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Size Effect in Diagonal Shear Failure: Influence of Aggregate

Size and Stirrups

by Zden&k P. BaZant and Hsu-Huei Sun

Fracture mechanics of britile failures of concrete structures due to the
propagation of a cracking zone indicates that the nominal siress at
failure should not be constant but should decrease as the structure
size increases. This size effect may be described by a simple size-ef-
fect law recently derived by dimensional analysis and similitude ar-
guments. A formula for diagonal shear failure based on this size-ef-
fect law was published, verified, and calibrated by a large set of data
from the literature. The present paper improves this previous for-
mula in two respects: (1) the effect of maximum aggregate size, dis-
tinct from the effect of the relative beam size, is incorporated and (2)
the formula is extended to cover the effect of stirrups on the shear
capacity of concrete. The new formula is verified and calibrated ac-
cording to a larger data set than before, consisting of several hundred
test results compiled from the literature. It is shown that the new for-
mula achieves an appreciable reduction in the coefficient of variation
of the deviations of the measured data from the prediction formula.

Keywords: aggregate size; beams (supports); cracking (fracturing); crack prop-
agation; failure; loads (forces); optimization; reinforced concrete; shear prop-
erties; statistical analysis; stirrups; tests.

The diagonal shear failure of reinforced concrete
beams is a classical yet formidable problem that has
not been resolved to complete satisfaction despite sev-
eral decades of study.'”” Although the design formulas
for diagonal shear have been gradually improved, they
still exhibit large errors that are in fact much greater
than the random errors in the measurements of strength
or of fracture energy. So there is clearly room for fur-
ther improvement.

Until recently, the formulas proposed for diagonal
shear failure were either purely empirical or based on
plastic limit analysis. A new viewpoint was introduced
in 1981 by Reinhardt,”®* who suggested that the design
formula be based on linear elastic fracture mechanics
and substantiated his suggestion by certain test results.
Subsequently, it was established**' that the size effect
implied by linear elastic fracture mechanics is too
strong in the case of concrete, and that brittle failures
of concrete structures are better described by nonlinear
fracture mechanics, which is based on the existence of
a large cracking zone at the fracture front and yields a
considerably weaker size effect.
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At the same time, a simple approximate size-effect
law for brittle failures due to fractures that are blunted
by a zone of distributed cracking was derived"* and
shown to be approximately applicable to various brittle
failures of concrete structures, including the present
problem of diagonal shear failure in both non-
prestressed® and prestressed beams,* the punching
shear failure of slabs,” the ring and beam failures of
unreinforced pipes,® and torsional failures of longitu-
dinally reinforced beams.**® A formula for diagonal
shear failure of beams without stirrups, incorporating
the size-effect law, was developed® and shown to offer
significantly reduced errors in comparison to the exist-
ing formulas of ACI®' or CEB-FIP,*” which were devel-
oped on the basis of crack initiation rather than fail-
ure.

The purpose of the present study is to: (1) improve
the previously proposed formula based on the size-ef-
fect law by incorporating, in addition to the effect of
relative beam size, the effect of aggregate size; (2) re-
calibrating the formula with a larger data base, encom-
passing essentially all the adequately documented test
results that can be found in the literature; and (3) ex-
tending the formula to beams with stirrups.

PREVIOUS FORMULA INCORPORATING THE
SIZE-EFFECT LAW
In a previous paper,* BaZant and Kim derived and
justified by existing test data the following formulas for
the diagonal shear failure of beams with longitudinal
reinforcement but without stirrups [Fig. 1(a)]

y, = W (1 + M‘D_/} )
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W = k¥ <JT + 3000 /( y d)5>

where

v. = V,/bd = nominal shear strength at failure

V.= shear force at failure

b = beam width

d = beam depth measured to the axis of longitudinal
reinforcement

d,= maximum aggregate size

a = shear span (equal to the distance of the concen-
trated load from the support when a simply sup-
ported beam is loaded symmetrically by two con-
centrated loads)

p steel ratio for longitudinal reinforcement

" = standard cylindrical compressive strength in psi
(6895Pa)

2 L.
o ki, \¢ = empirical constants (k, = 10)
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Fig. 1—Effect of beam size in beams without stirrups
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Eq. (2), which is quite similar to the formula cur-
rently used by ACI, has been derived by analyzing the
arch action and the composite beam action, and sum-
ming their contributions.*

The size effect is due to the release of strain energy
from the beam into the cracking zone as the cracking
zone extends; the larger the structure, the greater is the
energy release. Eq. (1) expresses BaZant’s size-effect
law,* which was derived by dimensional analysis and
similitude arguments from two simplifying assump-
tions, namely that the energy loss due to cracking is a
function of both the fracture length and of the area of
the cracking zone assumed to have a constant width at
its front, proportional to the maximum aggregate size.
Although this size-effect law is approximate, it was
shown to capture the basic trend correctly when geo-
metrically similar specimens of different sizes, failing in
a brittle manner, are considered.

For very small structure sizes d, such that d/\d,
< 1, Eq. (1) approaches the limiting case of plastic
limit analysis, which is characterized by absence of the
size effect. For very large structure sizes d, such that d/
Nd, > 1, Eq. (1) approaches the limiting case of linear
elastic fracture mechanics. For normal beam sizes, Eq.
(1) describes a smooth transition between these two
limit cases.

Applicability of the size-effect law in Eq. (1) to
structures that contain no notches is further contingent
upon the assumption that the failure surfaces (cracks)
in beams of various sizes are geometrically similar, and
that the failure occurs when the front of the final crack
reaches approximately the same relative position within
the beam regardless of the size. These assumptions ap-
pear to agree with experimentally observed behavior.

It should be mentioned that the most general size-ef-
fect law for geometrically similar structures or speci-
mens may be described by an asymptotic series expan-
sion presented in Reference 43. The approximate size-
effect law in Eq. (1) is then found to represent the first
two terms of this asymptotic series expansion. It has
been also shown*** that an improved size-effect law for
blunt fracture can be obtained as v. = 0 (1 + &)~
with £ = d/\d,, in which r is an empirical constant.
In the course of the present study, however, it ap-
peared that the existing test data for concrete, due to
their scatter as well as limited range, are insufficient for
determining r. The optimum values of r for the existing
diagonal shear data for beams ranged from 0.75 to 1;
the fits were about equally good for this entire range.
Therefore, the value r = 1 has been adopted.

Eq. (1) and (2) involve no size effect of beam width.
This means that the cracking is assumed to occur
roughly simultaneously through the thickness rather
than propagate across the thickness.

Fracture mechanics is not the only theory that yields
a size effect. A competing theory is the statistical Wei-
bull theory. Although both theories can describe the
same size-effect data if their size range is rather lim-
ited, they have very different extrapolations to very
large sizes. While Weibull theory is certainly applicable
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to brittle failures of structures that can be modeled as a
chain of brittle suddenly failing elements, it is ques-
tionable to apply it to diagonal shear failure.*

There is no aspect in this problem that could be re-
garded as a failure of a one-dimensional chain of ele-
ments. The release of strain energy into a localized ex-
tending fracture front, which is the basis of fracture
mechanics, has nothing to do with Weibull’s assump-
tions. It has also been pointed out* that if the material
parameters of the extreme value strength distribution
underlying Weibull theory are calibrated by typical test
data for homogeneously stressed tensile specimens, and
the same material parameters are then used for the
cracking front zone, the statistical Weibull-type contri-
bution to the size effect is found to be negligibly small,
due to the fact that the volume of the frontal cracking
zone is rather small compared to the beam size.

In very large beams, significant size effect may also
be caused by diffusion phenomena, such as conduction
of hydration heat and diffusion of pore water. Larger
beams heat up more, and they also lose moisture more
slowly than small beams. For lack of information, the
diffusion size effects must be ignored in the analysis of
existing test data.

Eq. (1) and (2) were calibrated® by a set of 296 data
points extracted from the literature. Unfortunately,
most of these data were not obtained with the size ef-
fect in mind, and therefore, the conclusions for the size
effect cannot be definite. Nevertheless, plotting the ex-
isting data in the proper variables, the existence of the
size effect was clearly demonstrated and it was shown
that the size effect did not disagree with the theoretical
size-effect law [Eq. (1)]. The scatter of the data was
large, since it was necessary to include in the compari-
son data obtained in different laboratories, with dif-
ferent concretes and test beams that were not geometr-
ically similar. This produces a scatter of the data that is
large and obfuscates the precise trend with regard to the
beam size.

As for comparisons with the existing formulas of
ACI* and CEB-FIP,” the improvement achieved by
Eq. (1) and (2) was significant; the standard deviation
of the errors in v, compared to the formula was found
to be 128 psi for the ACI formula, 148 psi for the CEB-
FIP formula, and 44.6 psi for Eq. (1) and (2). On the
other hand, the improvement over another previous ex-
cellent formula due to Zsutty'®? was negligible when
the entire data set was considered. However, Zsutty’s
formula gives no size effect and the presence of the size
effect is clearly verified by those scant data in which
beams of significantly diffent sizes were included in the
test series (see Fig. 5 of Reference 45).

PROPOSED GENERALIZED FORMULA
To cover the effect of maximum aggregate size d,,
Bazant® derived by fracture mechanics considerations
the following generalization of Eq. (1)

, d
v.=V 1+ Je/d, /.01 + . 3)
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where ¢, = empirical material constant having the di-
mension of length. By optimizing the fits of the test
data described in the sequel, the optimum values of the
empirical constants were foundtobe ¢, = 0.2in., Ay =
25 and k; = 6.5. Note that for the aggregate size d, =
0.69 in. (17.5 mm), Eq. (2) and (3) are equivalent to the
original Eq. (1) and (2). In Reference 53 it was also
shown that the factor 1 + (c¢,/d,)”, which gives the
effect of aggregate size, agrees reasonably well with the
test results of Taylor® and of Chana,* which include a
wide range of maximum aggregate sizes.

With regard to the identification of material param-
eter values, Eq. (3) has the advantage that it can be al-
gebraically transformed to a linear regression plot. This
plot is described by the equation ¥ = AX + Cin

which
d 1 0.2\
=4 Y—H‘* zﬂ @

with C = 1/v3 and A = C/\,. By linear regression of

the test data plotted as Y versus X, one finds the slope
A and the Y-intercept C of the regression line, and the
material parameters are then obtained as v, = 1/C and
Ao = C/A. This regression plot reveals the effect of the
relative size d/d,.

Another algebraic rearrangement of Eq. (3) yields a
linear regression plot Y’ = A’ X’ + C’ in which

1 d \ "~
X =— ¥V =y (1+= 5
”‘( xoda> ®)

with C' = v and A’ = v, /¢, After determining the
slope and the Y'-intercept of this plot, the material pa-

3

vl 1vd/(Ngd )17
~

Fig. 2—Effect of aggregate size in beams without stir-
rups
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rameters may be identified as v = C' and ¢, = (4'/
v2)%. This type of regression reveals the effect of the
maximum aggregate size.

To verify the present formulation, one would ideally
need test data for geometrically similar beams of very
different sizes. Unfortunately, no such test data exist in
the literature. Most of the published test results pertain
to beams of the smallest possible size that can be made
with a given aggregate. Only a few test series, those in-
dicated in Fig. 1(b), give at least some information on
the size effect, although the size range of these data is
relatively limited. These data, obtained by Walraven,*
Bhal,"” Kani,' Leonhardt and Walther,® Riisch et al.,"
Taylor,” and Chana,* are plotted in Fig. 1(a) through
(d).

The large scatter of these data is due principally to
the fact that the tests were made in different laborato-
ries, on different concretes, and on geometrically dis-
similar beams. Consequently, the error involves not
only the error of Eq. (3) but also the error of Eq. (2),
which enters Eq. (3). Nevertheless, the cost of produc-
ing a sufficiently large data set in one laboratory, on
the same concrete, and for geometrically similar beams,
would be high. First, one should exploit the informa-
tion already available, even though it was not obtained
for the purpose of studying the size effect.

From Fig. 1(a) through (c), it is clear that a signifi-
cant size effect exists, since otherwise the trend of the
data in these figures would have to be horizontal. Fur-
thermore, it is clear that the size effect according to
linear fracture mechanics, represented by the straight
line of slope — ¥ in Fig. 1(a) and (c), would be too
strong. The size effect is intermediate between the
strength or yield criterion (limit analysis) and linear
elastic fracture mechanics. This corroborates the ac-
ceptability of the assumption of a blunted fracture
front from which Eq. (1) is derived. The size-effect plot
of the new formula in Fig. 1(a) [with the corresponding
linear regression according to Eq. (4) and (5) and Fig.
1(b)] is compared to the size-effect plot of the previous
Bazant-Kim formula [Fig. 1(c) and Eq. (1)], with cor-
responding linear regression [Fig. 1(d)].

It is seen that the new formula, which includes the
effect of aggregate size, significantly reduces the scat-
ter. This is confirmed by the values of the coefficient of
variation w = S.D./Y for the vertical deviations of the
data from the regression line, listed in Fig. 1, or the
regression correlation coefficient r. The notations are:
S.D. = standard deviation of the vertical differences
from the regression line; X, Y = coordinates of the
centroid of the data; the lines of w, represent the 95
percent confidence limits; and, in Fig. 1, C, = v,fl +
(0.2/d,)"]. Compared to the previous Bazant-Kim for-
mula, the present improved formula reduces the coef-
ficient of variation of the errors from 0.457 to 0.246,
and increases the correlation coefficient from 0.46 to
0.75 [Fig. 1(b) and (d)].

The linear regression plot of the same data, showing
the effect of maximum aggregate size and based on Eq.
(5), is presented in Fig. 2. Despite the very large scat-
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ter, it is evident that, in addition to the effect of the
relative beam size d/d,, there is also an effect of the
maximum aggregate size. If there were none, the trend
of the data in Fig. 2 would have to be horizontal.

Fig. 3(a) and (b) show comparison of the present
formulas [Eq. (2) and (3)] with 461 test results that have
been extracted from the literature. In addition to the
data used in Fig. 1, this large data set also includes the
test results of Ahmad et al.*” Bhal,"” Bresler and Scor-
delis,'! Chana,* Diaz de Cossio and Siess,® Elzanaty et
al.,’ Gaston, Siess, and Newmark,* Kani,”>'® Krefeld
and Thurston," Leonhardt and Walther,® Mathey and
Watstein,'? Mattock,” Mattock and Wang,? Moody et
al.,* Mphonde and Franz,* Placas and Regan,* Raja-
gopalan and Ferguson,'” Swamy and Bahia,* Swamy,*
H. Taylor,” Taylor and Brewer,”" van den Berg,” and
Walraven.?

Since the compilation of these data has been a rather
tedious process (requiring correspondence with some of
the authors to obtain various missing information), the
complete set of 461 data points is listed numerically in
Table 1. This makes it possible to verify the present
rules as well as to use these data for possible future im-
provements of the diagonal shear formula.

Since most of the data in the complete set of 461 data
points in Fig. 3 do not cover the size effect, the effect
of the relative beam size d/d, is not as conspicuous as
in Fig. 1, but from the size-effect plot in Fig. 3(a) it is
still clear that a size effect exists. Fig. 3(c) shows a plot
of the measured values versus the calculated values of
the nominal shear stress at failure. If there were no
scatter and the formula were perfect, this plot would be
a straight line of Slope 1, passing through the origin. So
the deviations from this straight line are a measure of
the error.

For comparison, Fig. 3(b) and (d) show the same
plots for the previous BaZant-Kim formula. We see that
the present formula achieves a reduction of scatter, di-
minishing the coefficient of variation of the errors w
from 0.292 to 0.242, and increasing the correlation
coefficient r from 0.923 to 0.952. Again, the lines
marked wy; represent the 95 percent confidence limits.

GENERALIZATION FOR THE EFFECT OF
STIRRUPS
For a beam with both longitudinal reinforcement and
stirrups, the nominal ultimate shear stress at failure
may be expressed as

2 3.6
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Fig. 3—Plots of measured versus calculated values of nominal shear strength for 461 available data for beams with-
out stirrups (1 psi = 6895 Pa)
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Table 1~Test data from the literature

Bean ©a b 4 4, f A, ve v, seam 2 b d 4, f A, ve Ve
No. (itn) (in)  (in) (in) (pei) (in®) (1B} (B No. (i) (1n)  (im) (In) (pe1) (inh)  (1B) (B
1) Wilhout stirrups, 3-point-bent 1) Without stirrups, 3-point-bent
Moody, K. G. et al. (1934) Mphonde, Andrew G. and Frantz, Gregory C. (1984)
Al 31.8 7. 10.30 1. 4400 1.5 13000 13500 A0-3-3b 62, €. 11.75 .375 3273 2.37 12750 14500
A2 1.5 7. 10.50 1. 4500 1.58 15000 15000 A0-3-3¢ 42, 6. 11.75 .37S 4277 1.64 15000 15000
A3 31.8 7. 10.85 1. 4500 1.64 14000 17000 A0-7-3a €. 6. 11.75 .375 $930 2.37 18500 18500
Iy 3.8 7. 10.63 1. 4570 1.76 15000 16000 A0-7-3b €. 6. 11.7% .375 €562 2.37 18600 18600
81 J1.s 7. 10.50 1. 3070 1.19 1}450 12650 A0-11-3a  42. 6. 11.75 .37% 11812 2.37 20150 20150
b2 3.8 7. 10.8% 1. 3130 1.20 13500 13500 A0-11-3b .. 6. 11.75 .375 11766 2.37 20100 20100
B3 n.s 7. 10.63 1. 2790 1.19 12000 12500 AO-15-3a 2. 6. 11.75 .375 12823 2.37 21000 21000
B4 31.5 7. 10.69 1. 2430 1.2¢ 11900 12500 A0-15-3b .. 6. 11.75 .27% 14768 2.37 - 22%00
g; g}: ; i:»;; : ::g -:g ;:gg ;:88 AD-15-3¢ 42. 6. 11.75 .375 14477 2.37 21500 22000
. . . . . A0-11-2 29.378 . .75 . .
c3 3.5 7. 10.75 1. 1000 .60 5700 5700 u € 1173 .375 12090 2.37 20000 23000
ce 3.8 7. 10.80 1. 980 .62 S650 5650 Bhal, N. . (1968)
Taylor, R. and Brewer, R. 3. (1963) (*) 13} 35.43 9.45 11.01 1.18 40S¢ 1.43 - 1573
82 70.87 9.45 23.62 1.)8 ] . -
Al 33, 7.35  B.69 .75 4060 1.24 10864 10864 83 106. 30 ,,.: ,i,.: :," f:,; f:: - ;::;‘5
A2 33. 7.35  €.69 .75 4180 1.24 10306 10304 1] 141.70 9.45 47.24 1.18 4609 5.72 - 39683
[ ¥] 33, 7.40 L75 4060 1.24 10416 10416 »s 70.97 9.45 23).62 1.18 4651 1.4 -~ 23369
Al 33, 7.35 .75 4260 1.24 890 8960 »6 70.87 $.45 2).62 1.18 4334 1.35 - 23132
AS 33, 1.0 .75 3430 1.24 11984 11994 »? 106.30 .45 33143 1.10 435 2.1% - 331)
A6 3. 1.8 .75 4520 {:l Hg:: }lOI: B 106.30 3.45 36.02 1.18 4850 2.02 ~ 27887
A7 3. 1.3 L7 4520 1.24 100
At 3. 7.3 135 5490 1.24 0744 9744 Geston, J. N., Siess, C. P. and Mewmark, N. M., (1952)
A9 33, 1.40 .75 4260 .8 10416 10416
Alo 33, 1.40 275 4180 .8 9072 %072 - o HASEE S-S 444
ALl 33, 7.40 275 5430 .8 11200 11200 T2Me 36 6. 10.51 1. 4470 .88 11950
Al12 33. 7.40 8,75 .75 5490 .8 10304 1030¢ ) . : . : -
dresler, Boris and Scordelis, A. C. (1963) Placas and Regan (1971)
ot mo aniowas s e g e gmer | N BE & e 7 oue aue - ime
OA-2 90.0 12.0 18.35 .75 3440 $. 32500 40000 2 33e . 19 78 aeo00 :. -
OA-3 126.0 12.1 18.17 .75 $450 6. 35000 42500 . <o . -4 - 11%00
2) without stirrups, a-point-bent
Mattock, Alan H. (1969)
X 27.4 6. 10. .75 2480 .62 2000 8200 piaz de Cossic, Noger snd Siess, Chester P. (1960)
3 27.4 5. 10. .75 6800 .62 11500 12300 L-1 20. 6. 9.% 1. J0s0 2. 15000 26100
10 27.4 6. 10. .75 2690 1.86 11500 12600 1-2 30. €. %.9¢ 1. )20 2. 13000 17000
15 51.4 6. 10. .75 3750 .62 7000 7000 L-2a 30. §. 9.9« 1. 5320 2. 14300 18000
18 51.4 5. 10. .75 2620 1.2¢ 9000 00O L-3 40. 6. 9.94 1. 4060 2. 12000 12000
22 51.4 6. 10. .7 2340 1.86 9000 9000 L4 50. . 9.3 1. 30 2. 11500 11500
1 s1.4 5. 10. .75 4230 1.86 11300 11800 L-$ 60. 6. 9.%¢ 1. 4050 2. 11400 11450
Rrefeld, william J. and Thurston, Charles W. (1966) van den Berg, F. J. (1962) (*)
4A3 36. §. 15.36 1. 4440 2.54 22500 24700 p-1 9.5 9. 14.14 .75 €500 $5.50 3I000 34000
SA3 38. 8. 15.36 1. 4330 3.81 22500 38300 D-2 49.5% 9., 14.14 .75 7330 5.50 29%00 29500
11A2 36. 6. 12.36 1. 4380 2.54 15000 16500 p-3 49.% 9. 1¢.14 .75 6160 5.50 29000 29000
12A2 36. 6. 9.36 1. 4360 2.54 12500 14400 p-¢ 49.% 9. 14.14 .75 6060 5.50 30000 32300
;::: ;: : :;l: } ;::g g-gg :;gg: ::;gg D5 9.5 9. 14.14 .75 7330 5.50 27500 29500
. . .4 . . D 4.5 .14, .15 7 . 0
19¢2 36. 6. 12.44 1. 3280 2.00 12000 16500 .,_f, 9.5 : ,..i: _72 ,::8 :,:8 §§§°8 31288
1802 36. €. 12.44 1. 3200 2.00 12000 13500 Dot 9.5 9. 14.1¢ .75 4350 5.50 25500 26500
13A2 36. 6. 12.56 1. 2090 .60 8500 10900 p-9 49.5 9. 14.14 .75 2570 5.30 20000 20000
14a2 36. 6. 9.5 1. 23000 .60 6000 7300 p-10 49.5 9. 1¢.1¢ .75 4550 5.50 20500 28500
15A2 36. 6. 12.44 1. 2920 1.00 9000 10300 b-11 49.5 9. 14.1¢ .75 3260 5.50 24500 24500
1582 36. 6. 12.44¢ 1. 3000 1.00 11000 11700 p-12 9.5 9. 14.1¢ .75 3970 5.50 22500 24000
16A2 36. 6. 9.44 1. 3220 1.00 8500 9400 D-13 49.5 9. 14.1¢ .75 3850 5.50 22300 22300
17A2 36. €. 9.56 1. 3190 1.20 9000 9900 p-14 9.5 9. 14.14 .75 40BC 5.50 24000 24000
1082 36. 6. 12.4¢ 1. 2070 2.00 12000 18400 D-18 49.8 8. 14.14¢ .75 3810 5.50 23000 23000
19A2 36. 6. 9.44¢ 1. 2980 2.00 9500 10400 p-16 49.5 9. 14.14 .75 4420 5.50 25000 25000
20A2 36. €. 9.36 1. 3050 2.54 10000 11400 p-17 9.5 9. 14.14 .75 3790 5.50 23500 23500
2122 36. 8. 9.36 1. 2890 3.81 14000 17200 D-18 49.5 9. 14.14 .75 4160 S5.50 23500 23500
2a¢ 4s. €. 10.00 1. 3340 .79 7000 §500 D-1% .5 9. 14.14 .75 4680 5.50 26000 26000
3AC ‘8. 6. 10.06 1. 3020 1.20 9000 9900 p-20 9.5 9. 14.14 .75 4130 5.50 24000 24000
anc 8. 6. 10.00 1. 2390 1.58 8500 8500 E-1 60.0 9. 14.1¢ .75 11220 5.50 33500 33500
SAC 4. 6. 9.94 1. 2660 2.00 9500 9400 £-2 §0.0 9. 14.1¢ .75 8060 5.50 32500 32500
6AC as. 6. 9.9 1. 3310 2.54 12000 12000 £-) 60.0 9. 14.14 .75 7060 5.50 29000 29000
3cc 60. 6. 10.06 1. 2970 1.20 8000 8000 E-4 60.0 S. 14.14 .75 6190 5.50 29000 29000
sce 0. 6. 10.00 1. 2980 1.58 9000 9000 E-S §0.0 9. 14.14 .75 3410 5.50 22000 22000
H 60. 6. 9.9¢ 1. 2950 2.00 10000 10000 AS-1 €9.5 12, 14.14 .75 7590 S5.50 40000 41500
6cC 60. 6. 9.86¢ 1. 2980 2.54 10000 10000 AS-2 49.5 9. 14.39 .75 3470 4.68 22500 22500
4EC 72 6. 10.00 1. 3080 1.38 9400 9400 A5-3 49.5 8. 14.52 .75 4010 3.44 21500 21500
SEC 72, 6. 9.9¢ 1. 2830 2.00 8300 9900 AS=4 9.5 9. 14.47 .75 3900 3.17 21500 21500
§EC 72. 6. 9.86 1. 2770 2.5¢ 9500 9500 AS-5 39.0 3. 14.56 .75 4260 2.26 23000 23000
acc 8. §. 10.00 1. 3050 1.58 8000 8300 AS-6 39.0 9. 14.45 .75 4590 2.84 25000 27000
56¢ 84 6. 9.3¢ 1. 3180 2.00 8300 9400 AS-7 49.5 9. 17.64 .75 4510 5.50 34500 34500
€GC T8 6. 9.96 1. 3100 2.5¢ 9100 9100
6 36. 6. 9.9¢ 1. 2920 2.00 11500 11500 Moody, K. G., et al. (195)
Inac 36 €. 10.06 1. S0L0 1.20 12000 12500
IAAC 3. 6. 10.00 1. 4235 1.59 12500 13000 B-1 3. 6. 10.56 1. 5320 1.2 11500 13000
SAAC 36. 6. 9.9¢ 1. 4760 2.00 12000 12800 -2 3. 6. 10.56 1. 2420 1.2 7500 8000
$AAC 36. 6. 9.86 1. 4990 2.5¢ 13000 13500 8-2 3. 6. 10.56 1. 30 1.2 11300 11750
3ac 48, 6. 10,06 1. 4620 1.20 11000 12000 -4 3. 6. lo.56 1. 2230 1.2 8500 9100
aac 480 6. 10.00 1. 4420 1.58 11000 12100 -5 36. 6. 10.36 1. 4450 1.2 10500 11700
SAC 48. 6. 9.9¢ 1. 4760 2.00 11000 12200 B-6 3. 6. 10.56 1. 2290 1.2 7500 7750
6AC 48, 6. 9.86 1. 4950 2.54 12000 13300 -7 FA OS0SR-S SR T Y 441
scC 60. §. 10.00 1. 5570 1.58 11000 11800 80 ;‘- ¢ 10.56 1 10 1.; e zgon
scc 60. 6  9.9¢ 1. S$430 2.00 12000 12900 -9 3¢- - 1o.56 1. 3970 1.2 11500 12000
scc 60 6. 9.86 1. $570 2.54 11500 14200 -10 -6 1056 1. 70 1.2 9500 11000
stc 22, 6. 9.94 1. 5430 2.00 5000 12000 »-11 36. 6. 10.56 1. 5530 1.2 11000 13500
e 11 6. 9.86 1. 4900 2.5¢ 9000 11000 B-12 36. 6. 10.56 1. 2930 1.2 10500 10600
Saac 36, 6 10.06 1. 1620 1.20 9000 9100 s-13 36. 6. 10.5 1. S$480 1.2 10000 12500
4AAC 36 6. 10.00 1. 1870 1.58 9000 9600 B-1¢ 3. 6. 10.5¢ 1. 3270 1.2 9700 9700
SAAC 36 6. 9.954 1. 2230 2.00 10500 11300 B-15 36. 6. 10.56 1. 5420 1.2 11500 11500
e 3¢ € 9.86 1. 1940 2.5¢ 10000 14000 B-16 36. 6. 10.56 1. 2370 1.2 8000 8500
2:2 :: : igg: }' i:-’,g i:: :ggg ;:gg Mathey, Robert G. and Watstein, David ()963)
e M SR 0 S S+ S A+ SO 444 1-1 20, B, 15.85 1. 3680 3.86 27500 70350
3ce 0. 6 10,06 1. 1770 1.20 6000 2000 1-2 2. B. 15.96 1. 3330 3.86 27500 69850
s 0. 6. 10,00 1. 2480 1.58 7900 7900 11-3 2. 5. 15.86 1. 3170 2.)9 22500 58850
scc 60, 6. 9.94 1. 2130 2.00 7500 7700 114 24 B. 15.86 1. 3830 2.39 25000 70350
Py 60, 6. 9.86 1. 1980 2.54 500  $900 111-5 24. 9. 15.86 1. 37130 2.35 25000 64850
c €0 8. 19.00 1. 2630 2.37 13000 13000 1116 24. B. 15.86 1. 3710 2.35 25000 65350
bca 12, 6. 9.6 1. 5260 2.5¢ 12000 12000 1v-7 24. $. 15.86 1. 3500 2.36 25000 65375
pob 7 6. 9.96 1. 5260 2.54 12000 12000 1v-8 24. §. 15.86 1. 23610 2.36 27500 68350
oca 60. 6. 10.00 1. 5180 1.58 10000 10900 bt SRS AL A S+ ¢ S SO S S
och 0. & 10.00 1. s5¢60 1.58 113500 11800 vi-11 2¢. 8. 15.86 1. 3680 1.48 20000 50350
cCa 72, 10. 17.94 1. 5550 4.00 31000 33000 -y b b aae  1T 3330 148 22500 80350
ocb 72, 10. 17.94¢ 1. 5550 4.00 29000 30000 v‘;} ol . 12'" 1. 3260 .9s¢ 17500 50000
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Table 1 (cont.)—Test data from the literature

Bean a b 4 4, 1, A, v* Ve Beam . b 4 4, £, A, ve Ve
No. (in) (1m)  (in) (in) (psl} (inY)  (1d) QW) No. (in) (1) (in) (in) (pst) (in')  (1b)  go)s
2) Without stirrups, 4-point-bent 2) witnout stirrups, 4-poinl-bent
v-14 2¢. s. 1. 3870 .95 20000 50350 267 37.30 6.04¢ 30.60 .7% 3000 .330 - 5500
vi-1$ 2. .. 1. 3700 .951 20000 40350 268 32.12 .03 10.84 .75 2910 .321 - 6118
vi-1$ 2. 8. 1. 3310 .951 20000 42¢00 269 10.62 €.05 10.77 .75 2620 .321 - 20000
111a-17 60. .. 1. 4240 3.23 17500 19800 270 21.35 6.00 10.74 .75 2%10 .)21 - 9300
111e-18 60. .. 1. 3630 3.23 16500 18150 2 37.43 6.03 10.30 .75 4000 .330 - 5700
ve-19 €0. s. 1. 3410 1.18 12000 14225 240 26.70 .03 11.10 .75 4000 .30 - 9350
va-20 €0. .. 1. 3710 1.18% 12500 14825 249 10.62 6.04 10.¥5 .75 4060 .321 ~ 18800
Vib-21 4. .. 1. 3790 1.07 12500 16050 250 16.00 §.00 10.77 .75 4060 .321 - 12300
vIb.22 €. .. 1. 3740 1.07 12000 14025 251 21.40 6.06 10.86 .75 3800 318 - 8420
vib-23 . .. 1. 4630 1,07 13500 16875 14 10.62 €6.01 10.70 .75 5280 .30 - 19500
vIb-24 €0. s. 1. 3820 .S94 10500 12250 178 16.00 6.04 10.60 .75 5000 .30 -~ 13250
vIb-25 €0. s. 1. 3740 .59¢C 9000 1122§ 179 2€.70 6.0 10.40 .75 €630 .30 - 7550
Taylocr, R. (1960) 180 37.38 6.06 10.60 .75 000 .330 - $600
140 21.40 5.9¢ 10.63 .75 2900 .S1i - 10%40
1-18 10, 5. 11. .75 2672 1.32 12320 26320 142 21.40 6.15 10.88 .75 2800 .513 - 1000
1-30 30. [ 11. .75 2728 1.32 10080 12320 14 €2.72 6.05 10.80 .75 2560 .486 - 6795
1-42 a. 6. 11. .75 2704 1.32 10528 10528 147 26.70 6.00 11.31 .75 2440 475 - 9505
1-48 4. 5. 1. .75 2%4¢ 1.32 9240 9382 148 16.05 5.98 10.80 .75 2890 .s08 - 17950
1-54 sS4, 6. 11, .75 2882 1.32 €360 €960 149 26.70 6€.01 10.6% .75 2610 .500 - ”0ls
150 26.70 6.04 30.75 .75 2610 .500 -~ 10380
Ahmad, Shuaib H., Khaloo, A. R. and Proveda, A.(1986) {e®) 151 26.75 6.06 10.7) .75 2800 .50% - 005
152 32.10 5.9% 10.63 .75 2080 .as¢ - 7300
Al 32. [ .5 9590 1.58 13000 13000 153 32.10 6.00 10.7) .75 2850 .491 - 7378
a2 2. s. .5 9590 3.5¢ 14000 15500 102 21.36 6.04 10.58 .75 3670 .497 - 10970
A 21.6 s. .5 9%%0 1.58 14000 15300 103 32.04 €.13 10.78 .75 4270 .4w6 - 8720
At 18.4 5. .S 9590 1.58 14300 21000 10¢ 42.72 €.0%5 10.60 .75 3670 .86 - 7560
AS 16. 5. .5 9%%0 1.58 17000 37500 108 26.7% 6.00 10.70 .75 3N00 .4&9¢ - 9338
I s. 5. .5 9550 1.58 34500 90000 106 26.70 €.05 10.54 .75 4170 .46 ~ 10030
A7 32.76 5. .5 93%0 .71  #500 10500 107 53.40 §.08 10.51 .75 3850 .4%¢ - 5763
Y] 24.57 s. .5 9580 .71 9500 11000 109 16.02 €.0) 10.67 .75 3630 .49 - 16150
Ay 22.11 5. .S 9590 .71 1)000 18000 111 26.70 6.06 10.71 .75 3920 .49) - 9738
Al0 18.84 s. .5 9580 .71 11000 18500 112 26.70 6.02 10.75 .75 3820 .49} - eso
All 16.38 5. .S 9390 .71 12000 12500 13 16.05 §.00 10.7%8 .73 3700 .300 - 19600
Al2 5.19 5. .5 95%0 .71 30000 $0000 -l 21.04 6.03 10.62 .75 3700 .512 - 13800
N 31.76 5. .5 10560 2. 11505 11510 118 26.7% 6.00 10.6% .7% 3800 .4% - 10188
B2 23.82 s, .5 10560 2. 12750 15500 116 32.10 6.00 10.67 .75 3830 .4%7 - 30
23 21,44 5. .S 10560 2. 14000 22500 162 21.36 6.04 10.71 .75 4990 .499 - 13280
»l 18.36 s, .5 10560 2. 14000 32200 162 21.36 €.06 10.51 .75 4900 .407 - 13950
s 15.08 5. .5 10560 2. 17500 24000 16 26.70 6.14 10.73 .75 S130 .490 - 9100
»? 32.76 s. .5 10560 .9 10000 10030 163 26.70 5.97 10.70 .75 5130 .49% - 550
] 24.87 s. .5 10560 .9 10500 10500 164 42.72 .15 10.67 .75 4900 .476 - 8030
1 22.11 s. .3 10560 .9 10507 18000 166 32.10 5.9 10.69 .75 S1)0 .499 - 9050
31 18.04 5. .5 10560 .9 12500 14400 166 32.10 6.05 10.80 .75 5130 496 - 2600
811 16.38 s. .5 10560 .9 14000 27500 11 32.10 6.00 10.72 .75 2950 1.19 - 11000
812 8.9 s. 5 10560 .9 25000 43000 122 42.%0 5.%0 10.85 .75 2080 1.18 - 8725
c1 29.00 s. .5 10340 2.4 12000 12200 12) 42.72 €.12 10.68 .75 2230 1.17 - #3500
c2 21.75 s, .5 10140 2.4 11000 17000 124 $3.40 .08 10.68 .75 2230 1.17 - 7200
c3 18.58 5. .5 10340 2.¢ 9000 15500 126 32.04 6.12 10.72 .75 2360 1.17 - 9600
cl 16.68 5. .5 10140 2.4 12500 20000 129 16.02 6.0% 10.81 .75 2530 1.17 - 32200
<7 32.82 s. .5 10140 1.32 3000 10200 130 S8.74 6.04 10.85 .75 2610 1.17 - 2000
cs 20,39 5. .5 10140 1.32 10000 10000 131 26.75 5.95 10.79 .75 2630 1.1% - 11340
3] 21.95 5. .5 10140 1.32 10000 10200 132 26.75 6.05 10.66 .75 2680 1.17 - 11680
clo 12.70 5. 8.1) .5 10140. 1.32 9250 12000 133 $3.50 §.06 10.76 .75 2880 1.1% - 8660
el 16.26 S. 8,13 .5 10140. 1.32 14500 24000 134 21.40 6.06 10.75 .75 2530 1.19 - 13450
ci12 813 S.  2.13 .5 10140. 1.32 20000 5500n 13$ 21.40 S5.08 10.79 ;: z::: :;: - :;:z:
2¢ 16.02 6.00 10.68 . 1 . -
Xani, G. N. J. (1967) 25 21.36 €.00 10.68 .75 3560 1.20 - 23400,
29.4 .97 .80 .75 3830 - 7198 2 21.36 6€.00 10.60 .75 23930 1.20 - 17550
:g 1;.3i :.:o ::c .1: 3950 - 11565 27 26.70 6.00 10.68 .75 4320 1.30 - 11550
Q 32.00 $.9%8  5.40 .75 4060 - §79%0 2 26.70 6.00 10.6% .75 4230 1.20 - 12200
o 10.70 5.95 §.23 .75 3700 - 14520 29 €8.06 6.00 10.60 .75 3560 1.20 - 96350
4% 10.70 $.95 .35 .75 3700 - 15520 3 43.06 6.00 10.63 .75 3650 1.20 - 10400
Pt 26.70 5.95% £.20 .7% 3590 - §33% 3 37.50 6.11 10.61 .75 23780 1.13 - 10100
«“ 26.70 5.95 5.25 .75 3590 - 6095 36 37.50 €.062 10.75 .75 3780 1.1® - 11600
52 21.40 6.00 5.45 .75 3600 - 495 181 21.36 6.06 10.69 .75 4320 1.16 -~ 14650
s3 5.3¢ 5.95  5.20 .75 3870 - 34900 182 $).40 6.09 10.57 .75 4920 1.16 - 10960
s 5.34 5.95 $.35 .75 3870 - 35450 18 16.02 6.05 10.67 .75 809 1.16 - 36700
- 186 €2.72 6.09 10.70 .75 50% 1.16 - 12¢50
55 16.00 5.92  5.30 .75 3640 7325
56 15.73 6.03  5.41 .75 13950 - 6295 108 21.36 6€.04 10.%0 .75 4800 1.16 - 20800
.7 25.42 6.03  S5.¢6 .75 3830 - 7095 191 32.10 6.05 10.43 .75 4%30 1.1 - 11340
58 18.73 6.00 5.45 .75 3950 - 6500 193 26.70 €.04 10.93 .75 5020 1.1% - 12750
59 14.68 6.08 5.0 .75 3860 - 11275 1% 32.04 6.06 10.9%3 .75 5020 1.19 - 11500
$0 16.02 6.10 5.46 .75 3880 - 835 185 42.72 6.0) 10.8¢L .75 5020 1.1)% - 10625
n 64.08 6.04 10.80 .75 3890 - 11500 197 26.75 $.92 10.77 .75 $220 1.17 - 12000
oY 32.0¢ 6.14 10.68 .75 3980 - 14600 199 7).40 € 00 10.75 .75 5220 1.18 - 17250
" 42.72 5.95 10.67 .75 3980 - 12450 Leonhardt, et al. (1962) (*}
91 64.08 6.08 10.53 .75 3980 - 11458
[} €9.42 6.10 10.7¢ .75 43% ~ 12095 p1/1 8.27 1.97  2.76 .59 6350 .093 - 1631
9% 21.36 6.03 10.76 .75 3670 - 24850 p1/2 8.27 1.97  2.76 .59 6358 .093 - 1609
95 26.70 6€.04 10.83) .75 3670 - 16350 p2/1 16.5¢ 3.9¢ S.51 .59 6386 .60 - 4762
9% 42.72 6.03 10.8) .75 3670 - 12650 D2/2 16.5¢ 3.9¢ 5.51 -.59 €386 .)60 - 522
97 32.10 6.00 10.38 .75 3950 ~ 14050 D31 2¢.80 5.91  B.27 .89 6600 .791 - loazs
98 26.75 §.03 10.31 .75 3800 - 17150 p¥/2 2¢.80 5.91  £.27 .59 6600 .791 - 9634
2 26.75 6.00 10.70 .75 3800 - 17350 De/1 33.07 7.87 11.02 .59 6045 ).45¢ -~ 16645
100 21.40 €.03 10.62 .75 23950 ~ 25150 D4/2 33.07 7.87 11.02 .59 6045 1.45¢ - 16027
6 42.72 €.16 21.32 .75 3880 - 36700 c1 17.72 3.94¢  5.91 1.1% 6699 308 - 4850
63 $5.44 6€.08 21.37 .75 3800 - 20950 c2 35.43 5.91 11.81 1.1% 6639 .925 - 14550
64 170.88 £.15 21.28 .35 370 - 17750 3] $3.15 7.87 17.72 1.1B §699 1.85) - 220
(1] 5$3.50 S.99 21.75 .75 390 - 25250 cu 70.87 $.86 23.37 1.18 6699 2.775 - uan
66 128.16 6.15 21.31 .75 3930 - 20400
67 21.36 .19 20.80 .75 4400 - 12180 . .
M 2136 6.11 21.35 .75 3970 < 131600 kajsgopslen, X. 3. and Fergusca, "Phil K. (1968)
71 €4.08 €.10 21.42 .75 970 -~ 22950 §-1 €. 6.06 10.18 .5 5300 .88 - 2000
72 €2.80 6€.00 21.62 .75 3600 - 44250 82 €0, 6.06 10.44 .5 4800 .62 - 2400
iz 64.20 €.00 20.60 .75 3950 < 24200 8-3 44, 6.00 10.50 .5 4200 .51 - 6990
78 §4.20 6.00 20.63 .75 2960 -~ 24250 sS4 46, 6.00 10.56 .5 4900 .40 - 6300
7 53.50 €.00 20.38 .75 4460 - 25800 5-5 46, 6.00 10.31 .5 4050 .3} - 7550
79 149.90 €.03 21.90 .75 37%0 - 18800 -6 4. 5.9¢ 10.53 .5 4500 .22 - 6150
3041 $6.40 6.00 43.20 .75 3900 - 73300 8- 44, 6.00 10.56 .5 4150 .16 - §750
3042 107.75 6.06 43.10 .75 3830 - 53250 ot . 5.98 10.30 .5 3640 .33 - §500
3043 129.00 6.05 43.00 .75 13910 - 37100 s-12 44, 6.0 10.57 .5 4300 .16 z §530
3044 171.8 6.0 43.20 .75 4280 -~ 357%0 $-13 4¢. 5.9% 10.43 .5 3440 1.08 ~ 9000
3045 215.0 6.1 43.00 .;5 ;19’0 - ;:::g
J046 331.4 6.1 43.20 .75 3I8I0 - taylor, Howard P. J. «
3047 373.8 6.1 43.10 .75 3870 - 33050 ylot, 3- e L)
m €4.2 24.06 10.58 .75 23910 - 8820 A1 120.20 15.75 36.§1 1.50 5280 7.78 - 80700
272 $3.5 2¢.05 10.66 .75 23310 - 51200 Az 110.20 15.75 36.61 .75 4620 7.78 - 73900
273 42.8 24,1 10.68 .75 23940 -~ 46330 Bl £5.12 7.87 18.31 1.50 4930 1.95 - 23400
274 32.1 24.1 10.64 .75 3940 6.99 - 56225 B2 55.12 7.87 18.31 .75 ¢S00 1.9% 2 1s600
8) $5.12 7.87 18.31 .375 5810 1.9% ~ 19200
xani, G. N. J. (1968) cl 27.86 3.94 9.15 .75 45640 .487 - 5060
. c2 27.56 3.94  9.15 .375 4640 .87 - 390
265 16.02 6€.04 10.60 .75 2630 .330 - 11%00 = 27.56 3.9¢  3.15 .375 4980 487 - 2"0
266 26.50 €.03 10.69 .75 2620 .321 - 7300 o 27,86 3.84  $.15 .375 3170 .487 - 5060
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Table 1 (cont.)—Test data from the literature

Beam . b d 4 I, A, ve v, Besn a b a d, te A, P v f
No. 4 M N o
o tin)  (in)  (in) (in) (pst} (in")  (1b) (b No. (in) (1n) (in) (in) (pm1) (in') (%) (1b) (psi)
2) Without stirrups, 4-point-bent 4} With stirrups, 3-point-bent

cs 21.%6 3.94  $.15 .37 4060 . - p

¢ 156 a0 ai1s 16 5330 Less R4 s 4 o3 4an 3300 esseo

bi 16.5¢ 2.36 5.49 .10 5800 .122 - 2620 z:;_: ' 7:' i :::: : (lrlr: 33‘,’38 13388

p2 16.84  2.36 T . - e : : :

03 16,54 2.3 5,45 .10 3800 .ias ] i n 1o 3 4l sree o0

o Toal 33 bey s o0 - 1m0 29b-2 72. 10, 17.94 1. €000 (. .111 43500 54000

4 . - 6 29¢c-2 72, 16. 17.9¢ 1. 360 4. .111 36300 54000

Chana, P. 5. (1981) 294-2 72. 10, 17.9¢ 1. 4410 4. .111 37100 54000

i 2,06 - , 29¢-2 72, 10. 17.9¢ 1. 7030 4. .11l 46400 54000

210 1208 e “.uz ._'n 7150 1.%e - 21382 29g-2 72. 10, 17.9¢ 1. 2280 <. .I11 33700 %4000

31 4208 ' “.o: L7197 7150 1.e9 - 21828 213.5-2 72. 10. 17.9¢ ). 5360 4. .07¢ 36300 54000

2.2; “,os .. “.g: <394 8034 1.99 - 19640 2188-2 T2. 10. 17.94 1. $54%0 4. .0%% JI6900 S¢000

3o 2.0 HE R .;u 6034 1.9% - 21222 29;! 72, 30. 17.9¢ 1. 970 . .111 40000 54000

- 3.0 3ol .7l]' €556 1.89 - 22346 31e-1 72. 10, 17.94¢ 1. SB80  C. .122 49500 84000

i 088 o 87 6556 1.89 - 21672 J?:-l 72. 10. 17.94 1. 5620 4. .105 I6800 54000

I 00 30 e L39¢ 5004 .47 - s)so -2 72, 10, 37.94 1. 5640 4. .127 39800 54000

3.1b 20.51 3.3 ‘.9’ L3940 8004 €79 - 537 321-2 72. 10, 17.9¢ ). 5510 4. .105 37500 54000

I 20.91 3.4 ‘.:’ 394 8337 473 - 5508 :::.5-3 ;z. 10, 17.94 ). 6190 4. .163 48000 54000

I» 0.1 3.4 &.97 L3940 5337 .47y - 57133 -3 2. 10, 17.94 1. €240 4. .122 9300 54000

’.” “.“ J." ‘.;, ;:: :::: :;: - :::z 321-3 7. 10, 17.%4¢ 1. 6240 4. .105 131600 54000

:; :g:i g-;: :.;; ;:: :::: .:;: - 4968 Placas, Alexandec end Regan, Paul E. (J971)

. . .97 . . - 5261

D3 20.91 3.9 6.97 .39%¢ 6493 .&79 - [1 288 R3 33.6 & 1o 75 3970 .876 .21 17900 3%

: . . . . 150

::; };:: ::: :%; .u; 4482 .169 - 2203 Ry 33.6 6. 10. .75 42%0 .¥76 .41 23500 40600

¢l 12.82 2.3 L17 .197 4492 L1690 - 1945 [ 31) 3.6 6. 10. .75 4295 .S85 .21 16900 39150

{3 12.82 z.g‘ :}; L197 4482 .168 - 2017 R11 33.6 6. 10. .75 3800 1.17 .21 20100 39150

R .32 236 .17 L197 4482 .16% - 2193 ni2 3.0 6. 10. .75 €920 2.5 .21 24600 3910

‘% 12.82 2.3 17 197 ¥STL .68 - 2630 r1) 3.0 6. 10. .75 4680 2.5 .41 33600 40600

s 12.32 2.3 :1; L1977 7871 .)e9 - 2776 R14 3.6 6. )0, .73 €210 .976 .14 20100 39150

G 12.82 2.3 L17 197 7571 .168 - 2163 ns 36.0 6.  10. .75 4330 2.5 .41 31400 40600

e 12.32 2.3¢ 4.:1 197 1571 .169 - 2354 r16 36.0 6. 10, .75 4380 2.5 .¢1 31400 40600

N .00 7.87 6.69 .39 58¢S .46 - 1078 r17 33.6 6. 10, .75 1ESO .876 .21 15700 39150

31 20.08 7. €.69 394 SM4S  .%as - 10748 ne 33.6 6. 10. .75 43¢0 .076 .21 18000 38150

3. 20.90 €.69 (787 5758 .46 - 12364 ns 33.6 €. 10. .75 4390 .41 26900 ¢0600

3.2 0.08 6.69 .787 SIS .96 - 12588 x20 33.6 6. 10. .75 6230 .21 20200 3I91s0

¢ 3¢ 92 ::s L094 S182 .026 - ..l r21 3.0 6. 0. .75 6980 2.5 .41 3I600 40600

82 R l.‘: .gs: :z'lli .ggz - :;g r22 €5.0 6. 1N, .75 4280 .976 .21 17900 38130

§-3 38 s 1l -O;‘ 311 026 - HE n24 50.5 6. 10, .75 4¢80 2.5 .21 20700 391sp

HE 938 .33 1.6 .om 4702 .02 - i r2S 3.0 6. 10, .75 4470 2.5 .23 23500 39150

i 3632 1.5 .00 gor -Dae - s r27 36.0 6. 10. .75 1980 2.5 .41 21300 40600

HE 36 1325 1.63 .094 92 .0 - s n2s 36.0 &, 10, .75 4S80 2.5 .®3 40300 39130

6.0 .96 .925  1.65 .0%4 6173 026 - 504 Hattock, Alan . and wang, luhus (19%) ()

6.8 .96 .92 .65 .09¢ 6327 .02¢ -

s $25 1.6 .09 s o s1s €305-D0 37.2 $.91 12.4 .9 4710 }.91 .2)) 26260 51400
€310-D0 37.2 5.91 12.4 .8 4395 1.91 .467 29770 51400

» . €. (1978) (¢
alraven, 3. C. (97 (4} €310-D20 37.2 5.91 12.4 . 4440 1.81 .467 31420 51400

al 14.76  7.87  4.92 .63 497® .32 - &4

Az 49,61 7.87 16.5¢ .63 4959 .96¢ - 1sE82 Soris snd scordelis, A. C. (19%6)

A3 95.04 7.87 28,35 .€) S041 1.77 - 22676

A-1 72.°12.1 18,35 .75 3490 4. .1 52500 47200
H. . . .

Elzanty, Ashrafl » Nileson, Arthur H. and Slate, r. O. (1986) A_g 90. 12. 18.27 .75 3820 5 11 35000 47200

(4] 4.0 7. 10,7 .5 3000 .45 - 7600 A 12¢. 12.3 L75 3080 6. .1 52500 47200

I a2t 1. 1.1 s 3000 .30 ~ 10000 B-1 72. 8.1 .75 3590 (. 147 50000 ¢7200

A G ] 108 % 3000 1.w0 T 12000 »-2 s0. 9. LTS5 3360 4. .148 45000 47200

" an 2183 % seoo .78 J-£444 8-3 126, 9. .75 5620 5. .14B 40000 47200

" e 2. a0l i ssoo .0 T losoo c-1 72, 6.1 .75 4290 2. .19% 35000 47200

it e 3 3ee 3 seos 1.so 444 c-2 0. 6. L75 3€30 (. .202 36500 ¢7200

" P 1003 % es00 lso Z 13100 c-3 126, 6.1 18.06 .75 5080 4. .199 0500 47200

F2 2.0 7. 10.5 .S 9500 1.80 - 14800

ro 420 7. 10.5 .5 9500 2.40 - 17300 Clazk, Authur P. (1951)

A a2 3 0.6 .8 e 1o T lsooe Al=} 36, 8. 15.36 3575 3.61 .38 50016 48020

by o 3105 ci 10000 lso 2 leioo A)-2 6. 8. 15.36 3430 3.01 .38 47016 48020

n e 310l l5 10000 1.80 C 23600 Al-3 3. 8. 15.36 3385 3.81 .38 50016 4020

i e 2 1603 i3 's200 eo T “euo0 Alet 36, 8. 15.36 3590 3.83 .J8 55016 ¢8020

re 63.0 7. 10.8 .5 9200 1.830 - 13600 §) Mith Stirrups, 4-poini-oent

Ausch, . et al. (1962) (¢) (%) johnstoa, Bruce and Cox, Kenneth C. (19)9)

Bei-X se. 12, 12. .75 3190 1.1z .104 22600 43000

x 15,75 3.5¢ (.37 .59 3421 .41 - 3288 #-2-11 36. 12, 12, .75 319Q 1.18 .)104 22575 (5000

Y 20,22 4,72 7.84 .S 3421 982 - 6768 B-3-1 36. 12. 32, .75 3190 1.1% .}6C 26400 45000

H 37.29 7.09 10.31 .S58 3602 1.93 -~ 12302 B-3-1I 36. 12, 12, .75 3190 1.19 .10¢ 26425 45000

: 1-3-1 36, 12, 12. .75 3190 1.18 .104 23000 45000

xani, G. M. J. (1967 (%) ¥-1-11 36. 12, 32, .75 3190 1.1 .104 22750 45000

T-1-1 36. 12.  12. .75 3190 1.25 .104 27075 45000

a 32. 5.98  5.40 .75 4060 0.8 - €7% T-2-11 36. 12,  12. .75 3190 1.17 .104 22850 45000

" 10.68 .01 10.47 .75 4560 1.77 - 80850 T-3-1 36.. 13. 12, .75 3190 1.13 .104 21490 5000

68 192.2¢- 6.17 21.21 .75 3540 3.5) - 1700 T-3-1F 36, 12, 12. .75 3190 1.13 .104 22750 ¢S000

Mettock, Alaw H. and Wang, BPuhua (1984) (*)
v® ¢ etrength st initial diagonal tension erack formed, for
ceterence only. €205-D10 24.9 5.81 12.4 .8 4210 1.91 .233 30870 51400
€205-D20 24.8 5.91 12.4 .9 4€10 1.52 .23) 27560 51400
(*) : concrete cubic strength C2)0-DOA 24.8 5.91 12.4 .8 4950 1.91 .467 39690 51400
ng
C210-80 24.8 5.81 132.4 .8 4170 1.91 .467 44090 51400
(=) 1 these data points not included in €481 data points
Elzanaty, Ashraf B., Wilson, Arthur H., and Slate, F.0.(1986)
3) Without stirrups. T-section a4 42. 7. 10.5 .5 9100 2.40 .19 33500 55000
Gs €2. 7. 10.5 .5 5000 1.80 .19 25000 55000
ey AN 5. 6.75 .75 5800 1.76 - 1¢870 cé €2. 7. 10.5 .5 3000 1.30 .19 17500 55000
. . .37 . 6000 .44 - 390
bt 138 2 3 eoee e 44 Leonhardt, Pritr und Walther, Rene' (1962) {*)
. . . . 6040 1. -~ 194%0

i 2035 5 51 LT eree 1% T Mioco 2 29.53 7.49 10.63 1.18 5405 1.96 .5¢ 41006 37123

HIND 675 3. 2028 “.25 €550 .20 - 2560 £3 29.53 7.4 10.63 1.18 5007 1.96¢ .5« 41006 383830

MIN3/2 10.13 €. 6.75 .75 5800 1.76 - 48000

H2N)/2 5.06 3. 3.37 .375 5100 .44 - 16320 Rajagopalan, X. 3. and Ferguson, Phil H. (1968)

. . . . . - 6270

o2 w2 » .2 ek T 3670 58 €C. $.93 10.45 .5 3920 1.08 .211 13580 50000

M1N2® 20,28 ‘ 6 25 .375 5700 1.7¢ T 1s4e0 $-10 44, 5.96 10.57 .5 4920 1.00 .211 13500 50000
KIN3D 20.25 6. 6.7 '1‘5 4560 1.76 - 18400 $-11 a. 6. 10.40 -5 4340 1.08 .228 15000 45000
K2N3A 10.13 3. 3.37 .75 6550 .44 - 5950 Moretto, Oreste (1945)

H2N38 10.13 3. 3.37 .375 6220 .44 - 5060
H2NIC 10.13 3. 3.37 .25 S700 Y - 4677 1-v 11 32. 5.5 18.25 .75 23460 4. .28 S8300 55000
MIN3B 6.75 3. 2.25 .37% 6700 .20 - 3020 2-v 1/¢ 32. 5.5 18.25 .75 4805 §. .28 67550 55000
MIN3C 6.75 2. 2.25 .2% 5800 .20 - 2130 1-1 174 32. 5.% 18.25 .75 2J7%S 4. .338 60475 55000

2-7 174 32. 5.5 18.25 .75 4700 4. .338 66000 55000

. . 1-p 1/¢ 32, 5.5 18.25 .75 3475 L. .20 59275 55000

4} Mith stirrups, 3-point-bent 2-D /4 32, 5.5 18.25 .75 S5 4. .20 70275 55000
. and Thurston, Ch w. 0 1-v 3/8 32. 5.8 .75 3115 4. .615 73425 47900

krefeld, Wiliiam 3. & urston, Charles W. (136) 2ov 38 32, 8.5 175 €120 <. .615 71825 47900
2¢-1 72. 10. 17.9¢ 1. S820 4. .16F 46500 49500 -1 3/8 2. 8.5 2753575 4. 743 79500 47500
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Table 1 (cont.)—Test data from the literature

Beam a b d d, f. A, P, v, L.,
No. (tn) {in) (im) tin) (ps1) (in) (%) (1b) (psi}

Beam a b d d, . A, -8 v £

v yv

No. (in) (in} (in) (1n) (pst) (in") (%) (1b) (psi)

§) With stirrups, 4-poinL-bent

2-1 3/8 32. 5.5 18B.25 .75 418%
1-p /38 32. 5.5 18.25 .75 28%5
2-D 3/8 32, 5.5 18.25 .75 3685
la-v 1/4 32. 5.5 19.5 .75 3540
la-v 3/8 32, 5.5 19.5 .75 3335

743 84000 47900
-615 64875 47900
-615 71825 47900
.28 53050 46000
615 58675 S2000

NN A A A

Clark, Authur P. (1951)

B)-1 30. 8. 15.36 3398 3.81 .37 62685 48020
B1-2 30. 8. 15.36 3680 3.81 .37 57685 48020
B1-3 30. 8. 15.36 3435 3.81 .37 64030 48020
Bl-d 30. 9. 15.36 3380 3.81 .37 60280 48020
B1-S 30. 8. 15.36 3570 3.81 .37 54280 4BO20
B2-1 Jo. 8. 15.36 3370 3.81 .73 67685 48020
B2-2 30. 8. 15.36 3820 3.81 .73 72435 48020
B2-3 30. 8. 15.36 3615 3.81 .73 75280 48020
B6-1 30. 8. 15.36 6110 3.81 .37 05200 48020
ci-1 24, 8. 15.36 3720 2.54 .34 62435 48020
c1-2 24, 8. 15.36 IB20 2.54 .34 69935 48020
c1-) 24. 8. 15.36 3475 2.54 .34 55280 48020
c1-4 24, B. 15.36 4210 2.54 .34 64280 48020
c2-1 24, 8. 15.36 3430 2.54 .69 65185 48020
c2-2 26, B. 15.36 3625 2.54 .69 67685 48020
c2-4 2¢. 5. 15.36 3910 2.54 .69 64780 48020
c3-1 24, 8. 15.36 2040 2.54 .34 50200 48020
c3-2 24, 8. 15.36 2000 2.54 .34 45030 48020
c3-3 24. 8. 15.36 2020 2.54 .34 42280 48020
Cé-1 24, B. 15.36 3550 3.81 .J4 69530 48020
ce-2 24, B. 15.36 6560 3.81 .J4 95280 48020
c6-3 24. 8. 15.36 6480 3.8]1 .34 97780 48020
c6-4 24. B, 15.36 €900 3.01 .34 96359 48020
Dl-1 18. 8. 15.37 3900 2. .46 67685 48020
p1-3 18, 8. 15.37 3560 2. .46 57685 48020
D2-1 18. 8. 15.37 3480 2. .61 65185 468020
D2-2 1. 6. 15.37 3755 2. .61 701BS 48020
D3-1 18. 8. 15.37 4090 3. .92 88781 48020
Dé-1 18. 8. 15.37 3350 2. 1.22 70185 48020
D1-6 24, 6. 12.36 4010 2.54 .46 39281 48020
D1-7 24, 6. 12.36 4060 2.54 .46 40281 ¢8020
Di-9 2¢. 6. 12.36 4030 2.54 .46 ¢178L 48020
El-2 25. 6. 12.36 4375 2.54 .73 49859 48020
D2-6 30. 6. 12.36 4200 2.54¢ .61 37859 49020
D2-7 Jo. 6. 12.36 4120 2.54 .6) 35359 48020
D2-2 30, 6. 12.36 3790 2.54 .61 37859 48020
Dd-1 30. 6. 12.36 3970 2.54 .49 37859 48020
D42 0. 6. 12.36 3720 2.54 .49 35359 48020
D4-3 0. 6. 12.36 3200 2.5¢ .49 37109 48020
D5-1 30. 6. 12.36 4020 2.54 .37 32859 48020
D5-2 30. 6. 12.36 4210 2.54 .37 35359 €8020
D5-3 0. 6. 12.36 3930 2.54 .37 35359 48020
(*) concrete cubic strength

6) With stirrups, T-section

talakas, Michael N., Darwin, Davis (1980) {3-point Bent)

AOO 61, 7.5 15.5¢ .75 4740 .765 0. 16244 -

A2S 61. 7.5 15.38 .7% 4720 .765 .052 19275 61000
A25a 6l1. 7.5 15.26 .75 4790 .765 .052 20772 61000
A50 61, 7.5 15.42 .75 3810 .765 .10¢ 25954 71400
AS0a 61. 7.5 15.49 .75 4060 .765 .104 24660 72500
A?S 61. 7.5 15.56 .75 4670 .765 .157 31966 61900
BOO 61, 7.5 15.70 .75 4640 .575 0. 16027 -

B2S 61. 7.5 15.52 .75 4470 .575 .052 17670 62100

6) With stirrups, ¥-section

850 61. 7.5 15.39 .7% 4390 .575 .104 24050 73600
coo 6l1. 7.5 15.41 .75 4270 1.09 0. 13270 -
c25 6l. 7.5 15.33 .75 4100 1.09 .052 18650 62100
c50 61. 7.5 15.47 .75 4300 1.09 .104 3JO1SO 73600
c?5 6l1. 7.5 15.57 .75 4260 1.09 .157 31020 65700

Placas, Alexander and Regan, Paul E. (1971) ( J-noint Bent )

T1 33.6 6. 10, .75 4050 .7% .21 24700 39150
T2 33.6 6. 10, .75 4070 .876 6. 12300 -

T3 33.6 6. 10, .75 3990 .B76 .21 23500 39150
T 33.6 6. 10, .75 4710 1.17 .21 24600 39150
75 33.6 6. 10, .75 4890 .876 .41 31400 40600
16 36.0 6. 10, .75 3470 2.5 .8) 46000 9150
17 4.6 6. 10,4 .75 3970 1.8 .21 24600 3915¢C
78 6.0 6. 10, .75 4530 2.5 .2) 28000 39150
T 36.0 6. 10. .75 2930 2.5 .41 34700 40600
T10 33.6 6. 10, .75 4090 .876 .1¢ 19500 39150
Tl 36.0 6. 10, .75 5360 2.5 .41 36000 40600
T12 36.0 6. 10, .75 4450 2.5 .21 32500 39150
T3 J3.6 6. 10. .75 1850 .876 .21 20200 39150
T 36.0 6. 10. .79 4B&0 2.5 .B3 49300 39150
15 72.0 6. 10. .75 4810 2.5 .21 23500 9150
T16 72.0 6. 10. .75 4740 2.5 .)¢ 20800 39150
T17 72.0 6. JO0. .75 4790 2.5 .41 30100 40600
T8 3.6 6. 10. .75 4980 .876 0. 16800 -

T19 54.0 6. 0. .75 4340 2.5 .21 25500 39150
T20 5¢.0 6. 10. .75 4655 2.5 .41 34600 40600
T22 33.6 6. 10. .75 4980 .B76 .21 24600 39150
T2S 33.86 6. 10. .75 7940 .B76 .21 25800 39150
T26 6.0 6. 10. .75 8260 2.5 .41 40300 40600
T27 36.0 6. 10. .75 1740 2.5 .41 29700 40600
T31 33.6 6. 10, .75 4495 .876 .21 21300 1391%0
132 36.0 6. 10. .75 4000 2.5 .83 48600 39150
T3¢ 54.0 6. 10. .75 4920 2.5 .21 25200 39150
TIS Sé. 6. 10. .75 4880 2.5 .21 25800 39150
T36 36, 6. lo. .75 3500 2.5 .41 40300 {0600
137 36. 6. 10. .75 4615 2.5 .83 47100 39150
T38 36. 6. 0. .75 4380 2.5 .83 53600 39150

Haddadin, Munther J., Hong, Sheu-Tien and Mattock, Alan H.
Qs

Al 37.5 7. 15. 4275 4. 0. 26250 -

A2 37.% 7. 15. 4235 4. .19 431680 52000
A3 37.5 7. 15. 4360 4. .419 65520 50000
L1} 37.5 T. 15. €145 4. .786 76965 50000
AS 37.5% 7. 1s. 3815 4. 1.26 B7045 50000
83’ 50.625 7. 15. 4015 ¢. .4)9 61005 50000
cl 63.75 7. 15. 3760 4. 0, 19635 -

c2 63.75 7. 15. 4030 4. .1y 38955 S2000
cl 6).75 7. 18. 1500 4. .419 5B4BS 50000
ct 63.7% 7. 15. 31y 4. .7806 69825 50000
[+ 63.7% 7. 15. 4415 4. 1.26 80535 50000
Dl 90. 7. 1% 4245 4. .419 54180 50000
El 37.5 7. 15, 2020 4. 0. 22365 -

E2 37.% 7. 15. 2200 4. .19 I8010 52000
€3 37.5 7. 15. 1980 4. .419 42525 50000
Ed 37.5 7. 15. 1945 ¢. .786 SE4%0 50000
ES 37.5 7. 15. 2475 4. 1.26 69090 50000
P 37.5 7. 15. 6515 4. .419 74130 50000
G) 371.5 7. 15. soo 4. 419 74760 66200
Gé 37.5 7. 15. jseo 4. .629 B6205 66200
GS 37.5 7. 15. 37%0 4. 1.05 9€180 66200
H1 37.5 7. 15. 4240 2. .419 63735 50000
H2 37.5% 7. 15. 4090 6. .419 71610 50000

lin. = 25.4 mm; 1 in.? = 645.2 mm?; 1 b = 4.448N; Ipsi = 0.006895 MPa. ) )
Note: The data of Clark (1951), Haddadin (1971), and T-section data of Riisch (1972) are not used due to lack of information.

v, =V, + v, 6)

v, represents the contribution of the yield forces in stir-
rups, and v, represents the additional contribution due
to concrete. For the contribution of stirrups, plastic
limit analysis readily yields the expression

(sina + cosw) M

s

— fqngv
bs

A, = cross-sectional area of the stirrup

s = spacing of the stirrup

b = beam width

J,» = vyield strength of stirrups

« = angle between the stirrups and the longitudinal
axis of the beam

ACI Materials Journal / July-August 1987

Although it has been recognized that the presence of
stirrups has some beneficial effect on the magnitude of
v, this effect is neglected in the current code specifica-
tions, i.e., v, is taken to be the same as in a beam with
no stirrups. The assumption that the magnitude of v, is
unaffected vy the presence of stirrups is more reason-
able when the design formula is based on the initial
cracking. However, design on the basis of initial crack-
ing appears to be insufficient because the ratio of the
ultimate load to the initial cracking load decreases as
the beam size increases, thus causing the safety margin
against failure to be nonuniform. The ideal approach
would be to use design criteria for both the ultimate
load and the first cracking load. However, if only one
of these two criteria should be used, then the failure
load criterion is probably more reasonable from the
safety viewpoint.

The reason that the stirrups enhance the strength
contribution of concrete is probably due to several ef-
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Fig. 4—Effect of stirrup reinforcement ratio on diago-
nal shear strength of beams without stirrups
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Fig. 5—Size effect in beams with stirrups and effect of
stirrup ratio

fects. One of them is that cracks are forced to redis-
tribute at a closer spacing and over a wider area. This
results in a smaller crack width and therefore, in an in-
creased shear and tension transfer capability. Another
effect enhancing the beam strength arises from the fact
that the stirrups support the longitudinal bar and thus
prevent concrete splitting along the bar.

If one looks up the derivation of the size-effect law
in Reference 42, it transpires that redistribution of
cracking over a wider area should manifest itself in an
increase of coefficient A\, in Eq. (1) or (3). Thus, from
the viewpoint of the size effect, the proper way to
model the influence of stirrups on the strength contri-
bution of concrete appears to be an increase of coeffi-
cient A, as a function of the stirrup-reinforcement ratio
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p,, as proposed by Palakas and Darwin.” For the sake
of simplicity, we assume a linear dependence, realizing
that the scatter of the test data makes it impossible to
calibrate any more complicated dependence. So we may
write

A = 25<1 + %) ®)

in which p, is an empirical coefficient indicating the
stirrup reinforcement ratio p, for which A, is doubled
compared to A, for p, = 0.

The increase of concrete shear capacity described by
coefficient p can be realized only if the relative shear
span is not too small; roughly a/d > 1.5. For smaller
shear spans, the stirrups do not appear to develop their
full yield capacity, as suggested by Zsutty.?' Therefore,
the value of coefficient p, cannot be constant, but must
change from O for a/d < 1.5 to a finite value for larger
shear spans. The transition should, of course, be ex-
pected to be smooth rather than abrupt, and a smooth
formula is also preferable for certain numerical proce-
dures or computer optimization of design. A simple
empirical formula that gives a smooth transition from
a zero value to a finijte value is

1_ a, [l + tanh <2§ - 5.6>} ®

Po

in which q, is an empirical constant and coefficients 2
and 5.6 have been approximately determined by optim-
ization of data fits.

The available experimental evidence on the effect of
p, on v, is shown in Fig. 4, in which the ordinate is the
ratio of the measured v, to the value of v, calculated for
p, = o (or A, = o). The curve represents the trend
according to Eq. (8). Although the scatter is very large,
the increasing trend is nevertheless clearly apparent.
The effect of p, is also evident from the regression in
Fig. 5.

Fig. 5 shows the effect of beam depth d on the con-
tribution of concrete to the shear capacity of a beam
with stirrups. The existing test data, plotted in the fig-
ure, are those of Johnston and Cox,' Bresler and Scor-
delis," Mattock and Wang,* Krefeld and Thurston,"
Elzanaty et al.,* and Placas and Regan.?* The curve in
Fig. 5 shows the present formula. Although the data
scatter is very large, the presence of the size effect in
beams with stirrups is nevertheless evident.

Fig. 6 shows, for beams with stirrups, a plot of the
measured values of v, versus the values calculated from
the formulas. The plot in Fig. 6(c) is based on the pres-
ently proposed equations [Eq. (3), (2), (6), (8), (9), and
(7)}, and for comparison Fig. 6(d) shows the plot ob-
tained when the effect of the stirrups is omitted, i.e.,
1/p, = 0. We see that by considering the effect of stir-
rups, the coefficient of variation of the deviations from
the straight line is reduced from v = 0.156 to w =
0.141 for this set of 87 data points. The improvement
due to considering the effect of stirrups on concrete ca-
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Fig. 6—Plots of measured versus calculated values of mean nominal shear strength
for beams with stirrups (1 psi = 6895 Pa)

pacity is small but nevertheless appreciable. For com-
parison, Fig.6(a) and (b) show the same plots for the
current ACI specifications® and for Zsutty’s formula'
[also see Eq. (15) and (18) of Reference 36]. We see that
the coefficients of variation of the vertical deviations
from the straight line are for these two formulas 0.292
and 0.181, which is distinctly larger than the value for
the presently proposed formula. Note also the in-
creased separation of the 95 percent confidence limits.

The same set of 87 data points is plotted in Fig. 7 to
show the size effect, i.e., the dependence of v, on the
relative size d/d,. Comparison with the proposed for-
mulas is shown in Fig. 7(c) and (d), and despite large
scatter the presence of a downward trend representing
a size effect is clearly visible. By contrast, the scatter in
Fig. 7(a) for the ACI specification is so large that no
size effect is easily detected. This means that it would
make no sense to introduce the size effect into the ACI
formula without improving the form of the existing
formula itself, which was previously shown possible for
beams without stirrups.®

In all the preceding comparisons with tests, the for-
mulas were made to represent the mean trend of the test
data. The design formulas should, however, be intro-
duced in such a manner that most of the test data are
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on the safe side of the predicted values. This is achieved
by multiplying the formula for the mean trend by a
factor. According to the experimental evidence, a suit-
able adjustment is achieved by changing the value of k&,
in Eq. (2) from 6.5 to 4.5. The plot of the measured
versus calculated values of the nominal shear strength
v, for beams with stirrups is shown (for the design for-
mula with k£, = 4.5) in Fig. 8. In these plots, the ma-
jority of the test data should lie above the inclined
straight line, and we see that this is well satisfied for
Fig. 8(c) and (d) for the present formulas. However, for
the existing ACI formula there are more data points
falling significantly below this line, and also more data
points high above the straight line — a case that repre-
sents overdesign.

CONCLUSIONS

1. The previously proposed formula of BaZant and
Kim* for diagonal shear failure of longitudinally rein-
forced beams without stirrups is improved by introduc-
ing, in addition to the effect of the relative beam size,
the effect of the maximum aggregate size. The new for-
mula is calibrated according to a larger set of test data
than before, consisting of 461 test results that were
compiled from the literature.
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2. The formula is further extended to diagonal shear
failure of reinforced concrete beams with stirrups. The
generalization of the formula takes into account the
fact that the presence of stirrups has a strengthening
effect on the shear capacity of concrete. The degree of
strengthening depends, however, on the shear span.
The resulting formula is calibrated according to a set of
87 test results compiled from the literature. The results
confirm that the size effect on the concrete shear
strength still exists in the presence of stirrups, but it is
milder than without stirrups.
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