter S =0.9 x 24 =21.6 in.

V., =34x(1.5)" (4000/1)""*(12/21.6)°x 10x24 = 33.74 kips. (Eq. 21)

Without considering size effect the strength is 10% more.

Ve = Ve x (1<2.5-L/8d<2.0) = 33.74 x 1.75 = 59.0 kips

Design shear strength ¢V = 0.85 x 59.0 = 50.1 kips > V,, (= 25.92 kips)
Transverse reinforcement is NOT needed anywhere along the beam.

2. Using the ACI Code simplified equation

Applied shear force at critical location V, = 22.5 x 6/4.5 = 30.0 kips.
Vur = V., =2(4000)""* x 10x24 = 30.4 kips.

Note that ACI code does not consider size effect.

Design shear strength ¢V, = 0.85 x 30.4 = 25.84 kips < V,, (= 30.0 kips)
Transverse reinforcement is needed.

3. Comments:

The ACI Code method does not consider the influence of critical shear span-to-depth
ratio as well as the type of loading. Therefore, in spite of minor decrease in shear strength
due to size effect, the computed shear strength by proposed simplified equation was
found to be significantly higher than that by the ACI Code method.

Example 4.

Calculate the shear strength of the RC beam in Example 1 if the beam is subjected to an
axial tension of (a) 14 kips (or 100 psi axial stress), (b) 28 kips (or 200 psi axial stress).

Solution:

When a RC member is subjected to axial load, it is recommended to use proposed two-
step procedure, as no simplified equation can predict accurately the change in shear
strength.

1. Using the proposed procedure (Eq. 4)
Using method of strain compatibility and equilibrium conditions, the effective shear
depth ¢, was found to be 4.3 in. and 5.4 in under axial tension of 28 and 14 kips,
respectively. The corresponding cracking shear stress can be given as:

v, = %%‘ f = %x f‘l—; x 6.7/f.' =1.6,F." for beam under axial tension of 28 kips.
Similarly, the cracking shear stress under axial tension of 14 kips was found to be
2,041,

Note that a value of critical shear span-to-depth ratio (My/Vd) of 2 (as calculated in
Example 1) is used in the procedure. The magnitude of ¢, would change for different

My/Vd ratios.
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2. Using the ACI Code procedure
Per ACI Code the shear strength under axial tension can be given as:

N
Vg = 2.0J§{1 t s }
g

The above equation will give a value of 1.8\/5 under axial tension of 14 kips and a
value of 1.6\/5 under an axial tension of 28 kips.

3. Comments:
As pointed out in the report, ACI Code method gives conservative result for RC members
under low axial tension.

Example 5.

Calculate the shear strength of the RC beam located in a framed building shown in Fig.
V-3 and Fig. V-4. The beam is uniformly loaded with a factored dead and live load of 4.5
kif. Assume f.’ = 5000 psi and £, = 60 ksi. Assume no flexural failure.

Solution:

The important aspect of this type of practical frame is to locate the critical shear section.
As can be seen from Fig. V-3, although maximum bending moment occurs at mid-span of
beam, the applied shear force is quite small at nearby locations. The critical section will
occur at a distance of d from the support.

1. Check for shear by proposed method:

The critical shear section per the proposed model is at d from support (Fig. V-3).
At the critical location, applied shear force V, = 4.5x(18/2-1.5) = 33.75 kips.
Bending moment at that location was found to be 48.25 k-ft.

M/V.d at critical shear location = 48.25/(33.75x1.8) = 0.95 (Use 1.0)
Longitudinal reinforcement ratio = 1.8/(16x18) = 0.625%

Cracking shear resistance V,, =34x(0.625)'"> (5000/1)""°x 16x18 = 34.7 kips (Eq. 14)

The ultimate shear strength may be higher that cracking strength for beams under
uniform loading as given in Eq. 28.
Per Eq. 28, magnification factor = 2.5 — L/8d = 1.0. Note that in absence of test data for
fixed beams under uniform loading, Eq. 28 (which is derived for simple support) can be
used.
Therefore, ultimate nominal shear strength of the beam V;, = 34.7 x 1.0 = 34.7 kips.
Considering size-effect, the ultimate nominal shear strength of the beam

=34.7 x (12/(0.9x18))"" = 33.0 kips
Design shear strength ¢V = 0.85 x 33.0 = 28.0 kips < V, (=33.75 kips)
Provide transverse reinforcement.
2. Check for shear by ACI Code-Simplified method:
The critical shear section per the ACI Code method is at d from support.
At the critical location, applied shear force V, = 33.75 kips.
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Therefore, ultimate nominal shear strength of the beamV,,, = 24/5000x16x18 = 40.7
kips.

Design shear strength ¢V, = 0.85 x 40.7 = 34.6 kips > V,, (= 33.75 kips)
Theoretically, transverse reinforcement need NOT be provided.

3. Comments:

The design shear force by ACI Code method is about 24% higher than that by proposed
method. This is mainly due to the fact that the ACI Code does not take the effects of
reinforcement ratio and size effect into account.
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Table 1. Empirical equations and code provisions for shear strength of RC beams

Investigator Predictive Equation
Zsutty (1968) wavd/ V>
v, =39xIf, xpr
Okamura and Higai (1980) v, =64x(£.50) xd % x (075 +1.49/)
ACI-Code (1999) - Simplified v, =2,/f.' < 200psi

ACI-Code (1999) — Detailed

v, = 1.9JE+2500p\1\’4"d <35/t

u

- 1
CEB-FIP Model Code (1993) v, =27.67x (fc xpx %)/3 X (1 *+y % )

Japanese Code (JSCE, 1986) v =61.13x (f .xp)}/s y d_%

Kim, Kim and White (1999)

v, =02{1-p)x G) (127 +1479000°° ) (g)

6
r=(%)° p-o.l <1

0.6

Modified ACI (MACI) — suggested 57.5 <2 \/F

by Collins and Kuchma (1999) Y =50+,

Note: All the above expressions are in U.S. customary (psi) units; £’ in psi; d in in.; p is tensile steel ratio.
The magnitudes of v and v, are considered to be equal to v,, in calculating shear strength.
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Table 2. Relationship between split cylinder tensile strength and compressive strength of

concrete
. . 05 0.67 0.5 0.67
S1. No. Investigator ' (psi) for (psi)| fer/(fc") fer/ (') S1. No.|Investigator fc' (psi) fer (psi)] fer/(fc') | fer/(Ee')
_n [2) 3 (4] B [1] 2] 3] [4] [5] [6]
1 3756 431 7.03| 1.78 41 Haddadin, 3750 4571 146 1.89
LA .. 3365 425 733 1891 42/Hong,and | 4275 345 528 131
3 2379 278 5.1 1.56) 43|Mattock (1971) 4045 450 708 L7
4 2567 263 5.18f 1.40] 4| 4235 376 5781 143
] 2930 318 587 155 451 VAlls) 49 669 167
6l . 2959 287 5.28 139 46 alas) 427y 663) 165
N . 3481 344 5.83 149 47 A5 3% 605 150
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UlBhidesnd | sl a0l  s1s| o s Dol m| e s
|2 Collins (1989) 5961 497 6.44 1.51 52 4020 427 6,73 1.68|
13 6033 438 5.64] 132) 53 4015 427 6.74 1.69
14 5497 438 591 1.40] 54 ] 3485 409] 6.93 L77
15 3669 341 5.63 1.43 55 3985 360] 5.70 143
16 . 2901 339 630 166 56| 3760 392 6.51 1.65
17 3147 371 - 6.62 1.72 57 4225 4] 6.78 1.68|
18 3292 355 6.19 1.60) 58 4050, 373 586 144
9 3162 358 637 1.66] 59 ] ) 4030 411 647 ] 1.62
20 ‘_ . 2553 270 534 1.44 60 ] 4385 439 6.63 163
o) oss|  wus|  6x 16 6l w0l | ex| s
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26| 7150 653 7.72 1.75 66 3815 ~409| 662 ] _1.67
~ 27{Adebarand 6701 624 7.62! 1.75 67 3730} 457 748 1.89]
28 Collins (1996) 7469 537 6.21 1.40, 68 ) 4040 ) 381 599 1.50f
29 7223 566 6.66 1.51 69 4415 400 6.02 1.48
30 8542 812 8.79 1.94] 70 4335 422 641 1.58
31 Rajggopalan 3440 414] 7.06 1.81 ) 71 4245 400| §.l4 1.52
32}and Ferguson 5300 455 6.25 1.49 72 3795 381 6.18 1.56]
33(1968) 4800 462 6.67 1.62 73| Yoon, Cook 5221 4501 6.22 1.49
M4 4200 413 6.37 1.58 74 and M‘_i‘tchell 9717 ) 667 6577 1.46]
35 4800 396 572 1.39] 751(1996) 12618 88S 7.88 1.63
36 4050 382 6.00 1.50]
3 3 3640 369 6.12 1.56] _ Avenage: 6.41 1.58
. 4500 414 - 6.17 1.51 ~ Std.Deviation: 0.66 0.15
39 4150 446 6.92 1.72 T S
40 4300 418 6.37 1.58)
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Table 3. Comparison of proposed simplified equation with two-step procedure

M,/ Vd p (%) £' (psi) k-Eq.13 k-Eq.14 Ratio
1] [2] (3] [4] {511 [61=[5)/[4]
Tl 1 4000] 200 214 1.06

1 1 8000 162 17 105
| 11 12000 142 149 105

1 2 4000 ~2.61 2.70 1.03
T 2l 000 2000 214 12

1 2 12000 R 7 I ¥ 7/ I ¥

1 3 4000 3.03] - 3.09¢ 1.02

1 3 8000 243 245 ~L.01

§ 3 12000 213 214 100
3 1 4000 1.75 1.78| 1.02
3 1 3000 1.40 1.42| 1.01

3 1 12000 123 1.24 100

3 2 4000 226 225 09|
3 2 sooo| 181l 178 098
3 2 12000 1.59] 1.56 0.98

- 3] 3 4000 C2.63] 2.57 0.98
3 3 3000 21| 204 097

3 3 12000 185 178 096
5 1 w00  1e4l 164 100
kR 1 sooo| 131 130 099
s 1 12000 L5l L4 099

5 2 4000 2.12 2060 097

5 2 8000 170 1.64| 0.97

5 2 12000 1.49 1.43 0.96

5 3 4000 246  236| 10.96
| 3 sooo| 197l 187 0.95
5 3 12000 1.73 1.64 0.95
Mean = 1.00

Std.Dev. = 0.03
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Table 4. Summary of experimental program, results, and predictions

Proposed Procedure |Parametric Equation

Test| Investigator b d £ p wd Ver[Vee/badle)' S| (Equation 4) (Equation 13)
No. in. in. psi % kips k-test K] Ratio K| Ratio
1] Pl [ 4] is] 6] {7y 8 o] 110 pyf  f12) {13}
1{Cassio and 600] 994 5320 336] 302 1435 330 288 114 28] 1.25
* 2|siess (1960) 600 994 4060] 336 402 12 316 283 |l 2m 116
3l 600| 994 3740  336] 503 115 315 279 L3l 27 117
4 600 994 4050,  336] 604 114 3000 271 Ll 255 LI18
s 6.00 10| 2820 1 4.00 7.7 242 208 L16] 19 1.3
6 6.00 10| 38% 1 5.00 79 211 179 gl L7 124
7 6.00 10| 387 333] 300 1325 35| 308  L1s5] 291 1.2
8 6.00 1of 32100 333 400 1055 310 299 104 293 1.06
9 6.00 10 39%0] 333 500 123 325 274 118|263 1.3
10 6.00 100 3630 333} 600 111 3077 278 110} 264 1.16
“11[Matheyand |  800] 1586] 4240 2.54] 378 175 212 260 o8] 245 0.86
12| Watstein (1963) 800 1586 3650 254 378 16.5 215 27 080 257 0.84
13 goo| 1586 34100 093] 378 12 1.62 192 084] 181 0.89
14 8o0| 158 37100 093 378 125 162 1.87 087 176 0.92
15| 800 1586 379%| 084 284 125 1.60 1.95 082 178 0.90
16 800| 1586 3740] o084 284 12 155 1.94 08| 17 0.87
17 800| 1586 4430 o84 284 135 1.60 1.85 086 169 094
18 800| 1586] 3820 047 378 10.5 134 1.40 095 136 0.9
19 800] 1586 3740|  047]  3.78 9 116 141 0.82] 137 0.85
20{Moody, Viest, 7.00 103 4400] 217 306 13 2712 259 10s] 238 1.14
21{Hlstaer and 7.00 105 45000  215]  3.00 15 304 287 118|236 1.29
22|Hognestad (1954) 700 1055 4500] 222 299 14 283 260 1.09] 239 118
B 7000 1063 45| 237 296 15 298 267 L12| 244 1.2
2% 7.00 105 3070 162] 300 1145 281 256 L10] 240 1.17
25 700 1055 3130 163 299 135 327 2% 127] 239 1.36
2% 700/  1063] 2790 16 29 12 305 26l L17] 247 124
oz 700[ 1069 2430 166 295 119 323 M4 L8] 262 1.3
28 600 1056 5320 189 341 115 249 226 10| 208 1.20
2 600] 1056 2420 189 341 7.5 241 2.76 087 268 0.90
30 600 1056 3740 189 34 15 207 248 1200 233 1.27
3t 600 1056 2230 189 341 8.5 284 282 1o 278 1.03
32 600 1056 4450 189 341 10.5 248) 236 10s| 220 113
D 600 1056] 229 189 341 75 247 281 088 27| 091
34 600]  1056] 4480 189 341 10 236 238 099 220 1.07
35 600{ 1056 5970 189 341 115 2350 218 1.08] 201 117
36 600 1056 3470 189 341 95 255 2% 101 239 1.07
37 600 1056 5530 189 34l 1t 233 M 104l 206 LI4
38 600 1056 2930 189 341 10.5 306 265 Lis| 252 1.2
39 600 1056 5480 189 341 10 213 224 095 206 1.03
40 600] 1056 3270 189 341 9.7 268 257 104 243 1.10
41 600 1056| 5420 189 341 115 2471 M Lo 207 1.19
42 600 1056|2370 189] 341 8 259 2m 054 270 0.96
43]Ahmad, 500 g| 88w 393 4| 130 346 248 139] 226 1.53
 44{Khaloo and 5.00 8] 88| 393 3 14.0 | 2m 136] 238 1.57
45|Proveda (1986) 5.00 8] 88| 393 2.7 140 33| 284 131 243 1.53
46 500 819 8823 177 4 8.5 221 1.82 121 168 132
47 500{ 819 8823 177 3 95 2470 200 124 L7 1.40
48 500 819 883 177 27, 110 286 21} 136 181 1.58
49 soof 74| 978 504 4 115 294 264 L1} 240 1.3
50 5000 794 9NSt 504 3 128 326] 2.9 L13] 253 129
sl 5000 794  9ms| 504 27 140 358 3 118] 258 1.39)
52| so0] 819 9ms| 225 4 10.0 248 195 1 1m 1.39
53 500 819 978|225 3 10.5 260 214 12| 188 1.39
54 s00 19| 9ms| 225 27 10.5 260, 226 Lis| 192 1.36
55 500 725 9329 664 4 120| 343 291 118 269 1.27
| soof 725 939  eedl 3 110 3340 321 os8l  284| Lit
s7 500 725 9329  ee4 27 90| 2571 3311 o076 290 0.89
s8] so0| 813 9329 326 4 80 204) 228 08 207 0%
59 500 813  9329] 326 3 100 255 250 12| 218 L7
60 soo] 813 9329 326 27 10.0 255] 262 097 223 1.14
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Table 4. (contd.) Summary of experimental program, results, and predictions

Proposed Simplified
Test | (Eq 14) Zsutty Okamura | ACEsimple | ACdetailed | ASCE-ACI CEB MCFT JSCE Kim
No. k| Ratio k| Ratio k Ratio k| Ratio k| Ratio k' Ratio k] Ratio k- Ratio k| Ratio k] Ratio
1] [14) sy el (7 (8] [9) 20 [l [22] ([23) ([24] {25} (26] [27) (28] (291 (30] (31) [32] (33]
1 259 127]  3a5] 10s| 337] o098 200] 165 247] 1.34] 230] 143 280] 118 246] 134] 265] 124 450 073
2l 268 w9l 299 05| 319 099 200] 18] 234 135] 230 137) 266 119] 234 135| 278 114 416] 076
3 260) 121] 282 12| 303] 104] 200 158 224] 141 230] 137] 251 126 22| 142 282 112] 38| o083
_______ 4 244 123 262 115 286 105] 200 150/ 216] 139 230 131 233 1291 2.0 143} 278] 108 341] 088
5 2.00 121 213 nia| 227] 1o7] 200 121 206 117} 180 134 189 1.28] 181 133 197} 123] 2.16] 1.12
6 172 123 187) 113] 201 105 200 106| 200 106 180 117| 166 127] 163 129 187 113} 17 118
7 288 123) 3320 107] 35| 100 200 177] 2571 138 230 154f 295) 120 2.55] 139] 279 127] 512 0.9
8l 29 108 311 1o0f 331 094 200 155 239 130 230 135 276] 1.12] 241 120] 287] 108 456 o068
9 254 n.zsL 278 117] 299 109 200 162| 223| 146 230 141 247 131 2200 147] 277] 117 37| 087
10} 253 122]  266] 1.15| 290] 106! 200 154] 218 141] 2300 134] 236 130 2.12] 14s| 28] 1.09] 355 087
1 242 088 27| o77] 262 os81] 200] 106] 225 094 230 092] 222 o096] 206 1.03[ 223] 095] 351 o060
12 254 o8s| 283 o076 269] 080 200 108 228 094 230 094 227} 095 210 103 229] 094 371 058
13 186 087 205 079 195] 083 200 081 204 079 173| 094] 165 098] 1.63| 099] 1.66| 098 201 081
14 1.81 089 202| oso 1921 o084 200 o8| 204 079 173 093] 162f 100 162 1.00] 164] 099 19| 0%
15| 186  os6l 214 075 205 078 200/ o0so] 209 077 164 098 1.72| 093 172[ 093] 158 102 217 074
16/ 187 083f 215/ 07 205| 075| 200 077) 209 074 164 094} 172} 090 1.72| 09| 158 098 218 o7
17 1.76) 091 209| 077 200 080 200] 080 207 077 164] 097 167 09s| 1.68[ 095] 153 1.04] 208 o7
18] 143 094 160 083 1.52] 088 200 067| 197] o068 127] 105| 1291 104| 135 099 130f 103 138 097
19 1.4 081] 16l o7 153 o076] 200] 058 1970 059 1271 091 129] 690 135| 086 130 o089] 139] 084
20 238 114]  280] 097] 297] 092 200 136] 230 118] 230 1.18[ 2470 10| 2.18] 125 23s] 116] 3.56] 0.7]
ol 237 128)  280] 109] 29 103] 200 152 230f 132 230 132 246l 124] 217 140f 232 131 356 0.8
2 240 118l 283 100 299 095 200| 141 232 12| 230 123| 248 14| 29| 129] 234 121] 365 0.77]
23 244 122|289 103 305 098 200 149 235 127] 230 130| 253 118| 223 134] 2380 125 381 078
24 245 L15| 2711 104 287] 098 200 141f 227) 124 230 122} 238 118 212| 1.33] 225] 125 339 o.g:j'
2| 244 134 2710 1200 287 14| 200 163} 2271 144] 230 142| 2380 137 213 154] 225] 146] 3390
26 2.52] 121 27| L1 291 105 200| 153 229 134 230 133| 241] 126 215 142] 227] 134] 351 087
27 268 120 28| 113 301 107} 200 161 233 138) 230] 140 250] 129] 221| 146 235 137 381] 085
28 208 120p 250] 100 262| 095 200 124] 217] 115 230 1.08) 219 114| 198 126] 2.16] 115| 283 088
29 270 089 285 085] 299 080 200 120 230} 105 230 105 250, 096 219 110[ 246] 098] 3.78| 0.64
30) 23f  t27]  2es| L12[ 278 107] 200 148 222 134 230f 129 232] 128] 208 143] 229 130 321 o092
31 278 102] 289 098] 303 094 200 142 232| 123 230 124 253 112] 222| 128) 250 1.14] 390 073
k7] I ¥ 103} 2570 097 270| 092] 200 124 219 113 230 108] 226] 110] 203 122] 2221 112| 301 o0&
33 275 09%0] 287 o086 3.02| 082 200 124] 231 1.07] 230 108 252 098] 221f 1.12| 248 100| 386 o064
34| 220 107 257 092 2700 o087/ 200 118 219 108 230 1.03] 225| 105 202 1.17] 222| 106 3.0i] 078
35 200 17| 245) o096] 2571 osf 200 Li7} 215) 1.09] 230 1021 215 109 196 1200 212 1| 27| o084
36 240, 106 268) o095| 282] ool 200 127] 223] 114 230 11y 23s5) 18] 2100 121] 232] 110] 330 07
37 205 114 248] o094 261 o090l 200 117| 216 108 230 1.02| 218 1o7{ 197 118 2.14] 109 27 o084
38 254 1215 27) 1n| 29| 106 200 153 226 13s] 230] 133 242| 127] 2.14] 143] 2380 128 351 087
39 2.06 104] 248/ o086 261] 082 200 107] 216 o098 230 093} 218 o098 197| 108 215] 099 280 0.7
40 245 109 271| 099 28| 094 200 134] 224/ 119 230 1.16f 238 113} 212 127] 234 1r14] 337] o079
41 207 119|249 o099 261] 084f 200 123] 217] 114 230 107 2180 113] 198 125 2.15| 115] 281 o038
42 272 095| 286 091 300 086 200 130 230 1.13] 230f 13| 251 103 2.9 1.18] 247 105 381 068
43 216 1eof 278] 125 3a2] Luf 200 173] 225 1s4] 230] 150 260] 133 253 137 27] 128 343] 1ot
44 231 161  305] 122] 346 108 200 186 242] 1.54] 2300 162] 287 130] 27| 135] 27] 137] 41} os1
45| 238 157 316 118 3600 103 200 186/ 252 148 230 1.62f 297| 126 287 130 271} 137 445| o084
46 1.66) 133 213] 103 238 093] 200 L1} 206 107 230 096] 198 Li1] 204 108 207 107] 212] 104
47 L.77, 139] 234 10s] 263] 094 200 124/ 214f 116 230 107 2181 1.13] 224 110[ 207 1190 249 o
48 1.82 1571 243 118l 275] 104] 2000 143] 2a8] 131 230] 124 226] 1.26] 232] 123 207 138] 267 1.
49| 227 129 297| 099 335 088 200 147 233 126 230 128 279 105 268 110f 291 101 388 0.7
50 243 134 3270 100l 3701 oss] 200 163] 254] 128 2300 142) 3070 106l 291] 142} 291 132 467} o
81 250 1430 338 106 386 093 200 179 265 135| 2300 156] 3.8 113| 302] 119 291 123 506 071
52 1.74 143 227] 109] 254] 098] 200 124 209 119 230 108 212| 117} 215] 115] 220 112] 236 1.05
53] 186 140] 250 1.04f 281} 093( 200 130] 219 119 230; 113 233 1.12| 235 111 220 1.18| 27| o0
54 191 1.36] 259 101 293] 089 200 130 224 1.16] 230 1.13] 241f 108 244] 107] 220| 118 29| oO.
55, 253 136|  327] 105 378] os1 200 171 2470 139] 230 149| 315 109 290 118 328] 104 47| o0m
56 270 116| 360l 087 418 075] 2000 157 27| 1.14] 230 137] 3471 o091| 317 099 3zs| 096| 571 055
57 278 093 373 069) 436 059 200 129 291| o088 230 112} 359 07| 325 o079 328 078 619 04
8 1.99) 102] 258 079 29| 070] 200 1.02] 218 093 230 o089 241] o084 239 o8s| 252| 081} 298 o068
59 213 119 284 o090 3200 079 200 127] 232] 10| 230 11| 266] 09| 262 097 252 101 356 o7
60 219 1.16]  295] 08| 334] 076 200 127 240 106 230] 111f 275] 093 27| o0s4 252 1.01] 385 o
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Table 4. (contd.) Summary of experimental program, results, and predictions

6l|Krefedand 600] 1236] 4380] 341 297 15 306] 306
62|Thurston (1966) | 600} 936  4360] 45| 3] 125 3370 308
63 6.00 12.44 28001 268, 29 13 3.29 312
o] 600] 1244 2880] 268 29 Bl 325 3|
65| 600 1244 3280 268 29 12 281 299
66 600f 1244 3200 268 29 1y 284 el
67 600 1256 2890 o8] 286 85 210 205
el soof _ose| ool tes| aml el s 208 o9
[ 600[ 1244 2920 1.34 29 9 223] 246 0
8 600] 1244 3000, 134 290 n 269 24|
7] 600 944 30| 17 381 85 264 247
i 6oof 936l sl 2000 3m| 9 278 28
B 6.00 1244 2870 2.68| 29 121 3.00 3.09)
% 600 944 2080 353 381 95 307 32
7 600 936 3050 as2| 35l 0] 32 3
76 6.00 9.36 2890 5.01 3.85 1LY 4.64 3.46|
77 6.00 10 3340 132 438 7 2.02 212
78 6.00 10.06 3020 1.99 477 9 27 2.51
” 6.00 10 2390 263 438 85 290 293
% 600 994 2es0 33s] 44 85 276 307
8l 600 986 3310 43 ax7] 12l s an
K- 600 1006] 297 199 59 8 243] 231
& 600 1006 5010 199 3.8 12 281 230
s 6.00 0] 4235 263 36| 125 3200 265
Tgs| 600 994 4760 335 362 12 292 281
86| . 600 986 4990 43 365 13 ) 208
87 6.00 10.06 4620/ 1.99] 4.7 1 2.68 22]
88 6.00 10] 440 263 48 1 276| 249
89 600 994 4760| 335|483 ul 26 28
% 6.00 9.86 4950 4.3 4.87 12| 2.88 2.83
91 6.00 10 5570 2.63 6 11 246 2.26
K-8 600] 994 sa30| 335 604 2] 2m| 248
93] 6.00 9.86) 5570 43 6.09 ILS] 2.60 2.66
%l 600] 954 5430  335] 724 9 205|  244]
95 6.00 9.86 4990, 43 73 9 215 272
96|Elzanaty, 700 105 3000 06 4 74 185 res|
97|Nilson and 7.00 10.5 3000 1.2 4 9.8 244 2.17
98|Slate (1986) 7.00 10.5 3000, 25 4 120 297, 278
ol 700 105] 5800 ] 4 101 180 164
1w 1 700 105 5800 12 4 102 182 176
101 7.00 10.5 5800 2.5 4 143 255 234
1117 I 700 105 9500 12 4 129 sl 152
103 7.00 10.5 9500 2.5 4 14.8 2.06 203
104 ‘ 700 105 9500 33 4 1o 241 226 1
105 ) 7 7.00 10.5 11500 1.2 4 138 175 1.42)
106 7.00 10.5 11500 2.5 4 15.0 1901 193
107 ) 7.00 10.5 9200 1.2 6| 9.6 137} 1.38,
108 7.00 10.5 9200 2.5 6 13.6 193 1.88
109|Mphonde and 600 11.75]  3o11] 336 36| 128 330 311
110{Frantz (1984) 6.00 1175 5463 336 36 150 238 27
6.00 11.75| 6037, 3.36, 1.6 14.0 2.56 2.64
C600] 1175] 10867 336 36| 150 204 2280 o
600 1175 10825] 336 36| 150 205|228
6.00 1175 11797 3.36 36 19.0 249 2.3
C600] 1L75] 13319] 336 36 28| 264 217
600 1175  2986] 336 25| 140 36 341
_____ 600) 1175  659] 336 250 180]  3as| 298]
6.00 11.75 11498 3.36 2.5 20.0 265 2.64
600l 1175| 12148] 336 250 240 308 260
6.00 11.75 10065, 3.36 2.5 18.0 2.54 273
121|Rajagopalan and 599 1043 a0 173 421 9 246|236
122]Fergusson (1968) 6.06 10.18 5300 1.42 3.92 8 1.78 1.96
3] | 06| 1044] 4800] 098] 386 84 192l 1;
wm 60| 105|400 o8t ais] e  1m] 166
125 , 600 1056 4800|063 4.6 63 144 143
126 6.00 1031 4050, 0.53 4.26 7.55 192 140
127 5.98 10.3 36401 0.53 4.28i 5.5 1.48 1.45
bw = width; d = effective depth; f:' = conmpressive strength of concrete; )
n/d=M/Vd, measured for maximum moment location; p=tensile steel ratio : Average 106 1.14
Ver = Vu = shear force at diagonal cracking . ' Std.Dev. 0.13 2 0.16
Note: Mu/Verd = 8/d -1 for these test cases (simple support under point loading)
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Table 4. (contd.) Summary of experimental program, results, and predictions

Tl 281 1] 330 o0s2] 336 osi 153 257] 1a9] 230] 133] 280 109] 242] 126] 261] 117] 505 o6l
62| 289 117l 331 102 358 o094 169 2500 13s] 230] 147] 299| 113] 248 136 307] 110[ so09| os6
& 30 105] 325 100] 334 o098 L6s) 257) 128] 230 143] 278] 1.18| 242] 136 259] 127] 53] o064
64| 298 109] 328) 099 333 o098 162] 256] 127] 230 141] 277 117] 240] 135 258 126] 507 064
65| 286 098 321] 087] 326 086 1400 252 112} 230 12| 27| 104] 236] 119] 252] 1| 481 058

66| 288|099 3.2 o088 327| 087 142] 252 113 230 124 272[ 1o4] 236 120 253 112 486 o058
67 200 105) 220 o09s5] 223 os4] 200] 105 210/ 1oo| 10| 131 186] 13| 177] 119 172] 122] 228] 092
68| 202] o094 218) o087 235 o081f 200 09s5| 207 o092 185| 103] 96| o097 182 105l 2000 09| 225 oss
6| 236 09s] 260] oss| 264] 08s] 2000 112| 223 100] 214 1ogf 2150 102] 200 111] 204] 109 311 072
70 234 115|  259| 1o04f 262 103l 200 135] 222 121 214 126] 218l 123 200 134] 203 132] 308 087
7| 234 113 256 1.03] 276 09| 200 132 218 121] 230 11| 231 1.15| 205 120] 236] 1.12] 304 087
2| 2490 wnl 27m| 12| 293 o9s| 200] 130l 2m| 124 230 1] 244] 1aa] 214] 130] 249 11] 343] om
Bl 29 100] 3.28) o091 333 o0s90] 200 150 256 1.17] 230 130] 277 108 240] '1.25] 258 1.16] 508 o059
b7 Y 101l 326] o094 352| 081 200 154] 248 124] 230 134] 294 105] 246 125 301| 1.02] 505 o6l
75| 326 099 3.52( o092 381 oss| 200 161] 262 123 230] 140] 3.17| "1.02] 260] 1.24] 326] 099] 594 054

_______ 7| 34 1350 367) 126] 397 117] 2000 232) 21| 1m| 230 202| 331) 140! 269 1.72| 341] 136 655 071
| 200 101]  214] o094 229| oss| 200 1ro1f 205 08 212 "095] 19| 1.06| 176 115 2.10[ 09| 223 o091

i Y 114)  250| 109 267] 1.02] 2000 136| 214] 127] 230 118] 221] 123 198 137 244] 11| 299] o091
79 2810 103] 284 102 304 095 200 145 225 129 230 126] 252 1.15] 218 133 279 "1.04] 394 074
80|  293] 094 302| 092 324 o08s| 200 138] 232] 119} 230] 120f 268 103 229] 1.21] 298/ 093] 445 o062
8] 296 119 36| 112 339] 1o04f 200 176| 238 148 230 1.53| 281 125 238 148l 33| 113] 4sel o7

82| 28 107)  232) 1os| 253 o096| 200 1.22| 208 1.17] 230 106 206] 118 186] 1.31] 245 099] 274 o089
8 213 132 232| 1u| 268 1os| 200 1dof 2171 129 230 122] 224 125 201] 140] 228] 125 290 097
84| 247 120] 284 1.13] 303 106| 200] 160] 229 1.40] 230 139] 253 127] 220 146] 254] 126] 370] o037

85| 258 113|302 os7] 321 091 200 46| 236 1230 230 127] 268 109 231] 126] 2700 1.08] 416] 0
8| 2715 113 324 096 346 090] 200 156] 247| 126] 230 135 289 108] 244 127] 292] 107 482 o065
87| 206 130] 2330 was| 249] 108l 200] 134l 209 128 230 117 206 130 187] 144] 228 18] 258] 104
88 229 1200 236 108] 275| 100] 200 138] 216 128) 230 120 228] 121] 202| 136] 252 108] 312 o089
24 titf 274 os9s{ 2940 09 2000 134 2:! 1] 230 116 244] wio| 2121 126] 270] 09| 354] 075
% 259 111 295| oss[ 317 o091 200 144] 229 126] 230 125] 263| 110] 225 1.28] 292 o099] 40| 079
9l 20 1] 229) 107 250 098] 200 123 208) 118] 230 107] 204] 121] 185 133] 242] 101 261 054
2| 22 124)  249] r1of 272] 1otf 200 137] 213 128 230 w119f 221] 123 196] 1.39] 264 103] 305 039
93] 233 110] 269 097] 294 089] 200 130 218] 1.19) 230] 113] 239] 1.09| 209 125 287} os1| 353 074
| 213 096] 231 o087 261 078 200] 102 208 098] 230 o089| 208 o098 187 110] 264] 077 286] 07
95| 238 090] 257] 084 288] 075| 200] 108 2.14] 101] 230] 094| 229| 094 201 1.07] 292} o074 343 063
% 166 112] 78] 104] 187 099 200 093] 19| 093] rao| 132] 156] 119] 147] 126] 1e2] 114 1e0] 115
91| 209 117)  224) 109] 235 1.04] 200] 122] 208 117] 200 1.22) 197] 124 176] 139] 204] 120] 236] 103
% 266 112 286| 10| 301] o099 200 149 228 130] 230 120 251 118 213] 140] 261 114 383 o7
% 158 114  189] 096] 199 091 200 os90| 201 09| 180 100 166] 105 154 117] 172| 105 176] 1.03
100 167 1090 201 oo 21| oss{ 2000 o9 203 osof 200l o91] 176] 1.03] 161 143] 183] 093] 193] 004

101 2.14 119  236] 099 269 o09s| 200 127] 217 117| 230] wnf 228] 103 195] 130 234 109 299 o035

12| 142 1271 185| 097 194 093] 2000 090 200 00| 200 os90] 1e2) iui] 181 o099] 169 107 169 1.6
103 181 114 236] o087 248 o083] 200] 03] 211l 097] 230] 09| 207 099 222 093] 215] 096 252 082

lodl 199 121 239) 09| 272| ose] 200] 120{ 218l 110) 230 105| 227] 106] 240 100 236] 1.02| 299 o081
105 133 132 1.79| o9s[ 188 093 187] o094 199 o088 200 o0s8] 157] 112 176] 09| 163 107 162 108

108 170 112] 228 os83] 240 o079] 187 102] 205 o0s1) 230 083] 201 095] 216| 088 209] 091 237 080
07 132 104)  162| o84l 175| 078] 200 o068| 196 0.70] 200 o068] 142] 096 159 oss] 1.70] 081] 1.50] 09
o8] 168 118] 207 093] 223] 087] 200] 096] 203] 095) 230| 084] 182| 1.06] 19| 099] 217] 089 2.16] 0.9
9] 301 110] 327] roi| 334 09 200 1es| 249 133] 230 143] 279] 1.18] 239] 1.38] 280] 118 503 o6
1ol 247 117 296 097] 302 085] 200 144] 234] 123] 230 125 253 114] 222 130] 253] 1.14] 396] 073
m| 239 107  291| o08s] 297 os8s] 200 128] 2321 1| 230 11| 2495 1.03] 290| o088 249 103 381 o067
12l 19| 10d] 264 078] 269 076] 192 107 221] “092] 230 o89] 226] 091] 266| 226| 00| 305] o067
113 1.9 104 261 078] 270 076] 192 107] 221 093 230 o089] 226] 091 2671 077] 226] 091| 3.06] o067
14l 1o U 130] 260 096] 266 094] 184f 135 2200 113] 230! 108 222] 112| 264 “0s4| 223] "1.12] 296] 024

s 183 144  255| 104] 260 10| 173| 153 218 121 230 wnis| 218 121] 250 1o2] 218] 121] 224 o093

116|331 110]  369] 098] 384 095] 200 1.82] 292 124] 230 1.8] 3.16| 1.15| 267 1.36] 280] 130] 666 o055
ni 254 124] 324 097 3371 093f 200 158] 259 122] 2300 137] 277] 114] 325 097] 246] 128] 4s0] o066
usl 2 1260 295 090 307| o8| 187 142 242 109 230 115] 252 1os| 301 oss| 224 118] 385 o069

______ 19| 207 149 292| 106l 304 1ol 18] w170l 241 128 230 134] 1,spl 1) 299 103 22| 139 37| 08
120220 LS| 301] oss] 314] o81] 199] 128] 246] 1.03] 230] 111 258 099 306] 083] 229] r11| 405 063
2 2; rwol 243 vl 236] 09| 200 123] 213] tis] 230f 1o7] 214] 1.15] 1ss] 131] 226] 108] 277 o9
12 183 097 217| o082 230] 078 200 o089 207 o086 222{ o0so] 192| 093] 173 03] 198 09| 221 os
123 168 114 196] o098l 206 093] 200] o096l 202| os| 178 108] 172} 1m| 1s9] 121) 177] 108 186] 103
124 162 106| 183 094] 193] o089 200 08| 200 o086] 161 106 161] 1.07] 150 114 170] 101] 168 102
125 e 101 1es| 087] 173 o083 2000 072 197 07| 1.43] 10| 145 09| 138 104] 152] 054 145] 099

126) 142 13s]  1s9] 121] 1e8] 1.14] 200 o096| 196 098] 133 144] 140] 137] 135] 142] 149 129] 138 139
1271 147 101 161 092] 171 o087] 2000 074 197] 075 133} 11| 142] 1.04] 136] 1o8] 1.52] o098 141 105

1.15 0.98 092 1.30 1.14 118 1.11 1.19° 1.10 0.81
0.16 0.12 0.10 03¢ 020 021 0.12 0.19 0.14 0.16
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Table 5. Summary of the comparison in Table 4

Method Procedure/Equation Test/Predicted Ratio
No. Mean Std. Deviation
[1] 2] 3] 4]
1 Proposed Procedure (Eqg. 4) 1.06 0.13
2 Parametric Equation (Eq. 13) 1.14 0.16
3 Proposed Simplified Equation (Eq. 14)* 1.15 0.16
4 MCFT** 1.19 0.19
5 ACI 1.30 0.30
6 ACI-Detailed 1.14 0.20
7 Zsutty 0.98 0.12
8 Okamura** 0.92 0.10
9 ASCE-ACI 1.18 0.21
10 CEB** 1.11 0.12
11 JSCE** 1.10 0.14
12 Kim 0.81 0.16
13 MACT*** - -
* By including the size effect, the mean and the standard deviation were 1.10 and 0.14, respectively.;
** Includes size effect. v v E
{*¥** [dentical to ACI Equation, unless size effect is considered.
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Table 6. Summary of experimental program, results, and predictions for RC beams in
presence of axial load based on tests by Mattock (1969)

Test d A p a/d Se] P/A; Vel Vait| VaiVer[Ver/bwd(£e) > | Procedure (Eq. 4) AClsimplified MCFT
No. in. psi % in. _psi kips ips k-test k] Ratio k Ratio k Ratio
] 2] 3] [“4 ] S | | 8 ol (10 {1y {12} [t3 {3 {14 {is 116]
1 10| 2480] 1.03] 2.74]  9.00 0 8 82 1025 268  2.19 12| 2000 134 20 1.32
________ 2 10] 2250] 1.03] 274 900 1% 9 92| 102 3.16 285 1] 219] 144 227 1.39)
L3p ol 6s00p 103|274 1970 0 11sp 1231 1070 L lesy | N3n00p L6 1.58 147
4 10/ 6700 103|274 19.70[ 90 10 10}  1.000 204 154 132] 164|124 152 1.34
S| 10] 2330] 207 274 9.00 90 75 75| 1.000] 2.59 2,60 1000 164 158 234 11
6 10| 2660 2071 274 9.00 190 1150 121 1052 372 326 L4l 219) 170 2.59 1.44
7 100 25%0] 207 274 900 400 125 135 1080 414 399 104 2.40 1.73 2.88 1.4
8| 10| 6340 207| 274] 1970[ 190 17| 208 1224] 356 2.58 1.38 219 16 207 1.72
ol 10of e6960] 207 274] 1970] 400] 175 2370 1354 350] 285 123 2.40 146 273 1.57
10 10 269 31 274 900 o 115 126 1096 370 315 L17[ 200 1.85 263 1.40§
____ N 10] 2100 31 274 900|190 95| 95| 1000 337] 260 129 124 272|282 1.33
RE 10l 23500 3] 274 900 90l 125 139 112 430 367 IRV 219 196 288 1.49}
13 10| 72200 3.0) 274 19701 190 18 20 353 2.84f 124 219 1.6l 2.25 1.5
14 10] 71000 3.1 274 1970 400 20 25| 1.250 396 3.18 125 240 165 242 1.63
15 10 3750 103 514 900 0 7 7] 1.000 91 1m 108 200, 095 1.59) 1.20]
16 10{ 4400/ 1.03] 514 9.00 -150 63 63 1.000 1.58 1.43 L1 1.40 1.13 1.51 1.05
17| 10| 4030 1.03| s14] 900 400 8 85 1.063 210 2200 095 240 0.88 1.76 _ |.19H
18] 10 26200 207f  s14f  9.00 0 8 8] 1000 2.60 2.56 1.02 2000 130 1.9 131
19 2680 207]  S514]  9.00 90 9 9| 1000} 290 241 1.20 1.64 1.77 1.94 1.49
20| 7000] 2.07]  514] 19.70 90 13] 13.000 1.000 259 181 143 1.64 1.58 152 170
21 7330)  207]  s14] 1970  -190]  12.8] 12.8]  1.000 249 168] 149 124 2.01 1.48 1.68
-8 2340 31| sS40 900 of 9 9l 1.000 3.10 3.00 1.03 2.00 155 224 1.38
23 10] 2680 31 514 9.00 90 95 95| 1.000 3.06 2771 110 1.64] 186 216 141
24 10] 4230 34 s34l 9.00 o 1.8 118 1.000 3.02 2.55 1.19 2.00 151 2,07 1.46
25] 10] 4000 3.1 s14] 900 -150 nf sl 1045 2900 2410 1200 140 207 204 142
26 10] 4180 31| 514l 9.00 250 95 9.5|  1.000 245 224 109 1.0 245 1.99 1.23
o 10] 4430 31 s34 %000 200 12 12]  1.000 300 2700 112200 137 214 1.40
28 10} 35200 31| 514 900] 400 o118l 1073 3090 308 1000 2400  129] 231 1.34
29 10] 7720 31| 514l 1970 90 15 15| 1.000 285 207 1.37 164 173 169 169
30  10[ 8000] 3] 5.a4] 1970] 190 15 15| 1.000| 2.80 226]  124] 219 128 1.76 1.59
31 10] 7640 3] 514l 19700 400 15 15| 1.000 2.86 245 1.17 240 1.19 1.85 1.54)
Mean=__ 1.05 118 1.58 1.43
Stddev=__ 0.09 013’ 0.40 0.17




Table 7. Summary of experimental program, results, and predictions: influence of
member size

Test|Investigator bw d pl  wdl 2t SorS:SeMCFD)|  Ver|Va/bed’®® [ Propesed (Eq 14)] Proposed (Eq 22)
~No. in. in]  psi % in, in. in.| kips k-test k[ " Ratio k ratio
M [2] 3] (4] [5) [6] [7] [8] 9] [0 [ {12]. _ [13] [14 [15] {1
Mo ) 292 53] 36400 289 3.02( 075|477 4m 1% 38 280 138 327 118
2 6| sas| 3e00] 269 393 075 491 491 es|  331] 258 128l 289 1
3 565] s525| 3so0] 281] 509 o075 47 47 61 326] 248  132] 289 113
i 596 54 a060] 27| 592 075 ase]  ase| 6sa 319 228t iao] 266 120
s 6.14| 1068] 3980] 273 300 o7s| 9st 961l 146 383 2671 132 2ml 1w
6 5.95 1067 3980| 283 401 075 960 960 1245| an| 28| 1| 2e 119
7|Kani (1967) 6.04) 108 3990 276 594 075 972 on| 1s 279 230 1a| 239 117
8| 6.1| 2142 3070 266 299 075 1928 1928 2205 2m| 265|105 245 1.14
ad 6.08| 2137] 3800 277| 400 075 1923 1923|2095 262| 255 103 236 11
10 6.15| 2131f 3830] 275] 602l 075 1918 19.18] 204 252|233 108l 215 117
ul 1 603 219 3mo| 272] 683  015] 19m 1971 188 231 2271 102|209 111
12 6.15| 21281 3mo| 275 so1] 075 1915 19.15] 1775 22 22 10| 205 1.08
13 605  43] 3010 27| 300 o075 3870 3870] 374] 228 268] oss| 2211 103
14 8| a32| as0| 273 397] o075 3sss|  3888| 3575 211 244 o8| 201 1.05
15 6.1 43| 41000 27| s00] o075 3870 3870 3425 204 23| o1 193 1.06
16 61 432[ 3870 272 700 075 3888 3888 3465 211 2240 oo4]  1m4 115
17 6.1 431 3870] 268 800 075 3879 38.79 3305 2020 2171 o093 17 113
18 12 z1a1] sas0f 249] 34 05| 1909 1909] 400 216 234 o092 216 1.00
19 12 2121) sas0f 2490 31 05| 19.09 1909] 400 216) 23 oo 216 100
20 12| 2121} 1000 249  31] 07s] 1909 4178 499 191 ige] 103l T1m2 11
21)Johnsonand 12} 2121 10400f 249 31| 075 1909 a8l a8l 185 18] 099 17 107
22| Ramirez (1989) 12) 2121] sio| 249  31f  075| 19.09 4178|400 1.74] 203|086 188 093
3 120 21211 810 249 31| 075] 1909 4178 430 188] 203) o093 188 100
24 12| 21210 7a40] 249 3| o075] 1909 4178] 400 182 2090 o087 193  ou
25 12| 2121 “7ad0] 2490 31]  075] 19.09) 4178|440 201] “209] 096|193 1.04
26 12[ 1s1s] 32700 181] 397 o075 1634 1634 300 241 23] 103 221 1.09
27 12) 1835] 3a40] 227 49| o0715] 1652 1652 325 252] 236|107 224 112
. 12| 1817 s450] 274|694 o075 1635 1635| 350 2] 2010 18] 1o 114
29|Bresler and 12| 183s] ‘3490 18] 392  075| 1652 1652] 300 231] " 228 re1} 216 107
30| Scordelis (1963) 12| 1827 3520 228] 493 o075 1644 1644 275 21| 234 0% 222 095
31 ) of 181s] 3500 243 395 075] 1634 1634 275 281|249 113|237 1.19
Ey) ol 1833 330 243] 491 05| 1650 1650 275 288) 243) 18| 231 125
. 6/ 1825 40| 18] 395 075 1643 1643 225 34l 2l a8l 20 1.5
34 6| 1828] 3450] 366 493 075 1645 1645] 175 21| 276  o0s8| 262 1.04
35 12 2 7400] 187 3 1oo| 1980 4334 i3 226 192 g 176] 128
36 12 365] 700 187 3| 100 3285 7191 699 185l 19| oorl e s
3 6.8 108 7400 187 3l 100 97 2128 165 261] 192|136 198 132
38 68 108 7400] 101 3l 100 972 2128 132 2090 156] 134 162 129
"39|Kimand Pack 6.8 108 7400l 335 3] 100 972 2128 184 291 233 125 24 121
40| (1994) | 68 102 7a00| 467 3] 100f 9u8 200 25| 361 2600 139 27m 133
4 6.8 108 700 187 45| 100 972 2128 1s1 239 174 137 181 132
2 | 68 108 7m0 187 6 100 972 2.8 140 221 1edl 134 170f 130
43 6.8] ses| 7400] 187 3] 100l s 1.19] 94 282l 192 47l 221 1.28}
w“ 14761 258] so20] 28] 328 o0s0| 232 2245 ssa] 2000 241 o3 216 093
45 1476 s8] s:200 28] 328] 080 23.22 245 585 212]  241] os8] 216 098
48| | 1476|258 s:0l 28] 328) os0| -2 045 450 164 241f o068 216 0.76
47 1476 258 5220 28] 328] 00| 2322 245  s71] 208 241 oss| 216 096
_ 481Yoon,Cook,and | 14.76| 258] om0l 28| 328) oso| 2.2 508 650 173 196] oss| 175 099)
49IMitchell (1996) | 14.76| 258] 9720 28| 328 080 2.2 s0.83| 650 173 19| o8| 175 099
_______ sof | 1476 258 om0l 28] 328) o080] 2322  sos| eso 173 196  oss 115|099
sif 14.76| 258 om0 28] 328] os0] 232 s083| 650 173 19| o088 175 099
s 1476 258 126200 28] 328 o080 22 508 699 163 179 o091 16t 102
83 , 1476|258 12620 28] 328 o080 22| 508 699 163 179 o091 1el 102
54 14.76) 258 126200 28] 328 080 2322 5083) 699 - 163 1] os1] 161 102
55 14.76] 258 126200 28] 328] 080 23.22 5083 751 176 139]  o09s| 161 1.09)
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Table 7. (contd.) Summary of experimental program, results, and predictions: influence
of member size

Test| Zsutty Okamura AClsimple ACKHdetailed MACI ASCE-ACI CEB MCFT JSCE Kim
No ki Ratio k _ Ratio ki Ratio ki Ratio k| Ratio k' Ratio ki Ratio k: Ratio k| Ratio k| Ratio|
07 (8 W oy (2} [22)  [3)) [24)  [25)] (6] 27} [28) [29)] [30) [31 B2)]  [33)] [34)] (35 [36
R I I I I T B I R I A T I I B B I
2| 286 116] 354] 094 200] 166 228 145 209 158 230f 144f 2970 LI2[ 242 1371 306 108 380 08
3] 266 1220 336 0971 200 163 219 149 210] 155 230 142] 279 L17| 230{ 142] 3.13f 1.04] 342 095
4 246 1301 312f 1020 200f 159 212|151 210 152 230] 139f 256 125 2.15] 148] 302] 1.06] 3.00] L
5). 309 1147 3251 1.08) 200 176 2441 145 193 183] 230 1.53] 27 130] 234] 151 255 138 440] o.
6] 284 1.09] 297 1.04] 200 155] 2271 137 193 161) 2300 135|249 125 218 143 259] 120 3.74] 083
2470 L13] 264 1061 200 140l 2.12( 132 193 14si 2301 121 206 1291 193 144] 2551  1.09] 304 O
8/ 3071 o091 271 1.03] 200 139 243 1.15 166 168 230} 121} 232 120] 215 130] 213|131 433] O
9] 284 092 250 1.04] 200 131] 227} 115 166 1.57) 230 114 215) 122 199f 131] 217%  1.20] 375 O
10] 247] 102) 223 L13]  200]  126f 202 L19] 166 151 230 109 187 1M 174  144] 217|116  3.06] 082
1] 2370 098 215 1.08)  2.00 Lle| 209] LIl 1.65 140) 230 101 178 130  1.67) 138] 215] 108 2911 o
121 226 098] 2.1 1.05{ 200 LIty 206 108 166f 134! 230 0977 171 130 el 138)  2.48) 102] 2M) O
13 310f 074 230[ 099 200 1.14) 244 093 130 L76| 230; 099 208 L1o] 198 115 1.81 126] 442 0.52]
4] 278 076] 205 1.03] 200 105) 225 094 129 163 230 092 187 L13 176 120] 178 L19] 357 05
150 258 079 193 1.06]  2.00 1.02]  2.16] 094 130  157) 230] 089 174 L17] 16 126  1.79] 114|320 O
16| 234/ 090] 180 118 2.00 1.06] 208 1.02] 129 163 230 092 157 1.35 145 146 181 L17] 286 0.7
17] 2231 081 174 116 200 1017 20s] 098] 130] 1.56] 230} 088} 150 135 138] 147} 180 112] 22| 0.7
18
19 2831 076] 250| 086 200 108 231f 094 166 130 230 094] 214 101 201 1070 1991 109 361 O
200 2521 076 223 086 195 098 219 087 125 153 230f 0831 191 1.00] 1.60 1200 L77] 1.08( 281 O

252 om| 23| 083] 195 o095 219 os4] 125] 147 230 oso| 191 097 10| 15| 17| ros| 28| 0ss

283 076 250 0.86 2.00] 1.08 231 0.94 1.66 130 230; 094 2.4 1.01 201 1.07 1.99 1091 36l 0.
68|

21

2| 263 oss| 233 075] 200 o087 223] o78) 125] 139] 230] ©76] 200 ©087] 167] 105 185 09| 309 05
3| 263 o7| 233 o081 200 o094 223 o84 12s] 1s0] 230 o2 200 094 1e7|  113| 18s| 1o1] 309 0s
240 2671 o068 236 077] 200 o091 224/ o081 1250 14s| 230 o7 202l o090 168 1.08] 18] 097 318 05
3| 267 075 236] o08s| 200 100| 224 o089 125| 160] 230! 087] 202] "099] 1es| 119|188 107] 3.8 063
26| 254 09s| 233] 104 200 120 217] | t7] 139 230 ros| e8| 12] 18] 131 202 120 2% o

7] 23] osel 233] o8] 2000 126] 205 117 am| 146 230 109) 197 128]  1se| 138) 248) 117|307 o082
28| 2220 oo 212 103 200 109| 206 106] 11| 125 230[ ‘o9s| 173 125] 1es| 134 212] 102] 256 085
2| 25| om| 230l 1o 2000 1as| 2a6| 1o7[ 173 133 2300 100l 196l sl rss| 126] Tise] el 294] o7
0] 2521 os4 232 o091 200 106 214] o9 173 12| 230 o092] 196 108 18 116] 215] 0% 305 o

s 276) re2] 253 nn| 2000 1dof 224 12s)  um| 162} 230] 12| 216] 130] 1ss| 142] 218 128) 383 o

2| 2600 1n| 230] 1200 200 144] 217] 133] 173} 1es| 230 125 202 142 18] 154 221 130 324] o

3] 242] 129l 22| 141 2000 1s7| 23)  1a7] 1| s 230] 136] 189 166|178 176] 192 16| 27| 115
Ml 206 o092 27| 100l 200 136] 230 wil 173l 1s7l 230] vag] 231 18] 206] 133 25 108] 42| oes
35| 246] 082 216 105 200] 113 217| 104] 123 183 230 o098 18s| 12| 154 147] 1e9] 133 27| 08
36| 246 o075] 190 098] 200 o093 217 oss| o094 197 230 o081 169 110] 140] 133 14| 124 272 o8
37| 24| 106] 258] o1l 2000 131 217 120 16| 1e2] 230 134] 215 12| 17| 148] 202l 129] 2m| o

38l 2000 104 2100 100 200] 10s| 20| 102] 1e1] 130 1sy 16| 175|120 149 140 165 127] 192 1

39| 2080 0970 313 093] 200| 1asi 230] 12| et 1so] 230] 126] 261 112|208 140] 246] 118f 396 o0m
20| 333 o8| 355 12| 200 180 25| 14| 16| 2200 230 157 295 12| 229 Tis8l 278 130 a96| o7
4l 215l 12| 225 106) 2000 120] 206 116l 1et| 148 230 104 187 128 1ss|  nss| 202 1is] 219

] 19s| 3| 208 1os] 200 110] 201] wie] 1ef 137 230 096 17| 130 141 1s7] 202|109 197

141 2.17 130 1.88 150 230 122]  2.52 112 1.93 146] 238 118} 272

&
N
&
@
w
e
=3
8
W
™
8

£
o
B
o=
2
~
n
&
[~
=
[}
~
2

4] 289] 10| 232] o8] 159 126] 230] o8| 2mn| o095 2000 100] 197 101 37
4| 28l om| 243 o087 2000 106] 232) 09| 1s9] 134] 230 o092 21| 1ol 200 106] 197] 108] 378

“as| 2w os7] 243 067] 200 o082 232] 070l 1se| ro3| 2300 om| 2m]| Toml 200 Tog2l 197l os3l 3m

471 289 om| 243] oss| 200 104] 232 osol 1s9] 131] 230 oo 21| os8 200 104 197 105 378
48| 261| Toes) 2090 o079 200 osrf 221 o8| 114] 1s2) 230 07| rsf osn| raz] nag| 178 097 300

o 2610 066] 219 07| 2000 087 221| o7e| 114] 152| 230] 075 191 091} 147] 1.18] 178] 097 3.0
so| 261 os6| 219|079 2000 0s87] 221 o078 114] 152] 230] o75| 191] o9 147l 118 178 o097] 300
sl 261 o66] 219 o7 200 o087 2211 o078 114l 152 230 o7s] 19l eo| rarl 1agl 178 097l 300

o 2500 oes] 2100 078 178 092] 217] o07s] 14| 143 230 om| 182 09 140 117 170 096] 274
53| 250] oes| 210 o78| 178 o092] 217 o7s| 1a4| 143] 230 om| 182} oeso| 140f 117 170|096 274

saf 2s0] ose]  210] 078] 178 092 217) 075] 114} 143 230] o7H 1.82] 09| 140{ L.17] 170{ 096] 274
ss| 2s0] o070 210 o084 178] 099 217] os1] 114] 154] 230] o76] 18] 09 140 126] 170] 103 274
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Table 7. (contd.) Summary of experimental program, results, and predictions: influence
of member size

6] 157] 368 4500] 135 3 1s0] 3392  2146]  s07]  zes] 203 103 17| 12
sl 157 e8| ool aas| 3l oms| mazl Cma meltaod2ral osel uml e
58 C 785 1sal 4190 135 3l Tisof iesel  10m| 24 0 250 208 1wl iz
sy “7.85] 184| 3m0| 13 3| o7s| T1ese|  iese| 196 2300 214 203 1
e 7.85| 184 40| 13s| 3| 037 1esel 274 192l ies| 197 oge| 1ss 102
6l | ses oo el u3s| 3| ons| sl sa8|  sa| am| 2mgf 225 o9
62|Taylor (1972) 393 92| 3040 135 3 o37| 828 w3 54 23| T2 | 225 1.05
&8 393 92| 4230|135 3] o3| s8] nw) el 2| 207 220 1.19
el 393 92 300 135 3l 037] 828 37 s 247 2| Y- Y.
‘e 3930 9al ms0| 135 3 o037 828 | ed| Tass| 2m) 236 i
el 3930 02| 4sm0| 135 3 o1o] 828 1565 62 2571 204 217 118
el 236| ss2| asmol 3st 3l oaof am| ezl 2l aml g 2o e
8 236 ss2| 4930 135 3| o0 4w 939 27 2971 197 228 131
e 2.36| 55| 4930 135 3| ot a4y o3| 24 260 197 228 114
70 2.36 5.52| 4930 135 3 0.10 4.97 9.39 2.6 2.80 1.97 228 1.23,
71 12[ 364 s21] 101 292] 039 3278 4409 51| 1&| 176 149 19
7 12] 364 s2a| 1o1) 292 039] 3278 4409 57| 18] 176 149 12
,,,,, B 12| 364 s21] na9] 292] o3| es0] 90| B 23 186 205 L13
74 12 364 14213 101 292 039{ 3278 71.65 53y 101 126 107 094
| 12| 364 14213) 101 292 o039 327 N6 59 3] 126 107 1o
76| 12| 364 sess| 10| 292 o039 3278 4409 51 Lss| il 145 107
71 _ 12 364 sess) 101 292 o039 2278 4409 s Y= 145 112
78|Collins and C 12| 64| sese| 101 292 039] 27| aaos| 4] 142 1m2 145 097
79{Kuchms (1999) 12) 364 s3s) o76] 292 039] 3278 44m| a4 136] 159 134 101
Cw| 12 177] s3es] o8l 3| 09| 1ss4| 2146] 30 192 161 1.54 125
m 12| 89| s3.s| oso| 3l o3| 19 1075 11 B X +) Y 17 119
82 12| 43| s3] o091 307l 039] 39| = 524 o] 23 166 1. 201 119
“““““ <l . 12) 364 5395 11| 292 039 680 9,02 59 182 4| 203 050
84 12 177 5395 1LH 3 0.39 340 425 37 238 1.79 221 1.08

8s5f 12 89/ 5395 131 3l 039 160 213 25 3.26]  1.89 264 12
8 12) 364 1439 076 292] 039 3278 7168 53 101 n1s 097, 104
Tw 12| 177] 14329] o081 3| o30] 1594  34s8| 36 140 ""Li6 1l 12
88 12) 89| 1439 o089 3l x| 79 vl T sl 20 128 141
% 12| 364] 14329] 109] 292|039 e8| 1465 7 145|133 146 09
%[ 12| 364 143200 119] 2920 039] 680 1465 9 174l 133 14l i
91 12| 179 | 1o 3| 039 340 68 83 206|129 159 130
o 12| 177 4 Lu 3l 039 340] 689 56 220 129 159 138
93 12 89| 14329 131 3 0.39 1.60) 346 30 2.39 1.36| 191 125
94 12 36.4] 13633 0.5 2.92 0.39] 3278 71.69 43 0.85 1.01 0.86 0.9
‘Notes: 1. Mu/Verd = a/d -1 for the above test cases (simple support under point loading) Mean= LI 1.12
: * Max aggregate size "a" is taken as 0.75 in. when not available in literature Std. Deviation=__ 0.24 0.13
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Table 7. (contd.) Summary of experimental program, results, and predictions:
of member size

influence

56| 239] o087 185 113] 200] 104 215] 097] 161 129] 215] 097 165] 1.26] 121] 145] 143] 263 o
511 245| 083 18| T108] 200 102l 217 o094 138] 148] 215|  ogs| 169 121 124] 149|137 27 o
ss| 242| o3l 223 niz2l 200]  12s] 21| 16| 189|132l 215 116l 189 133) 131 17| 143] 270|093
so| 24| 089 226| 097] 200] 110l 217 ro1 1wl 127 2a5] 102l 192] 14 121 17| 124 278 o
60| 236] o0s0] 217] o087] 200 o095 214 o088 158 120 215 o088 184 103 1zl 170 Lnf 255 o7
61| 245|091 268l o083 200 nn| 217 o3l 197 1| 21s] 104 222 100 i1l 2100 106 2750 08t
62| 245] 097 26| 08| 200 19| 217 110f 187 127] 215 10| 222 107 1240 210 113 275
63| 242 109 24| 099 200 131 216] 122 187] 140]  215]  122] 2200 120 139 208] 127 269
64| 254] 098] 27| o089 200 124] 2200 13| 187 132] 215] 11| 230 108 1260 217] 114l 296
6s| 250]  11a] 274l 1o4| 200|143 219 130 ve7| 1s2| 2as] 133 227 126 147 218|133 288
66| 240|107 262f 098] 200 128 215|119 175|  146] 215] 119|218 118 142 206 125|264
671 "236] 121 293 098] 200 143] 214] 134 194] 148 218 133 244 17 149 230] 125|255
68f 236| 126 293 102| 2000 149] 214 139 194] 154 215 138] 244] 129 15| 230] 129 255
69 236] 10| 293] oso] 200| 130] 214 12| 14| 134] 218 12 244 o7 13| 230] " ni3| 255
700 236] 119] 203] o09el 200] 140] 214 131] 104] 145] 215|130 244] 115 146) 230 122] 255
7| 21a] o076] 1e6] o098 200 o081 208 o078] 122 133 181 o090] 148 110 12| 129] 126] 215
7| 214 o84 166 108 2000 o090 208 o8s| 12| 147] 181 o099 148 12 135 129] 140] 215
B 226l 102l 15| 3] 2000 1as| o211 19| 1es] 118|199 116l 156 148f 121 136l 168 237
7| 181 056 140 o7 168] o060| 201 os0] o095 107 181 o0s6| 125 o081} 09| 109 092 165
75t 181] 062|140 o080] 18] o067] 201f o0s6] o095 r1o] 181 o062 125 0% 108 " 109] 103 165
76| 21| 07| 164 o095 2000 om| 207 o075] 12| 127] 18] o8s] 146] 106 131] 18] 127]  122] 210
77| 21| Tom| 1es] 00| 200 o082 207 o 12| 134 1s) 09| 146] 112} 114]_ 127] 128] 210
78| 211 o067] 164] o086 200 07| 207 o068 122] 116] 18] o078] 146] 097 18] 127 1| 210
7 194|070 150 090 200 oes| 203 o067 12] 11| 156 o087 134 102 Y1 IR WU R
80| 1965 o098 18 106| 200 o096| 204 o094 161} L19| 161] 119 154 128 133 143) 135|186
81| 202 res| 223) oss| 200| 106] 205|104l 1se|  1a2]  1e9) 126] 185 115 125 17| 121 ise
82| 20| 118 266 09| 200 119] 205 117} 208 11s| 17| 140 224] 107 124 2n| na3] 1es
83| 225|081 174 105 200 o9f 21| o8] 195 ool 199l os2] 155|118 100| " 13s] 13s| 234
84| 218 109f 202| 18] 200 119 209 114 2120 ri2l 11| 124 171 139 Li3| 158 150 221
85| 230 142f 2s4] 129] 200 163 212| ns4l 221] 148] 2m| 1ss| 21 1ss| 136 19| 1ed| 244
8| 164 o061 128] o7| 167 o060] 198 o051 09| 107 156] o6s| 113 o089 108|099l 1ozl 146
87| 66| 084] 1s4] o091 167] o8l 198 om| 135 104] re1] 08y 131 107 1200 121) 116|148
88| 17| 10s] 189 o096 167] 108 199 o9 17| 106 169 107 157 115 18] 1490 12| 159
80| 191l To76| 148] 098] 167] o087l 203 o072 17| os| 199 07| 132 110 094 11s| 126|178
9 151 oo 148] 117] 1e7] 104] 203 o086 178 o098 199 o087 132 132 A s s m
o iss| ni2l T um] 1200 1er|  124) 2020 102l 202 102 191 108]  14s] 142 115 138 sy 170
92| 18| 119 um| 1280 167 131f 202 ros| 202 109] 1o1] 1as| ras| sy 12| 135 163 170
o ies| 12| 216 amj 1er] 43| 204] 17l 2as] an|2n] nafwref i3al” 137 e 4] s
94| “144| 059 12| o076l 17| o050 19| o044 09s| 09| 130] o066l 0%l “oss 106l o087l o098 1.4
092 097 1.13 1.02 1.40 1.03 1.14 127 118 082
020 0.14 028 025 024 024 0.17 017, 0.17 021
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Table 8. Summary of comparisons in Table 7
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Method , ~ Procedure/Equation Test/Predicted Ratio

No. Mean| Std. Deviation
{11 12] (3] (4]
1 Proposed Simplified Equation (Eq. 14)* 1.11 0.24
2 Proposed Simplified with Size Effect (Eq. 22) 1.12 0.13
3 MCFT 1.27 0.17
4 ACI-Simplified* 1.13 0.28
5 ACI-Detailed* 1.02 0.25
6 Zsutty* 0.92 0.20
7 Okamura 0.97 0.14
8 ASCE-ACI* 1.03 0.24
9 CEB 1.14 0.17
10 JSCE 1.18 0.17
11 Kim* 0.82 0.21
12 MACI 1.40 0.24

* These methods do not include size effect




Table 9. Summary of test program, results, and predictions: influence of type of loading
based on tests by Krefeld and Thurston (1966)

Test| bl d f p| wd  wd MsVed Sors: V| Ve VaoV|  Ve|Velbed@)'®| Simplified Eg 14
T Nol . in|  psi % in]  kips| kips ~ kips ketest k| Ratic
28 (31 4 [ (e [ (8 (9 floy [y [12)  [13) [14] [15] [16)
1 8.0 1536 4070 2.06 471 0.80) 1.01 13.82 40 95.8 2.40 264 337 271 1.4
2] B8O 1536 420 309 471 o8] 101 182 40| 1426] 357 264 329 305 108
3] 60| '1236] 39100 341 584 o082 100 1112 25| e0.1] 240 180 3.8 325 119
4] 80| 1536¢] 4200 206] 47] 08| 101l 1382 375 o06| 242] 247 39 267 116
5 8.0] 1536 39% 2.06 47| 0.80] 1.01 13.82 42.5 98.1 23] 280 3.61 272 1.33
6f 80| 1536 4270] 309 47 o8] 101 1382 ars| 1233 259 33| 390 305 128
7| 80| 1s36| 42000 309] 47| o8| 101l 1382 425 1400 330 280 3.48 304 114
8| 60| Toss| 304l 209 754 ros|  i26| meo] 14l 2s8| 20 " 101] Uaisl TUass| a0
9 6.0 1244 2780 1.34) 58 081 1.00 11.20, 16 3438 2.18 115 2.93 2.67 1.10
of 60l oasl 00| 1m| e o7l 12| wsol  p| mal el o4l 208l 2m| v
11| 60 Tose| 2660] 209 754 106] 126] " 8g0] 13| 275 " 212| 94 3.16 3@l 105
12] 60| 12.44] 2930 268 s8] 081 100 1120 2| s3] 250 s 37 330 i
13] 60| 944| 3080 353 76 107 127} 850 19 36| 18] 137 4| e 127
14| 60| 936] 3000 452 77| ros| 129 842 18] 376] 209 30| 7 T4ls 370 112
15| 60| 936 3080 493 77 108 129| 8a2 2| s06| 187] 194 624 381 164
6] 6.0] 1006) 3200 199] 954] 134 160l 9.5 15 209 139 108]  312] 266 117
17| 60| 0] 2s%0] 263 96| 13|  1ei| 900 1ss| 204|132 112| 365|316 116
»»»»»»» 18] 60| 994| "2900| 335| o9es| 135 162] 895 16 2480 1ss| nis|asy a6l 108
T19] 60| 98| 29%0| 43| 98| 138 1es| s8] 75| 283] 162 126|389 38 110
2] 60 1006] 201 199 1192 167|199 905 1 ied| 14l T 79 241 265 091
211 60| o] s20| 263 72| 10 1200 9.0 2| 412 206 144] 330 26l 126
2|60 Toss| 4990 43l 73] 102 12| 8% 20 483 242 144] T ass 313 110
2| 60l 10 ool 263 o6l 13l et s0ol v} 2eal nss| Tr2zl U sorf 2 s
|24 60l 994 “ason| 33s| 9es| 13s]  re2| sesl T al 2o8| vadl wsal U 3v| U ams 132
25| 60| 98] 4950] 43| 974 136 163 887 20| 348 174 144 346 29 16
2] 60| 10| “4e%0] 263 12| 1es| 201 900l 165 219f 133 119 L X N U
27 60| 094 aeso| 33s5] 1208] 169 202] 895 18] 24 13| 137 338 am] m
28] 6.0 9.87} 5340 43 1216 170 2.03 8.88 20.5 242 1.18 14.8 341 2.81 121

' Note: ‘x=distance of critical section fromthe support :

|V, Van are shear force at support; Va = shear resistance at critical section Mesn= 199 ! 1.18
vvvvv ‘Sx=crack spacing (= 0.9d in these tests) Std Deviation= 0.60 : 0.13
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Table 9. (contd.) Summary of test program, results, and predictions: influence of type of

loading based on tests by Krefeld and Thurston (1966)

Test| Zsutty Okamura | ACLsimplified | ACldetailed | ASCEACI CEB MCFT JSCE
No. k| Ratio kK Ratio K| Ratio K Ratio k__Ratio k| Ratio k__Ratio k| _Ratio
[1 [17] [18) 091 (200 [2U] [22) [23)] (4] (28)] (26} [2 [28) [29)] [30) [31]] [32)
1 304 Ll o298 13 2000 e8] 2m| 124 230[ 146] 24| 137] 235 143 212] 159
2 3.45 095| 339 097 200 64| 309 106 230 143) 279 i8] 259 127]  240] 137
3 3.37 15| 342]  rws| 2000 194l 326] 1ao] 2300 1es] 285 136] 274] 142 266] 146
4302l 102 206 104f 200 1ss] 270] 115|230 134 244l 127] 235 132 20| 147
s| 305 118 299 121 200 s 272 133) 2300 157 247) 146l 237 153 212|170
6 345 1130 338)  115] 2000 19s) 309 126] 230 170] 279| 140] 261 150] 240|162
7 3a4s| ol 338l 103] 200 174l 309l 13| 230f us1) 27 12s]  2s8]  13s] 240 14
8 274) 116l 29s| 108] 2000 15| 309] 103 2300 139 246) 1290 250 127] 281 127
9. 262 112l 266l 10l 2000 146l 2548 115|214 137]  229] 132 228 128] 206 142
10 258 116 279 1070 2000 1s50] 292] 102| 230] 130 233 128] 2a0{ i2s| 238 124
1 2.80 w3 3020 res| 200l 1ss|  3a8)  1oof  230] 138] 252 126) 2550 124] 257 123
2l 3 Ll 3320 13 2000 18] 3a4) nio| 230f 163 27 13s] 267|140l 257|144
Bl 325 134 3s0] 124 200 218] 350 124 230] 189] 293| a9 285|153 290 145
14 351 118 3s0| 109 2000 208] 3s0] 119|230 180 3a7] 13nf 303 138 326|127
15| 3.61 173 391 1so[ 2000 312 350 18| 2300 2m| 327] e 310 201] 33| 14
16| 246 127 263 119] 200 156l 328] 09s| 230] 136 219|143 238 134 241 7 139f
17] 280 1300 300l 122) 2000 183 350l 104 230 1sol 249l rart 259 ra] 235 133
8 29 Lol 38l nul 2000 177]  3sof  no| 230] s 264|134 268 132 292 12
a9 320 122) 344 1a3) 2000 1es| 350l nat) 230] 1e9|  28s]  137)  285]  137] a1 123
20 2.32 1040 253) 095|200 120 3s0f o9 230f 105| 206] 117|227 ros| 245 o8
a2 121f 292 113 2000 res] 299 nio| 230] 144] 244f 136 247] 134 245|135
“““ b 3.24 106| 346|099 200 172 350, o098 230] 150 289 119} 282 12| ig2| 118
2 255 vasl 2m) o] 2000 usih 346] o7 2300 13| 227 133] 2400 125|250 120
24| 276 13| 296 126| 200 187] 350 107} 230] 163 "246] 152 " 2ss| a7 2m| 139
25 295 L7l 3a7) wo9] 2000 173 3500 099 230 1s0] 263 1mf 269] 129 292] 118
2% 2.36 123 257] 113|200 145] 3s0| os3| 230f 126] 210] 138|220 126|250 116
27 2.55 1311 278 120] 200 e8| 350 096 230] 146 227] 148 “244] 138] T2m| 124
28| 2.71 1260 296] tas| 200] 17| 3s0] 097] 2301 148 241 4] 255 134] 288 118
1.19 113 176 1.09 153, 137 136 135
0.14 0.12 034 020 029 0.14 0.16 0.19
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Table 10. Summary of comparisons in Table 9 (x = 0.14L)
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Method Procedure/Equation Test/Predicted Ratio
No. Mean| Std. Deviation
[1] (2] (3] f4]
1 Proposed Simplified Equation (Eq. 14) 1.18 0.14
2 MCEFT 1.36 0.16
3 ACI-Simplified 1.76 0.34
4 ACI-Detailed 1.09 0.20
5 Zsutty 1.19 0.14
6 Okamura 1.13 0.12
7 ASCE-ACI 1.53 0.29
8 CEB 1.37 0.14
9 JSCE 1.35 0.19
Note:  |The critical shear section is taken at 0.14L from the supports |(See Eq. 21)




Table 11. Summary of comparisons in Table 9 (x =d)

Method | Procedure/Equation Test/Predicted at Cracking**) Test/Predicted at Ultimate***
No. Mean| Std. Deviation] Mean| Std. Deviation
(1 [2] [3] 4 b) [6

| Proposed Simplified Equation (Eq. 14)* 1.17 0.14 1.51 0.18
2 MCFT 1.36 0.17 2.67 0.73
3 ACI-Simplified 1.79 0.37 3.48 0.99
4 ACI-Detailed 1.10 0.19 2.13 0.51
5 Zsutty 1.22 0.23 231 0.39
6 Okamura 1.1 0.18 221 0.42
7 ASCE-ACI 1.56 0.32 3.03 0.86
8 CEB 1.39 0.22 2.67 0.50
9 JSCE 1.36 0.14 2.68 0.75
Note::f[])gcritical shear section is taken at d from the supports

" For computing ultimate shear strength, Eq. 29 is used in place of Eq. I4:

~*" At cracking shear strength Vo
***: At ultimate shear strength Vuu
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X ‘Point Load

Critical Shear Section —>}
M,=M,
—' Vx = Vu = Vcr o
P, P,=P, K Depth of flexural crack

Shear Span, a
—>

Fig. 1. A typical RC member under flexure and shear applied by a point load and axial

load
o s .

A [
<«
! =

A Y Y —> .-I-\Ieutral

Axis

V| &--e- —p

(a) (d)

Fig. 2. Strain compatibility and force equilibrium at a section: (a) cross-section X-X; (b)

strain distribution; (c) stress distribution; (d) cross-section force equilibrium
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Effective shear
depth, ¢
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flexural crack

(a) (b) ©

Principal Planes
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01 = Tmax J/ \
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\
1
s
02 = Tmax
—_—>
Tmax
(d) (e

Fig. 3. Shear stress distribution and stress condition at neutral axis: (a) cross-section X-X;
(b) shear stress distribution; (c) longitudinal strain distribution; (d) stress conditions at
neutral axis; (e) diagonal cracking occurs when o) = f;

55



Vi, .MPa

166 4 6 8 10
1275 To 20 40 €0 80 100 s0
7 1;, MPo o
.
< e
(%] ”
. ACl 318, E = 33w, ﬁ:pu\ 7 :
| ____Range for which ACI cods | PP 140 -
% formuia was derived * =)
- 5 - ol
Iy N
0 T
- ©
g) g’ a . wi® E
- . * % €, 40000./(e10210" U
u e (w,7145)"® oy} o
3 v “‘ - ‘s Muwyiises, Wives & She1a, E
CLETTON T [iEERERS 20
. 0 NS e, . cmrete] 3 "
2t . ¥ . 0. A sousna
+ - aetlasg, Wttees B
[le jo0 0 § e & o
* e ! ’ Mecmet | 3 Paiscne @ KNeque 10
+ ”o : .« welght ; :::-\ Bretiia, Otsns B Notimen
i o < . , Toncealy 2'."‘“‘.1
. feomni Vet b beasen
0 1000 2000 3000 4000 50006000 8000 10000 12000 14000 o
20 2 40 S0 6 70 80 9 100 10 120 130

/E + psi
Fig. 4(a). Modulus of elasticity of concrete (ACI Manual of Concrete Practice 2001)

\/f'c,MPo
4 6

0 2 8
r T 1 1 T
f'c . MPa
o 20 40 60 80
1200 Y T T
4°x8" Cylinder (102mem x 203mm) e
1000 +IO‘17
Splitting o S ')'/ 6 Splitting
Tensite 80O = psi fgTa VI, Tensile
Strength 1 MPa:,=0.59vE Strength 1y,
psi 600 |- 44 MPo
o7 doy 42 | ferin this report
00 4 28 day
® 95 day
1l y| 1 I3
0 2000 6000 10000 14000

Cylinder Strength f, ,psi
— i | 1 1 1 i

(o] 20 40 80 100 120
v l'c , psi

Fig. 4(b). Tensile strength based on split cylinder test
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strain (in./in.)

Fig. 5. A typical stress-strain curve given by Equation 8a for different concrete strengths
in compression (Khuntia and Goel 1999)
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Fig. 6. Influence of critical shear span-to-depth ratio on shear strength
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Fig. 7. Influence of reinforcement ratio on shear strength
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Fig. 8. Influence of concrete strength on shear strength
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Fig. 9(a). Comparison of experimental results with proposed procedure - Influence of a/d
ratio (Note: M,/V.d = a/d-1 here)
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Fig.9(b). Comparison of experimental results with proposed procedure - Influence of
longitudinal reinforcement ratio
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Fig. 9(c). Comparison of experimental results with proposed procedure - Influence of
concrete strength
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Fig.10(a). Comparison of experimental results with proposed parametric equation -
Influence of a/d ratio
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Fig.10(b). Comparison of experimental results with proposed parametric equation -
Influence of longitudinal reinforcement ratio
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Fig.10(c). Comparison of experimental results with proposed parametric equation -
Influence of concrete strength
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Fig.11(a). Comparison of experimental results with those predicted by proposed
simplified equation - Influence of a/d ratio
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Fig.11(b). Comparison of experimental results with those predicted by proposed
simplified equation - Influence of longitudinal reinforcement ratio
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Fig.11(c). Comparison of experimental results with those predicted by proposed
simplified equation - Influence of concrete strength
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Fig. 12(a). Comparison of experimental results with those predicted by MCFT - Influence
of a/d ratio
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Fig.12(b). Comparison of experimental results with those predicted by MCFT - Influence
of longitudinal reinforcement ratio
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Fig.13(a). Comparison of experimental results with those predicted by ACI simplified
equation - Influence of a/d ratio
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Fig.13(b). Comparison of experimental results with those predicted by ACI simplified
equation - Influence of longitudinal reinforcement ratio
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Fig.13(c). Comparison of experimental results with those predicted by ACI simplified
equation - Influence of concrete strength
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Fig.14(a). Comparison of experimental results with those predicted by ACI detailed
equation - Influence of a/d ratio
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Fig. IV-1(b). Comparison of experimental results with those predicted using proposed
ACI-Committee 445 Equation — Influence of longitudinal reinforcement ratio
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Fig. IV-1(c). Comparison of experimental results with those predicted using proposed
ACI-Committee 445 Equation — Influence of Concrete Strength
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Fig. IV-2. Comparison of experimental results with those predicted using proposed ACI-
Committee 445 Equation — Influence of Member Size
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Fig. IV-3. Comparison of proposed equation with proposed ACI-Committee equation for
size effect (Note: a = maximum aggregate size)
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