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INTRODUCTION 

The problem of determining the shearing strength of rein- 

forced concrete beams has received a great deal of attention in the 

technical literature (13). A large number of laboratory investiga- 

tions have been reported both in the United States and abroad, and 

empirical methods have been proposed for predicting the shearing 

strength of beams without and with web reinforcement. However, the 

complexity of the problem is so great that as yet no adequate 

analytical solution of the problem has been developed. 

The primary reason for this lack of understanding of the 

problem of shear failure is the great number of parameters influ- 

encing the beam strength: grade of steel, percentage of steel, 

grade of concrete, shape of the cross section (e.g., rectangular, 

T- section), absolute values of the dimension of the cross section 

(e.g., d, b, b'), shear span ratio, type of web reinforcement 

(e.g., bent -up bars, vertical or inclined stirrups), the quantity, 

arrangement, and location of web reinforcement, the type of loading 

(e.g., point load, two -point loading, uniformly distributed load, 

symmetrical or unsymmetrical loading), the type of beam (simply 

supported, continuous, etc.), and prestress, if any, in the longi- 

tudinal, transverse, and vertical directions which, of course, 

create additional parameters. 

In the design of reinforced concrete structures, the aim is to 

attain economy consistent with adequate safety against all possible 

manner of failures. Bending and shear failures are the most common 

types of failure encountered in reinforced concrete beams. Although 

the safety of beams can be calculated with respect to bending fai- 

lures to a fair degree of certainty, the same cannot be said in 

regard to shear failures. The mechanism of shear failures is as 

yet not clearly understood and all formulas developed for the cal- 

culation of the shear strength of reinforced concrete beams are 

either wholly or partly empirical. This is due to the lack of 

rationality in our approach to the problem of shear. 

.. 
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PURPOSE AND SCOPE OF STUDY 

It is the primary purpose of this paper to consolidate 

thoughts and knowledge gained from various experimental and analy- 

tical investigations to give more complete understanding of the 

shear, diagonal tension stresses and related problems in reinforced 

concrete. 

Results of the complete study are reported in five parts. In 

the first part of the paper beams without web reinforcement will 

be studied. Part 2 discusses the beams with vertical stirrups; 

Part 3 presents the beams with bent -up bars; Part 4 describes the 

behavior of beams with different types of web reinforcement and 

Part 5 includes a theoretical analysis of ultimate shear strength 

and empirical equations for predicting loads at which diagonal 

tension cracks form. 

This paper consideres merely flexural shear; torsional shear 

was not included. 
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PART 1 BEAMS WITHOUT WEB REINFORCEMENT 

Several experimental studies of reinforced concrete beams 

failing in shear were carried out in recent years(1)(2)..., each 

aimed at evaluation of the effects of a few variables. The study 

reported in this part was designed to clarify the behavior of shear 

strength of reinforced concrete beams without web reinforcement. 

In particular, it was the objective of this part of the study to 

determine the effect factors of shear failure. 

BEHAVIOR PRIOR TO FORMATION OF DIAGONAL CRACKS 

The behavior of all beams was essentially elastic until 

tension cracks formed. Tension cracks were initiated on the bottom 

surface of the beams and spread vertically upward. As the load 

increased, tension cracks located between the supports and the 

nearest load points curved toward the load point. 

INITIAL DIAGONAL TENSION CRACKING 

For the purposes of this paper, a diagonal tension crack is 

defined as a major inclined crack; this crack causes a significant 

redistribution of internal stresses. Several diagonal tension 

cracks may form in a beam before the ultimate load is reached. the 

one which forms first is called the initial diagonal tension crack 

and the corresponding load is called the initial diagonal tension 

cracking load. 

In all beams the diagonal tension cracks were initiated at or 

above the tension reinforcement and were inclined from their incep- 

tion. As the load increased, the diagonal tension cracks developed 

further at both ends. At one end they extended toward the load 

point, usually passing over the ends of the tension cracks. At the 

other end (located near the tension steel) they either crossed the 

reinforcement at an angle of between 30 and 60 deg or extended 

along the tension reinforcement causing horizontal splitting. In 

long beams, the diagonal tension cracks were initiated midway 

between the supports and load points. 

. 
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BEHAVIOR AFTER FORMATION OF DIACONAL CRACKS 

In beams without web reinforcement the formation of the ini- 

tial diagonal tension crack was followed by formation of a similar 

crack on the opposite half of the beam. With further increases of 

load, both cracks extended upward toward the load point, and at 

loads approaching the ultimate the upper ends of the diagonal 

tension cracks reached to within a few inches of the upper beam 

surface. In several beams, a second set of diagonal cracks formed 

above the original cracks either before or simultaneously with 

failure. The failure occurred always by destruction of the con- 

crete located above the upper end of one diagonal crack. It 

invariably took place alongside the loading block, in most beams 

along the edge closer to the adjacent support. 

REDISTRIBUTION OF INTERNAL FORCES 

The diagonal cracking may lead to failure in a variety of 

ways. The diagonal tension crack generally opens first in the mid - 

depth of the beam, either forming independently (usually when the 

ratio of the shear span to the effective depth, a /d, is small) or 

as a development of an existing flexural crack which is extended in 

an inclined direction (generally for larger values of a/d ratio). 

When the load applied increases in magnitude the diagonal tension 

crack increases in length and width. As the lower end of this 

crack reaches the main tension reinforcement the balance of inter- 

nal forces alters. 

In Fig. 1 -a a beam without web reinforcement is shown after 

formation of diagonal tension cracks. The part of the beam located 

to the left of one crack is shown in Fig. 1 -b as a free body. Since 

no stresses can exist across the crack, the free body is subject to 

the action of the reaction of the support R, the force in the 

tension reinforcement T, the compressive force C' resisted by the 

concrete above the crack, and the vertical shear V. It is indi- 

cated in Fig. 1 -b that all vertical shear is transmitted through 

the concrete; in reality a part of the shear is transmitted through 

the dowel action of the reinforcement, but the contribution of the 
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tension reinforcement to the transfer of shear is believed to be 

negligible. 

For static equilibrium the tension in the steel, the compres- 

sion in the concrete, and the resultant external load must all meet 

at a point. Likewise, the external moment applied must be equal to 

the moment of the internal forces: 

Tjd = Ra 

whence 
T 

j 

Ra 
(1) 

that is, after the formation of the diagonal crack the steel stress 

at section b -b depends on the moment at section a -a. Consequently, 

the steel stress at section b -b increases, which increase is accom- 

panied by widening of the diagonal crack. It is believed that the 

widening of the diagonal crack leads to a localized increase of the 

compressive stress in the concrete at section a -a. Thus in a beam 

with diagonal tension cracks the distribution of stresses in the 

tension reinforcement and in the concrete along the beam does not 

follow the distribution of external moments. This change is called 

a redistribution of internal forces. 

(a) Beam With Diaconal Crocks 

P/2 
b a 

P/2 

P/2 

ri 

(b) Free Body Diagram 

b; 

R =P/2 

oliv C 

1(d 

P/ 

Fig. 1 Redistribution of internal stresses 
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TYPES OF SHEAR FAILURE 

Shear failures have been classified in several recent investi- 

gations(2)(9)(18)(21)(23)(27) into the following three modes: Shear 

proper, shear tension, and shear compression. 

SHEAR PROPER 

This type of failure takes place when the 

small. In this case the failure is due to the 

crete strut connecting the load point with the 

SHEAR- TENSION FAILURE 

shear span is very 

crushing of a con- 

support. 

The term shear- tension failure designates that the primary 

failure cause is the inadequate shear resistance of the beam, 

development of a diagonal tension crack, which is followed by 

destruction of the tension zone between the bottom end of the 

diagonal crack and the support of the beam as shown in Fig. 2 -a. 

This kind of failure occurs in rectangular beams with relatevely 

great a /d. 

SHEAR -COMPRESSION FAILURE 

In a shear- compression failure the extension of the upper end 

of the diagonal tension crack reduces the size of the compression 

block to such an extent that the compressive stress in concrete 

becomes equal to its ultimate strength; crushing then takes place 

as shown in Fig. 2 -b. This kind of failure occurs in rectangular 

beams only, and generally with small a/d ratios. 

(a) Shear - tension failure lb) Shear - compression failure 

Fig. 2 Crack pattern for shear- tension (a) 

and shear -compression (b) failure 

I 
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FACTORS INFLUENCING SHEAR FAILURE 

It is known that the capacity of a reinforced concrete beam to 

resist the various types of failure by diagonal tension is influ- 

enced by a number of factors: 

(1) Ratio of shear span (distance from the plane of the 

nearest concentrated load point to plane of support) to 

effective depth of beam. 

(2) Shape and proportions of beam. 

(3) Cross -sectional area of main tension and compression rein- 

forcement expressed as a fraction of the section area of 

concrete. 

(4) Size of tension bars and their method of anchoring. 

(5) Compressive strength of concrete. 

(6) Arrangement of loading and the magnitude of the bending 

moment and shearing force applied. 

RATIO OF SHEAR SPAN TO EFFECTIVE DEPTH OF BEAM 

The shear span- effective depth ratio, a /d, has a decisive 

influence on the mode of shear failure of reinforced concrete 

beams. The strut -like failure with a very low a/d ratio, perhaps 

less than 1. When the a/d ratio exceeds 1 but is small the dia- 

gonal tension cracks are directed from the point of application of 

the load to the support in almost a straight line. With increase 

in load the crack extends directly into the compression zone and 

shear -compression failure takes place. When a/d is larger, usually 

one diagonal tension crack forms, either developing first at mid - 

depth of the beam or, more often, from a flexure- tension crack. 

With increase in load the lower end of the crack extends, leading 

to splitting of the concrete along the main tension steel. 

In some of the tests by Morrow and Viest (23) the loading 

arrangement was kept constant (one load at midspan) but the span 

was varied, thus altering the a/d ratio. These beams cover a wide 

range of a/d ratio -from 0.96 to 7.79- and for this reason include 

a variety of modes of failure. The beam with the a/d ratio of 0.96 

failed in a strut -like manner. The beam with ratio of 1.93 failed 

. 
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between shear- compression and shear- tension: the concrete crushed 

near the top of the diagonal tension crack and splitting along the 

main steel took place. The beam with a/d of 3.83 failed suddenly 

in shear -tension when splitting along the main steel occurred. The 

highest a/d (7.79) led to a flexural failure by the yield of steel 

at midspan. 

The test data from Morrow and Viest(23) for the stub beams 

are represented by full symbols and are connected by two lines as 

shown in Fig. 3; a heavy line representing failure conditions, and 

a light line representing diagonal tension cracking before failure. 

It can be seen that in beams with a/d ratios smaller than about 

3.4, .a diagonal tension crack formed first and shear compression 

failure followed at a higher load. The difference between the dia- 

gonal tension cracking load and the shear compression failure load 

decreased with increasing a/d ratio. Beams with a/d ratios larger 

than 3.4 but smaller than about 6.1 failed in diagonal tension and 

those with a/d ratios larger than 6.1 failed in flexure without the 

presence of a diagonal tension crack. 
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The relation between V and a/d means that beams with very low 

a/d ratios have a very high strength in shear. The increased 

strength for loads near the reaction is evidently the effect of 

vertical compressive forces over and near the reaction that cancel 

or greatly reduce potential diagonal tension stresses. This has 

been verified experimentally by Kani(14) as shown in Fig. 4. The 

values of v for a/d = 1.0 are up to 700 percent higher than the 

corresponding values for a/d = 5.0. Al- Alusi(2) also found a 

similar shape of the plot of V against a /d, for T- beams. 
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SHAPE AND PROPORTIONS OF BEAM 

The effect on shear of the depth to breadth ratio of the beam 

has been investigated by Ferguson and Thompson(12) who tested T- 

beams with a span of 64 in. differing only in the web widths: 4 and 

7 in.; the main reinforcement consisted of 2 - #8 plain bars. Beam 

D 2 and A 1 differed only in the web widths, which were in the 

ratio of 1.75, the ultimate shears of these beams were in the ratio 

of 1.79. In other words, the loads were directly proportional to 

the width of the web. 

On the comparison of the shear strength of T -beams and rectan- 

gular beams, the design for shear is based on the assumption that 

the strengths in shear of T -beams and of beams of rectangular 

section are equal to one another when the breadth of the latter 

beam is equal to the breadth of the web of the T -beam. 

The actual behavior of T -beams differs increasingly from that 

of rectangular beams as the flange area increased, for comparable 

web widths. The primary function of the flange is to provide a 

stronger compression zone, and for this reason failure occurs 

generally in shear- tension and not shear -compression, even for 

small a/d ratios. From Taub and Neville's(28) tests, it can be 

seen that the ultimate strength of T -beams is between 13 and 61 

percent higher than the strength of the corresponding rectangular 

beams, all beams failing in shear. 

PERCENTAGE AREA OF MAIN TENSION AND COMPRESSION REINFORCEMENT 

The main tension steel contributes materially to the shear 

resistance of the beam and the role of the main steel is greater in 

the case of shear tension failure, i.e., generally for high a/d 

ratios. Morrow and Viest's(23) tests show a considerable increase 

in the shear capacity of a beam when p is increased for a/d ratios 

between 3 and 5. When a/d is less than 2 the effects of increase 

in p are small. 

On the other hand, Kani's(14) tests have shown as Fig. 4 that 

the influence of the percentage of main reinforcement, p, on "shear 

strength" was considerable in spite of a change of a/d ratios. This 

- .-- -.------.-_ -- ---- 



was also found by Van Den Berg(30). It can be seen that the value 

of vu = 1400 psi for p = 2.80 percent and a/d = 1.0 is 388 percent 

higher than v = 284 psi for p = 0.50 percnet. 

Al- Alusi's(2) tests on T -beams with a/d ratios between 4 and 

8, showed that the percentage area of compression reinforcement was 

of no influence on the load carrying capacity of the beams in shear. 

SIZE OF TENSION BARS 

Moody, Viest, Elstner, and Hocnestad(21) have shown that when 

the same steel area is provided by more than one bar there appears 

to be some increase in both the cracking and the ultimate loads. 

The increase in strength of these beams, which were 7 in. wide, 

seems to occur when two or three bars are used instead of one, but 

when four bars are used in one layer there appears to be no 

increase in load, and there is possibly even some decrease. 

The use of a larger number of smaller bars for the same area . 

of steel means that the bond stress is smaller, and hence the 

resistance to bond failure is higher; this would explain a higher 

cracking load and also a higher ultimate load in this case. It 

may be observed that in Moody, Viest, Elstner, and Hognestad's(21) 

tests that the cracking load was nearly equal to the ultimate load. 

On the other hand, the larger the sum of the diameters of the 

bars the smaller the met cross section of the concrete. Thus the 

area of concrete resisting its splitting is smaller. This would 

seem to explain why there is an optimum number of bars to be used. 

When this optimum is exceeded - and its value depends on the width 

of the beam - the positive effects of the decrease in bond stress 

are offset by the decrease in the resistance to splitting. For the 

7 in. width of Moody's(21) beams the optimum seems to be about 

three bars(2 #7, 1 - #6). 

COMPRESSIVE STRENGTH CF CONCRETE 

The influence of this factor is greatest when the failure is 

of the shear- compression type, and for this reason the effect of 

the compressive strength of concrete on the ultimate strength of 

i 
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a beam in shear decreases with increase of the a/d ratio. This is 

borne out by some of the test results of Morrow and Viest(23) on 

rectangular beams and also by Ferguson and Thompson's(12) tests on 

T- beams. Ferguson and Thompson(12) pointed out that diagonal 

tension strength did not increase directly with compressive 

strength of concrete, fc; in fact, it increased rather slowly for 

and over 3000 psi. Although vu increases with increase in f 
ratio vu /f is lower for higher concrete strengths and may actually 

reach the allowable value of 0.03; in such beams a sudden failure 

can occur. 

On the other hand, Kani's(14) analysis has shown that the 

influence of compressive strength, f', on so- called shear strength 

was insignificant and could be ignored in the analysis of diagonal 

failure load or allowable shear stress. But it can be seen that it 

is not possible to state conclusively the compressive strength 

could be ignored. 

ARRANGEMENT OF LOADING AND THE MAGNITUDE OF THE BENDING MOMENT AND 

SHEARING FORCE APPLIED 

There seem to be two broad groups of loading arrangement as 

far as the shear failure of simply supported beams is concerned. 

Beams loaded by one or two point loads appear to belong to one 

group, while beams subjected to more than three point loads or to 

a uniformly distributed load form the second group. 

In the first group one diagonal tension crack generally forms 

in such a position that the upper end of the crack points toward 

the point of application of the load. The lower end of the dia- 

gonal crack extends in the direction of the support; this extension 

may be either in the form of a nearly straight line continuation of 

the diagonal tension crack, or else the inclined crack may continue 

down to the level of the tension steel and hence along this steel 

to the support. Thus for the first group the failure occurs at the 

section subjected to both the maximum bending moment and the 

maximum shearing force. 

When the loading consists of four or more point loads or is 

4 
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uniformly distributed, more than one diagonal tension crack in 

either half of the beam may be formed; some of these cracks may 

develop from initial flexure- tension cracks. The position of the 

diagonal tension crack that causes the ultimate failure is of 

interest: this critical crack can be seen in Fig. 5 representing 

Bach and Graf's(5) beams. It is important to note that the shear 

failure does not occur in the zone of maximum shear, as calculated 

in the usual manner. It has been observed in tests of uniformly 

loaded beams that diagonal tension cracks always form some distance 

away from the end supports. It was assumed, therefore, that dia- 

gonal cracks will not form closer to the support than the effective 

beam depth. 

This behavior can be explained in that the actual shearing 

force distribution does not coincide with that calculated by the 

accepted theory. As the bending moment increases along the beam 

the neutral axis rises, with a consequent more rapid rise in the 

compressive stress. This is accompanied by a rise in the shearing 

stress and, consequently, also in the principal tensile stress. 

Thus the highest principal stress does not occur next to the 

support but at a section where the combined effects on the prin- 

cipal tensile stress of the bending moment and the shearing force 

are greatest. 

The critical zone for shear in Whitney's(31) tests is between 

0.6 and 0.7 of the distance from the center of the span to the 

support. The average position of the critical zone in Bernaert 

and Siess's(7) tests is similar to that of Whitney's viz. 0.78L. 

Krefeld and Thurston's(17) tests shown that the average values of 

critical section x for various ratios of span L to effective depth 

d were found to be: 

x = 0.2L 

x = 2d 

4 < L/d <10 

10 < Lid 

- v--- 
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Fig. 5 Crack pattern of Beam 593 subjected to a 

uniformly distributed load: failure by 

splitting along the diagonal tension 

crack 

L 
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PART 2 BEAMS WITH VERTICAL STIRRUPS 

Beams of reinforced concrete, more than those of metal, have 

a potential weakness in the region where loads are transferred to 

the supports through the web. Vertical stirrups have been commonly 

used as shear reinforcement for a long time, and there is available 

a considerable amount of experimental data on the strength of beams 

with a variety of stirrup types, sizes, and spacings. Thé interpre- 

tation of the amassed evidence is, however, not always clear. A 

theoretical analysis of the stresses in the web of a reinforced 

concrete beam is at best only approximate. 

The generally accepted function of stirrups is to resist the 

opening or widening of the diagonal tension cracks, and thus to 

prevent the failure of a reinforced concrete beam due to shear. It 

was shown that beams differing only in web reinforcement exhibit 

first cracking at the same load. It is only after this cracking 

has started that the behavior of beams depend on the type of web 

reinforcement, and the ultimate strength in shear. 

BEHAVIOR PRIOR TO FORMATION OF DIAGONAL CRACKS 

At low loads the behavior of beams with web reinforcement was 

the same as that of beams without web reinforcement. The presence 

of web reinforcement had no important effect on the behavior of 

beam prior to the formation of initial diagonal tension cracks 

since they carried either practically no stresses (vertical stir- 

rups) or only very small stresses (inclined stirrups). 

INITIAL DIAGONAL TENSION CRACKING 

For beams with web reinforcement the loads corresponding to 

the first sharp breaks in the load -stirrup strain curves are called 

the initial diagonal tension cracking loads. The web reinforcement 

has no signigicant effect on the magnitude of the cracking load. 

BEHAVIOR AFTER FORMATION OF DIAGONAL CRACKS 

Beams with web reinforcement were able to sustain large 

increases of load beyond that causing the formation of initial 
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diagonal tension cracks. The behavior of beams with web reinforce- 

ment differed from that of beams without web reinforcement in that 

several diagonal tension cracks formed instead of one or two. These 

cracks were closely spaced and approximately parallel to the direc- 

tion of the initial diagonal cracks. 

REDISTRIBUTION OF INTERNAL FORCES 

Measurements of strain in web reinforcement indicate practi- 

cally no stress in vertical stirrups and relatively small tensile 

stresses in inclined web reinforcement prior to the formation of 

diagonal tension cracks. Web reinforcement has little or no effect 

on the behavior of the beam before diagonal cracking, or on the 

cracking load.(21)(10) 

Web reinforcement becomes effective only after the formation 

of diagonal tension cracks. When the diagonal tension crack has 

formed, the strains in stirrups become wholly tensile and continue 

to increase in magnitude with increase in the applied load. Fig. 6 

shows the deformation of a beam with vertical stirrups after the 

diagonal tension crack has extended to the level of tension steel. 

From the nature of the formation of the crack it is apparent that 

the deformation of the stirrup, where it crosses the diagonal 

tension crack, has to be in the direction of the opening, and there 

is thus a shearing stress in the stirrup where it crosses the 

inclined crack. 

Fig. 6 Deformation of tension reinforcement after 

the diagonal tension crack has extended to the 

level of the tension reinforcement 



To determine the magnitude of the components of the force in 

the stirrup let us consider Fig. 7, representing a free body 

diagram of the left -hand portion of the beam after the diagonal 

tension crack has reached the level of the main steel. Equating 

the horizontal forces, we have: 

Also, 

Hence, 

Thz = C' - Sh 

C' = Th 

Thz=Th, - Sh (2) 
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With increase in the load on the beam the stress in the stir- 

rups increases until it reaches the yield point. This is the 

begining of the plastic range, and consequently the stirrups can 

take practically no further increase in load, although the strain 

in them continues to increase. The conventional role of stirrups 

as web reinforcement has thus come to an end and the further 

behavior of the beam is similar to that of a beam without web rein- 

forcement in which the diagonal tension crack has opened; for this 

reason a redistribution of internal forces takes place. 

G 

C' 

Tn 

Fig. 7 Free -body diagram after the crack crossing one 

stirrup has reached the level of the tension reinforcement 

It should be noted that the yielding of the stirrups does not 

cause the failure of the beam. Although the further behavior of 

the beam is similar to that of a beam without web reinforcement, 

there is a quantitative difference since in a beam with vertical 

stirrups a part of the diagonal tension force is carried by the 
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stirrups. The relevant equations can be obtained by reference to 

Fig. 7. 

T2= V - V- - 
Th2 = Ct - Sh 

} 
(3) 
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When the diagonal tension crack encounters more than one stir- 

rup, S, and S,, would be sums of the values for the stirrups crossing 

the crack. 

From the above equations it can be seen that in a beam with 

vertical stirrups the forces T12 amd T/2 are smaller than the corres- 

ponding forces in a beam without web reinforcement, under the same 

applied load. 

There is one further difference between the behavior of beams 

with and without vertical stirrups after the redistribution of 

internal forces has commenced: in the latter case the splitting of 

concrete along the main reinforcement progresses unopposed up to 

the support and leads to the collapse of the beam; on the other 

hand, in a beam with vertical stirrups horizontal splitting cannot 

take place as it is restrained by the stirrups. 

The second role of the stirrups is in resisting shear failure 

of a reinforced concrete beam; the composite action of the concrete 

and the reinforcement is maintained in the part of the beam between 

the diagonal tension crack and the near support, and the beam can 

resist an increase in the applied load beyond that which caused the 

yielding of the stirrups. 

TYPES OF SHEAR FAILURE 

When the load on the beam is increased beyond the yield of 

stirrups, failure may occur by flexure at midspan or in shear in 

one of three modes: 

(a) By the destruction of the tension zone between the lower 

end of the diagonal tension crack and the beam support. 

(b) By crushing of the concrete at the top of the diagonal 

tension crack. 
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(c) By the opening of a flat -slope crack up to the top surface 

of the beam. 

These types of failure are the same as those encountered in 

beams without web reinforcement but they occur at higher loads. 

After the diagonal tension crack has developed and the stir- 

rups have yielded, the tension force in the main steel at the 

intersection with the crack increases greatly in magnitude, and in 

the case of shear tension failure it is this force that causes the 

failure of the beam: the slip of the tension steel at the bottom of 

the diagonal tension crack extends toward the support. The dia- 

gonal tension crack extends also upwards thus reducing the depth of 

the compression zone. In the case of shear -compression failure, 

crushing of concrete at the upper end of the crack takes place. The 

shear strength of a beam depends on the strength of the compression 

zone above the diagonal tension crack and of the tension zone at 

the lower end of the crack. If both of these are strong enough the 

beam may fail in flexure at midspan. It is important to note here 

that deformed bars, in the presence of stirrups, provide a stronger 

tension zone than plain bars. 

The third type of failure, which occurs particularly when 

mechanical bond and anchorage are strong, is for the diagonal 

tension crack to continue at a decreased slope through the compres- 

sion zone up to the top surface of the beam, thus causing a total 

separation. The flat -slope crack opens suddenly, and can occur 

either independently or simultaneously with the horizontal split- 

ting of the beam at the level of the tension steel, i.e., with the 

shear- tension failure. 

If plain bars are used their slip may spread as in beams 

without stirrups, and the hooks destroy the beam ends. It is 

possible, however, to restrain the damaging effect of the hooks by 

binding them so as to prevent their opening. 

FACTORS INFLUENCING SHEAR FAILURE 

The three modes of failure listed above will occur in a 

- 
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particular beam depends on a number of factors; these will be 

discussed as follows. 

RATIO OF SHEAR SPAN TO EFFECTIVE DEPTH 

The primary influence of the value of this ratio, known as the 

a/d ratio, is in its effect on the type of failure which can occur 

in a beam with a given reinforcement: when the value of a/d is 

small shear -compression failure takes place, in a manner similar to 

that described in Part 1 of this paper. 

When a/d is larger shear- tension failure occurs, again as 

described in the case of beams without web reinforcement, except 

that the failing load is considerably higher. 
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Fig. 8 Variation in shear strength with shear span 

The influence of the a/d ratio can be seen from the test 

results of Clark's(11) as shown in Fig. 8. The test specimens were 

beams 8x18 -in. in cross section with a span of 6 ft and having a 

concrete compressive strength of 3500 psi. There were in general 

three duplicate specimens for each variation of conditions. 
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Clark(10) reported that shear strength was sensitive to changes in 

the shear span or a/d ratio. The shear span is the distance from 

reaction to load for a one -point or two -point load arrangement. 

For a small shear span, with a = 1.2d, the shear (diagonal tension) 

capacity was over two times as large as for a = 2.3d. 

Wilby(32) confirmed the increase in the strength of a beam 

with the decrease in the a/d ratio for various values of r. Since 

this relation is not linear but in the form of a hyperbola it 

follows that the shear strength of a beam sepends not only on the 

shearing force applied but also on the magnitude of the bending 

moment. 

SHAPE AND PROPORTIONS OF BEAM 

As mentioned on Part 1 of this paper, the various codes 

consider the shear strength of T- and L -beams to be no greater than 

that of a rectangular beam of the same depth and of breadth equal 

to the breadth of the web of the T- or L -beam. 

From the test results of Taub and Neville(28), it can be seen 

that for the a/d ratio of 2.37 the ultimate strength of the T -beams 

was 57 percent higher than that of the corresponding rectangular 

beam. For the a/d ratio of 3.41 this increase in strength was 24 

precent. The T -beams were made of somewhat higher strength 

concrete than the rectangular beams but this alone would account 

for only a small increase in the ultimate strength. 

Likewise, a comparison of the L- and rectangular beams shows 

an increase in strength of 45 percent for the a/d ratio of 2.37, 

á part of this increase being due to increased concrete strength. 

For the higher a/d ratio both beams failed in flexure. 

In the case of restrained beams Elstner, Moody, Viest, and 

Hognestad(21) give data on two pairs of beams. Their reinforce- 

ment consisted of deformed bars with hooks and vertical stirrups 

of 5 /8 -in. diameter at 6 -in. centers. The T -beams differed from 

the rectangular beams only by the presence of the flange. The 

average cracking load was 40 kips for the rectangular and 60 kips 

for the T- beams. The corresponding figures for the ultimate loads 

- 

J 

ti 



22 

were 175 and 275 kips, respectively. It seems, therefore, that the 

provision of the flange increased both the cracking and the ulti- 

mate load by about one -half. 

PERCENTAGE AREA AND SPACING OF VERTICAL STIRRUPS 

From the test results of Moretto(23) and Moody, Viest, 

Elstner, and Hognestad(21) it can be seen that the larger the per- 

centage area of web reinforcement, r, the higher the load carrying 

capacity of the beam. But it is important to note that increase in 

this capacity is small and, in particular, is not proportional to 

the total amount (weight) of the stirrups. Hognestad's(21) beams 

were 7x24 -in. in cross section with a span of 8 ft which differed 

only in the cross -sectional area of vertical stirrups: Beam 111 -30 

had r = 0.52 percent, while in Beam 111 -31, r = 0.95 percent. The 

corresponding values of the ultimate load were 215 and 228 kips, 

respectively. 

The spacing of the stirrups is, however, of paramount impor- 

tance in resisting shear failure of a beam. Taylor's(29) tests 

show that the greater the number of stirrups crossed by a crack, 

the less it opens and the later occurs the yield of the stirrups, 

and hence the higher the ultimate load on the beam. 

The influence of the spacing of the stirrups can be seen by 

comparison of the test results of Beam c and 16 tested by Bach and 

Graf(3). Although the latter beam has a lower percentage of web 

reinforcement, it has a higher ultimate load owing to the smaller 

spacing of the stirrups. Stirrups are effective only if crossed 

by a diagonal tension crack, and they have to be spaced in such a 

manner that each diagonal tension crack would encounter at least 

one stirrup between the level of the main steel and the neutral 

axis. This means that the distance between two adjacent stirrups 

must not exceed d(1 -k). 

The influence of the spacing of stirrups was confirmed by 

Sunderland(25) who tested a series of beams with a constant r of 

1 percent. When the stirrup spacing was greater than 1/2 jd, the 

diagonal cracks were wider and less numerous and the failing loads 
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lower than at smaller spacings. When the stirrup spacing exceeded 

1.06 jd, Sunderland observed "a material reduction in stirrup 

stresses owing to the lack of effectiveness." 

Rut even very wide spacing of stirrups is not wholly ineffec- 

tive as their presence increases the load carrying capacity of the 

beam compared with that of a beam without web reinforcement. This 

is so because vertical stirrups resist the spreading of splitting 

along the tension steel; also, for small a/d ratios, the crack 

going straight from the load point to the support is likely to 

encounter a stirrup in its path. 

PERCENTAGE AREA AND ARRANGEMENT OF MAIN REINFORCEMENT 

It has been shown earlier that the yielding of stirrups does 

not cause the collapse of a beam but only a redistribution of 

internal forces, with a consequent increase in the force in the 

main reinforcement. In beams failing in shear- tension the further 

increase in load on the beam, and therefore its load carrying 

capacity, depend thus on the percentage area and arrangement of the 

main reinforcement. From the test tesults of Moretto(22), Kani(14), 

and Clark(10), it can be seen that the influence of the percentage 

of steel, is p, such that the greater the value of p, the higher 

the load carrying capacity of the beam. 

The influence of the percentage of steel is expected on 

theoretical grounds as the stronger the main tension steel the 

more it opposes the widening of the diagonal tension crack, and 

therefore the higher the ultimate load on the beam. 

Taub and Neville's(28) tests indicate that the compression 

reinforcement does not affect the shear capacity of a beam with 

vertical stirrups. 

COMPRESSIVE STRENGTH OF CONCRETE 

The effects of this variable in beams without web reinforce- 

ment were discussed in detail in Part 1 and since they are the same 

for beams with vertical stirrups they need not be further mentioned. 

It should be remenbered, however, that in the case of shear -cotta 
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pression failure the compressive strength of concrete plays an im- 

portant role. 

ARRANGEMENT OF LOADING 

When the load applied consists of one or two point loads the 

first diagonal tension crack opens usually in the vicinity of the 

point of application of the load. Further diagonal tension cracks 

open in the shear span but generally the crack pointing toward the 

load is eventually responsible for the failure of the beam. 

When the load applied is uniformly distributed a number of 

diagonal tension cracks form, usually as a development from 

flexural cracks. One of these diagonal tension cracks in the part 

of the beam somewhat removed from the supports, i.e., not in the 

zone of maximum shearing force, widens with the increase in the 

load applied and leads to the failure of the beam, as shown by 

tests of Ferguson(11) and Krefeld and Thurston(16). This behavior 

was discussed in some detail in Part 1 of this paper. 
{ 
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PART 3 BEAMS WITH BENT -UP BARS 

Where shearing stress in a part of a reinforced concrete beam 

exceeds the value allowed by the appropriate code, shear reinforce- 

ment has to be provided. This may be in the from of bent -up bars 

or stirrups or both. In this part of the paper the use of bent -up 

bars or stirrups inclined at 45 deg is considered, Part 4 will deal 

with the use of both bent -up bars and vertical stirrups and also 

with the use of stirrups inclined at angles other than 45 deg to 

the axis of the beam. 

There exist some basic differences between the various codes 

in their approach to shear reinforcement. ACI 318 -56 calls for a 

minimum stirrup reinforcement, r = 0.15 percent, only when web 

reinforcement is required. The Germam DIN -1045 calls for stirrups 

in all beams, regardless of the magnitude of the shearing stress, 

though a numerical minimum amount is not given. USSR's NiTU 123- 

55 also calls for a minimum amount of stirrups in all beams, 

stirrup spacing not to exceed one -half of the effective beam depth 

for stirrup diameter at least one quarter of the diameter of the 

main reinforcing bars. The German and British specifications both 

call for web reinforcement, when web investigation is required, to 

carry the total shear force by truss analogy calculations. The 

U.S.A. specification calls for web reinforcement to carry only the 

excess shear. 

When bent -up bars are used as the sole web reinforcement their 

spacing measured along the beam is prescribed by ACI 318 as not 

more than the effective depth of the beam when the nominal shearing 

stress does not exceed 0.06 f', and half that distance when the 

nominal shearing stress is larger. The ACI code requires that 

bent -up bars or inclined stirrups be provided when the nominal 

shearing stress exceeds 0.08 fc or 240 psi. 

INFLUENCE OF THE SPACING OF BENT -UP BARS 

The question arises, therefore, as to what arrangement of 

bent -up bars ensures best protection against failure in shear. It 
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may be recalled that the original concept of bent -up bars is based 

on the assumption that they lie in the direction of the principal 

tensile stress in concrete, and it has been observed that in beams 

with full shear reinforcement, the crack pattern corresponds 

approximately to the stress trajectories. Fig. 9 -a shows a section 

along such a 45 deg line up to the neutral axis of the beam, and 

then continuing vertically through the compression zone to the top 

surface. Once the diagonal tension crack has opened over a section 

such as a -b, the inclined bar, together with the longitudinal rein- 

forcement, must carry the resultant Td of thé principal tensile 

stress v over the section a -b times the width of the web. The 

bent -up bars have to be spaced in such a manner that whatever the 

position of a crack it will encounter at least one bent -up bar. 

In Fig. 9 -b, Td is the resultant of the principal tension 

stresses, and once the diagonal tension crack has formed, Td has 

to be carried by the bent -up bars. The lar at a can carry a part 

of this force, and for equilibrium another bent -up bar is required 

to take the remainder of the force Td. Such a bar can not be 

farther away than b. 

Thus the largest spacing of bent -up bars to ensure full 

resistance to shear is 2d(1 -k), measured parallel with the axis of 

the beam. When this limitation of spacing is observed the 

equilibrium shown in Fig. 9 -b is maintained and only fine cracks 

open. 

If, however, the distance between bent -up bars exceeds 2d(1 -k) 

the diagonal tension crack can extend and widrn, and it will lead 

to a premature failure of the beam, no matter how big the cross- 

sectional area of the bent -up bars. A decrease in the spacing of 

bent -up bars or inclined stirrups below the maximum of 2d(1 -k) 

affects favorably the load capacity of a beam, but the effects of 

a change in spacing are much smaller. Wilby's(32) test data show 

that the load- carrying capacity of beams increase as the spacing 

of stirrups inclined 45 deg decreases, for a constant percentage 

of web reinforcement. The stirrups do not become entirely ineffec- 

tive at spacings exceeding 2d. 

M. 



The above discussion on the spacing of bent -up bars is 

believed to have suggested that a condition necessary for a full 

protection from shear failure of a beam is that the spacing of 

bent -up bars be not more than 2d(1 -k). 

(b) 
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Fig. 9 Free -body diagram 

defore cracking. 

(a) General section. 

(b) Section where a bar 

is bent up 

REDISTRIBUTION OF INTERNAL FORCES 

Fig. 10 shows a portion of a beam bounded by the diagonal 

tension crack that has reached the level of main steel, and by a 

vertical section above the crack up to the top surface of the beam. 

2 

Fig. 10 Free -body diagram after the diagonal tension crack 

has reached the level of the tension steel 
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In Fig. 10, equating horizontal forces, we have: 

= C' - Bh 

C' = Th? 

TA2 = T,,, - Bh 

Considering the vertical forces, we have: 

= V - V - Bh 
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Under some load on the beam the stress in the bent -up bars 

reaches the yield point, and they now enter the plastic range. 

On further increase in load the diagonal tension crack opens wider 

with a consequent increase in strain in the bent -up bars crossed 

by the crack but the force in them remains unchanged. Thus their 

role as shear reinforcement has come to an end. From now on, a 

reinforced concrete beam with shear reinforcement consisting of 

bent -up bars only behaves like a beam without web reinforcement in 

which the diagonal tension crack has developed, and s redistribu- 

tion of internal forces takes place. 

Since the magnitude of Bh cannot increase further when the 

load on the beam increases it follows that the increase in tension 

The is equal to the increase in Th, . Thus the force Th1 now becomes 

considerably larger than would be calculated for section 2 -2 by the 

elastic theory. 

Likewise, it is apparent that, once the inclined bars have 

yielded, the magnitude of the vertical component of the force in 

the inclined bar, B cannot increase further. Thus any increase 

in the applied shearing force will be taken by the concrete above 

the inclined crack and also by the main reinforcement. The 

shearing force in the main steel, coupled with direction tension, 

can result in progressive splitting of the beam along this steel 

from the diagonal tension crack back to the support, in the same 

manner as in beams without web reinforcement. 

From some of Moody, Viest, Elstner, and Hognestad's(21) tests 

on restrained beams, Wilby's(32) tests on simply supported beams 

with inclined stirrups, and also in Moretto's(22) tests on beams 

. 
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with welded inclined stirrups, it was shown that after the yield of 

the inclined bars the beams could carry considerably higher loads 

before failure took place. 

INFLUENCE OF CROSS -SECTIONAL AREA OF BENT -UP BARS 

The influence of the cross -sectional area of bent -up bars at 

a given spacing on the strength in shear of reinforced concrete 

beams was investigated by Bach and Graf(6). Their T- beams were 

subjected to a uniformly distributed load with a span of 212.6 in. 

which differed only in the cross -sectional area of bent up bars. 

The cross -sectional area of the bent -up bars were assumed to take 

the whole shearing force; in Beam No. 1025 the cross -sectional area 

of the bent -up bars was 50 percent of that calculated for Beam No. 

1026, while the corresponding figure for Beam No. 1031 was 37 

percent. 

The cross -sectional area of the main reinforcement at midspan 

was the same in all beams but, since varying amounts of steel were 

bent -up in different beams, the amount of the main tension steel 

continuing up to the support varied. Consequently, in beams with 

bent -up bars of small cross -sectional area the reinforcement 

continuing up to the support was far in excess of that required to 

resist the applied bending moment. 

From the crack pattern of the beam with full shear reinforce- 

ment (No. 1026) it can be seen that numerous diagonal tension 

cracks opened in the outer parts of the beam right up to the 

supports but all these cracks remained extremely fine throughout, 

and did not impair the composite action of the beam. Flexure - 

tension cracks opened at midspan and led to the failure of the beam 

through the yield of the steel. 

In the case of Beam No. 1025, which had "50 percent shear 

reinforcement ". Flexure- tension cracks opened in the middle 

portion of the beam, and numerous diagonal tension cracks in the 

outer parts. Under increasing load some of the inclined cracks 

opened wider and the further behavior of the beam appeared to be 
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typical of a beam with inadequate web reinforcement: a diagonal 

tension crack opened widely, the main steel was pressed doom, a 

horizontal crack along it opened toward the support, the hooks of 

the tension steel caused cracking at the beam ends, and a vertical 

crack was formed between the web and the flange. At the same time, 

however, one of the flexure cracks increased in size, and it was 

that crack which eventually led to the collapse of the beam through 

the yield of the main tension steel at midspan. The failing load 

of this beam (264 kips) was equal to the load of the beam with 

"full shear reinforcement" (262 kips). 

This high strength of Beam No. 1025 is of interest since its 

crack pattern was dissimilar from the beam with "full shear rein- 

forcement." It is clear that the yield of the bent -up bars did not 

produce failure but led to a redistribution of internal forces in 

the outer parts of the beam. It may be remembered that the smaller 

the proportion of reinforcement bent -up the larger was the area of 

the straight bars in the outer parts of the beam, and for this 

reason these straight bars in Beam No. 1025 could carry an in- 

creasing load until the failure of the beam by the yield of the 

main steel at midspan. 

The third beam chosen for comparison (No. 1031) had a "37 

percent shear reinforcement," as defined earlier, and failed in 

shear -tension under a load of 212 kips. It may be interesting to 

note that a beam with the same cross -sectional area of reinforce- 

ment at midspan as the three beams described above, but with all 

the main steel carried straight to the supports, i.e., without web 

reinforcement (Beam No. 1024), failed in shear -tension under a load 

of only 108 kips. This is barely half the ultimate load of a beam 

with only "37 percent shear reinforcement." 

To campare the loose and welded inclined stirrups, 

Morette's(22) tests show welded inclined stirrups to be, on the 

average, about 20 percent stronger than similar loose stirrups. 
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BEHAVIOR OF BEAMS SUBJECTED TO UNIFORMLY 

DISTRIBUTED AND NONSYMMETRICAL LOADINGS 

The behavior of T -beams with bent up bars subjected to a 

uniformly distributed load with a span of 212.6 in. were tested 

by Bach and Graf(6): first, flexure tension cracks formed in the 

center part of the beam, followed by diagonal tension cracks in the 

outer parts of the beam. Each of these inclined cracks encountered 

the bent up bars. When the load on the beam increased further, a 

crack opened at a section where the inner inclined bar is bent -up. 

Since this crack did not encounter any bent -up bars it opened wide 

and led to the pressing down of the main steel at the bottom end 

of the crack, followed by splitting of the concrete at the level of 

the tension steel, and destruction of the beam end by the hooks of 

this steel. The upper end of the critical crack extended along the 

junction of the flange with the fillet of the web -flange connection 

up to the midspan, where crushing of the concrete in the outer part 

of the flange took place. This led to the collapse of the beam 

under a load of 203 kips, which is 77 percent of the failing load 

of the beam with "full shear reinforcement," (Beam No. 1026). Some 

further tests were made on T -beams subjected to nonsymmetrical 

loading. T -beams No. 1203 -1206 were tested under one -point load 

such that the values of the a/d ratio for the two shear spans were 

2.09 and 8.18. Those beams which had bent -up bars in the smaller 

shear span only (with some vertical stirrups throughout) failed 

under an average load of 127 kips, their collapse being due to a 

sudden shear- tension failure in the larger shear span. On the other 

hand the beams which were reinforced with bent up bars along their 

entire length failed in flexure- tension under an average load of 

165 kips, thus showing an increase of 30% over the previous series. 

These test results, together with those on beams subjected to 

a uniformly distributed load indicate that failure does not 

necessarily occur in the zone of maximum shear, and emphasize the 

importance of the provision of web reinforcement throughout the 
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length of a beam. 

BEAMS WITH INADEQUATE WEB REINFORCEMENT 

CONSISTING OF BENT -UP BARS 

It would be of interest to compare the two basic types of 

inadequate web reinforcement consisting of bent -up bars only, viz., 

when they are spaced too far apart, and when their spacing is 

correct but the cross -sectional area is too small. 

In the case of beams having bent -up bars spaced too far apart, 

the critical diagonal tension crack passed through the point where 

the inclined bar was bent -up, and this crack did not encounter 

any other bent -up bars. Thus the distribution of internal forces 

here is similar to that in a beam without wet reinforcement, and 

the same equations of equilibrium are, therefore, applicable: 

and 

Tv = V - V, 

TA = C' 

(6) 

Fig. 11 shows the case when the crack passing through the 

critical section encounters another inclined bar, i.e., when the 

spacing of the bent -up bars is adequate. In this case, we have: 

and 

Tv = V - V- 

Th = C' - BA 
(7) 

Comparing Eq. 6 and 7 it can be seen that the forces T and 

T , i.e., those forces which in the case of shear -tension failure 

are directly responsible for the collapse of the beam, are con- 

siderably higher in case (6) than in case (7). Thus, when the 

spacing of the bent -up bars is too large the load capacity of the 

beam is considerably reduced however large their cross -sectional 

area. On the other hand, when the spacing of the bent -up bars is 

satisfactory they contribute materially to the shear strength of 

the beam even if their cross- sectional area is inadequate. This 

shows the paramount importance in design of the correct spacing of 

bent -up bars. 
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Fig. 11 Free -body diagram for the case when 

the spacing of bent -up bars is adequate 
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PART 4 BEHAVIOR OF BEAMS WITH DIFFERENT 

TYPES OF WEB REINFORCEMENT 

Part 2 of this paper discussed the behavior of beans rein- 

forced by means of vertical stirrups only. Part 3 dealt with beams 

with bent -up bars or inclined stirrups. In this part it is pro- 

posed to consider first the behavior of beams in which both these 

types of web reinforcement are used. This will be followed by a 

discussion of other systems of web reinforcement. 

BEAMS WITH BENT -UP BARS AND VERTICAL STIRRUPS 

The distribution of internal forces after the diagonal tension 

crack has opened in a beam whose web reinforcement consists of both 

bent -up bars and vertical stirrups is shown in Fig. 12. For equi- 

librium we have: 

Tv = V - B,, -FS, 
1 

and Th = C' - Bh - IS h 

It is apparent that the bent -up bars and the vertical stirrups 

help one another, as assumed by the various codes, but the effects 

of the two types of web reinforcement are more than additive. 

A comparison of the behavior of T -beams with bent -up bars only 

and with bent -up bars and vertical stirrups was made by Saliger(24). 

All the beams had the same cross -sectional area of tension steel at 

midspan but the size and number of bars were suited to the arrange- 

ment of bending up. 

(8) 

Fig. 12 Distribution of 

internal forces after 

opening of the diagonal 

tension crack 
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When, however, vertical stirrups as well as bent -up bars are 

present the picture is entirely different: the stirrups carry a 

part of the diagonal tension and, therefore, relieve some of the 

force in the bent -up bars and in the tension reinforcement. The 

second function of the stirrups then manifests itself: they prevent 

the pressing down of the tension steel at the lower end of the 

diagonal tension crack and the resulting splitting of the concrete, 

so that the composite action of the beam is preserved throughout 

its length. This enables the beam to resist a considerably higher 

load than when no stirrups are present, and the ultimate failure 

occurs either in shear- compression or, when the compression zone is 

sufficiently strong, flexure failure due to the yield of the 

tension steel takes place. 

An experimental proof of this hypothesis concerning the role 

of stirrups is obtained by selecting some tests of Bach and 

Graf(5). 

In Beam 29, whose web reinforcement consisted of bent -up bars 

only, the opening of the diagonal tension crack was followed by the 

splitting of the concrete at the level of the tension steel. The 

diagonal tension crack opened wide because its width depends not 

only on the magnitude of slip movement in the part of the beam 

nearest to the support but also on the strain in the tension steel. 

In Beam 30, where vertical stirrups were provided in addition 

to the bent -up bars, a diagonal tension crack opened in the same 

place as in Beam 29 but the stirrups prevented the splitting of the 

concrete at the level of the tension steel, and the bond between 

the steel and the concrete was largely preserved. The addition of 

vertical stirrups prevented shear failure and increased the load 

carrying capacity of the beam by 16 percent. Thus this combination 

of bent -up bars and vertical stirrups give the most effective shear 

protection. 

On the other hand, Leonhardt's(19) tests shown that the bent - 

up bars of high- strength steel are less suitable and lead to wider 

shear cracks. Inclined stirrups are the most efficient as shown in 
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Fig. 13. He also compared the stress in vertical and inclinded 

stirrups in the same T -beam as shown in Fig. 14. 

BEAMS WITH ORTHOGONAL WEB REINFORSEMENT 

Beams with vertical stirrups alone cannot always economically 

guarantee a full protection from shear failure because they do not 

lie in a direction normal to the diagonal tension crack. The reali- 

zation of this fact has lead to the suggestion of a new system of 

web reinforcement wherein vertical stirrups are combined with hori- 

zontal bars capable of resisting the horizontal component of the 

principal tension. Because the resulting web reinforcement is 

placed in two directions at right angles to one another it is 

called orthogonal reinforcement(28). 

11 

-.k_ 
, 

.- ----'-- 
¡ 

I 

n 

i. 
;1 

-^r--1k_-_%r,, - 

( . 
l' 

I ro ^ JJ _ 
d-kd 

Fig. 15 Orthogonal web reinforcement: one layer 
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Fig. 15 and 16 show two examples of orthogonal web reinforce- 

ment. In the former, one layer of horizontal reinforcement has 

been added at the level of the neutral axis, the vertical stirrups 
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being spaced at d(1 -k). In Fig. 16 two layers of horizontal rein- 

forcement are present, one at the level of the neutral axis, the 

other half -way between the neutral axis and the main tension steel; 

the stirrups are spaced at 1/2 d(1 -k). This layout would be used 

in a beam subjected to a high shear. It can be seen that in both 

cases a "square mesh" of web reinforcement is present. 

To study the role of the orthogonal reinforcement Fig. 17 

should be considered; it shows a free -body diagram similar to those 

used earlier. The principal tension Td can be resolve into two 

components Ti and Td'. The former is taken by the stirrup a and by 

the longitudinal reinforcement, while the component Tä is taken by 

the stirrup b and by the additional (horizontal) shear reinforce- 

ment, which must, therefore, be no higher than a distance d(1 -k) 

above the tension steel. 

a; 

G 

bjj 

T' d 
1..c1:7 4.8 

Fig. 17 Free -body diagram of a beam with 

orthogonal web reinforcement 

After the formation of the diagonal tension crack the stirrups 

a and b have to carry primarily only the vertical forces; the 

stress in the stirrups is, therefore, smaller than in a beam 

without the additional horizontal reinforcement. Likewise, the 

horizontal shear reinforcement reduces the tensile force in the 

main longitudinal reinforcement. It follows that the destructive 

action of the force in the main steel at the lower end of the dia- 

gonal tension crack in a beam with orthogonal web reinforcement is 
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smaller than in a beam with vertical stirrups only. The load 

carrying capacity of the former beam must, therefore, be higher 

than that of the latter. 

It should be noted that when there is more than one layer of 

web reinforcement present the longitudinal tension in the bars 

below the neutral axis, arising from the applied bending moment, 

has to be taken into account. The use of two or more layers of 

horizontal web reinforcement (with a corresponding spacing of 

vertical stirrups) is advisable when high shearing forces may 

act upon the beam. Orthogonal reinforcement gives a uniform 

protection against shear over the full length of the beam; further- 

more, the designer is not confronted with the difficulty of pro- 

viding the correct amount of tension steel and a sufficient number 

of bent -up bars at the same time. Orthogonal reinforcement in more 

than one layer is also particularly suitable when a heavy concen- 

trated load acts near a support or where a short beam is subjected 

to a high shearing force but to a comparatively low bending moment. 

The alternative of vertical stirrups and bent -up bars inclined at 

an angle greater than 45 deg to the axis of the beam is less 

economical and less effective. 

The use of orthogonal web reinforcement in continuous beams 

would also appear to be particularly advantageous: the difficulties 

of using bent -up bars in the part of the beam where the point of 

contraflexure may occur are avoided, and the tension reinforcement 

can be placed entirely to suit the bending moment. Furthermore, 

the cold -drawn high tensile steel, increasingly used as concrete 

reinforcement, is difficult to bend and, therefore, unsuitable for 

the provision of bent -up bars. 

BEAMS WITH BENT -UP BARS INCLINED AT LESS 

THAN 45 DEG TO HORIZONTAL 

The beam with bent -up bars at 30 and 45 deg to the axis of 

the beam were tested by Bach and Graf(4). From their test results 

it can be seen that the higher load carrying capacity of beams with 

the 45 -deg bars is apparent. When the web reinforcement of a beam 
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consists solely of bent -up bars inclined to the axis of the beam at 

less than 45 deg the principal tension cannot be wholly resisted by 

the bent -up bars: there is a vertical component of this tension 

which must be taken by the concrete and the main steel. 

The principal tension can be resisted wholly by the web rein- 

forcement if, in addition to flat -slope bent -up bars, vertical 

stirrups are provided. 

BEAMS WITH BARS INCLINED AT YORE THAN 

45 DEG TO THE HORIZONTAL 

By an argument similar to that applied to .bent-up bars inc 

inclined at less than 45 deg to the axis of the beam, beams with 

bent -up bars at an angle greater than 45 deg to the horizontal are 

not satisfactorily reinforced against shear, since the bent -up bars 

cannot resist the whole of the principal tension. 

Beams with welded stirrups inclined at 45 and 67.5 deg to the 

azis of the beam were tested by Moretto(22), who concluded that the 

steeper stirrups were more effective as shear reinforcement. This 

statement, however, has to be considered with caution for in 

Moretto's tests the stirrups inclined at 67.5 deg were spaced at 

0.765 of the spacing of the 45 -deg stirrups (measured along the 

beam axis) so that the number of the former was correspondingly 

greater. Furthermore, the concrete strengths varied from beam to 

beam thus vitiating direct comparison. 

It is believed that, as a general rule, bars inclined at 45 

deg to the axis of the beam are most effective. 

- 
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PART 5 ANALYTICAL STUDIES 

(A) DESIGN OF MEMBERS WITHOUT WEB REINFORCEMENT 

Early design specifications in the United States considered 

the nominal shearing stress, v = V /bjd, to be a measure of diagonal 

tension, and related it to the cylinder strength of concrete, ftc. 

For members without web reinforcement, the allowable nominal 

shearing stress v of the early specifications was restricted to 

0.02fí with maximum limiting values either stated or implied. The 

same procedures were in effect in the 1950's, although the fraction 

of fc used and the maximum values had been increased through the 

intervening years. 

A. N. Talbot(26) had tested 106 beams without web reinforce- 

ment and he conclude as follows: 

"In beams without web reinforcement, web resistance depends 

upon the quality and strength of the concrete 

"The stiffer the beam the larger the vertical shearing stress 

which may be developed. Short, deep beams give higher results than 

long slender ones, and beams with a high percentage of reinforce- 

ment than beams with a small amount of metal ...." 

Thus, Talbot demonstrated as early as 1909 that percentage of 

reinforcement and the length -to -depth ratio played an important 

role in shear and diagonal tension strength of beams without web 

reinforcement. Unfortunately, Talbot did not express his findings 

in mathematical terms. Consequently, his findings became lost as 

far as design equations were concerned. 

In the early 1950's, A. P. Clark(10) introduced an expression 

for the span -to -depth ratio a/d involving the length of the shear 

span a and the effective depth of the beam d. The a/d term was 

immediately recognize;' as a mathematical means of expressing the 

effect of length to depth. Thus, Clark expressed Talbot's notions 

by a mathematical equation involving the three variables - 

percentage of longitudinal reinforcement, ratio of beam length to 

depth, and concrete strength. 

Although the development of the a/d ratio was a definite step 

It 
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in the right direction, the term was handicapped because the shear 

span a, could not be defined for every cross section in a beam or 

for generalized cases of loading. In simple beams with a single 

point load or with two symmetrical point loads the term a is the 

distance from a load point to the nearest support. For numerous 

other loading conditions the term a has no direct physical meaning. 

The difficulty was later overcome by a slight modification of 

the general concepts of diagonal tension. The length -to -depth 

ratio is in reality relating the effect of horizontal flexural 

tension on diagonal tension. This thought led to the development 

of theories based on the ratio M /Vd at the University of Illinois 

in the early 1950's, involving bending moment M, shear force V, and 

effective depth d. For the case of simple beams with a single 

point load or with two symmetrical loads, the terms M /Vd for a 

load -point section and a/d are synonymous; for any other loading 

condition M /Vd still has physical significance at any cross section 

of a beam. The development of the M /Vd -ratio concept may be con- 

sidered a breakthrough toward an empirical solution of shear and 

diagonal tension as a design problem. 

ACI -ASCE Committee 426 (326) on Shear and Diagonal Tension(1) 

has recently proposed the following formula for computing the shear 

strength of beams without web reinforcement based on the diagonal 

tension cracking load: 

vc = V` = 1.9 f c + 2500 
hi 

pVc d 

but not greater than 3.5 fc (o) 

where 

VC /M = the ratio of external shear to moment at the section 

considered 

V = external shear at diagonal tension cracking of the section 

considered 

b,d = dimensions of the cross section 

p = ratio on tension reinforcement A, /bd 

= cylinder strength of concrete in psi; the units for f 
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are also psi, so that for ft = 3600 psi, the gj= 60 psi. 
The critical section for the application of this formula is 

assumed to be at midpoint of the shear span for shear spans shorter 

than two effective beam depths, and at a distance of one effective 

depth from the section of maximum moment for shear spans longer 

than two effective beam depths. These two conditions give the 

following expressions for the ratio of moment to shear at the 

critical section for simply supported beams subjected to one or two 

concentrated loads in any one span: 

a 

M I4i,1ak, 

V, 

(a < 2d) 

(a > 2d) 

(in) 

where 

M.m .= maximum moment in the shear span considered 

V = external shear in the shear span considered 

d = effective beam depth 

a = length of shear span defined as the distance between a 

concentrated load and the nearest reaction, that is, 

length of a region of constant shear 

Committee 326 considers the second alternative the best course 

to follow and, therefore, recommends basing the ultimate strength 

design procedure for beams without wel reinforcement on Eq. 9. 

Since v = V /bd and fs = M /jdAs , the term pVd /M in Eq. 9 may be 

expressed as v /jfs, where fsis the tension steel stress at the 

section considered. Assuming j = 7/8, substitution into Eq. 9 and 

rearrangement leads to an expression suggested to Committee 326 by 

M. P. van Buren 

fs 
v = 1.9 fc 

Cfs - 2850 psi) 

but not greater than 3.5 f' 

(n) 

Another rearrangement of Eq. 9 is obtained by substituting 

As = pbd. This leads to a design formula suggested by Howard 

Simpson 

MR 
VC Ve 2 

V, 

C 

= 

J 

d 



v = 
1 - (2500 psi) 

1S2s, 

1 
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(12) 

Except for minor variations, Eq. 11 and 12 are identical to Eq. 9. 

However, while Eq. 9 is better suited for studies of experimental 

datd, Eq. 11 with the coefficient 2850 psi rounded off to 3000 psi 

and Eq. 12 are possibly more convenient for everyday design 

practice. 

REVIEW OF RECENT TESTS 

In order to develop an expression which might predict more 

closely the shear strengths of beams over the range of a/d ratios 

and steel stresses covered in this investigation, several empirical 

relationships were examined. 

The following expression was written for the shear strength of 

beams without web reinforcement and subjected to two equal concen- 

trated loads symmetrically placed by Mathey and Watstein(20): 

V 3.1 f ftc d 

v - bd - 

3.1 fT Ved 
Tao. 

since 1/a = Vc/M1hm. 

This equation takes into account the three most important 

variables which affect the shear strength of flexural members; 

these are the compressive strength of concrete, ratio of reinforce- 

ment, and the ratio of external shear to the maximum moment in the 

shear span. Eq. 13 is a modification of an expression developed 

by Clark(10) who is credited as being the first to express the 

calculated shear strength in terms of a /d. However, Clark's 

expression was intended to predict the shear strength of beams 

based on the ultimate load. 

The values of shear strengths computed by Eq. 13 are compared 

with observed values, Vc /bd. It can be seen that reasonably good 

agreement exists between the computed and observed values of shear 

strength. 

+ 4000p 

+ 4000p (13) 
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The expression derived by Krefeld and Thurston(17) for the 

critical average shearing stress at section x, Vx, for a simply 

supported beam subjected to one or two concentrated loads is of 

the form: 

Vz 
fc 

2600p 
bd = 1.8 1. + 

(M/Vd)z 
(14) 

The denominator of the last term of Eq. 14 may be expressed 

directly in terms of the appropriate a/d or L/d ratio of a given 

beam. Thus 

For one or two concentrated loads: 

[ 

M /Vd) 
x 
= 0.6a /d, 

/Vd ) = (a /d) - 2, 

For uniform loads: 

lM 
/VdJ 

x 
= 0.267L/d, 

l 

¡ /Vd 1 (2L /d) - 4 
J- (L,d) - 4 

2 a/d 5 <_ 1 

5 5_ a/d j 

4.S L/d 5 

10 S L/d I) 

(15a) 

(15b) 
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On the other hand, Bower and Viest(8) derived the expression 

for a restrained concrete beams without web reinforcement subjected 

to concentrated load as follows: 

Vc 

bdJ f - 1.917 + 2725 ( 
/ 

pd 
(16) I ,1 1 

This expression is similar to Eq. 9. The nominal shearing 

stress at initial diagonal tension cracking, v = V, /bd, computed 

from Eq. 16, is compared with the corresponding test values. It 

will be noted that the average ratio of v test /v calc. for all 

specimens is equal to 1.000 and the standard deviation for this 

ratio is 0.091. 

Bresler and Scordelis(9) had shown that the shearing strength 

of reinforced concrete beams without web reinforcement, having 

PVd/M values less than 0.01, may be stated as follows: 

V / 

= bd - 2 J f c (17) 
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Whitney(31) has presented an equation for the ultimate 

strength of beams without web reinforcement under concentrated load 

as follows: 

= 50 + 0.26 -a, 
15, [E- 

V (18) 

where 

vu = the unit shear at the diagonal cracking load 

M = the ultimate moment capacity of the section per in. width 

is = the shear span 

In recent years, Kani(15) presented the internal mechanism of 

the shear failure of a reinforced concrete beam as a comb -like 

structure: the compressive zone of the beam is the backbone of the 

comb, while in the tensile zone the "concrete teeth ", separated 

from each other by the flexural cracks, represent the teeth of the 

comb as shown in Fig. 18. 

M=P a 

M=C z 
C 

T T=P Z 

Fig. 18 Mechanism of 

flexural failure 
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The concrete teeth are loaded by horizontal AT forces. The 

function of every concrete tooth can be compared to that of a short 

vertical cantilever anchored in the compressive zone of the beam 

and acted on by a horizontal AT force as indicated in Fig. 19. 

After the resistance of the concrete teeth has disappeared the 

active cross section is reduced and only a tied arch remains 

(Fig. 20). 

Fig. 20 Remaining concrete arch 
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Fig. 21 Comparison of theoretical and test results 

Fig. 21 shows Kani's(15) test results. The three lines in 

Fig. 21 create three a/d regions, each with different charac- 

teristics: 
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1. For small a/d ratios the capacity of the concrete teeth is 

lower than the capacity of the arch. Therefore, under 

gradually increasing loads, the transformation of the beam 

into an arch occurs gradually and the structure fails when 

the capacity of the arch is exceeded. 

2. In the medium region (a /d between d,.;,,, and di-A) the capacity of 

the arch is lower than the capacity of the concrete teeth, 

but, of course, failure does not occur until the capacity of 

the concrete teeth is exceeded at which stage the transforma- 

tion begins. Since the arch capacity is lower than the 

applied load a sudden collapse must follow. We see that by 

understanding the mechanism of diagonal failure it is easy 

to realize why a diagonal failure is sometimes a sudden one 

and sometimes not. 

3. In the region beyond the transition pointdT only normal 

flexural failure is possible. 

The proposed procedure for analyzing diagonal strength is as 

follows: 

1. The transition point drpis the a/d ratio which limits the 

region of diagonal failure. Beyond it only flexure can be 

expected. The numerical value of d rg can be determined by 

Eq. 19. 

fy s 
-0c rR = 6p 

ft A (19) 

where 

p = ratio on tension rinforcement, bd 

fy = yield stress of steel 

ft = tensile stress of concrete 

s = length of cracks 

t,x = spacing of cracks 

2. The region of diagonal failure has two distinct subdivisions. 

(a) In the region of low a/d ratio the capacity of the struc- 

ture is determined by the strength of the remaining arch: 

Min d 
Mcg - --Y a 

(20) 
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where 

DI = a Poi-. 

MFL= full flexural capacity 

k = biaxial influence factor, k = 0.9 

a = shear span 

d = effective depth of beam 

(b) In the region of medium a/d ratios the capacity of the 

concrete teeth determines the capacity of the structure: 

' - 
a (21) C d 

rg 

The common boundary point of the two regions is given by 

olrR . (22) 

At this a/d ratio the minimum capacity is also encoun- 

tered: 

d,`o (23) litiA,11Cg - 
d rK 

FL 

3. As presented in this paper, the capacity of diagonal failure 

obtained from Eq. 20, 21, and 23 is always expressed as a 

part of the full flexural capacity, i.e., by a factor of MFL 

which has to be, of course, always smaller than 1.0. 

DESIGN RECOMMENDATIONS 

Committee 326 recommends the following ultimate strength 

design criteria for beams without web reinforcement: 

(a) The diagonal tension strength shall be determined on the 

basis of the average unit shearing stress v computed by 

the formual v = V /bd, where V equals shear force, b 

equals width of member, and d equals effective depth to 

centroid of tension steel. 

(b) For beams of I- and T- section, or for floor joist con- 

struction, the web width b' shall be substituted for the 

width b. 

(c) The ultimate diagonal tension strength vc of a concrete 

d,,u;n, 

r 

- J 



section of an unreinforced web shall be computed by the 

formula 

or 

( f., 

vc = 1.9 l fé s_ 3000psi 1 

v = 1.9 ITT ( 1 

1 - (2500 psi) 
A3,Td_ ) 

(24) 

(25) 
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except that in both cases vc shall not exceed 3.5 Jf c 
(d) If the ultimate load on the member produces a unit shearing 

stress v, which exceeds the calculated ultimate diagonal 

tension strength vv, web reinforcement must be provided, or 

the cross section must be increased. 

(e) The provisions of Paragraphs (c) and (d) are subject to the 

following limitations depending on the length from the edge 

of bearing a of any portion of the member within which the 

shear diagram retains the same sign: 

(1) If a> 2d, these provisions shall not apply within the 

distance d at either end of the length a. 

(2) If 2d4 a z3/4 d, these provisions shall apply only at the 

section located in the middle of length a. 

(3) If a< 3/4 d, these provisions shall not apply. 

(4) However, in all cases, vc shall not exceed 3.5 ITT. 

(f) When lightweight aggregate concretes are used, the modifi- 

cations to these design criteria discussed in Section 505 

shall apply. 

(g) To apply these recommendations in ultimate strength design, 

suitable safety provisions must be combined with these re- 

commendations. Development of such safety provisions is re- 

lated to all phases of ultimate strength design and is con- 

sidered beyond the scope of this Committee's mission. 

(B) MEMBERS WITH WEB REINFORCEMENT 

Recent research work regarding shear and diagonal tension has 

been devoted primarily to members without web reinforcement. 

\ 
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Although several investigations have included members with stir- 

rups, tests of members with web reinforcement are few in number, 

and the variables affecting shear strength have not been thoroughly 

and systematically studied. 

The action of a reinforced concrete beam with stirrups may be 

represented as that of a truss in which the concrete compression 

zone is the top chord, the tension reinforcement is the bottom 

chord, the stirrups or bent -up bars are the tension web members, 

and portions of the concrete web of the beam are compression web 

members. This analogy involves four basic assumptions: 

1. The compression zone carries only horizontal flexural com- 

pressive stresses. 

2. The tension reinforcement carries only horizontal flexural 

tensile stresses. 

3. All inclined and vertical tensile stresses are carried by 

the stirrups or bent -up bars. 

4. A diagonal tension crack extends from the tensile reinforce- 

ment up to a vertical height equal to the effective moment 

arm jd. 

AV###/ ,/ 
414) 
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é á 
- s 1.1 

s = z cote + z cot ax 

N [sin a cot e +cosa, 
l sino ' 

a = s sin a= z sin a cot e + cos a] 

-o 

Fig. 22 Truss analogy 
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Based on this analogy and its implied assumptions, a rather 

general analysis of the stresses in stirrups inclined at an angle 

a with the axis of the member is shown in Fig. 22. The inclination 

of the diagonal crack is generalized by assuming it forms at an 

angle 8 with the axis of the member. The general equation 

expressing the force in a stirrup is then: 

Va Avf(26) `' - jd(sind cote + cosa)sind 

where 

a = spacing of stirrups in direction perpendicular 

to the stirrups 

= angle of inclination of stirrups with respect to 

the axis of the beam 

= inclination of diagonal crack 

V = shearing force 

jd = internal moment arm 

Avf,= area times stress of one stirrup 

When the stirrups are vertical, a = 90 deg; and if the dia- 

gonal crack has the angle 0= 45 deg, the expression becomes: 

Va 
Av f = 

Since a = s when d= 90 deg, Eq. 27 is equal to 

(27) 

V - Af jd 
(28) 

s 

Eq. 28 was proposed by Ritter in 1899. He stated that stir- 

rups resisted tension not horizontal shear, and suggested design 

of vertical stirrups by using Eq. 28. 

Eq. 26 can be simplified by substituting A = rab, V = vbjd, 

and K = (sind cote + cosa ) sind. Hence, the equation usually 

appears as 
v =Krf (29) 

where 

v = nominal shearing stress, V /bjd 

r = ratio of web reinforcement Ay /ab 

d 

6 

jcl 



53 

f,, = tensile stress in web reinforcement 

K = efficiency factor of web reinforcement 

It has become common practice to further simplify the proce- 

dure by assuming a crack inclination 0= 45 deg. Thus, K = (sina 

+ cosa) sino& . The factor K is then 1.00 for o(= 90 deg, and a 

maximum value of K = 1.20 is obtained when o(= 67.5 deg. 

The following ultimate strength equation was selected by ACI- 

ASCE Comittee 426(326) as the basis for design criteria 

where 

V,, 
vu 

- bd = 
Krfy + v, (30) 

bd 
-1.9 Jfc + 2500 pd` < 3.5 ..(31) 

REVIEW OF RECENT TESTS 

The first of the recent tests was reported in 1945 by 

Moretto(22). It was concerned primarily with the advantages of 

welded stirrups. The concrete strength g, ratio of tensile rein- 

forcement p, ratio of web reinforcement r, and inclination of the 

stirrups stirrups,&, were varied. The beam dimensions were constant. 

Moretto proposed two empirical equations based on his test 

data. For the load at which the web reinforcement was stressed to 

the yield point, the shearing stress was given by 

vy = d - Krf + 0.04f + 5000p 

At ultimate load, the shearing stress was given by 

vii = 
b jct - Krfy + 0.10fß + 5000p 

(32) 

(33) 

In 1951, A. P. Clark(10) reported on an investigation in which 

the ratio of the beam depth to the shear span and the ratio of web 

reinforcement were the principal variables. The effects of varying 

the amount of tensile reinforcement and the strength of concrete 

were also studied. Clark's tests are noteworthy not only because 

he recognized the major variables affection the ultimate strength 

in shear but also because his test specimens had dimensions and 

v = f, 
J 
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percentages of longitudinal and web reinforcement comparable to 

practical conditions. This investigation was a major step toward 

a modern understanding of the ultimate strength of reinforced 

concrete beams in shear. 

Clark(10) presented an empirical expression which included the 

four major variables: ratio of tensile reinforcement p, concrete 

strength g, ratio of depth to shear span d /a, and ratio of web 

reinforcement r, is as follows: 

= 7000p + (0.12fc) 
á 

+ 2500J 
1 (34) 

This formula is not for general application but gives as well as 

might be expected the shear capacity of all beams tested which 

failed in diagonal tension. The calculated values, vv, are in good 

agreement with the maximum shearing stress, vu, determined from 

tests considering the well -known variability of concrete. 

DESIGN RECOMMENDATIONS 

Committee 326 recommends the following ultimate strength 

design criteria for beams with web reinforcement: 

(a) Web reinforcement shall be defined as 

1. Simple U- or multiple stirrups properly anchored at both 

ends. 

2. The center three -fourths of any bent -up longitudinal bar 

properly bent and anchored at both ends. 

3. Any special arrangements of bar or wire which give the same 

factor of safety as dimilar specimens reinforced in 

conformity with the provisions of this design procedure as 

determined by comparative tests to destruction. 

(b) Web reinforcement shall make an angle of 30 deg or more with 

the axis of the longitudinal reinforcement. 

(c) The ultimate shearing stress v on a concrete section of a web 
having web reinforcement shall be computed by the formula 

(35) v = v + Krf 
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(d) The preceding formula is restricted by the following limita- 

tions: 

1. For rectangular sections or I- sections with vertical 

stirrups only, v, shall not exceed 8 

2. For T- sections, for rectangular sections or I- sections 

having angle d less than 70 deg, or for rectangular 

sections or I- sections having combined vertical stirrups 

and bent longitudinal bars where at least 2/3 of the total 

shear is carried by bent -up longitudinal bars, v, shall not 

exceed 10 ffT. 
3. Krfl shall not be less than 60 psi. 

4. fy shall not exceed 60,000 psi. 

(e) Positive and negative longitudinal reinforcement terminated in 

a tensile zone of concrete shall be extended a distance equal 

to the effective depth of the member plus an anchorage length 

beyond the point at which it is no longer needed to resist 

flexural stress. 

(f) Web reinforcement shall be continued a distance equal to the 

effective depth of the member beyond the point theoretically 

required. 

(g) Development of safety provisions is beyond the scope of this 

Committee's mission. 

i 

Z 
- 
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CONCLUSIONS 

The primary conclusions derived from this paper, for beams 

which failed in diagonal tension were: 

(A) BEAMS WITHOUT WEB REINFORCEMENT: 

1. The shear capacity of a beam increases with the strength 

of the concrete when other factors are the same. 

2. For the same concrete strength the resistance to failure 

in diagonal tension increased as the loads were shifted 

from the center of the span toward the supports. 

3. For beams loaded by one or two point loads, failure 

occurs at section subjected to both the maximum bending 

moment and the maximum shearing force, but under 

uniformly distributed loading, failure in shear does not 

occur at the point of maximum shearing force. 

4. The influence of the percentage of main tension rein- 

forcement on shear strength was considerable, but the 

percentage area of compression reinforcement was of no 

influence on the load carrying capacity of the beams in 

shear. 

5. If the same steel area is provided by more than one bar 

there appears to be some increase in both the cracking 

and the ultimate loads. 

6. Since the diagonal tension cracking load is generally 

much lower than the ultimate load in flexure, and also 

to avoid failure without warning, it would be advisable 

to provide web reinforcement in all beams. 

(E) BEAMS WITH VERTICAL STIRRUPS 

1. Vertical stirrups alone cannot give full protection from 

shear failure. Shear failure can, in fact, take place 

and its mode is usually similar to that of beams without 

web reinforcement but, owing to the presence of stirrups, 

the ultimate load is considerably higher. 

2. When stirrups are provided, the opening of the initial 

diagonal tension crack is followed by formation of other 

L. 
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diagonal cracks and by a considerable increase in the 

applied load before failure occurs. Another difference 

between beams without and with stirrups is that in the 

latter case a sudden collapse of the beam does not take 

place. 

3. The resistance to shear of a reinforced concrete beam 

depends to a considerable degree on the strength of the 

compression and tension zones in the vicinity of the 

diagonal tension crack. 

4. The stirrups should be spaced at a distance not greater 

than d(1 -k). For higher values of the nominal shearing 

stress, this spacing should be smaller, preferably 

1/2 d(1 -k). 

5. The role of stirrups as web reinforcement is limited 

because after they have yielded they can take no further 

increase in load. 

6. An increase in the cross -sectional area of stirrups 

results in only little increase in the load carrying 

capacity of the beam. 

7. When no longer required to carry the flexural tension, 

the main steel should be bent -up and anchored in the 

compression zone. 

(o) BEANS WITH BENT -UP BARS 

1. Bent -up bars alone can provide full protection from 

shear failure of a reinforced concrete beam. The condi- 

tions necessary for such complete protection are that 

the spacing of the bent -up bars be not more than 2d(1 -k), 

and that their cross -sectional area be sufficient to 

carry the principal tension across the diagonal tension 

crack. 

2. -If the bent -up bars are either spaced too far apart or 

their cross -sectional area is inadequate the shear 

resistance of the beam is lowered, and it will fail in 

shear under a load lower than that which would cause 

failure in flexure. 

r --- - . - -u--- 

. 
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3. The web reinforcement should. be provided throughout the 

length of the beam; the design of web reinforcement of 

beams subjected to a uniformly distributed load requires 

particular care. 

(D) BEHAVIOR OF BEAMS WITH DIFFERENT TYPES OF WEB REINFORCEMENT 

1. Web reinforcement inclined at 45 deg to the axis of the 

beam is most effective in resisting the widening of the 

diagonal tension crack. 

2. Web reinforcement arranged in an orthogonal pattern of 

vertical stirrups and horizontal bars at and below the 

neutral axis can also resist all the forces in the 

direction of the principal stress. 

3. Bent -up bars have been found to be more effective than 

inclined stirrups in preserving the composite action of 

the beam, primarily because of their better anchorage 

both at the level of the main steel and in the 

compression zone. 

4. The use of vertical stirrups and bent -up bars combined 

offers the most effective form of shear protection, and 

is strongly recommended. 

5. The orthogonal system of web reinforcement is also 

considered to be effective and is particularly useful in 

continuous and restrained beams where the use of bent -up 

bars only is not possible, and the use of vertical 

stirrups alone might not always prevent shear failure, 

although they would give a high ultimate strength of the 

beam. 

(E) ANALYTICAL STUDIES 

All of the empirical formula, in general gave computed 

values of shear strengths that were slightly on the safe side 

as compared with observed values. On the basis of data from 

several investigations, the formula suggested by ACI Committee 

326 was applicable for beams having a wide range of concrete 

strengths, ratios of reinforcement, steel stresses, and ratios 

. 



59 

of external shear to maximum moment in the shear span. 

SUGGESTIONS 

1. The use of vertical stirrups and bent -up bars combined offers 

the most effective form of shear protection, and is strongly 

recommended. 

2. The web reinforcement should be provided throughout the beam 

and not only in the zone of the maximum shear, stirrups are 

spaced approximately d/2 apart or closer. 

3. Multilayered arrangements of tensile steel reinforcement appear 

to increase shear resistance of reinforced concrete beams, it 

would be advisable to use this type of steel arrangement if it 

required a lot of steel. 

4. The empirical formula suggested by ACI Committee 326 is 

slightly on the safe side as compared with observed values. It 

is applicable for any type of beam and loading. 
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