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I. INTRODUCTION 

1. General Remarks 

While it has been found possible to predict with reasonable accuracy 

the load carrying capacity of a concrete column and the flexural strength of a 

concrete beam, one of the greatest difficulties since the advent of reinforced 

concrete construction has been the formulation of a satisfactory method for the 

estimation of the TTshear ll strength of concrete members. This difficulty has 

been experienced mainly for two reasons~ 

(l) The complexity of the shear failure mechanism Q 

( 2) The dependen~e of the ltshear n strength of a beam on the tensile 

strength of concrete. 

As is well known, the flexural strength of a beam varies with the ten­

sile strength and area of the steel; the compressive strength and area of the 

concrete, and the length of the corresponding lever arm between their centers of 

gravity. The magnitude of these forces, the shape of the compression block etc., 

can either be determined or reasonably assumed so as to give suitably accurate 

values 0 Furthermore, the mechanism of failure is simply and fairly well 

understood. Thus the flexural strength of a concrete member can be-predicted 

within reasonable limits. The situation is similar for columns, and no further 

comments are necessary. 

In the case of Tlshear" strength the picture is different. The 

mechanism of failure and the Tfshear capacity" depend on factors such as the 

crack patterns, which are very difficult to predict, and on other factors, such 

as moment-shear ratio, percentage of longitudinal reinforcement, continuity, 

span-depth ratio, etc., the influence of which is not well understood. It seems 

conceivable that a full understanding of the influence of all these factors on 
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the shear strength could be reached by a very extensive program of investiga­

tion. In fact some understanding of many of them already exists, at least 

qualitatively. But the practicability of such an investigation, and the useful­

ness of the possible results are doubted by some researchers. They refer to the 

lack of agreement among the results of many different investigations already 

performed. 

The other factor mentioned in connection with this problem is the 

tensile strength of concrete. It is the present philosophy in concrete design 

that the concrete should not be relied upon when it is stressed in tension. 

Steel reinforcement should be used if tensile stresses exist. This is quite 

acceptable if the uncertainty of the value of the tensile strength of concrete, 

the abruptness of failure, and the relatively low strength of concrete in 

tension are considered. Thus, in predicting the flexural capacity of a 

reinforced concrete member, the error introd~ced by neglecting the tensile 

strength of the concrete is small for all common caseso But again, this is not 

the case when the shear strength of a member is studied. It is known that a 

beam. without any web reinforcement may fail in flexure, if the Ttdiagonal tensile 

stresses" are small enough. In this case, the tensile strength of the concrete 

is carrying all the "shear". At this point it is necessary to remember that, 

although the term !!shear strength" is being used, the stress which really must 

be considered in dealing with "shearn failures is the so-called fTdiagonal 

tensile stress!! or "principal tensile stress". 

Thus, it is seen that the relative importance of the tensile strength 

of the concrete in relation to the shear strength of a member is great, and 

although a practical solution of the shear problem could be achieved by neglect­

ing the contribution of the tensile strength of the concrete, for a full 

understanding of the phenomenon of shear failures, the relative contribution of 

both the web reinforcement and the concrete must be considered. 
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For the special case of prestressed concrete I~beams the relative 

influence of the tensile strength will be minimized due to other factors such as 

the reduced cross-sectional area of the web and the presence of the prestressing 

force. 

2. Object and Scope of Investigation 

Past experiments have proved conclusively that, contrary to the opin­

ions of some authors, prestressed concrete beams can fail in shear and, in most 

cases, at considerably lower loads than their flexural capacitieso 

The present attitude towards shear failures is to try to prevent themo 

This practice is defended on the grounds of improving the ductility and load­

carrying capacity of the beams; that is to say, improved behavior of the member. 

The purpose of this investigation was to examine the validity of this assumption 

and to study quantitatively the use of vertical stirrups to prevent shear 

failures. 

The complexity of the ff shearn phenomenon has been pointed out 0 Owing 

to this and to the obvious limitations of this study, a selection of the var­

iables to be considered had to be made. Thus, the following variables were 

studied: 

a) Amount of longitudinal reinforcement. 

b) Web thickness. 

c) Amount of web reinforcement. 

d) Spacing of stirrups. 

e) Yield point stress of web reinforcement. 

f) Concrete strength. 

g) Shear span. 

h) Composite construction with cast-in-place slab. 
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The results from the 38 beams tested in this investigation are discussed 

in the following pages. An attempt to determine the amount of web reinforcement 

necessary for lfbalancedTT design was made, and an empirical expression, based on 

the variables which seemed to be most significant, is offered. A hypothesis ex­

plaining qualitatively the mechanism of failure is stated and discussed. A 

further use of the results of this investigation is to plan future tests intended 

for a more comprehensive study of behavior and strength in shear, and suggestions 

regarding such studies are made in this report. 

3. Outline of Tests 

A summary of the properties of the 38 beams tested, designated Gl tbro~ 

G38, is presented in Table 1. 

~~l specimens were I-beams with a web thickness of either 1 3/4 or 3 in. 

The overall dimensions were 6 by 12 in. cross-section, and two of the beams had 

2 by 24 in. cast-in-place slabs. The nominal dimensions of the beams are shown 

in Fig. 1. All tests were conducted on simply supported specimens symmetrically 

loaded by either one or two concentrated loads on a span of 9 ft. All beams were 

pretensioned, had straight tension reinforcement and no compression steel. 

The web reinforcement for all beams was provided by vertical stirrups 

having one, two or three legs. The end-blocks were also provided with stirrups 

at the same spacing as the rest of the beam. The stirrups in the end-blocks were 

made of' the same material used for the other stirrups in each particular beam, 

although they were of a different type. 

The nominal dimensions of the stirrups are shown in Fig. 2, and their 

spacings in Figs. 3a and 3b. For the first three beams, stirrups were provided 

only in the shear spans. However, when some cracks between the flanges and the 

web were observed in the mid-portion of two beams before testing, it was decided 

to use stirrups throughout the length of the beams to prevent the opening of 

these cracks. 



The nominal effective prestress for all beams was 120,000 psi. The 

ranges of the other variables are given below: 

Beams with 1 3/4-Inch Thick Webs~ 26 Beams 

Longitudinal Reinforcement Ratio~ 

0019 percent . . 10 beams 

0.40 percent. • 16 beams 

Concrete strength: 2310 to 5420 psi 

Shear Span~ 

36 in .. 

28 in •. 

Stirrups: 

Spacing, 

2.5 in. 

3.0 in. 

24 beams 

2 beams 

. 12 beams 

o • •• 3 beams 

3. 75 in . . 1 beam 

5.0 in. 0 • 7 beams 

705 in .•• 0 • 1 beam 

9.0 in. . 2 beams 

Ratio (based on overall area); 0.048 to 0.382 percent. 

Yield Point: 30.7 to 42.5 ksi. 

Cast-in-Place Slab~ . 0 • 2 beams 

Beams with 3-Inch Thick Webs~ 12 Beams 

Longitudinal Reinforcement Ratio~ 

0.19 percent 1 beam 

0.40 percent . 11 beams 

Concrete Strength = 2680 to 5520 psi 

Shear Span: 

54 in. . . . . . . . 1 beam 

5 



48 in. 

. 36 in. 

stirrups: 

Spacing, 

2.5 in. . 

5.0 ina • . 

7.5 ina. 

10.0 in. 

2 beams 

9 beams 

3 beams 

7 beams 

1 beam 

1 beam 

Ratio '(based on overall area); 0.048 to 0.196 percent. 

Yield Point~ 3306 to 42.5 ksi. 

6 

In spite of the wide range of concrete strengths shown in the preceding 

summary, it should be noted that for most of the beams a value of about 3000 psi 

was used. 
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5. Notation 

(a) Designation of Test·Specimens 

Each specimen has been designated by a letter and a number. The let-

ter is the same for all specimens and is used to distinguish this series of 

tests from the other series Which compose the investiga~n of prestressed 

concrete for highway bridges. The series reported herein is Q. The number was 

assigned to each specimen according to the order of testing and has no other 

meaning. 

(b) Symbols 

Cross-sectional Constants 

A = gross area 'of 'cross-section c 

A = total area of longitudinal reinforcement s 

b = top flange width of beam without any slab 

bY = web thickness 

d = effective depth of the longitudinal reinforcement 

Loads 

C = total compressive force in the concrete 

F = effective prestressing force se' 

M = bending moment at inclined tension cracking CEq. 4) c 

Mt = total ultimate moment measured in tests 



M total ultimate bending moment u 

P applied load at inclined tension cracking 
c 

P = ultimate applied load 
u 

T total tensile force in the longitudinal reinforcement 

V shear at inclined tension cracking 
c 

V total ultimate shear 
u 

Stresses 

Concrete 

E assumed modulus of elasticity of concrete 
c 

fl = compressive strength determined from 6 by l2-in. control 
c 

cylinders 

f = average concrete stress in compression zone at failure cu 

f = modulus of rupture determined from 6 by 6 by 22-ino 
r 

control beams loaded at the third-points over an l8-in. 

span 

f t assumed tensile strength of concrete 

v = nominal shear stress 

Steel 

E = modulus of elasticity of steel 
s 

fT ultimate tensile strength of longitudinal reinforcement 
s 

f effective prestress 
se 

f = stress in longitudinal reinforcement at failure of beam su 

f yield point stress of web reinforcement 
y 

Strains 

Concrete 

E = concrete strain 
c 

E = concrete strain at level of longitudinal reinforcement, ce 

due to effective prestress 

8 
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E limiting strain at which concrete crushes in a beam 
u 

Steel 

E E - (F- + E ) ~ increase in steel strain after zero sa su \-se ce . 

concrete strain at level of longitudinal reinforcement is 

reached 

E steel strain corresponding to effective prestress se 

E steel strain at failure of beam su 

Dimensionless Factors 

aid ~ ratio of shear span length to effective depth 

k ~ ratio of neutral axis depth at failure to effective depth u 

k2 ratio of depth of the compressive force to neutral axis depth 

p A /bd = longitudinal reinforcement ratio s 

Q ~ p E /f T 

S C 

rt A /bs ~ web reinforcement ratio, based on flange width v 

r A /bTs 
V 

web reinforcement ratio, based on web width 

Miscellaneous 

a length 0 f shear span 

A cross-sectional area of one stirrup 
v 

s = spacing of the stirrups 

6~ midspan deflection at ultimate load 



II. MATERIALS, FABRICATION, AND TEST SPECIMENS 

6. Materials 

(a) Cement 

10 

Marquette brand Type I portland cement was ~sed for-all the specimens. 

The cement was purchased in lots of 20 or 40 paper bags from local dealerso 

(b) Aggregate 

Wabash River gravel and Wabash River sand were used as aggregate for 

all the specimens. Both aggregates have been used in this laboratory for many 

previous investigations and have passed the usual specification tests. Because 

of the geometry of the specimens the maximum size of the coarse aggregate was 

limited to 3/8 in. The sieve analyses for the various lots of aggregates are 

listed in Table 2. 

The origin of these aggregates is an outwash of the Wisconsin glaci­

ation. The major constituents of the gravel are limestone and dolomite with 

minor quantities of quartz, granite, gneiss and others. The sand consists 

mainly of quartz. The absorption of both fine and coarse aggregate was about 

one percent by weight of surface-dry aggregateo 

(c) Concrete Mixes 

Mixes were designed from available data for similar mixes used in this 

investigation during the past six years. Minor corrections were necessary in 

some cases. The mixes were designed for a 3-in. slump. At the time of mixing 

of the concrete, moisture samples were taken from the sand and gravel, and their 

results were used to determine the proportions of the mixes. These proportions 

by weight are reported in Table 3 which also includes information on slump, 

compressive strength, modulus of rupture ~t time of beam test, age, and aggregate 

lot. 
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To facilitate comparison with similar mixes used in other phases of the 

general investigation of which this study is a part, a summary of the character-

istics of the mixes is included. Figure 4 shows the relationship between inter-

polated seven-day compressive strengths and the corresponding water-cement ratios. 

The increase of concrete strength with age, expressed as a ratio of the seven-day 

strength, is shown in Figo 5. 

The modulus of rupture was determined for each batch from tests of 6 by 

6-in. beams, loaded at the third-points on a 18-in. spano In Fig. 6 the moduli 

of rupture are compared with the corresponding compressive strengths of the con~ 

creteo As expected, the scatter is quite large but in general the results seem 

to agree reasonably well with the following expression based on experience with 

* the same type of concrete (1): 

3000 f = --~-----
r 12000 4 + ~~­fV 

C 

(1) 

In this formula, f and fV are both in pounds per square inch. The values of f 
r c r 

used in this study were all computed by formula (1) and were not the observed 

ones. 

Cd) Prestressing Wire 

All the prestressing reinforcement used in this investigation was manu-

factured by the American ·Steel and Wire Division of the United States Steel 

Corporation. The manufacturer deSignated this steel as t1Hard Drawn Stress 

Relieved Super-Tens Wire", and it was received in two different shipments desig-

nated as .Type X and Type XI upon arrival. 

Type X wire was delivered in a coil about six feet in diameter and 

weighing approximately 300 lb. Type XI wire was delivered in a 260-lbo coil, of 

* Numbers in parentheses refer to entries in the Bibliography at the end of this 
volume. 
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54-ino diameter 0 The following steps were involved in the manufacture of the 

wire~ (1) hot rolling, (2) lead patenting, (3) cold drawing, and (4) stress 

relieving 0 The following heat analyses were furnished by the manufacturer~ 

C Mn P S Si 

Type percent percent percent percent percent 

X 0081 0076 00010 00027 0023 

XI 0085 0065 00010 00027 0018 

The stress-strain characteristics for the two types of wire are shown 

in Figs. 7 and 80 The curves are based on the average results obtained by test­

ing several samples cut from different portions of each coilo All samples were 

tested in a 120,OOO=lb. capacity Baldwin-Southwark-Tate=Emery hydraulic testing 

machine, and the strains were measured with an 8-ino extensometer employing a 

Baldwin "microforrnern coil and recorded by an automatic device. 

The surfaces of all wires were wiped with a rag dipped in a solution 

of hydrochloric acid and the wires were then stored in a moist room for several 

days in order to rust them 0 This produced a slightly pitted surface which im­

proved the bond c~aracteristicso The intended locations of the electric strain 

gages were protected from rusting by wrapping them with insulating tapeo All 

wires were ::ies.ned with a wire brush to remove loose rust before they were used 

in a bea::.. 

(e) S:::' ~rl..~s 

T~e stirrups for all beams were made of black annealed wire of five 

different no~inal diameterso This wire was received in two shipments, desig­

nated here as lot A and lot B, consisting of straight pieces of wire 15 ft long 0 

After cutting the wires to the proper lengths for stirrups, they were rusted and 

samples were tested in the same way as indicated for the prestressing steelo The 



stress-strain characteristics together with the diameters and yield-point 

stresses are shown in Figso 9 and 100 The type of wire used for the stirrups 

of each particular beam is identified in Table 1 by its yield point stresso 

(f) Reinforcing Bars 
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Intermediate grade Noo 3 deformed bars were used to reinforce the 

slabs cast on the tops of two beams 0 These bars were taken from the laboratory 

stock and samples were tested in the same way indicated in Section 6( d) 0 The 

bars had a I1flat Jt yield point, at an average stress of 52,000 psio 

70 Description of Specimens 

All the specimens were pretensioned I-beams with nominal overall cross­

sectional dimensions of 6 by 12 ino and total lengths of 10 ft - 10 ino Of the 

38 beams tested, 12 had 3-ino webs and 26 had 1 3/4-ino webs 0 These webs were 

formed by metal inserts placed in standard rectangular forms 0 The inserts were 

shorter than the full length of the beam in order to form end-blocks about 18 ino 

long at each end of the beam. 

The longitudinal reinforcement consisted of straight single wires, and 

the bond between them and the concrete was relied upon for anchorageo No other 

anchorage device was used, and no slip was ever detected. Vertical stirrups 

were used in all beams at a constant spacing for each beam, but varying from beam 

to beam. 

The nominal dimensions of the beams are shown in Fig. 10 However, in 

the actual beams, although metal forms were used to cast them, the dimensions 

varied slightly from beam to beamo The measured dimensions are listed in Table 1. 

Two beams had 2 by 24-ino slabs cast on the top. These slabs were 

reinforced by intermediate grade No. 3 deformed bars at 6-ino spacing in both 

directions. The bars were placed at midheight of the slabo The continuity of 

the shear flow between the slab and the beam was maintained by using longer 
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stirrups with the upper ends protruding from the beam (Fig. 2, Type B) and also 

shear keys along the top of the beamo The shear keys for both beams were 3/4 ino 

deep, 2 in. long in the direction of the length of the beam, and extended the 

full width of the upper flange. The center-to=center spacing of the keys was 

5 in. for G34 and 6 in. for G380 For a view of the shear keys and the slab 

reinforcement see Figs. 11 and 12. 

s. Prestressing 

(a) Wire Anchorages 

Threaded connections were used to grip both ends of the wires during 

the tensioning process and thereafter until 11 trans fern took placeo Th-I'eads were 

cut on the end 3 in. of the wires by specially heat-treated, 24 threads to the 

inch, chasers mounted in an automatic threading machine. In spite of the heat 

treatment, the chasers became dull after threading about twenty-five wires, and 

required resharpening. The threads on the wires were cut to provide a medium 
\ 

fit with the threads in the nuts, requiring a tbread slightly larger than a 

No. 10 which has a basic major diameter of 0.190 in. The nominal diameter of 

the wires was 0.196 in. 

To fit the conditions required for these connections, 5/S-in. long 

hexagonal nuts were specially manufactured in the laboratory machine shop. They 

were sub-drilled with a No. 16 tap drill and tapped with a standard No. 12, 24 

threads to the inch tapo This provided a full Noo 12 thread in the nuts. Nuts 

with a No. 10 thread required too much material to be cut fl~m the wires to be 

practical. The thread cut on the wires to fit the Noo 12 thread in the nuts was 

sufficient to develop at least 160,000 psi in the wires for several days and was 

considered to be the most suitable. 

The nuts were made from 1/2-ino diameter "Buster l1 alloy punch and 

chisel steel having the following analysis range: Carbon 0056-0.60 percent; 
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CD~omium 1.10-1030 percent; Silicon 0060-0080 percent; Turlgsten 2.00~2.30 

percent; Vanadium 0020-0030 percent. The nuts were hardened by the following 

procedure. (1) Pack in charcoal in a closed steel box. (2) Heat for 20 minutes 

at 12000 Fo (3) Heat for 45-60 minutes at 1650° Fo (4) Oil quench to slightly 

above room temperature. (5) Temper 30 minutes at 1000° F. (6) Remove from fur­

nace and air coolo To avoid any time delay in this process two furnaces were 

used. 

(b) Tensioning Apparatus 

Since all the beams were pretensionedJ a prestressing frame was used 

to provide a reaction for the tensioning force until Htransfer lt took place. 

This frame was made from two lengths of standard 3-in. pipe and two 6 by 2 by 

2l-in. bearing plateso The plates had four rows of six oo206-ino diameter holes 

spaced at 11/16-ino vertically and laterally to accommodate various positions of 

the wires. The prestressing frame had enough room between the pipes and the 

wires to accommodate the form of the beam. 

A thirty-ton capacity Simplex centerhole hydraulic ram operated by a 

10,000-psi capacity Simplex pump was used to tension the wires. AU-shaped 

frame supported by a bearing plate of the prestressing frame provided a reaction 

for the jack. To tension the wires, the ram reacted against the U-frame and a 

5/8-in. diameter rodo This rod was placed through the centerhole of the ram and 

had one end directly connected to the threaded prestressing wire, and the other 

end bearing against the ram through a stiff plate attached to the rod with a nut. 

Consequently, the thrust was transferred from the ram to the rod, and from the 

rod to the wireo When the wire was tensioned to the desired stress, a split 

shim was slipped onto the wire and a nut was turned up tight against it. The 

shims were.used to fill the space between the nut and the bearing plate created 

by the elongation of the wire and thereby reduce the required length of tt~ead 

on the wires. The complete tensioning arrangement is shown in Fig. 13. 



(c) Measurement of the Tensioning Force 

Aluminum dynamometers were used to determine the tensioning force in 

the wires. These dynamometers consisted of 2=ino lengths of 1/2-in. aluminum 

rod, with O.2-in. diameter holes drilled t~~ough their centers. Two type A7 

SR-4 electric strain gages were attached to opposite sides of each dynamometer 

and wired in series. Consequently the strain reading was the average of the 

strains in the two gages. This arrangement was such that small eccentricities 

of the load would not affect the strain reading. 

The dynamometers were placed on the wire between the nut and the bear­

ing plate at the end of the prestressing frame opposite to that at which the 

tension was appliedo Therefore, the prestress was transferred from the wire to 

the dynamometer through the nut, and from the dynamometer to the prestressing 

frame through the bearing plate. In this arrangement the dynamometers are acted 

upon by a compressive force equal in magnitude to the tension in the wires. The 

relationship between this compressive force and strain reading was determined by 

calibrating each dynamometer individually. They were calibrated using the 

6000-lb range of a l20,OOO-lb capacity Baldwin hydraulic testing machine. The 

strain allowed a fairly precise measurement of stress in the wires, since the 

strain indicator used had a sensitivity of 2 or 3 millionths. 

Figure 15 shows a schematic drawing of the reinforcement anchorage at 

the dynamometer end of the prestressing frame. 

(d) Tensioning Procedure 

The prestressing frame was used to tension the reinforcement prior to 

casting the beam. The ends of the wires were slipped tD~ough the end plates of 

the form and t~jough the bearing plates of the prestressing frame. The dyna­

mometers were then slipped on one end of the wires and finally the anchoring 

nuts were put on both ends of each wire. Two wires of each beam had Type A7 SR-4 



17 

electric strain gages located at midspan. After readings were taken on all the 

dynamometers in an unstressed condition, the wires were tensioned individually. 

The jacking frame was placed in position resting against the bearing plate, and 

the pull-rod connected to the wire. The centerhole ram was placed over the pull­

rod and each wire in turn was tensioned to the desired value of stress. The 

anchor nut was turned up snug against the shim, and the pressure on the ram was 

released. As the prestressing frame underwent an elastic shortening with the 

tensioning of the wires, the first wires to be tensioned were overstressed a 

certain amount dictated by the experience with previous beams. In spite of that, 

minor adjustments were needed after tensioning all wires, and the overstressing 

was such that these adjustments were generally made by releasing the nuts with a 

wrench rather than by tensioning again with the ram. 

The initial prestress was 132,000 psi for all the beams, which gave a 

nominal effective prestress of about 120,000 psi after all the losses took place. 

(e) Stirrups 

The stirrups of Types A, Band D (Fig. 2) were slipped on the pre­

stressing wires before anchoring the latter to the end-blocks. Upon tensioning 

the wires, the position of each stirrup was marked on the longitudinal reinforce­

ment, and each stirrup was tied in position using baling wire (Fig. 16). When 

Type E stirrups were required, they were placed in two operations~ First, Type D 

stirrups were placed as indicated above, and then a third leg was added to each 

stirrup to make up the three-leg stirrups. Type C stirrups could be placed in 

position after tensioning the longitudinal steel because they had only one leg. 

The position of the stirrups was always carefully referred to the prestressing 

frame before casting the beam, and afterwards the position of each stirrup was 

marked on the sides of the beam by vertical broken lines, which can be seen in 

all photographs of the beams. 
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In order to keep the stirrups in position during casting, a provision~ 

steel bar was tied to the top of all stirrups, keeping them vertical and at the 

proper spacing. After the concrete was placed and vibrated this bar was removed 0 

90 Casting and Curing 

After prestressing and tying the stirrups in position, the prestress­

ing frame was placed around the form with the reinforcement correctly aligned 

inside it. 

Prior to this operation, the form was cleaned and greased. Two 

metallic inserts were put in place inside the form to shape the I-Beam. No 

wooden inserts were used because past experience showed that the concrete ad­

hered more strongly to them than to the metallic ones. 

Two clamps were placed externally at the third points of the form to 

prevent bulging out of the sides. After this operation, the position of each 

stirrup was carefully checked. This was important because the concrete cover 

of the stirrups in many cases was less than 1/4 in. 

The prescribed amount of each component of the concrete mix was 

measured by weight and placed in the hopper of a 6-cu ft nontilting drum mixer 

in the following order: coarse aggregate, cement, and sand. The hopper was 

emptied into the rotating drum as the water was being added. From time to time 

the mix was checked and if it appeared dry, one or two pounds of water were adde~ 

The mixing lasted about 2 1/2 minutes. Two 4-cu ft batches were used to cast 

each beam and the corresponding control cylinders and control beamso In spite of 

the use of a butter mix, the two batches were usually different in strength and 

consistency, thus, to ensure as much uniformity of material in the compression 

flange as possible, the first batch was placed in the bottom half of the beam and 

the second batch in the top half. Four 6 by l2-in. control cylinders and one 



6 by 6 by 22-in. control beam were cast from the first batch. Eight control 

cylinders and one beam were cast from the second batch. 
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After casting each batch, the concrete was vibrated with a high fre­

quency internal vibrator. While the concrete was still fresh, two hooks were 

embedded in the beam at about 11 in .. from each end to facilitate handling. 

During the batching operation samples of the aggregates were taken to 

determine the free moisture. The slump of each batch was measured immediately 

after mixingo 

The tops of the test beam and the control beams were troweled smooth 

and the cylinders capped with a paste of neat cement four hours after casting. 

Four of the cylinders cast from the second batch were tested within the first 

six days in a 300,000-lb hydraulic Riehle testing machine to estimate the time 

of release of the tensioned wires. The remaining cylinders and the control 

beams were tested on the day of the test to determine the concrete strength and 

the modulus of rupture, respectively. 

Since cracks between the web and the flanges were detected in the 

first specimens cast, it was decided to pull the sides of the form away from the 

beam about six hours after casting after which the beam was covered with wet bur­

lap for two days 0 Usually the specimen was removed from the form six days after 

it was cast and kept in laboratory air until it was tested. The control speci­

mens were stored under the same conditions as the test beams. 

When the concrete in the beam was strong enough, the prestress was 

transferred to the concrete beam. This was accomplished by slowly loosening the 

nuts so that the tension in each of the wires was approximately equal at all 

times. In spite of this precaution, some wires fractured at the threads during 

this operation. Before releasing the wires, all beams were prestressed exter­

nally at the top to counteract the tensile stresses caused by the prestressing 
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force in the top fibers. This was very desirable in order to move the specimens 

safely about the laboratory. The "top prestress!! was removed either before the 

test was started or after the first few increments of load were applied. 

The beams which were to have a slab cast on top were manufactured in 

the same manner as indicated in the preceding paragraphs, except for the follow­

ing difference. The top of the beam was not troweled smooth and beveled pieces 

of wood were pressed into the concrete to shape the shear keys. After transfer, 

the protruding parts of the stirrups were thoroug~~y cleaned, and the coarse 

aggregate of the concrete was exposed on the top of the be~ by using a special 

hammer and a wire brush" Finally the top surface was cleaned by compressed air 

(Fig. 11)Q At this stage the beam was supported at two points, corresponding to 

the reactions during the testing, and the form for the slab was built up around 

the beam. The slab reinforcement was put in place and the top surface of the 

beam was wetted before casting the slab (Fig. 12). One batch of concrete was 

used for the whole slab, four 6 by 12-in. control cylinders, and one 6 by 6 by 

22-in. control beam. The slab was finished and cured following the procedure 

already indicated for the beams. 



21 

III. INSTRUMENTATION, LOADING APP.A.RATUS J AND TEST PROCEDURE 

10. Loading Frame 

All specimens were tested in a steel frame composed of two steel col­

umns anchored to the laboratory floor and supporting a cross beam against which 

a 50-ton capacity Simplex hydraulic ram operated by a Black-~awk pump reactedo 

Two concrete piers were used as the end supports of the beamso Details of the 

frame are shown in Figo 170 The load was measured with a 50,OOO-lb elastic-ring 

dynamometer, which was placed between the ram and the distributing beamo The 

dynamometer was equipped with a dial indicator which was calibrated at III Ib 

per division; it was sensitive to about one-tenth of a divisiono 

Two loading blocks were used to apply the load to the beam. These 

blocks were 8 by 6 by 2-ino steel plates and a 4 by 4-in. piece of leather was 

inserted between each block and the beam, in order to have a uniform distribu­

tion of the load. The loading blocks received the load from the distributing 

beam, one through a roller and the other th~ough a ballo This combination 

assured a central application of the load and allowed for changes of the distance 

between the loading blocks. The distributing beam was omitted when the load was 

applied only at midspan. Each reaction h~d a bearing block which was also an 

8 by 6 by 2-in. steel plate. At one end of the beam, the bearing block was 

supported on a nhalf-roundTf and at the other end on a roller in order to provide 

for the elongation of the lower fiber of the beam during test. 

11. Strain Gages 

(a) Electric Strain Gages on the Longitudinal Wires 

Two of the longitudinal prestressing wires in each beam were instru­

mented with Type A7 SR-4 electric strain gages which have a nominal gage length 

of 1/4 in., and a minimum trim width of 3/16 in. These gages were chosen for 
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their narrow width, short length, flexibility, and above all, because past exper­

ience with them had been satisfactoryo The gages were mounted at the midpoint of 

each wire. 

When rusting the wires, rusting was prevented on a small portion of 

each wire by insulating tape. Afterwards, the tape was removed and the surface 

smoothed with emery cloth and cleaned thorougb~y with acetone. Duco cellulose 

acetate cement was used as the bonding agent, and after application, the gage 

was kept in position by applying pressure with the thumb for one or two minuteso 

Only enough pressure was applied to squeeze out the excess cement and hold the 

gage to the contour of the wireo After a short period of air drying, heat lamps 

were used to accelerate drying of the cement. 

Each gage was connected to No. 18 Type FL solid wires by soldering. 

These lead wires were securely attached to the reinforcing wires to prevent 

pulling out of the gage filaments. The gage and its connections were covered 

with small pieces of insulating tape. All these operations were performed with­

out turning off the heat lamps, and after they were concluded the gages were 

ready to be water-proofed. Petrolastic, an asphaltic compound produced by 

Standard Oil of California, was melted at a low temperature, and then applied to 

the gages in several layers. After it is applied, Petrolastic solidifies quickl~ 

and gives a very good, flexible, waterproof coating. 

The lead wires from the gages were carried at the level of the steel 

to one end of the beam and then brought up and out of the top flange. 

(b) Electric Strain Gages on Concrete 

Type A3 SR-4 electric strain gages were used to measure the concrete 

strains in all the specimens. They have a nominal gage length of 3/4 in. and a 

minimum trim width of 3/16 in. The gages were mounted on the top surfaces of all 

the beams, and also on the sides of the two beams with slabs cast on top. The 
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locations where the gages were to be applied were smoothed with a portable 

grinder and thoroughly cleaned with acetone. A thin layer of Duco cement was 

then applied and allowed to dry for fifteen or more m.inutes 0 The gages were 

mounted using additional Duco cement 0 This tJ~e of gage needed on~y a very 

slight pressure to squeeze out the excess cement and air bubbleso One~pound 

steel weights were left on the gages for about 15 minutes 0 These gages were 

mounted on concrete at an age of about eight days, and although concrete at this 

age has some moisture in it, no effort was made to waterproof the gages because 

they were mounted only about 24 hours before testing the specimens. 

Figures 18a, lSb, and 19 show the different patterns used in placing 

the gageso The pattern was changed as the tests progressed either in order to 

obtain a better representation of the strain distribution in the shear spans 

after t~e formation of the inclined cracks, or to fit the different loading 

patterns. 

(c) Mechanical Strain Gages 

A lO-in. Whittemore strain gage was used to measure the distribution 

of con~rete strain in the pure flexure region of the beams with cast-in-place 

slabs. Al. t:~oug:2 these measurements were not strictly related to the shear 

strength ~:> :~e beams, it was considered that they would be helpful in obtaining 

a bette~ ~~~e~s~anding of the behavior of those speCimens, since only a few tests 

of thi oS :::"1" --:.a ":e been reported so far. The Whittemore gage was equipped with a 

O.OOOl-:~. ~_a~ :ndicator, which was sensitive to about one-tenth of one division, 

and sir..ce :::. ::'J-~:::,. gage length was used, the strains measured were estimated to 

one million~h. Measurements on all the gage lines were taken twice, and if both 

readings did not agree within 10 millionths, additional readings were taken until 

agreement was reached. A mild steel standard bar was used to compensate for the 

changes in temperature during the test. 
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The gage lines were placed symmetrically on both sides of the specimen, 

and their location is shown in Figo 190 These gage lines were established by 

cementing steel plugs 3/8 in. in diameter and 1/4 in. thick to the sides of the 

specimen 0 Each plug had a cylindrical gage hole drilled to a depth of about 

1/8 in. 

120 Measurements 

The load was measured with an elastic-ring dynamometer as described in 

Section 10. 

Deflections were measured at midspan and at the third-points by means 

of O.OOl-in. dial indicators. 

Strains in the longitudinal reinforcement were measured by Type A7 SR-4 

electric strain gages as described in Section ll(a)~ Type A3 SR-4 electric 

strain gages were used to measure the strains on the top surface of all beams 

and the sides of the beams with cast-in-place slabs as described in Section ll(b). 

In both cases a Baldwin Portable Strain Indicator was used to read the strains to 

the nearest 10 millionths, and dummy gages mounted on unstressed steel blocks 

were used for temperature compensation. 

Strains in the region of pure flexure for the beams with cast-in-place 

slabs were measured with mechanical gages as described in Section ll(c)o These 

beams also had O.OOOl-in. dial indicators mounted at the ends of the span to 

measure any possible slip between the slabs and the beams. Since no measurable 

slip was observed no readings are reported. 

After each increment of load, the cracks were marked and each one was 

identified by a number corresponding to the load increment. Photographs were 

taken during the test and after failure and were then kept as a permanent record 

of the development of the crack pattern. 



The widths Of inclined cracks at different stages of the test were 

measured for some beams) but these measurements are not reported; since they 

were not made for all beams and no use was found for them in explaining, or 

interpreting the results of the testso 

25 

After each beam was tested, the following measurements were taken near 

the section of failure: depth of the longitudinal reinforcement, web thickness, 

and width of the upper flange 0 These dimensions are reported in Table 10 

13. Test Procedure 

The load was applied in ten to fifteen increments to failure 0 Three 

or four readings of midspan deflection and applied load were made on the run 

during the application of each incremento After the application of each incre­

ment, all deflection and strain measurements were taken and the cracks were 

marked 0 The first few load increments were equal, but after the formation of 

the first crack they were based on deflection measurements and crack pattern. 

The loads corresponding to the formation of the first flexural crack 

and the first inclined crack were observed as carefully as possible 0 Usually 

three load increments were applied before the first flexural crack occurred. 

A certain amount of drop-off in load and increase in deflection 

occurred while readings were being recordedo Therefore, the load and midspan 

deflection were measured both immediately after the interruption and before the 

resumption of loading. 

All beams were loaded to failure, each test taking from three to six 

hours. 
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IV 0 BEHAVIOR OF TEST BEAMS 

14. Load-Deflection Relationships 

The structural value of a member depends mainly on two factors~ its 

strength, and its behavior under load. The load which is applied to a member 

under working conditions is usually a fraction of the total load required to 

produce failure 0 The value of this fraction is governed by the so-called fac­

tor of safety, and depends mainly on the behavior of the member under loadingo 

The salient characteristics of behavior are ductility and mode of failureo 

Ductility, measured by the magnitude of the deformation produced by the loads, 

is a highly desirable quality because of its influence on such important prop­

erties as energy absorption and moment redistribution. It is therefore 

understandable that a knowledge of the relationship between load and deformation 

is fundamental to the study of any structural member. 

The load-deflection curves for all the beams are shown in Figso 20 

through 280 The curves have been grouped according to the longitUdinal 

reinforcement and shear spano Figures 20 and 21 show the curves corresponding 

to the beams with four wires, and Figso 22 through 26 those for beams with eight 

wires 0 All these beams had 36-ino shear spans. The curves for beams with shear 

spans different from 36 in. are presented in Fig. 27, and the curves for beams 

with cast-in-place slabs in Fig. 28. All the curves, except those for beams 

with cast-in-place slabs, are plotted to the same scale so that direct compari­

sons can be made among them. Different symbols are used to differentiate the 

type of failure, and the points corresponding to the observed flexural and 

inclined cracking loads are indicated on each curve. In all curves the deflec­

tions measured at midspan were plotted versus the total live load, that is, the 

weight of the test beam was not included. 
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Two distinct stages can be defined on the basis of the behavior of the 

test beams. The first corresponds to the part of the load deflection curve up to 

flexural cracking) which is practically linear for all beamso This stage is 

referred to as the "elasticlY range. The second corresponds to the part of the 

curve beyond the formation of the first flexural crack) and is characterized by 

an almost constant change in slope until the curve becomes practically horizontal 

in some cases. 

In the first stage) the beam is completely uncracked and the deflec-

tions can be computed by using an elastic analysis. The following well-known 

formula was used to compute the midspan deflections for all beams corresponding 

to an observed load before first cracking occurred) 

( 2) 

This load was selected instead of the observed cracking load because this load 

was definitely in the "elastic lt range. To use Eqo 2 it is necessary to know the 

value of the modulus of elasticity of the concrete. Strictly speaking, the 

modulus of elasticity for concrete does not have a constant value and consequently, 

the proper stress-strain relationship should be used in each case. However due 

to the inherent variation in the properties of concrete) this refinement is not 

justified) and in accordance with common practice) an approximation was used. 

When the control cylinders were tested) stress-strain readings were taken from 

two cylinders of each batch, and these data were used to plot a stress-strain 

curve for the concrete. From these curves) a modulus of elastiCity was arbitrar-

ily obtained as the s~ope of a secant passing tr~ough the origin and the point on 

the curve corresponding to a stress of 1000 psi. The initial tangent was not 

used because of the ir~erent difficulties in determining such a line and because 

the secant was considered more representative of the magnitude under study. Since 
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more than one batch of concrete was used for each beam, the corresponding average 

value of the moduli of elasticity was used in each case. Figure 29 shows the 

relationship between the modulus of elasticity and the concrete compressive 

strength for all the beamso The curve in the figure represents a modified form 

of Jensen's expression for the modulus of elasticity, as follows~ 

E c 
30 x 10

6 

6 10,000 
+ fl 

c 

( 3) 

which has been often used in the course of this investigation for similar con-

creteso The values of the modulus of elasticity, E , and the compressive strength, 
c 

fl, are in pounds per square incho The agreement between Eqo 3 and the experi­
c 

mental points in Figo 29 is quite goodo 

The computed and observed deflections are compared in Table 40 The 

average observed deflection was five percent greater than the computed 0 This 

difference and the scatter obtained are quite acceptable for tests involving 

concrete. 

An important development in the second stage was inclined tension 

cracking. This was accompanied by a slight drop in the load, similar when 

plotted to the drops in load which occurred between loading operationso Since 

these drops were not critical they were omitted in the curves presentedo No 

other significant changes in the load-deflection curves occurred as a result of 

inclined tension cracking 0 Some beams with 1 3/4-ino web and the higher percent-

age of longitudinal reinforcement, and thus higher prestress force such as G26, 

G32, and G38, reached the inclined tension cracking before a flexural crack had 

been observed. 

The ultimate deflection reached by each test beam appeared to depend 

mainly on the following variables~ the percentage of longitudinal reinforcement, 

or more properly the value of Q, the type of loading, and the mode of failure. 
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The smaller the value of Q, the greater was the deflectiono This is easily ex= 

plained since the smaller the value of Q, the higher is the position of the 

neutral axis at failure, which results in a greater rotation for the same concrete 

strain at the top fiber, and consequently a greater deflectiono Accordingly, the 

smallest deflections correspond to the beams with eight wires and the largest 

deflection to beam G38 which had the smallest value of Qo The type of loading 

influenced the ultimate deflections by changing the length of the region of 

constant moment, since this region becomes l1plastic 1Y at ultimate and most of 

the rotations take place there 0 Therefore, for a constant span, the closer the 

loads are to each other, the smaller is the deflectiono Beam G31 which had only 

one load at midspan had the smallest deflection of all beamso In general, it 

can be stated that a beam must fail in flexure in order to develop its maximum 

deflectiono Any premature failure would prevent this, and since shear failures 

can be considered in this category, the beams failing in shear had smaller de­

flections than similar beams failing in flexureo The reduction in ultimate 

deflection for beams failing in shear was greater for the smaller values of Q. 

This is illustrated in Figo 28 for beams G34 and a38, w~ich had very small values 

of Q (about 7), and were alike except for the amount of web reinforcement. Beam 

G38 failed in flexure at a deflection which was more than twice the deflection of 

beam G34, which failed in shear. The same difference, but to a smaller degree, 

can be noticed in the case of the beams with four wires, which had Q-values of 

about 20 (Figs. 20, 21). On the other hand, for the beams with eight wires and a 

corresponding Q-value of about 40, no significant differences in the load­

deflection curves can be observed (Figs. 22-26). This behavior agrees with the 

hypothesis that states that shear failures take place at a load smaller than that 

corresponding to the flexural capacity, since for a beam failing in shear at 

slightly less than its flexural capacity the reduction in the ultimate deflection 
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will depend on the shape of its load-deflection curve. For low values of Q this 

curve is relatively flat and hence the corresponding reduction in deflection will 

be greater than for a beam with a higher value of Q. 

Except for almost negligible differences in moment of inertia of the 

uncracked section the web thickness had no effect on the load-deflection curves 

other than governing the formation of the inclined tension cracks, and conse­

quently affecting the amount of web reinforcement needed to avoid a shear failure. 

Probably the most significant variable affecting the overall behavior 

was the web reinforcement. To study its influence, comparisons are made with 

beams similar to those tested, but without web reinforcement. Figures 3Ga and 

3Gb show load-deflection curves and properties for beams B.12035 and Co12044 

tested by Sozen (1), compared with similar curves for beams G4, G6, and G120 The 

curves in Fig. 3Ga show that after cracking beam Bo12.35 deflected at a faster 

rate than beam G12 which had stirrups to restrain the opening of the inclined 

cracks 0 The ultimate deflections were comparable, but G12 failed in flexure at 

a greater load than beam Bo12035 which failed in shear 0 In the case of beam 

Co12.44 (Figo 3Gb) which had no stirrups, failure occurred simultaneously with 

the formation of the inclined tension cracks. Beam G4 had enough web reinforce­

ment to induce a flexural failureo It carried twice as much load as beam Co12.44 

and failed at about four times the ultimate deflectiono Another interesting 

comparison can be made using curves for beam Co12044 and beam G6 which hadonly~ 

half as much web reinforcement as beam G40 Although beam G6 failed in shear, it 

shows how even a'small amount of web reinforcement improves considerably the 

behavior of the beam. 

15. Measured Concrete Strains 

(a) Procedure 

As described in Section ll(b), electric strain gages were used to 

measure the concrete strains on the top surface of all beams. The use of these 
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gages on concrete surfaces has proved successful in similar investigations in the 

past fifteen years. Mechanical strain gages were used to measure the strain 

distribution over the depth of the beams with cast-in-place slabs. These measure­

ments agreed fairly accurately with those given by the electric strain gages. 

Similar agreement has been also reported byWarwaruk (2). 

No attempt was made to measure the distribution of strains over the 

depth of the beams since this has been done by others in the past and, further­

more, it was not considered important to this investigationo On the other hand, 

the strain measurements at the tops of the beams were very useful in determining 

the crushing strain of the concrete, and the variation of the strain distribution 

with the development of the cracks. To accomplish this, l-in. gages were used at 

a fairly close spacing. 

The measured strains at each gage point were plotted versus the midspan 

deflection. Several of these curves were drawn in the same graph in order to 

compare them more easily, observe any possible trends, and detect any inconsist­

encies in the readings. Figure_31 shows several of these plots for the north 

half span of beam G15. Several pOints of interest can be observed. At a 

deflection of about 0.11 in., the first flexural crack was observed and a change 

in the slope of the curves took place. This was due to the upward displacement 

of the neutral axis because of cracking. Another change in slope for the gages 

near the loading points took place when the first inclined crack was formed at a 

deflection of 0.46 in. At the first f1 change" the slope decreased and at the 

second it increased, due to the concentration of strains in those locations. At 

a deflection of 106 in. crushing was observed at a point in the south half span, 

the strains for which are not shown in the figure. Consequently, part of the 

deflection from there on was due to the rotation in the crushing zone, and the 

slope of the curves for strain in the other half of the span began to decrease. 
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Finally, from a deflection of 1~9 in. up to failure the load was fairly constant, 

and so were the strains 0 The strains in the shear span were affected by the 

formation of the inclined cracks to the extent of changing the strains at gages A 

and B from tension to compression. 

(b) Strain at First Crushing 

Figure 32 shows the crushing strains plotted against the compressive 

strength of the control cylinders. When the concrete started to crush and col­

lapse did not follow immediately the crushing strain was recorded directlyo In 

other cases, it was determined by extrapolation, and for a few beams which failed 

in shear without any definite crushing of the flange, it was omitted. It must be 

said that these strains were not always the maximum attained by the concrete. 

They were the concrete strains at the location where crushing took place, measured 

at the moment when crushing was first observed. In some cases, greater strains 

were recorded at other locations, usually at the loading points. Apparently the 

confinement of the concrete under the loads prevented its crushing in spite of 

the greater strains. 

The crushing strain ranged from 0.0035 to 000070, and the mean is about 

0.0050. The crushing strain seems to be independent of the concrete strength and 

any other variable studied. This is in agreement with the usual reasonable 

assumption that concrete fails in flexure at constant limiting concrete strain. 

Previous investigators have assumed values for this strain from 0.003 to 0.004. 

Warwaruk (2) adopted a value of 0.004 after studying his results and those of 

Gaston, Billet, Feldman, and Allen. The scatters in the tests studied by Warwaruk 

and in the results reported here are of the same order, although the average val­

ues do not agree. To understand this difference, it should be remembered that 

the concrete strain readings are dependent on the technique used to measure them. 

Some of the values included by Warwaruk in his study were obtained by using 6-ino 
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strain gages, while all the values reported here were measured with I-in. strain 

gages. In the first case an average strain over a 6~in. length was obtained, 

which can be different from a reading over a I-in. length if the strain distri­

bution is not uniform. 

No difference between the crushing strains for flexural failures and 

those for shear failures can be seen in Fig. 320 

(c) Distribution of Concrete Strain on Top of Beam 

The distribution of concrete strains on the top surface of the beam as 

measured by SR-4 gages was plotted for each beam at different stages of loading. 

As already pointed out in Section 15 (a) there is a definite relation between 

the strains at different points on the top surface and the stage of development 

of the crack patterno This relation was very helpful during the tests, and 

afterwards, when the behavior or modes of failure of different specimens were 

compared. 

Figures 33, 34, and 35 show typical distributions of concrete strains 

for three different beams and the related developments of the crack patterns. 

Three strain distributions and the corresponding crack patterns are shown for 

each beam. The one at the top of each figure corresponds to a load before in­

clined cracking, the one in the middle corresponds to a load after inclined 

cracking, and finally, the bottom one corresponds to the ultimate load. Some of 

the strains shown in this last distribution were obtained by extrapolation. 

Beam G2 (Fig. 33) failed in flexure since it had about 2.8 times the 

minimum amount of web reinforcement needed to prevent a shear failure 0 Hereafter, 

this minimum amount of web reinforcement will be referred to as "balanced web 

reinforcement". A view of the failure of beam G2 is shown in Figo 36. Beam G16 

(Fig. 34) also failed in flexure, but the amount of web reinforcement was only 

about l2 percent greater than balanced. Therefore, there were many indications 
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that the failure was in the transition range between a shear and a flexural 

failure. Finally beam G21, having only 77 percent of the balanced web reinforce­

ment failed in shear (Figo 35). Views of the failures of beams G16 and G21 are 

shown in Figs. 37 and 38, respectively. 

It can be seen in Figso 33-35 that the strains were generally not 

proportional to the momentso This is due mainly to the distortion of the strain 

pattern produced by the cracks. Thus, in the shear spans, the strain distribu­

tion was in fairly good agreement with the moment diagram until the formation of 

cracks, especially inclined cracks. Afterwards, the strain distribution varied 

in accordance with the development of the inclined crackso An inclined crack 

lowers the line of action of the compressive force in the shear span of the beam 

and consequently the strains in the top surface are reduced, even changing sign 

in some cases of shear failureso The greatest rotations occurred near the upper 

ends of the inclined cracks, under the loads and the maximum strains were re­

corded there. All these distortions were in direct proportion to the severity 

of the inclined cracks, as can be observed in the figures presented. Before 

inclined cracking, the distribution of strains in the flexural span was fairly 

uniform for all beams, although these strains were proportionally greater than 

the ones in the shear spans, owing to the presence of flexural cracks. After 

inclined cracking, the magnitude of the inclined cracks was sharply reflected in 

the strains. In the case of beam G2 (Fig. 33) because of its heavy web reinforce­

ment, the inclined cracks did not open appreciably and the strain distribution 

remained unaltered. At loads approaching failure, the strains became greater and 

crushing occurred at a point between the loads, presumably where the concrete was 

weakest. 

The behavior of beam G21 (Fig. 35) was different 0 Its stirrups were 

not able to prevent the opening of the inclined cracks, and the concentration 
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of strains at the loading points was therefore very marked. The strain distribu­

tions after inclined cracking show clearly the change in sign of the strains in 

the shear span. 

Beam G16 (Figo 34) was an intermediate case~ it failed in flexure, but 

its stirrups permitted some opening of the inclined cracks with the related 

concentrations of strains 0 In t0is aspect it resembles a shear failureo On the 

other hand, the distribution of strains in the shear spans was not noticeably 

affected by the inclined cracks. 

The three examples presented do not cover all the possible cases~ some 

other ltpatternsll are possible. Some of the beams which failed by distress or 

crushing of the web did not develop high concentrations of strains under the 

loading points; they failed before they reached that stage 0 Nevertheless, these 

examples seem to be enough to emphasize the following points: (a) Some beams 

which otherwise would fail in shear can fail in flexure and behave lfflexurally" 

if enough web reinforcement is provided. (b) The behavior of a beam which has 

some web reinforcement but still fails in shear is greatly improved by the pre­

sence of the web reinforcement.* (c) There is no clear-cut boundary between 

shear and :~:e:-:ural failures. Instead, there is a transition range, and the 

beams that :a:l in this range manifest "hermaphrodite lf characteristics involving 

propert:es ~. tJth shear and flexural failure. In this transition zone the be­

havior c:-.a=-~.-· .. '~ :;radually from one type of failure to the other. In fact, the 

defini t:c:-;~- ::-:' s:--~ear and flexural failures become academic in this zone. This 

point wi:::" iiscussed in greater detail later. 

* For the behavior of beams without web reinforcement see a thesis by Sozen (1). 



(d) Relation of Concrete and Steel Strains 

One of the basic assumptions made in the theory of flexure for beams of 

homogenous and elastic materials is that the strains are linearly distributed 

over the depth of a cross-section. This assumption holds true for reinforced 

concrete beams if the bond between the steel and the concrete is perfect and the 

concrete remains uncracked. When the concrete cracks, the bond is usually broken, 

and this assumption is no longer trueo However, for practical purposes it can be 

used, provided that the cracks are uniformly distributed and no inclined cracks 

are present. To study the influence of the crack pattern on the relationship 

between the steel strains and the concrete strains at the top surface of the 

beam, plots like those in Figo 40 were prepared. This figure shows the relation 

between the steel strain measured at midspan and the concrete strains measured at 

the three points indicated in the figure. Below the flexural cracking load, the 

relation was linear and the concrete strain increased rapidlyo After flexural 

cracking, but before inclined cracking, the concrete strain increased more slowly, 

due to the shifting of the position of the neutral axis. However, the strain 

distribtution could still be considered practically linear. 

Tb~ee different beams were used to plot the curves on this figure. 

There are two curves for beam G3, one corresponding to a point at midspan and the 

other to a loading point. This beam failed in flexure, and the amount of web re­

inforcement in it was enough not only to prevent a shear failure but also to 

prevent any appreciable opening of the inclined cracks. Consequently, the two 

curves are almost identical and fairly straight for the full range beyond first 

flexural cracking. 

Beam G6 failed in shear and had a very small amount of web reinforcement. 

It is seen tp~t after the formation of the inclined cracks, the concrete strain 

increased at a faster rate than before, although there was no definite break in 
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the curve, probably because of the presence of stirrups. The increase in con­

crete strains indicates a non-linear distribution of strain. Beam G13 also 

failed in shear. However, the amount of web reinforcement in this beam was only 

slightly less than that required for a flexural failure 0 Thus, the inclined 

cracks affected the relation between the concrete and steel strains to a smaller 

extent than they did in GO. These trends agree in general with the results re­

ported by Sozen who has described these phenomena in more detail for beams 

without web reinforcement (I). 

16. Crack Patterns 

In reinforced concrete members tensile steel reinforcement is provided 

because of the intrinsic weakness of concrete in tensiono 

This reinforcement prevents the total collapse of the member when the 

tensile stresses in the concrete exceed the tensile strength of this material 0 

However, the reinforcement does not prevent the cracking of the concrete under 

those stresses. The study of these cracks is extremely helpful in determining 

the adequacy of the steel reinforcement used and the behavior of test specimens. 

For example, the location and width of cracks can indicate whether the reinforce­

ment was placed in the proper position, or the state of bond between the steel 

and concrete. Because of these reasons, special care was taken to mark the 

position and development of the cracks in all the specimens as can be seen in 

the photographso 

Usually the first cracks formed at the section of maximum moment. 

These were called flexural cracks and they were practically vertical since the 

direction of the principal tensile stresses in this zone was parallel to the 

axis of the beam. The cracks appeared in the bottom fiber at a load which 

depended on the total prestressing force, the loading arrangement, the moment 

of inertia of the cross-section and the modulus of rupture. The observed values 



of the cracking load agreed with the predicted oneso As the load increased the 

flexural cracks progressed upward. The rate of this progress depended mainly on 

the amount of longitudinal reinforcement 0 The smaller the longitudinal rein­

forcement ratio, p, the faster the crack progressed upward immediately after 

cracking; this rate decreased with subsequent applications of load increments. 

In fact, for the beams with the smaller value of p, the cracks developed 

suddenly from the bottom fiber to about mid-depth of the beam. On the other 

hand, the greater the value of p, the more uniform the progress of the cracks 

was with respect to the loado All the flexural cracks in a given beam were 

fairly uniformly spaced, opened at the same rate, and had approximately the 

same height in all stages of the test. This indicates that the bond between the 

steel and the concrete was satisfactory. Since in the region between the load­

ing points the longitudinal reinforcement was placed perpendicularly to the 

cracks, the stability of the beam was not endangered at any moment by the pro­

gress of the cracks. 

The formation and development of the cracks in the shear spans was by 

far more significant. Here the cracks were not vertical, since the principal 

tensile s~~esses were no longer horizontal owing to the presence of shear 

stresses. T~:ee different types of cracks were observed in this regiono Some 

cracks s:a~:~j from the bottom, like the flexural cracks, but instead of being 

vertical! ._:-.. ~ _=- paths were inclined towards the loading points. These cracks 

were gen~:-a~~:; ':airly close to the loading points ~ consequently their inclina­

tion was no: g:-eat and, although they penetrated somewhat into the compression 

zone, the longitudinal reinforcement was in general enough to prevent any 

harmful effect. One of these cracks can be seen in Fig. 37. A more important 

type of crack is the one shown in Fig. 41, which formed suddenly in the web 

without starting from the bottom of the beam. These are the so-called inclined 
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cracks and they appeared when the principal tensile stresses at some region in 

the web exceeded the tensile strength of the concrete 0 It has already been 

established (1) that for beams without web reinforcement the formation of this 

crack marks' the limit of usefulness of the beamo Practically, it means collapse 

or a stage very near to ito However, in the case of the beams tested, the stir­

rups prevented the collapse of the member and additional load could be appliedo 

As the load increased, the critical stress condition was reached in different 

zones of the web, and additional inclined cracks were formed parallel to the 

first crack and nearer the support 0 This successive formation of inclined 

cracks, which continued until failure occurred, is shown in Figo 420 It must 

be said that in some cases failure took place when only one of these cracks had 

been formedo In general, the 1.nclined cracks were not confined to the web 7 but 

extended upward into the compression zone and downward to the bottom of the beam 

as more load was appliedo It is interesting to notice the break in the slope of 

these cracks when they progre.ssed from the web into the lower flangeo This 

shows quite clearly how the direction of the principal tensile stresses is 

changed at that point because of the great difference between the values of the 

shear stresses in the flange and in the web 0 The inclined cracks will be dis­

cussed further in relation to the failure of the beams. 

The third type of crack was observed in some beams with 1 3/4-ino webs 

and greater percentages of longitudinal reinforcemento It consisted of a series 

of small inclined cracks which appeared suddenly at the junction of the web and 

the upper flange and near the end-block 7 as shown in Figo 430 This appears to 

be a stress phenomenon similar to the formation of the inclined cracks since 

high tensile stresses exist in this regiono However, these cracks did not appear 

to have much influence on the failure of the beam since the presence of the stir­

rups seemed to stop effectively their propagation and openingo 
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17. Flexural Failures 

The existence of beams whose properties place them in a transition 

range where the behavior of the beams is practically independent of the type of 

failure has already been pointed out in Section 15(c). Although most of those 

beams finally failed either in shear or in flexure, some of them exhibited an 

intermediate or transition type of failure 0 Consequently, an explanation of 

the criteria used to classify the failures is necessaryo In general, a beam is 

said to have failed in flexure if the concrete in the compression zone crushes ' 

or the longitudinal reinforcement fractUZ"es due to bending stresseso If a beam 

fails by fracture of the longitudinal reinforcement there is no difficulty in 

applying the above de~inition, but if the beam fails by crushing of the concrete 

at a section near the shear span it may be difficult to distinguish whether the 

crushing is due to bending stresses alone or if it has been influenced by the 

presence of inclined tension cracks. In such cases, the failure was classified 

as flexural if the concrete started to crush in the region of pure bending be­

fore any inclined tension crack opened appreciablyo 

A beam is said to have failed in shear if its failure is due to the 

presence of an inclined tension crack resulting from a combination of shearing 

and bending stresses. ,These failures can take different forms, but it is always 

possible to recognize the influence of a well developed inclined tension crack. 

When a beam did not fall clearly within either one of these two groups, its 

failure was termed a ntransition failure lT o Transition and shear failures will 

be discussed in Sections 18 and 19. 

Twenty-three beams out of the thirty-eight tested failed in flexure. 

The behavior of these beams has already been explained in the preceding sections 

except for the description of the failure 0 If the beam failed in flexure, the 

inclined tension cracks did not open sufficiently to influence the failure 0 The 
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flexural cracks progressed upward at a decreasing rate until either the concrete 

in the top flange crushed in a region of maximum moment or the steel fractured. 

Crushing started at the top and progressed downward) while the load 

dropped as a consequence of the reduction in the internal lever arm 0 However, 

as soon as the neutral axis moved back down into the web, the compression zone 

was drastically reduced and crushing over the remaining depth of the flange 

followed suddenly. This type of failure was typical of the beams with the 

smaller reinforcement ratio and is illustrated in Figso 36 and 370 Although the 

failures in these two examples are basically similar, they appear different be­

cause the arrangement of the stirrups was not the same in both caseso Beam G2, 

in Figo 36, had no stirrups between the loading points, so that) when the con­

crete crushed, the upper flange was partially separated from the web 0 On the 

other hand, beam G1S, in Figo 37, had stirrups for the full length of the span 

which kept the concrete in one piece, except at the location of crushing. 

In the case of beams with the higher reinforcement ratiO, the neutral 

axis was already in the web before crushing started. Therefore, as soon as the 

concrete started to crush, the compression zone was greatly reduced, and the 

crushing progressed downward violentlyo This failure was sudden, without warn­

ing, and quite different from the flexural failures of rectangular beamso This 

fact must be kept in mind when flexural and shear failures are compared~ Fi.gure 

• 38 shows a photograph of one of these failures. 

Photographs of beam G38 with a cast-in-place slab are phown in Figs. 

44, 45 and 46 as an example of a very ductile flexural failure 0 The value of Q 

for this beam was seven, based on the flange width and it failed by fracture of 

six out of the eight wires in it, after initial crushing of the concrete. 

Figure 44 shows the well developed crack pattern after failure 0 Figure 45 shows 

in detail the position of the cracks on the underside and edges of the slab, and 



Fig. 46 shows the crushing in the slab. In these last two figures the large 

opening of the crack in which the wires fractured can also be seen. 
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Beam G31 is used as an example to explain how the definition of flex~ 

ural failure was applied to a Y'doubtful n case. This beam was tested with only 

one load applied at midspan and Fig. 47 shows the crack pattern after extensive 

crushing started under the loading pointo The crushing is indicated by cross­

hatching. After this stage in the test, the load started to drop and the 

crushing progressed downward. No appreciable distress could be observed in the 

web, and the inclined cracks remained as hair-line cracks. All these features 

fit the definition of a flexural failure, and at this moment, it was consi~red 

that the beam had already failed by crushing of the concrete at the zone of 

maximum bending moment. The fact that the crushing subsequently interacted with 

the inclined cracks, and resulted in a sudden collapse as shown in Fig. 48 was 

considered secondary in nature. This type of behavior appears to be typical for 

beams loaded at midspan, since they do not have a region of pure bending, and 

consequently, any flexural failure will be influenced by the closeness of more 

or less developed inclined crackso 

18. Shear Failures 

The definition of shear failure given in Section 17 indicates the impor­

tance of inclined tension cracking in this type of failure. When an inclined 

tension crack is developed in a beam without any web reinforcement, "beamll action 

is completely disrupted, and the specimen becomes a more complex structure, which 

usually collapses before it reaches a load comparable to its flexural capacity. 

If the beam has web reinforcement, its presence across the inclined cracks par­

tially restores beam action by providing a path for the stress. flow between the 

upper flange and the longitudinal reinforcement. In some cases the stirrups can 

induce so much llbeam-like n action that a flexural failure can take place, but in 



other instances that is not so, and the beam fails in shear in a manner similar 

to that of a beam without stirrups 0 

When the stirrups were insufficient to prevent a shear failure, the 

inclined tension cracks opened appreciably, progressed into the compression zone, 

and signs of distress were observed in the web, usually at the intersections of 

the stirrups and the crackso In these cases, the stirrups yielded where the 

cracks crossed themo Final collapse was a result of one of the following 

phenomena~ 

(a) Fracture of the Stirrupso In beams with very small amounts of web 

reinforcement the inclined cracks kept opening until some stirrups fractured. 

Usually, before fracture of the stirrups, signs of crushing under the loading 

point and/or tensile cracks in the shear span starting from the top flange and 

progressing downward could be observedo Upon fracture of the stirrups a great 

distortion took place in the web with the consequent collapse of the member. 

This type of failure is shown in Fig. 39. 

(b) Crushing of the Webo As the inclined cracks opened, the character of 

the specimen was changing from that of a beam to that of an arch. Consequently 

the position of the thrust line was moving downward in the zone above the in­

clined cracks, inducing greater compressive stresses in the web and tensile 

stresses in the top flange. As a result, tensile cracks formed in the upper 

flange and eventually the web crushed as shown in Fig. 49. 

(c) Crushing of the Top Flange Above an Inclined Crack. At this point it 

should be explained that, although many inclined tension cracks formed in most 

beams, usually one crack developed more than the others and finally triggered 

the failure. Sometimes this crack penetrated into the compression zone, reducing 

it appreciably, and creating a concentration of strain above the crack. As a 
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result~ crushing took place in the reduced compression zone above the crack in a 

fashion similar to a flexural failure, but at a smaller loado As the concrete 

crushed, a relative sliding displacement of the concrete on each side of the 

crack was observed. This type of failure is usually referred to as shear­

compression and is illustrated in Fige 50. 

A type of failure somewhat different from any of those just described 

was observed in beam G29, which had a shear span of 28 in., a web thickness of 

1 3/4 in., and/eight wires as longitudinal reinforcement 0 Consequently, the 

shear force in this beam was great. After inclined cracking, one of the inclined 

cracks developed faster than the others until it extended from the lower region 

of the end-block to a point beneath the loading block. As the load increased, 

tensile cracks formed in the upper flange near the end-block, and signs of 

crushing were observed and marked in the flexural span near the load. However, 

the beam continued to take more load and after another increment of load had 

been applied and while readings of the electrical strain gages were being taken, 

the beam failed so violently that seven stirrups were exposed and severely 

distorted (Figo 51)0 

An unusual phenomenon was observed in this failure, the crushing of 

the concrete in the web below the upper end of the major inclined crack. Whether 

this was the initial cause of failure or not, is open to question. However, if 

that were the case, this phenomenon has deeper theoretical implications. It 

could mean that there is an upper limit to the amount of web reinforcement which 

can be used efficiently in a beam. This possibility will be discussed in detail 

in Section 240 On the other hand, it is possible that this crushing was a sec­

ondary effect, which took place after the concrete in the web crushed above the 

crack. 



In most cases it is not possible to predict the final mode of shear 

failure of a beam a This mode may be influenced by factors such as the thickness 

of the web and the crack pattern. Failure by crushing of the web is more likely 

to occur in a beam with a thin web than in a beam with a thick webo However J the 

mode is largely determined by the development of the crack pattern and although 

this pattern is known to be influenced among other factors by the magnitudes of 

the shear span and the prestressing force, it is still in general unpredictable. 

Even companion beams can fail in different modes owing to different crack pattern 

developments. For certain combinations of the critical variables, a combination 

of various modes caused by all the above factors could be present in the same 

beam. 

19. Transition Failures 

Four of the thirty-eight test beams exhibited t2e type of failure 

which was designated as transition failure in Section 170 The failures of these 

beams are briefly described in the following paragraphs. 

Figure 52 shows a view of beam G15 after failure. T0is beam had four 

wires and the concrete started crushing in the flexural span near a loading 

point 0 The crushing progressed downward simultaneously with widening of the 

inclined cracks, and some distress was observed in the web. ~e crushing of the 

concrete was evidently influenced by the inclined cracks as in a shear-compression 

failure. On the other hand, the web distortion in this beam was not as extensive 

as·would be expected in a definite shear failure. Beam G21 had properties similar 

to those of G15,· and failed definitely in shear as shown in Fig. 390 These two 

identical beams failed in different modes apparently because of slight differences 

in the locations of the major inclined tension cracks. 

Another transition failure was that of beam G26, a view of which is 

shown in Figo 53. In this case the crushing of the concrete in the shear span 
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took place rather violently, starting from the top and progressing downward until 

it reached the lower flange. It was very similar to crushing in a flexural fail~ 

ure, and apparently was not influenced noticeably by any inclined crack. The 

only unusual characteristic of this failure was that it took place outside the 

flexural span, that is, at a point where the bending moment was not a maximumo 

It is conceivable that an unusually weak spot in the concrete triggered the 

failure at such a location. This beam was tested in order to study the influence 

of the stirrup spacing on the efficiency of the stirrups. A fairly large spacing, 

7.5 in., was used, but no conclusion was obtained because of the type of failure. 

Beam G33 also was tested in order to investigate the influence of 

stirrup spacing. It had enough stirrups to prevent a shear failure, but they 

were spaced at 7.5 ino Figure 55 shows where crushing was observed on the west 

side of the beam. However, on the east side, the crushing was observed directly 

beneath the loading point, as shown in Fig. 56. This figure also illustrates the 

failure, showing the combination of crushing well into the pure flexure span 

together with distress of the web in the shear spano 

The case of beam G35 is different from the preceding ones. This beam 

had long shear spans and only 12 in. in between the loading points. Even if such 

a beam fails in flexure, it is difficult to avoid any influence of the inclined 

cracks on the crushing of the concrete because of the geometry. Therefore it is 

difficult to classify its failure. Figure 54 shows that the crushing did not 

start at midspan but near one loading pointo Whether this crushing was due to 

bending stresses alone, or was a shear-compression failure is difficult to 

determine. Finally the concrete crushed at midspan and one inclined crack opened 

appreciably. 

In conclusion, it can be said that all of these beams behaved as if 

they were going to fail in flexure up to the instant when failure took pl~ceo 



They exhibited all the properti.es of beams with flexural failures except for 

their appearance after failure 0 For structural purposes, these beams were as 

good as those which failed in flexure. 

20. Comparison of Shear and Flexural Failures 
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The present philosophy regarding shear failures can be summarized as 

follows~ Beam design is based on the flexural capacities of the cross-sections 

of the beam 0 A..YJ.y premature shear failure which can prevent the beam from 

attaining its ultimate flexural capacity should be avoided. This line of think­

ing is in accordance with the results of tests of ordinary reinforced concrete 

beams failing in shear and flexure. In a flexural failure the concrete or the 

steel or both reach large strains before the beam fails. Thus, the beam can 

develop large deflections, moments can be redistributed in continuous beams, 

and in general failure does not mean total collapse of the structure 0 After the 

beam reaches its maximum moment , its carrying capacity does not decrease suddenly, 

but slowlyo All these features are very desirableo 

On the other hand, if an ordinary reinforced concrete beam fails in 

shear it does so at a more or less unpredictable load and usually before the 

beam develops considerable deflection. Furthermore, the failure is relatively 

sudden a~j ~~:~tle, and the collapse is complete 0 No redistribution is possibleo 

All the :~_t:< '...:....-a: capacity of the beam beyond the shear failure is useless. This 

behavio~ ~~ ~~~~~y undesirable. 

r ~~estressed concrete I-beams, however, the characteristics of shear 

and flex~a~ :ailures are different from those indicated in the preceding para­

graphs for ordinary reinforced concrete beams. The flexural failures observed in 

the tests were not as ductile as the failures of rectangular beamso In many 

cases the collapse was sudden and completeo As explained in Section 17, this was 

due to the position of the neutral axis in the web of the beam when it failed. 
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Also, while reinforced concrete beams are usually far removed from being over-

reinforced, it is common to find over-reinforced prestressed concrete beamso 

Some of the test beams were slightly over-reinforcedo 

In the case of the beams which had web reinforcement and failed in 

shear, it was observed that they carried. about the same load as comparable speci-

mens which failed in flexureG This is true, for instance, in the case of bean G~ 

which had a value of r f equal to 60 percent of tb.at required for flexural 
y 

failure 0 Also., the beams which failed in shear were ductile enough to reach 

deflections comparable to those for the beams which failed in flexureo This is 

not completely true for the beams with the smaller percentage of longitudinal 

steel, but it is remarkably so for the ones with the higher value of po 

To recapitulate, it can be said that all the beams which failed in 

flexure did not exhibit the desirable behavior at failure which is generally 

attributed to this type of failure. On the other hand, the beams which failed 

in shear had a greater ductility and carried a greater load than anticipated. 

Consequently, these results seem to indicate that it may not be absolutely 

necessary to avoid shear failures completely but only to provide an amount of 

web reinforcement sufficient to produce either a flexural failure or a lfgentle" 

shear failure. 



v 0 STRENGTH OF PRESTRESSED CONCRETE BEAMS WITH WEB REINFORCEMENT 

210 Inclined Tension Cracking 

A knowledge of the inclined tension cra.cking is of primary importance 

in order to study the strength of prestressed concrete beams either with or 

without web reinforcement 0 If a beam has no web reinforcement) the .formation of 

an inclined tension crack produces either immediate collapse of the beam or such 

distortion of the stress distribution that only a small additional load is needed 

for collapseo If a beam has web reinforcement) the formation of an inclined ten-

sion crack has a different effect 0 It marks a change in the m~nner in which the 

shear force is resisted. Any additional shear applied after inclined cracking is 

"carried" by the web reinforcement. Therefore, the difference between the 

ultimate load and the cracking load for a given beam failing in shear depends on 

the amount of web reinforcement. 

The inclined tension cracking phenomenon in prestressed beams without 

web reinforcement has been studied extensively by Sozeno He found that the main 

variables affecting inclined cracking were the geometry of the cross-section, the 

tensile strength of the concrete) the ratio of the shear span to the effective 

depth of the beam, and the average compressive stress produced by the prestress. 

He proposed the following empirical expression to predict the cracking moment: 

where: 

M 
c 

f t bd
2'\fb7b 

F se 
1 + A f 

c t 

M 
c 

bending moment at inclined tension cracking 

f t = assumed tensile strength of concrete 

b width of top flange of beam without a slab 

b' web thickness 

d = effective depth of the longitudinal reinforcement 

( 4) 

/ 
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F = effective prestressing force se 

A = gross area of cross-section 
c 

The tensile strength of concrete had to be determined in order to apply Eqo 4 to 

the test beams. Since no direct tests had been made, the tensile strength of 

concrete was assumed to be two-thirds of the modulus of ruptureo The moduli of 

rupture for the concrete used in the tests discussed herein have been studied in 

Section 6 (c)o In accordance with the data presented there, the following 

expression was used to evaluate the tensile strength~ 

1000 
6000 

2 + ---rv 
c 

The values of the tensile strength, ft' and the compressive strength, f~, are 

both in pounds per square inch 0 

The computed and observed values of the cracking moment are presented 

in Table 5. The observed values are compared graphically with Eqo 4 in Figo 570 

The observed cracking moments are consistently greater than predicted, the 

average increase being about 13 percento Since Eq. 4 was derived empirically 

using test data of beams without any web reinforcement and all the beams reported 

here had veY'tical stirrups, it seems logical to assume that the discrepancy in 

the rnagni:';.;.ie of the cracking moment is caused by the presence of web reinforce-

ment. T2 ~,~t3tantiate this statement it can be said that in general the inclined 

cracks :'::::- +_je test beams started between two stirrups, and sometimes even 

several c :-3.;: ~:: formed simultaneously in the spaces between stirrups without 

crossing :'he=. When loading was continued, the inclined cracks crossed the 

stirrups and sometimes several of them joined togethero This seems to indicate 

that the presence of the stirrups retarded the formation of the inclined cracks. 

However, an attempt made to relate the difference between the observed and the 

computed cracking moments to the amount of web reinforcement was unsuccessful 0 
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Apparently, the magnitude of the variables was of the same order as the experi­

mental errors and no trend could be detected. 

In spite of the differences between the observed and computed cracking 

moments, the observed values follow the trend indicated by Eqo 40 This fact 

indicates that Eq. 4 includes the variables which affect the inclined cracking 

phenomenon and therefore supports the validity of that equation. Perhaps a 

constant could be used to modify the equation in order to apply it to beams with 

web reinforcement. On the other hand, it is felt that if the increase in the 

inclined cracking load observed is due to the web reinforcement, Eqo 4 without 

any modification should be used to predict that part of the shear strength of a 

beam contributed by the tensile strength of the concrete. This criterion was 

adopted and used throughout the rest of this report. 

It should be noted that in Fig. 57 there are only three points below 

the line representing Eq. 4. Two of these points seem to be within the natural 

scatter, but the third for beam G26 is undoubtedly too low. The failure of this 

beam was discussed in Section 19, where the possibility that the beam could have 

had weak concrete in the location where crushing occurred was pointed out. It 

is interesting to observe in Fig. 53 that the first inclined crack formed at the 

location where the concrete crushed, and that if the concrete was weaker there, 

this would also explain the low value of the inclined cracking load. 

The values of the inclined cracking moment for the beams with cast-in­

place slabs reported in Table 5 were computed by using Eq. 4 for the I-beams 

only, and neglecting the presence of the slabs. There is no rational justifica­

tion'for this procedure and therefore the results obtained are not reliable. In 

fact, the point corresponding to beam G34 is extremely high, the largest 

discrepancy in Fig. 57. However, it is included in this report for comparison 

purposes. 
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22. Effectiveness of Stirrups 

The overall result of the presence of vertical stirrups in the test 

beams was an increase in the load carried by the beams beyond inclined tension 

cracking. Several studies of the test data were made in order to find out the 

significant properties of the web reinforcement. From these studies, it was 

concluded that, within the range covered in this investigation, the strength 

contributed by the web reinforcement is a function of the total cross-sectional 

area of the stirrups per unit of length and the yield point stress of the stir-

rups. Other variables studied., such as the diameter and number of legs of the 

stirrups, did not alter the effectiveness of the web reinforcement. The spacing 

of the stirrups was also studied and the results are discussed later in this 

Section. 

Figure 58 shows, in terms of dimensionless quantities, the relationship 

between the web reinforcement index, r f , and the corresponding increment in y 

total shear beyond inclined cracking. In order to make all the results compati-

ble and to detect possible trends more easily, ratios of the variables rather 

than absolute values were used. The ratios between the quantity r f correspond­y 

ing to the stirrups actually present in each beam and the same quantity r f for 
y 

the computed balanced web reinforcement, as defined in Section 15 (c), 

corresponding to each beam were plotted as abscissas. Actually, the proper 
A 

v parameter should be -- f , but r f was used instead for simplicity and because 
s y y 

the change did not affect the numerical values of the ratios. The ratios plotted 

as ordinates had in the numerator the difference between the observed shear at 

failure and the computed shear at inclined cracking, and in the denominator the 

difference between the shear corresponding to the computed flexural capacity an~ 

the computed shear at inclined crackingo By definition, any value of the ratio 

(r f )/(r f )b in Fig. 58 greater than 1.0 refers to a flexural failure and y y 
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should correspond to an ordinate equal to 100. Therefore, the locus of the 

predicted flexural failures is a horizontal line starting at the point (1.0,100) 

and extending to the right, as shown in the figure. Also shown is a straight 

line from the origin to the point (1.0, 1.0) which would represent the locus of 

the shear failures if the increase in shear beyond cracking were directly pro-

portional to the quantity (r f )/(r f )bo Different symbols were used on this y y 

figure to indicate the type of failure of each beam only in order to facilitate 

this discussion. However, a comparison between the actual and predicted modes 

of failure will be made in Section 27. 

It can be observed in Fig. 58 that, while the points representing 

flexural failures agree fairly well with the horizontal portion of curve A, the 

points corresponding to shear failures do not agree with the inclined portion of 

the same curve 0 The "dashedft curve B was plotted in Figo 58 to represent better 

the trend shown by the points corresponding to shear failures 0 Since the purpose 

of this investigation was not~ to study the effect of relatively small amounts of 

web reinforcement, not enough points were available to extend curve B down to the 

origin. Nevertheless, the data presented here indicated that the "efficiency" of 

the stirrups decreases as the amount of web reinforcement increases until the 

balance point is reachedo The main practical consequences of this behavior are 

that (a) a relatively small amount of web reinforcement improves the strength of 

a beam proportionally more tp~n the balanced amount of web reinforcement does and 

(b) if a beam has somewhat less web reinforcement than balanced its strength is 

not appreciably smaller than its :flexural capacity. 

In studying the scatter of the points in Figo 58, it is important to 

notice that the magnitude of the ordinates depends on the difference of two 

comparable quantities the shear at failure and the shear at crackinge Conse-

quently, the experimental error of the observed shear at failure is included in 



this difference, and since this difference is relatively ~mall, the error may be 

proportionally large. In spite of this possibility the scatter is not great and 

in general the points follow a definite trend. 

Because of its practical importance, the spacing of the stirrups was 

studied in relation to the strength of the web reinforcement 0 It is generally 

accepted that the stirrups should be closely spaced for efficient utilization of 

their strength and, theoretically, there is no reason why the stirrups cannot 

be closely spaced. Therefore, the spacing requirement is not a basic problem 0 

However, in practice the greatest possible spacing is usually preferred for 

economic reasons. In this investigation several spacings were used, and from a 

study of the results it can be concluded that spacings of 5 ino or smaller did 

not affect the efficiency of the web reinforcement noticeably. This spacing of 

5 ino is approximately equal to the clear depth of the webo Although only a few 

beams with stirrups spacings from 5 to 10 in. were tested, their results seem to 

indicate that the strengths of these beams were detrimentally affected by these 

large spacings. 

23. Analysis of Flexural strength 

The flexural strength of prestressed concrete beams has been studied by 

Billet and Appleton (3), who developed a semi-empirical procedure for computing 

the ultimate flexural moment. In accordance with this procedure the ultimate 

flexural moment, M , is given by the following expression~ 
u 

where A 
s 

M 
u 

A f d (1 s su 0.42 k ) 
u 

total area of longitudinal reinforcement 

f stress in longitudinal reinforcement at failure of beam su 

d effective depth of the longitudinal reinforcement 

k ratio of neutral axis depth at failure to effective depth 
u 

( 6) 
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In order to use Eq. 6, the values of f and k must first be computed. su u 

This can be accomplished by solving the following two equations together with the 

stress-strain relationship for the longitudinal steel~ 

1 - k u 
E E 

k + E + E su u ce se ( 7) 
u 

k 
pfsu 

u -f- (8) 
cu 

where E = steel strain at failure of beam su 

E limiting strain at which concrete crushes in a beam 
u 

E = concrete strain at level of longitudinal reinforcement due to ce 

effective prestress 

E steel strain corresponding to effective prestress se 

p longitudinal reinforcement ratio 

f average concrete stress in compression zone at failure cu 

It should be noted that the notation for the parameter klk3f~ used by 

Billet and Appleton is changed here to f cu 

The value of the limiting strain, E , has been assumed to be 0.004. 
u 

Any reasonable value can be assumed for this parameter since the results are 

insensitive to fairly large variations in the assumed value for the limiting 

strain at practical ranges of the variables involved. 

The average concrete stress in the compression zone at failure has 

been assumed to be that given by the following empirical expression derived by 

Billet and Appleton~ 

f cu 

fT 
C 

2 [

ff + 6000J 
f~ + 1500 

where the units of the average concrete stress, f ,and the cylinder strength, cu 

fT, are pounds per square inch. 
c 



24. Analysis of Shear Strength 

Before analyzing the shear failures quantitatively, a qualitative 

discussion of the mechanism of failure will be presented. This discussion ap­

plies to prestressed concrete I-beams with straight tendons and two symmetrically 

placed concentrated loads, although it need not necessarily be restricted to this 

case only. For convenience, the mechanism of shear failure for beams without web 

reinforcement is considered first. 

As explained in Section 18, when an inclined tension crack forms in a 

concrete beam, beam action is destroyed in the shear span and the specimen 

becomes a very complex structure. The analysis of this TTstructure n is trouble­

some to say the least, and very complicated, thus some simplifying assumptions 

are usually made. A common assumption is to regard the portion of the beam 

above the inclined crack as an arch with the steel reinforcement acting as a 

tie rod. This structure is able to carry an appreciable amount of load, and in 

some cases even a load greater than the cracking load. In accordance with this 

assumption of arch action, the position of the compressive force, or tr~ust line, 

in the shear span is shown in Fig. 59 (a)o To draw this line it was assumed 

that the steel stress in.the region beneath the inclined crack, region A, was 

constant, and therefore the thrust line above the crack is straight 0 In order 

to satisfy statics this condition requires that the longitudinal steel does not 

transfer any shear across the inclined cracko At present the opinions of inves­

tigators are divided in relation to this questiono While some think that an 

important amount of dowel action takes place across the crack, others consider 

that amount negligible o The writer believes that dowel action is critical in 

understanding the behavior of the beam and must be consideredo This opinion is 

based mainly on two pOints. 
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First, if dowel action is r-eglected, it is easily seen tb~t the portion 

A (Fig. 59 (a)) of the beam will carry no loado In fact, that portion could be 

removed leaving only the steel reinforcement. Under these circumstances the por­

tion A does not TTfollowlY the deformations of the upper part of the beam.., or of 

the Harch", and there would be a ttfault tt in the longitudinal steel where it 

crosses the inclined crack, as illustrated in Fig. 59 (b). In the beams tested, 

such a "fault" was not observed, consequently some sort of dowel action transfer­

ing shear across the crack must have been present. ~~is shear force subjects the 

portion A to the action of a force F, equal and opposite to another force F: 

acting upon the lfarchTt
, as shown in Fig. 59 (b)o 

The second point is based on observations of beams tested by Sozen (1). 

In some of those b'eams, the upper portions of the inclined crack was very flat 

and in some sections of the arch, such as that corresponding to the plane BBl in 

Fig. 59 (a), the eccentricity of the thrust line drawn without considering any 

dowel action was so great that the magnitude of the stresses in the arch would 

limit the load-carrying capacity of the structure to a value much smaller than 

observed in the tests. On the other hand, if dowel action is considered, the 

force F Y (Fig. 59 (b)) will change the position of the thrust line upward, and 

consequently the eccentricity in the arch will decrease 0 Thus, by considering 

this load-carrying pattern it can be explained why the beams mentioned were 

able to carry fairly large loads. 

The beneficial consequences of dowel action are apparent. It is 

reasonable to assume that the influence of dowel action upon the behavior of the 

beam is in direct proportion to the magnitude of the force FT (Fig. 59 (b))o The 

determination of this magnitude is extremely complicated since it depends on fac­

tors such as the stiffnesses of the arch, of the "portion An, and of the 

longitudinal reinforcement, w.hich are very difficult to evaluate in advance of 



the formation of the inclined crack. In addition to these, there is a detri­

mental consequence of dowel action', which usually makes the magnitude of the 

force FT even more uncertain~ the formation of a horizontal crack observed in 

many beams between the web and the lower flange starting at the inclined crack, 

as shown in Fig. 59 (b). This crack is caused mainly by the vertical tensile 

stresses induced in that location by the dowel action, and its formation de­

pends among other factors on the magnitude of those stresses, the tensile 

strength of the concrete, the thickness of the web, and the stiffness of the 

portion of concrete beneath the crack, in this case the lower flange. When 

this horizontal crack forms, the value of the force FT decreases as the length 

of this crack increases. 

From this presentation, it is inferred that the magnitude of the 

dowel force can be negligible in some cases, and fairly unpredictable in gen­

eral. Nevertheless, the dowel force contributes to the strength of the beam 

in two ways. One, by transferring some shear and therefore decreasing the 

magnitude of the thrust force in the arch, although this contribution seems to 

be of little importance in most cases. Two, by "improving'! the location of the 

thrust line, and consequently reducing the stresses in the arch. This contri­

bution is important since even a relatively small force can change the location 

of the thrust line significantly. 

Collapse may take place either simultaneously with inclined tension 

cracking or after some additional load has been applied, depending among other 

factors, on the location and shape of the inclined cracks, the formation of a 

horizontal crack between the arch and the lower flange, and the magnitude of the 

dowel action. The final collapse of the beam can occur in different modes, all 

of which are related to the failure of the arch. Usually the arch fails either 

by excessive tension in the top fibers near the end-block, or by crushing in 
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the zones under compression, mainly near the loading point, or in the web of the 

beam. Sometimes combinations of these phenomena occur in one particular failure 0 

Once the mechanism of failure for beams without web reinforcement has 

been described, it is possible to discuss more easily the mechanism of failure 

for beams with web reinforcement. Fundamentally, each stirrup transfers some 

shear across the inclined crack, resulting in forces acting on the arch and 

displacing the thrust line in a manner similar to that of the dowel force of the 

longitudinal steel, as illustrated in Fig. 59 (c). However, the stirrups can 

transfer shear more efficiently than the longitudinal steel and are more re­

liable. Also the amount of shear transferred by the stirrups can be much greater 

than that transferred by dowel action, and consequently, the effects on the 

thrust-line location are much more important 0 If enough stirrups are provided, 

this line can be moved up to a location close enough to that corresponding to 

beam action in order to prevent a shear failure. Another consequence of the use 

of stirrups is to diminish the possibility of horizontal cracking between the 

web and the lower flange, because of a better distribution in the shear transfer; 

if cracks do form in that location, their influence is greatly reduced by the 

presence 0: :he stirrups which limit the propagation of the cracks 0 

A~:~:ly the action of the stirrups has been simplified in the previous 

discuss~~~. I: is assumed that the stirrups are stressed in tension only, but 

they see::.· : >:.' 3·..;.bjected to some dowel action also, because of the nature of the 

relative ~_::_~~e::lent between the arch and the region A shown in Fig. 59 (b). 

However) ~:-:~ _, :>::~ll result is to move the thrust line in the arch upward, and 

consequently restore beam action to some extent. 

Beams with web reinforcement can develop shear failures similar to 

those already described for beams without stirrups, if the shear transferred by 

the stirrups is not enough to keep the thrust line in the proper location. In 
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this case, the stirrups usually yield and sometimes even fracture 0 Also, there 

is another possible cause of the final collapse of the beam~ crushing of the 

concrete beneath the upper part of the inclined crack, or zone C in Fig. 59 (c). 

In this zone there are compressive stresses induced by the action of the stirrups 

in zone A, and it is conceivable that these stresses could be large enough to 

produce crushing in some cases. Whether the conditions for such a failure can 

be present in practice is not known, and should be investigated because of the 

implications of this type of failure. The crushing of the concrete in such 

a location cannot be avoided by merely increasing the strength of the stirrups, 

but the stiffness of the stirrups also must be increased. Practically, this 

type of failure means that there could be an upper limit to the amount of verti-

cal stirrups which can be used efficiently, as has been observed for ordinary . 
reinforced concrete beams (4)0 

From this analysis of the mechanism of shear failures the complexity 

of a purely rational theory to predict the shear strength of the beams is evident. 

Such an attempt was beyond the scope of this investigation and consequently a 

purely empirical approach was used in order to derive an expression for the shear 

strength of the beams tested. It was decided that this expression should include 

only the most significant variables since the number of tests made was not enough 

for a careful study of all the variables involved 0 Also, because of the natural 

inaccuracies of any empirical expression, it is reasonable to omit any variable 

whose influence on the phenomenon being studied is slight 0 

The difference between the ultimate shear and the shear corresponding 

to inclined tension cracking was found to be by far the most significant variable 

governing the amount of web reinforcement necessary to prevent a shear failure, 

and the following empirical expression relating these two variables was found: 



where: v 
u 

v - v u c 

ultimate shear corresponding to flexural failure 

V shear corresponding to inclined tension cracking load 
c 

A cross-sectional area of one stirrup 
v 

d effective depth of the beam 

s spacing of the stirrups 

f yield point stress of the stirrup steel 
y 

Equation 13 can also be written as follows~ 

where~ r 

r f 
Y 

Alb's = web reinforcement ratio, based on web thickness 
v 

b T web thickness 

The value of the empirical coefficient, which is 4/5 in Eq. 11 

(10) 

(11) 

depends on how the values of V and V are determined. In these studies Eqs~ 
u c 

10 and 11 were obtained using measured values of V and computed value of V 
u c 

based on Eq. 40 

Equation 11 is represented graphically in Fig. 60 and compared with 

the observed data. It must be pointed out that Eq. 11 represents the. locus of 

the points corresponding to balanced failures. Points corresponding to shear 

failures can lie to the left of that line although not far away from it, if the 

amount of web reinforcement is smaller than balanced, and points corresponding 

to flexural failures must be to the right of the plotted line. It can be seen 

that the agreement between the plotted line and the test data is excellent 0 



VIo COMPARISON OF :MEASURED AND COMPUTED QUANTITIES 

250 Comparison of Measured and Computed Ultimate Strengths of Beams 
Failing in Flexure 

The ultimate flexural moment was computed for all beams by the 

following equations which were presented in Section 23~ 

M A f d (1 - 0.42 k ) u s su u 

1 - k u 
E E 

k + E + E su u ce se u 

k 
p fsu 

= u f cu 

( 6) 

(8) 

Equation 7 and 8 can be solved for f ,E ,and k by a simple trial and error su su u 

procedure provided that the properties of the beams and the stress-strain rela-

tionship for the longitudinal steel are known. In this study, the method used 

involved the following steps~ (1) a reasonable value for f was selected; su 

(2) this value was substituted inEq. 8 to determine k ; (3) E was evaluated 
u su 

from Eqc 7; (4) f and E were checked for compatibility with the measured su su 

stress-strain relationship 0 If f and E were not compatible, the operation su su 

was repea:'e:: :'or different values of f until a reasonable agreement was reached. su 

In each -::-::..::..~. tb.e selection of the value of f was guided by the results of the su 

previous ::-:~~s. 

~~:e~ the values of f and k are known, it is possible to compute su u 

the mome~: :'~~= Eq. 6. The moments thus obtained for all the beams are tabu-

lated in col ~'1 4 of Table 6. This moment computation procedure was originally 

derived for beams with rectangular compression zones at failure, but can also be 

applied without correction to I-beams if the neutral axis lies in the upper 

flange 0 Consequently, the position of the neutral axis, as given by Eq$ 8, was 



determined for all the beams and the computed moments were corrected if the 

neutral axis was found to be in the web. The correction was made by multiplying 

each moment by the ratio of the actual area of the compression zone to the rec-

tangular area assumed in the computations, and the corrected moments are marked 

with asterisks in Table 6. This rather crude proc~dure was used since all the 

corrections were less than 10 percent and therefore a more refined method was 

not justifiedo 

The moments measured in the tests and the observed modes of failure 

are also listed in Table 6, columns 6 and 9, respectively, and the ratios of 

the quantities in column 6 to the quantities in column 4 are tabulated in column 

7. From an examination of the ratios in column 7 it can be concluded that for 

the beams failing in flexure, the capacities computed on the basis of the flex-

ural analysis agree with the test results within reasonable limits; the mean is 

0.98 and the mean deviation 0.021. It is evident that for the range of variables 

employed, the method of computation was satisfactory in determining the flexural 

strengths of the beams studiedo 

Columns 2 and 3 in Table 6 show the computed and measured stresses in 

the longitudinal steel at failure. It can be seen that the computed stress is 

consistently greater than the measured stress. Actually, the measured stresses 

were not the true stresses at failure since the readings of the electric strain 

gages on which those stresses are based were taken at a load slightly less than 

the failure load. Moreover, if the concrete carries any tension at all at the 

location of the gages, the measured stresses should have a value smaller than 

the computed 0 

26. Comparison of Measured and Computed Ultimate strengths of Beams Failing 
in Shear 

The procedure presented in Section 24 was derived exclusively for the 

determination of the amount of web reinforcement necessary to produce a balanced 
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design. However, Eq. 10 can be written as follows for the determination of the 

strength of beams failing in shear~ 

M 
u 
M+~A~fa 
eLf-V s y 

where all the symbols except ~ have been defined in the preceding sections. 

Symbol a designates the length of the shear span. 

(12) 

In accordance with the discussion of the effectiveness of the stirrups 

presented in Section 22, Eq. 12 gives conservative values for M when the value 
u 

of A is smaller than that required for balanced design. If A is greater than 
v v 

the value required for balanced design, the value of M given by Eq. 12 does not 
u 

have any direct meaning, since the beam would fail in flexure at a smaller 

moment. However, if under those circumstances the shear span a is shortened, 

the value of M decreases and a value of a for which M is equal to the flexural 
u u 

strength can be found. This value of a can be regarded as the minimum shear 

span for that particular beam for which a flexural failure can still be obtained. 

However, it should be noted that under this new loading arrangement the beam 

carries a greater load than for a longer shear span. 

The resisting moment based on the shear capacity was computed for all 

the beams using Eq. 12, the properties of the beams, and the values of M given 
c 

by Eqo 4. The results are tabulated in column 5 of Table 6, and a comparison 

of these computed values with those measured in the tests for all the beams 

which had either shear or transition failures is made in column 80 The mean of 

the ratios in column 8 for all beams failing in shear except G20 is 1.04, and 

the mean deviation is 0.043. These results indicate that the predicted moments, 

as expected, were slightly smaller t~an the measured moments, and consequently 

Eq. 12 can be safely used to predict the shear strength of a beam. Beam G20 was 



not included in the average because, although it failed in shear, according to 

the analysis it should have failed in flexure. 

27. Prediction of M8de of Failure 

The mode of failure of a beam can be predicted by comparing the com­

puted values of the flexural and shear strengths, since the beam should fail in 

the mode indicated by the smaller of those values 0 Accordingly, the values in 

columns 4 and 5 of Table 6 were compared and the predicted modes of failure 

are listed in column 100 The observed modes of failure are indicated in column 

9. The predicted modes of failure were strictly correct for all except eight 

beams, but, in a broader sense, only one prediction may be considered incorrect 

because of the following considerations~ 

(a) Four of the T1incorrect" predictions correspond to transition 

failures. This type of failure is not predictable by the method used and it is 

not really necessary to predict it since in the transition range the behavior 

and capacity of a beam is practically independent of the mode of failure. The 

average computed flexural strength of the four beams with transition failures 

was 0.99 of their average computed shear capacities. 

(b) Three of the other four beams with incorrectly predicted failures 

exhibited very small differences between the computed flexural and shear capaci­

ties. These differences were less than two percent of the beam strength, and 

in this range it is not possible to predict the mode of failure with certainty, 

because of the i~~erent properties of concrete beamso 

The predicted mode of failure for beam G20 ~as flexure. It failed in 

shear but at a load corresponding to its predicted flexural capacity. 

Another way of comparing the predicted and observed modes of failure 

is illustrated in Figo 610 Equation 11 is represented in this figure by a 

straight line which defines two zones, one corresponding to shear failures and 
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the other to flexural failures 0 If for a given beam, the quantity (V -V )/bYd, 
u c 

based on computed values of V and V , is plotted versus t~2 quantity r f , the 
u c y 

position of the point in relation to the plotted line would indicate the pre-

dicted mode of 'failure 0 These points were plotted in Figo 61 for the beams 

tested using different symbols in order to distinguish the observed types of 

failure 0 The relation between the predicted and observed modes of failure can 

then be readily examined in Figo 610, 

280 Discussion of the Strength of Prestressed Concrete Beams 

In this investigation the strength of prestressed concrete beams has 

been studied, mainly in relation to the mode of failure and the use of web 

reinforcement. The results obtained are summarized and discussed briefly in 

the following paragraphso 

The strength of a prestressed concrete beam depends on the relative 

magnitudes of tr~ee main factors~ the flexural capacity, the inclined cracking 

moment, and the amount of web reinforcement 0 

If the flexural capacity is smaller than the inclined cracking moment 

the beruT will fail in flexure and its strength will be equal to its flexural 

capacity. This case is usually associated with beams which have small longi-

tudinal reinforcement ratios and either rectangular cross-sections or fairly 

thick webso The amount of web reinforcement has no influence on the failure 

and could therefore be omittedo 

If the flexural capacity is greater than the inclined cracking moment, 

the beam will fail either in flexure or in shear depending on the amount of web 

reinforcement. Within the range of the variables used in this investigation it 

is possible to find the minimum amount of web reinforcement which a beam can 

have and still fail in flexure. If a be~ has less web reinforcement than this 

minimum amount, it will fail in shear, and its strength will vary from a value 



equal to or slightly greater than the inclined cracking moment to the flexural 

capacity) depending on the amount of web reinforcement 0 Because of the nature of 

prestressed concrete beams and because of the assumptions made in the derivations 

of the strength formulas) it is not possible to establish precise boundaries 

between the preceding cases. In practice) these precise boundaries are not 

necessary) since the strength of a beam does not change abruptly if the failure 

mode of the beam is changed from one case to another by varying slightly its 

properties. Instead there will be a continuous gradual change in strength. 

Expressions to compute the strength of the beams for the different 

cases are presented in this report 0 They are in general semi-empirical expres­

sions and therefore their ranges of application depend on the ranges of variables 

considered in their derivationo This range is quite wide in the case of the 

expression for flexural strength. However, the expression given for the shear 

strength of beams with web reinforcement was derived only from the test results 

reported herein) and consequently its reliable application is limited at present 

to beams similar to those tested. 

Besides the factors already discussed) there are other factors which 

can influence the strength of a beam 0 Usually they are not considered legitimate 

factors but are associated with poor design. Thus) a very large spacing of the 

stirrups can cause a premature shear failure) or a poor arrangement of the 

longitudinal steel can initiate a bond failure. End-block failures in pre­

stressed concrete beams also can be considered in this category. In this 

investigation) the behavior of the end-blocks was observed and) although no 

conclusive results were obtained) it can be said that the end-blocks used were 

quite satisfactory) a~d it is reasonable to expect that similar end-blocks 

should be satisfactory in other caseso 

• 
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VII. FUTURE TESTS 

The results reported herein were obtained from tests on prestressed 

concrete beams with web reinforcement made as a part of a more general investi-

gation of prestressed reinforced concrete for highway bridges. This program of 

tests will be continued in order to obtain more general results and consequently 

it is ap~ropriate, after studying these first tests, to make recommendations for 

future tests. 

Since the actual layout of the test programs should be decided. at the 

time of initiation of each particular program and since it is desirable to be 

able to change the range of the variables during the tests in accordance with 

develo~ments, only general areas of investigation are suggested here. 

(a) Balanced Web Reinforcement 

An expression for the balanced web reinforcement was derived from the 

results of the beams tested so far. This expression indicates that the additional 

shear that a beam can carry beyond inclined cracking de~ends only on the para-

meter r f. The validity of this expression for prestress levels other than 
y 

120,000 ~si should be investigated. 

(b) Beams with Cast-in-Place Slabs 

The advantages of th~s type of construction are obvious, and although 

only two specimens of this type were tested in this investigation, they showed a 

highly desirable behavior. Apparently, the slab gives extra toughness to the 

specimens and even the one which failed in shear exhibited a rather gentle 

failure. A procedure to predict the inclined cracking load for these beams is 

needed and an adaptation of Sozen1s method to this case should be investigated. 

(c) Web Reinforcement 

Since the effectiveness of the web reinforcement depends on the para-

meter r f it seems convenient to investigate the validity of this finding for 
y 



stirrups with yield points higher than that used in this investigation. The 

possibility of using stirrups made of high strength steel should be explored in 

order to see how the stiffness of the stirrups affects quantitatively their 

effectiveness. 

In Section 24 the possibility of the existence of an upper limit to 

the efficient use of vertical stirrups was mentioned, this phenomenon may need 

further investigation. 

Tests conducted by J. MacGregor (5) suggest the necessity of further 

investigations in relation to the use of web reinforcement in beams with draped 

longitudinal steel. 

Since all of the beams tested had uniform spacing of stirrups t~~ough­

out the shear span, the variation of the spacing of the stirrups along the span 

of the beam in accordance with the type of loading deserves further attentiono 

(d) End-Blocks 

The present practice tends to the elimination of end-blocks in order 

to simplify the construction procedures, especially in precasting. Consequently, 

some beams should be tested without end-blocks, and if this practice is satisfac­

tory, the end-blocks could be eliminated in all future testso 

(e) Type of Loading 

Only beams with symmetrically placed concentrated loads have been 

tested so far. Although from these tests it is possible to infer the behavior 

of similar beams under some other loading arrangement, this is not possible for 

all other types of loading. Consequently, tests of beams under moving loads 

simulating traffic conditions and possibly under distributed loads are recommended. 

(f) Continuous Beams 

Tests of continuous beams should be made in order to relate and facili~ 

tate the application of the data accumulated for simply supported beams to the 

case of continuous beams. 
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VIII. SUMMARY 

29. Outline of Investigation 

The purpose of this investigation was to study the behavior of pre­

stressed concrete I-beams with web reinforcement, with special attention to the 

influence of the web reinforcement on the mode of failure. In total, 38 beams 

with overall cross-sectional dimensions of 6 by 12 in. were tested. All the 

beams had webs either 1-3/4 in. or 3 in. thick. Two beams had cast-in-place 

slabs 2 in. thick and 24 in. wide. The concrete strength varied from 2310 to 

5520 psi, being about 3000 psi for most of the specimens. Two longitudinal 

reinforcement ratios were used, either 0.00192 or 0.00400, and the nominal pre­

stress was kept at 120,000 psi for all the beams. Vertical stirrups were used 

in all beams, with the ratio, based on web thickness and effective depth, 

varying from 0.00098 to 0.0135. The stirrup spacing varied from 2.5 to 10 in. 

All beams had symmetrically placed concentrated loads, the shear spans ranging 

from 28 to 54 in. 

Load increments were applied to each beam until failure was reached. 

The load, deflections at three points, concrete strains at the top, steel 

strains, and crack pattern were recorded for each increment of load. Each test 

took about four hours. 

Web reinforcement proved to be a suitable means of improving the 

behavior of the beams failing in shear, and of preventing shear failures if used 

in proper amounts. From studies of the data, a hypothesis for the'mechanism of 

failure was developed. 

30. Behavior of Test Beams 

Of the 38 beams tested, 11 failed in shear, 23 in flexure, and 4 in a 

Tftransition lT failure. Before cracking, all beams behaved lTelasticallylf and 
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similarly. After the first flexural cracks, the stiffness was appreciably 

reduced but the beams still behaved rather elastically until the formation of 

inclined cracks or the development of long flexural cracks. Before the forma­

tion of inclined cracks, it was considered that the stresses in the stirrups 

were negligible. After inclined cracking the stirrups prevented the opening of 

the cracks and immediate failure. As the load was increased, the stirrups either 

yielded or fractured and a shear failure took place, or they were capable of 

preventing this and the beam failed in flexureo 

The beams which had enough stirrups to develop the flexural capacity 

failed in flexure by crushing of the concrete or fracture of the longitudinal 

reinforcement. Some of these failures, especially those for the beams with the 

greater longitudinal reinforcement ratio, were fairly violento 

Beams failed in shear in several different ways~ (1) by crushing of 

the compression zone above the end of one of the inclined cracks, similar to 

a flexural failure; (2) by crushing of the web, due to the thrust induced by 

arch action; or (3) by general distortion of the web, usually accompanied by 

tension cracks in the top flange and fracture of the stirrups. 

In general, shear failures were violent, although in most cases the 

beam reached a deflection and carried a load comparable to those, of the beams 

which failed in flexure 0 

31. Test Results 

An empirical expression, Ego II, for the amount of stirrups required 

to prevent shear failures was derived from the test data 0 For the range of 

variables used, this amount was found to be proportional to the difference 

between the shear at inclined cracking and the ultimate shear 0 With this 

expression it was possible to predict the mode of failure of all the beams 

except one. It was also found that Ego 11 can be rewritten in the form given 
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by Eq. 12 and used to predict conservatively the strength of the beams which 

failed in shear 0 The average ratio of the measured to computed strengths of the 

beams which failed in shear was 1.04, and the mean deviation 0.0430 

In summary, it was found that, at least for the cases covered in this 

investigation, it was possible to prevent shear failures by using adequate 

amounts of vertical stirrups, and that even a small amount of web reinforcement 

improved considerably the behavior and load carrying capacity of a beam. If a 

beam fails in shear, but the amount of web reinforcement is not much less than 

that required for a flexural failure, the behavior and strength of the beam are 

practically equal to those of a similar beam failing in flexure. Therefore, a 

beam should have enough web reinforcement either to fail in flexure or to have 

a "desirable" shear failure in order to utilize its optimum strength 0 
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TABLE 1 

PROPERTIES OF SPECIMENS 

----
Concrete Type F! '1r\1~" W·'h Effect. Steel Longit. Effective Web Stirrup 

Mark Strength 01' WI '1 tll 1'111 ('Kr\f':,s D(~pth Area Reinf. Prestress REdnf. Spacing 
Reinf. 

f' b b' d As P f r' c se 
psi in. in. in. ino 2 % ksi % 

G1 3100 X 6 .. 00 1.70 10.50 0.121 00192 12505 0.:B2 
G2 3280 X 6.00 1.70 10.50 0.121 0.192 12505 0.277 
G3 2640 X 6000 1.65 10.13 0.242 0.397 119·2 0.277 
G4 ,2840 X 5·95 1·70 10.10 0.242 0.402 11605 00192 
G5 3240 X 5· 95 1.70 10011 0.242 0.401 120 08 00140 

G6 3010 X 6000 1·75 10.12 0.242 0.397 119·2 0.095 
G7 4660 X 5·95 1.71 10.14 0.242 0.400 121.6 00193 
G8 2310 X 6.00 1.70 10·50 0.121 0.192 12601 0.139 
G9 3080 X 6.00 1.78 10.48 00121 0.192 12509 0.095 
G10 2535 X 6.00 1.70 10.14 0.242 00396 118.8 0.191 

GIl 3020 X 6.00 1·70 10.49 0.121 0.192 12701 0.095 
G12 3050 X 5095 2·90 10.11 0.242 0.401 120.6 0.193 
G13 3140 X 6.00 1.76 10.49 0.121 0.192 12509 00048 
G14 3110 X 6.00 2095 10011 00242 0.398 120.0 00095 
-G15 2990 X 6.00 1.70 10.52 0.121 0.191 12507 0.069 

G16 2810 X 5.98 2096 10.14 0.242 00398 121.0 00139 
_G17 2780 X 6000 2.95 10.12 00242 00397 120.3 0.196 
G18 2870 X 6.00 2095 10047 0.121 00192 126.8 00048 
G19 2860 X 6.00 2·95 10.15 0.242 0.397 121.8 0.139 
G20 2400 X 6.00 1.75 10.15 0.242 0.397 121.5 0.261 

* Stirrups in the shear spans only 
** See Figs. 9 and 10 for other properties of the steel used for stirrups 
*** See Fig. 2 for description of types of stirrups 

s 

in. 

2.5* 
205* 
2.5* 
205 
2.5 

205 
205 
2.5 
205 
5.0 

5.0 
2·5 
5.0 
205 
5.0 

205 
5.0 
500 
5.0 
5.0 

Yield Pt. Type of 
Stirrups** Stirrup 

(***) 
fy 

ksi 

33.6 D 

35·5 D 
35.5 D 
42.5 D 
35.5 c 

42.5 c 
33.6 c 
35.5 C 
42.5 c 
33.6 D 

42.5 D 
33.6 c 
42.5 c 
42.5 c 
35·5 C 

35.5 c 
39· 3 D 
42.5 c 
35·5 D 
30.7 D 

Shear 
Span 

a 

in. 

36 
36 
36 
36 
36 

36 
36 
36 
36 
36 

36 
36 
36 
36 
36 

36 
36 
36 
36 
36 

---.;] 
+:-



TABLE 1 (Continued) 

Concrete Type Flange Web Effecto Steel Longito Effective 
Mark strength of Width Thickness Depth Area Reinf. Prestress 

Reinfo 
f(; b b' d As p f se 

psi in. in. in. in.2 % ksi 

G21 2690 X 6 0 00 1.75 10.48 0.121 0.192 125.8 
G22 35)0 X 6.00 1.80 10.11 0.242 0.399 112.5 
G23 26130 X 6.05 1.75 10047 0.121 0.191 125.5 
G24 3010 XI 6000 1075 10.14 0.242 00397 12002 
G25 3230 XI 6.00 1.75 10.47 0.121 0.193 12703 

G26 3420 XI 6.05 1.75 10.06 0.242 00398 118.5 
G27 5050 XI 6.00 1.80 10.15 0.242 00397 12102 
G28 3870 XI 6.00 3.00 10.02 0.242 0.402 11608 
G29 4330 XI 6000 1.75 10.03 0.242 0.402 118.5 
G30 5430 XI 6.00 3.00 10.10 0.242 0.399 119·7 

G31 3160 XI 6.00 3000 10005 0.242 0.401 122.0 
G32 3200 XI 6.00 1.80 10.03 0.242 0.402 119·0 
G33 2630 XI 6.00 3000 10.03 00242 0.402 120.4 
G34 3910 XI 2400 1075 12.30 0.242 00082 11708 
G35 3550 XI 6.00 3.00 10.15 0.242 00397 12204 

G36 4040 XI 6.00 1.75 9025 00242 0.437 ""70.0 
G37 3210 XI 6.00 3.00 10.12 00242 00398 122.5 
G38 3520 XI 24.0 1085 12.30 0.242 0.082 12300 

Web Stirrup 
Reinf. Spacing 

r' s 

% in. 

0.069 5.0 
0.261 3.75 
0.108 9·0 
0.347 5·0 
0.077 9·0 

0.230 7·5 
0.277 2.5 
0.147 10.0 
0.277 2·5 
0.139 5.0 

0.097 5·0 
0.327 300 
0.131 7·5 
0.277 2.5 
0.097 5·0 

00327 300 
0.139 5·0 
00327 3.0 

Yield Pto Type of 
Stirrups** Stirrup 

(***) 
f 

y 
ksi 

35.5 C 
39·3 D 
3903 D 
4105 D 
35·5 D 

41.5 D 
35·5 D 
39· 3 E 
3505 D 
35.5 D 

36.6 D 
39· 3 D 
39· 3 D 

35·5 B 
36.6 D 

39· 3 B 
35.5 D 
39.3 B 

Shear 
Span 

a 

in. 

36 
36 
36 
36 
36 

36 
36 
36 
28 
36 

54 
28 
36 
36 
48 

36 
48 
36 

--.,'] 
\.n 
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TABLE 2 

SIEVE ANALYSIS OF AGGREGATES 

Percentages Retained 

Aggregate 
Lot I II III IV V VI 

Sieve 

1/2 3.1 0.7 007 2.0 
rl 3/8 102 3.2 24.5 12·5 1205 23.2 a.> 
? No. 4 9602 93.2 9708 .9702 97.2 93.4 cO 
~ Noo 8 97·9 99.4 98.6 98.5 98.5 97.4 0 

No. 16 98.2 99.6 98.7 98.7 9800 

No. 4 1·5 2.8 2.7 0.3 0.2 0.2 
No. 8 14.9 19·1 19.7 1307 13.2 13.2 

rd No. 16 42.5 37.8 41.5 38.4 3602 36.2 s:l 
cO No. 30 70.4 66.2 70·5 70.2 6404 64.4 ill 

No. 50 93.2 94.5 94·9 9205 90.4 90.4 
No. 100 98.2 98.8 98.6 98.2 98.3 98.3 

Fineness Modulus 3.21 3.20 3.28 3.13 3.03 3.03 



TABLE 3 

PROPERTIES OF CONCRETE MIXES 

Cement:Sand:Gravel Water Slump Compressive 
Cement Strength 

Mark f' c 
by weight by weight in. psi 

Batch I and II I II I II I II 

Gl 1:4.2:4.4 .94 ·94 6 305 2950 3100 
G2 1:402:4.4 1.02 1.02 4 5 2750 3280 
G3 1:4.3:405 ·95 ·95 5 '3 3160 2640 
G4 1:4.2:4.5 089 089 3 8 3180 2840 
G5 1:4.2:4.5 ·93 ·91 6 1.5 4460 3240 

G6 1:4.2~4.5 ·93 ·91 1 3 3360 3010 
G7 1:2.6:3.1 .70 .67 7 7 4660 4660 
G8 1:4.2:4.5 ·91 .87 6 2 2415 2310 
G9 1:4.2:4.6 .86 .86 2 1·5 2875 3080 
Gl0 1~4.2:4.5 ·91 ·95 1 1 2635 2535 

Gll 1:4.2:4.5 .86 086 2 1.5 2950 3020 
G12 1:4.2:4.5 .86 .86 2 1 3120 3050 
G13 1:4.2:4.5 .84 .84 2 2 2870 3140 
G14 1~4.1:405 091 ·91 1·5 1 2890 3110 
G15 1:4.2:4.4 .86 .89 1 1·5 2580 2990 

G16 1:4.1~4.5 .84 084 2 2 2870 2810 
G17 1:4.1:4.4 .88 .88 1 3 2910 2780 
G18 1:4.1:4.4 .80 083 105 1 2840 2870 
G19 1:309:4.2 .87 .85 2.5 2·5 3050 2860 
G20 1:309: 4.2 ·92 088 405 205 2450 2400 

Modulus of 
Rupture 

f r 
psi 

I II 

408 442 
342 433 
333 366 
375 342 
408 425 

408 425 
484 458 
410 348 
333 366 
366 317 

400 
358 392 
333 37J-
342 316 
350 416 

338 342 
346 392 
333 350 
466 359 
400 367 

Age at 
Test 

days 

7 
9 
9 
8 
6 

8 
8 
8 
8 
8 

8 
8 
8 
7 
8 

8 
8 
7 

18 
8 

Aggregate 
Lot 

I 
I 
I 
I 

II 

II 
II 
II 
II 
II 

II 
II 
II 
II 
II 

II 
II 
II 
II 
II 

.......:j 
-...:) 



TABLE 3 (Continued) 

Cement:Sand:Gravel Water Slump Compressive Modulus of Age at Aggregate 
Cement Strength Rupture Test Lot 

Mark f' f c r 
by weight by weight in. psi psi days 

Batch I and II I II I II I II I II 

G21 1:3.8:4.1 .87 .87 1·5 2 2800 2690 375 342 7 II 
G22 1:3.7~4.0 .75 ·75 1 2 3280 3300 383 425 8 II 
G23 1:3.7:3·9 .94 ·94 2.5 4 2900 2680 416 400 8 II 
G24 1:3.7~4.0 .80 .80 2 2.5 3040 3010 421 383 8 II 
G25 1:3.7:3·9 .81 .78 5 3 3170 3230 466 396 7 III 

G26 1:3.7:4.0 .87 .83 6 2 3260 3420 433 508 9 IV 
G27 1:3.2~3.5 .67 .67 1 2 5420 5050 518 492 11 IV 
G28 1:4.1:444 .79 .76 7 3 3190 3870 383 425 11 V 
G29 1:3·9:4.2 .82 .82 1·5 1·5 3860 4330 408 433 11 V 
G30 1:3.2:3.5 .65 .62 3 2.5 5520 5430 517 475 10 VI 

G31 1:4.0:4.3 _ 088 ·91 1·5 2.5 3800 3160 393 267 10 VI 
G32 1~4.0:4.3 .86 .83 4·5 2·5 3290 3200 333 367 11 VI 
G33 1:4.1:4.3 .80 .79 2·5 3.5 3100 2680 304 304 9 VI 
G34* 1:4.1:4.3 .82 .79 3 2 3320 3910 425 362 12 VI 
G34s 1:3·9:4.0 .78 2·5 3000 383 6 VI 

G35 1~4.1:4.3 .75 .75 4 2 3620 3550 375 392 11 VI 
G36 1:4.1:4.3 .79 .82 1 2 3910 4040 350 333 18 VI 
G37 1~4.2:4.4 .87 .83 3 3.5 3300 3210 417 392 8 VI 
G38* 1:4.1:4.3 .80 .79 2.5 4.5 4030 3520 433 275 15 VI 
G38s 1:3.8:4.1 .75 1 3280 333 9 VI 

* Mix corresponding to the cast-in-place slab. Only one batch. 
~ 
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TABLE 4 

COMPUTED AND OBSERVED DEFLECTION IN THE llELASTIC II RANGE 

Midspan Deflection at Obs. Defl. 
Reported Load Compo Deflo 

Mark Load Computed Observed 
lb. in. ino 

Gl 6340 0.057 00058 1002 
G2 7110 00065 0.070 1.08 
G3 11780 0.104 00107 1003 
G4 9330 0.085 0.081 0095 
G5 14320 0.123 0.123 1000 

G6 10000 0.088 0.093 1.06 
G7 12200 0.098 0.094 0·96 
G8 7430 00082 0.072 0.88 
G9 7850 00075 0.072 0.96 
GI0 11650 00112 0.112 1.00 

GIl 6650 00060 0.057 0095 
G12 11650 00097 0.095 0098 
G13 8550 0.075 0.072 0.96 
G14 12750 0.106 0.103 0·97 
G15 9080 0.082 0.090 1.10 

G16 12750 0.109 0.112 1.03 
G17 12750 00106 0.106 1000 
G18 8880 0.074 0.074 1.00 
G19 12200 0.098 0.098 1.00 
G20 12750 0.126 0.120 0·95 

G21 7870 0.073 0.072 0·99 
G22 11650 0.091 0.116 1.27 
G23 1300 0.066 0.066 1.00 
G24 12220 00101 0.110 1.09 
G25 7210 00055 0.059 1.07 

G26 12200 00098 0.120 1.22 
G27 13360 0.087 0.098 1.13 
G28 10540 0.080 0.088 1010 
G29 17200 0.107 0.114 1007 
G30 13320 0.086 0.098 1.14 



TABLE 4 (Continued) 

Midspan Deflection at Obs. Defl. 
Reported Load Compo Defl. 

Mark Load Computed Observed 
lb. in. ino 

G31 8330 00072 0.075 1004 
G32 16090 0 .. 108 00121 1012 
G33 11650 00091 00098 1008 
G34 12850 00038 00046 1021 
G35 8930 00076 0.088 1016 

G36* 
G37 9430 00084 0.093 loll 
G38 17200 0,,051 0.059 1.16 

Ave. 1005 

* The deflections were not recorded since this was a defec~ 
tive specimen. 

80 
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TABLE 5 

COMPUTED AND OBSERVED VALUES OF INCLINED TENSION CRACKING LOAD 

Tensile Effective Cracking M 
c 

Strength Prestress Load f
t 

bd2'\Fb lib .~, 
Mark Force F ~ 

f t F se P Obso Compo Obso se 
Ac f t 

c Compo psi kips kips 

Gl 248 15·2 1.29 13.0 2.67 2.29 1017 
G2 239 15·2 1.33 12.5 2.66 2.33 1.14 
G3 257 28·9 2.36 17.8 3.86 3~36 1015 
G4 257 28.2 2030 1805 3·98 3030 1.21 
G5 299 29·2 2.05 18.8 3.48 3005 1.14 

G6 264 28·9 2.30 1802 3.73 3030 1.13 
G7 304 2904 2003 18.9 3039 3003 1.12 
G8 223 15.3 1.44 12·9 2094 2.44 1.20 
G9 245 15·2 1.30 13·9 2.84 2030 1.23 
GI0 234 28.7 2058 1707 4.15 3.58 1016 

GIl 248 15.4 1030 12·9 2065 2.30 1.15 
G12 255 28~ 2 2007 21.0 3.49 3.07 1.14 
G13 244 15·2 1·31 12.4 2.56 2031 loll 
G14 245 2900 2.22 2008 3.54 3.22 1010 
G15 231 1502 1.38 12.1 2.68 2.38 1.12 

G16 244 2903 2.25 1907 3.34 3.25 1003 
G17 246 29·1 2.21 21.4 3.62 3021 1.13 
G18* 243 15·3 1.18 2.18. 
G19 252 2905 2.19 20.0 3.30 3.19 1.03 
G20 225 2904 2.74 16.3 3.89 3.74 1.04 

G21 241 1502 1.32 14.4 3002 2032 1030 
G22 261 27 .. 2 2.19 1703 3·55 3.19 1.11 
G23 246 15·2 1030 12.4 2.53 2.30 1.10 
G24 253 2901 2.42 18.3 3.90 3.42 1.14 
G25 257 15.4 1.26 13.5 2.66 2026 1.18 

G26 260 28.7 2.32 13.3 2.78 3.32 0.84 
G27 322 2904 1·92 22.1 3.64 2.92 1.25 
G28 258 2803 2.05 20.4 3.34 3.05 1.09 
G29 281 28.7 2.14 19·8 3.02 3014 0.96 
G30 325 29·0 1.67 25.2 3.22 2067 1.21 

* This beam failed before any inclined tension crack formed. 
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TABLE 5 (Continued) 

Tensile Effective Cracking M c 
Strength Prestress Load f bd2'11~/b 

Mark Force t . 

f t F 
F 

P Obso se Obso Compo se 
Ac f t 

c 
Compo psi kips kips 

G31 279 29·5 1.98 1304 3.04 2098 1.02 
G32 260 28.8 1·92 17.8 2088 2092 0·99 
G33 254 2902 2.15 2403 4003 3015 1.28 
G34 262 28.5 2.28 20·9 4.49 3028 1037 
G35 273 29.6 2.03 17·2 3·51 3.03 1016 

G36* 283 17.0 1.26 3.26 
G37 262 29· 7 2.12 18.8 3095 3.12 1027 
G38 286 29.8 2.19 19.4 3.58 3.19 1012 

Ave 0 1.13 

* The inclined cracking load for this beam was not recorded because this was a 
defective specimen. 
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TABLE 6 

COMPUTED ANI) M8ASURED CAPACITIES 

Steel Stress Total Ultimate Bending Moment Observed PrecDcted 
at Ultimate Computed Computed Measured Fa.ilure Failure 

Mark Compo Meas. for for from Mt M** Mode*** Mode 
(f su) c (fsu)m Flexure Shear Tests t 

Mf M Mf M Mt s s 
ksi ksi k-in .. k-in. k-in. 

( 1; ~ 2; ( 3; Pj:; ( 5) ( b) ( 7) (8; (9) (10; 

Gl 248 238 294 566 296 1.01 F F 
G2 249 296 476 294 0·99 F F 
G3 232 190 462* 548 420 0·91 F F 
G4 233 220 477* 497 466 0·98 F F 
G5 235 208 503 431 464 0·92 1008 S s 

G6 234- 180 498* 400 394 0079 0099 S s 
G7 239 221 528 479 498 0·94 1094 S S 
G8 244 240 286 333 296 1003 F F 
G9 248 237 294 317 297 1.01 F F 
G10 232 200 453* 451 430 0·95 0.95 s S 

Gll 248 294 316 295 1000 F F 
G12 234 221 480* 509 477 0099 F F 
G13 248 228 294 259 284 0·97 1.10 S S 
G14 235 218 489* 450 477 0·98 1006 S S 
G15 248 236 295 264 289 0·98 1.09 T s 

G16 233 200 465* 480 438 0.94 F F 
G17 233 213 464* 552 452 0·97 F F 
G18 247 225 291 302 297 1.02 F F .. 
G19 233 202 470* 484 438 0·93 F F 
G20 231 185 437* 502 437 1.00 0087 s F 

G21 246 240 290 269 287 0·99 1007 s S 
G22 235 226 504 561 484 0.96 F F 
G23 246 238 290 323 289 1.00 F F 
G24 226 215 485 684 473 0·98 F F 
G25 241 219 287 284 288 1.00 1.01 F S 

G26 227 213 489 547 464 0~95 0.85 T F 
G27 232 223 518 589 512 0·99 F F 
G28 228 212 494 483 479 0·97 0·99 S s 
G29 230 218 502 496 495 0·99 1.00 S S 
G30 233 226 520 511 510 0.98 1000 F S 

* Value compensated for non-rectangular compression zone 
**Tabulated for shear and transition failures only 
*** F: Flexural failure, S: Shear failure, T~ Transition failure 
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TABLE 6 (Continued) 

steel stress Total Ultimate Bending Moment Observed Predicted. 
at Ultimate Computed Computed Measured Failure Failure 

Mark Compo Meas. for for from Mt M** Mode*** Mode 
(f su) c ( fsu)m Flexure Shear Tests t 

Mf M Mf M Mt s s 
ksi ksi k-in. k-in. k-in. 

~12 ~ 2) ~ 32 ~ 42 ~ 52 ~ b) ~ 7) ~8) ~92 ~lO) 

G31 226 205 480* 501 469 0.98 F F 
G32 226 208 482 522 466 0097 F F 
G33 225 193 446* 482 447 1.00 0093 T F 
G34 256 223 743 602 655 0.88 1009 s s 
G35 227 213 495 492 477 0096 0097 T s 

G36t 386 F 
G37 226 485* 536 472 0.97 F F 
G38 256 256 743 741 711 0096 0096 F s 

t Defective specimen. Load measurements only. 
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FIG. 36 FLEXURAL FAILURE IN A BEAJ;1 WITH FDUR WIRES AND 
WITHOUT STIRRUPS BETWEEN THE WADS 

FIG. 37 FLEXURAL FAILURE IN A BEAM WITH F'JUR WIRES A..\1J) 
STIRRUPS THROUGHOUT THE SPAN 
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FIG. 38 FLEXURAL FAILURE IN A BEA~ WITH EIGHT WIRES 

FIG. 39 FAILURE BY SEVERE DISTORTION OF THE WEB 
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FIG. 41 FOru~TION OF INCLINED CRACK IN THE WEB 

FIG. 42 SUCCESSIVE FOR:'·1ATION OF INCLINED CRACKS IN A 
BEAM WITH VERTICAL STIRRUPS 
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FIG. 43 SECONDARY INCLINED TENSION CRACKING 

FIG. 44 FLEXURAL FAILURE OF A GREATLY UNDER-REINFORCED BEAM 
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FIG. 45 WELL-DEVELOPED FLEXURAL CRACKS, BEAM G;;8 

FIG. 46 CRUSHING OF CONCRETE IN THE SLAB, BEA.'1 G)8 



FIG. 47 BEfu~ G31 AFTER THE INITIATION OF CRUSHING 
IN THE TOP FLANGE 

FIG. 48 _-~jEAM G31 AFTER COLLAPSE 
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FIG. 49 TYPICAL FAILURE BY CRUSHING OF TIm WEB 

FIG. 50 SHEAR-COMPRESSION FAILURE 



FIG. 51 SHEAR FAILURE OF A B~\1 WITH EIGHT WIRES 
AND A SHORT SHEAR SPAN 

FIG. 52 TRANSITION FAILURE, BE&~ G15 
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FIG. 53 TRANSITION FAILURE, BEN1 'G26 

FIG. 54 TRANSITION FAILURE, BEAlvl G35 
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FIG. 55 INITIATION OF CRUSHING IN THE TOP . 
FLANGE OF BEAM G33 

FIG. 56 BEAM G33 AFrER FAILURE 
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