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1 
10 INTRODUCTION 

101 Object and Scope 

Tests of prestressed concrete beams conducted in the last few years 

have shown consistently that reinforcement should be provided in prestressed 

members to resist inclined tensile stresses as well as horizontal tensile 

stresseso Two different types of reinforcement are commonly used for this 

purpose ~ stirrups and draped reinforcement. The term "draped reinforcement 1l'i 

refers to longitudinal prestressed reinforcement which is curved in elevation 

so that its centroid is closer to the top of the beam at the supports than it 

is at midspan" 

Stirrups are used primarily to transfer shearing forces across 

inclined cracks and to restrain the opening of such cracks. While stirrups 

have little effect on the load at which inclined cracks form, the presence 

of stirrups in a beam with inclined cracks makes it possible for the beam to 

carry load beyond inclined cracking. If inclined cracks develop in a beam 

without web reinforcement or with just a small amount of web reinfcfrcement, 

the beam will fail in shear at a smaller load and a much smaller deflec

tion than those corresponding to a flexural failureo By providing a suffi

cient number of properly designed stirrups, it is possible to make the beam 

fail in flexure at a load and deflection corresponding to those expected in 

a flexural failureo 

Draped reinforcement primarily affects the shear strength of a 

prestressed concrete beam by means of changes in the inclined cracking loado 

Depending on the manner in which inclined cracks form, ~aped reinforcement 

may act to increase or decrease the inclined cracking loado While stirrups 

are provided solely to carry shear J the longitudinal reinforcement ma.y be 



draped primarily to relieve high tensile and compressive stresses resulting 

from the effect of the prestress at the end of the beam or to alleviate 

anchorage stresseso 

The tests described in this report were carried out to study the 

effect of stirrups and draped reinforcement on the shear strength of pre-

stressed concrete beams. Tests of 87 simply-supported beams are reported. 

The principal variables were the amount, type and spacing of the stirrups 

and the profile of the longitudinal reinforcement. Sixty-one beams had web 

reinforcement and straight longitudinal reinforcement. FOurteen had draped 

longitudinal reinforcement but no web reinforcement, and five had both stir-

rups and draped wires. The remaining seven beams had neither web reinforce-

ment nor draped wires. The other variables included: shape of cross· section, 

prestress level, amount of longitudinal reinforcement, concrete strength; and 

type of loading. 

At the University of Illinois, tests of the shear strength of pre-

stressed concrete beams started in 1952 with tests on rectangular post-ten-

sioned beams without web reinforcement 0 The observations from these tests 

led to a fundamentally new explanation of the strength of beams failing in 

shear. (1)* Tests on I-beams in the follOwing years increased the under-

standing of the failure mechanism and emphasized the importance of the in-

clined cracking load in beams without web reinforcement. (2). Means of pre-

venting shear failures were studied next, and from 1956 to 1958, 38 I-beams 

with web reinforcement were tested and analyzed; and the strength of the 

web reinforcement was related for the first time to the difference between 

* Numbers in parentheses refer to corresponding entries in the References. 
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the shears at inclined cracking and at ultimate. (3) Subsequent tests have 

served to broaden the range of variables in the tests of beams with web 

reinforcement, adding draped reinforcement and moving loads among other 

t~ings to the list of variables considered. 

The results from all the tests of beams with web reinforcement, 

draped reinforcement, and the beams tested under moving loads are presented 

and discussed in this report 0 The observed patterns of behavior are dis

cussed and classified, with special attention being paid to the manner in 

which inclined crack.ing develops and the mode of failure 0 Finally, based 

on expressions developed to predict the cracking loads and failure loads, 

design recommendations are presentedo 

1.2 Outline of Tests 

This report is based on the results of tests on 87 simply-supported 

prestressed concrete beams both with and without web reinforcement 0 The basic 

cross=sectional dimensions were 6 by 12 ino in all cases, although two beams 

had a 2 by 24-·ino composite slab cast on top. Five beams were rectangular in 

sectiDn), 43 were I~beams with 3 -in. thick webs, and 29 were I-beams with 1 3/4-

in. thick webs. &l'he two composite beams had 1 3/4-ino webs 0 The nominal 

dimensions of the beams are sho'WI1 in Fig. 1, and the beam properties are 

listed in Table 10 

The majority of the beams had web reinforcement composed of one, 

two, or three-leg vertical stirrupso The nominal dimensions of the stirrups 

are shown in Figo 2 and the properties of the web reinforcement are summarized 

in Table 20 Nineteen beams had some or all of the wires draped in the shear 

spans. In every case, the drape profiles consisted of straight-line segments 

with the wires deflected under the load points as sho-wn in Fig. 30 The 



properties of the various drape profiles are listed in Table 3. Seven other 

beams were tested under moving loads. 

The ranges of variables covered in this series of' 87 beams are in-

dicated below 0 

Beams With Straight Longitudinal Reinforcement 

Beams Without Web Reinforcement (3 beams) 

Web Thickness: 

3 in. 2 beams 

1 3/4 in. 0 1 beam 

Concrete Strength~ 2640 to 3730 psi 

Longitudinal Reinforcement Ratio: 0 0 29 to 0.41 percent 

Prestress~ 119 to 127 ksi 

Shear Spans: 

36 in. 2 beams 

27 ino 1 beam 

Beams With Web Reinforcement 

Rectangular Beams (4 beams) 

Concrete Strength~ 2800 to 5470 psi 

Longitudinal Reinforcement Ratio: 0071 percent 

Prestress: 

120 ksi " .. 0 

60 ksi . 

Shear Span: 36 in. 

Stirrups~ 

Spacing: 6.5 ino 
A 

... 2 beams 

~ 2 beams 

Ratio (b:): 00256 percent 

Yield Stress: 5307 ksi 



I-Beams with 3-ino Webs (23 beams) 

Concrete Strength: 2680 to 7630 psi 

5 

Longitudinal Reinforcement Ratio~ 0.19 to 0.61 percent 

Prestress: 

120 ksi . 2l beams 

60 ksi 2 beams 

Shear SEans: 

36 in. . .. 0 . 15 beams 

48 in. . 0 . 0 0 2 beams 

54 in. 1 beam 

70 inc e . . 0 4 beams 

78 in. . 0 0 0 . 1 beam 

Stirrups: 

Spacing: Uniform - 205 to 10.5 in. 0 • 

Variable 0 0 

A 
Ratio (b:)~ 0.038 to 0.196 percent 

Yield Stress~ 34 to 7905 ksi 

I-Beams With 1 3/4-in. Webs (29 beams) 

Concrete Strength~ 2310 to 7420 psi 

19 beams 

4 beams 

Longitudinal Reinforcement Ratio: 0019 to 0.59 percent 

Prestress~ 

l20 ksi . 27 beams 

65 ksi 2 beams 

Shear SEans: 

28 in. 2 beams 

36 in. 24 beams 

70 in. 3 beams 
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stirrups ~ 

28 beams 

VO.T'iab1e Q 1 beam 

Yield stress: 34.0 to 79.5 ksi 

I~Deam.s \·-lith 1 j/ h-iD.o vJebs and Cast-in-Place Slab (2 beams) 

Concl~ete Strcngth~ 3520 and. 3910 psi 

Longitudinal Reinforcement Ratio~ 0.082 percent 

Prestress~ 120 ksi 

Stirrups~ 

S1?acing~ 2.5 and. :3 cO il1. 
A 

R -'-" (v~ al;~OS bs)~ 0,,:-277 ~:.~lC1 0.327 percent 

Yield Stress: 3608 and 4102 ksi 

BeanlS With Draped Longitudinal Reinforcement 

Beams Without Web Reinforcement (14 beams) 

Web Thickness~ 

6 in. 

3 in. 10 beams 

1 3/4 in. 0 :; beams 

Concrete Strength~ 2560 to 6280 psi 

Longitudinal Reinlorce!J.cnt· Ratio: 00)0 Ol~ Oc .l~O percent· 

27 in. 0 • • 2 bea1TIs 

36 in. . 12 beai11s 

Drape Ansle: 1.,5 to 10 degrees 



Beams With Web Reinforcement (5 beams) 

Web Thickness~ 3 in. 

Concrete Strength~ 2910 to 4600 psi 

Longitudinal Reinforcement Ratio: 0040 percent 

Prestress~ 120 ksi 

Shear Span: 36 in. 

Drape Angle: 2025 to 6080 degrees 

stirrups: 

Spacing: Uniform - 305 to 5.0 ino 
A 

Ratio (b:): 00137 to 0.196 percent 

Yield Stress: 36.8 ksi 

Beams With Straight Longitudinal Reinforcement, Moving Loads 

Beams Without Web Reinforcement (4 beams) 

Web Thickness: 

3 inc 0 2 beams 

1 3/4 in. 2 beams 

Concrete Strength: 3660 to 5200 psi 

7 

Longitudinal Reinforcement Ratios: 0030 and 0" 40 percent 

Prestress: 120 ksi 

Beams With Web Reinforcement (3 beams) 

Web ThicYJless ~ 

3 in" 0 0 1 beam 

1 3/4 in. 0 0 2 beams 
( 

Concrete Strength: 3970 to 4650 psi 

Longitudinal Reinforcement Ratio: 0030 and 0040 percent 

Prestress: 120 ksi 



Stirrups~ 

Spacing~ 4.5 ino 0 0 

Variable 0 

" 1 beam 

o 2 beams 

Ratio: 00072 to 00154 percent 

Yield Point~ 36.8 to 3702 ksi 
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Not,ation 

'* Designation of Test Specimens 

Although the specimens were numbered originally according to the 

order of testingp they have been regrouped for easier reference according 

to the major variableso Each beam is designated by one or two letters and 

two pairs of numerals; for example, BDo14o 260 The letters and numerals have 

the following significance~ 

First letter (~Do14026) 

A - Rectangular beam 

B - I-Beam, 3-ino web 

C - I-Beam, 1 3/4-in. web 

F ~ I-Beam, 1 3/4-ino web with 2 by 24-in. composite slab 

D - Draped reinforcement 

v - Draped reinforcement and web reinforcement 

'* The designation of test specimens in Refe 2 was the same as this 
system except for the second numeral (Bo12026) which represented~ 

1 - 54 ino shear span; -
2 - 36-ino shear span; 
3 ~ 28~ino shear span; 
4 - 24 inc shear spano 
The designation of the test specimens in Refo 6 differs from this 

system except in the meaning of the first pair of numeralso 
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W - Web reinforcement 

(The second letter is excluded if the beam has neither draped 

reinforcement nor web reinforcement). 

First Numeral (BD.;h4.26) 

1 - Prestress greater than 90,000 psi 

2 - Prestress less than 90,000 psi 

Second Numeral (BDol~.26) 

0 - Beams tested under moving loads 

3 - 27 or 28-in. shear span, approximately ~12 span length 

4 - 36-in. shear span, !!.I12 span length 

5 - 48-ino shear span, approximately 2/12 span length 

6 - 54-in. shear span, §} 12 span length 

8 - 70-in. shear span, approximately §/12 span length 

9 - 78-ino shear span, approximately 2/12 span length 

The second pair of numerals (BD.14.26) represents the value of 

Q = pE /f u to two significant figures. 
s c 

Most of the specimens in the high and medium prestress levels 

(designated 1- and 2-) were prestressed to about 120,000 psi and 60,000 psi, 

respectively.. The beams vlith 27, 54, 70 and 78-in. shear spans were loaded 

vdth a single load. The others had two loads symmetrically located about 

midspan 0 All beams had a span of 9 ft except those with 27 -in. shear spans 

which had a span of 8 ft 6 in. 

(b) Symbols 

Cross-sectional Constants and Dimensions 

A = total area of prestressed longitudinal reinforcement s 

Aslab = area of cast-in-place slab 
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A 
v 

;:: total cross-sectional area of one stirrup 

a ;:: length of shear span 

b ;:: top flange width of precast beam 

b U ;:: web thickness 

d ;:: effective depth of the longitudinal reinforcement 

h ;:: overall depth of beam 

It ;:: transformed moment of inertia of uncracked section 

n ;:: number of stirrups crossed by a crack with horizontal 

projection of z 

x ;:: h/4 + a/6 = distance from load to assumed location of 

initiating flexural crack 

= distance from elastic centroid to bottom fiber 

z ;:: 105 x ;:: horizontal projection of inclined crack 

Loads) Moments and Forces 

C ;:: total compressive force in the concrete in a beam without 

stirrups 

CW ;:: total compressive force in the concrete in a beam with 

stirrups 

M..o ;:: flexural cracking moment cJ. 

M = inclined cracking moment cs 

~ ;:: dead load moment 

Mu:f ;:: computed ultimate moment for flexural failure 

M ;:: computed ultimate moment for shear failure 
us 

Mut ;:: measured ultimate moment 

M ;:: maximum bending moment from one H-S truck on a span 
w 

p ;:: force caused by differential shrinkage in slab and beam 
s 
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T = tensile force in longitudinal reinforcement 

v = computed inclined cracking shear 
c 

va = computed inclined cracking shear for hypothetical beam 
c 

with straight wires 

v = measured inclined cracking shear em 

v = shear carried by concrete in a beam without stirrups conc 

Va = shear carried by concrete in a beam with stirrups cone 

Va = upward component of prestressing force) drape shear 

Vf = computed initiating flexural cracking shear J corresponding 

to flexural cracking at x from given section in direction 

of diminishing moment 

v ~ = computed shear corresponding to flexural cracking at d from 

given section in direction of diminishing moment 

v = net shear at inclined cracking 
n 

v = computed shear corresponding to web-shear cracking 
s 

v = shear corresponding to failure load 
u 

V = shear carried by stirrups 
v 

Stresses 

Concrete 

fb = computed failure stress in indirect tension test 

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

cylinders 

f = average concrete stress in compression zone at failure cu 

f~ = stress in bottom fiber due to prestress 

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

beams loaded at the thirdpoints of an 18-in. span 
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f t = assumed tensile strength 

fl = normal stress at a point 

f2 = vertical stress at a pOint 

v = shear stress 

Steel 

fn = tensile strength of longitudinal reinforcement 
s 

f = stress in longitudinal reinforcement at inclined cracking sc 

f = effective prestress after losses se 

f = stress in longitudinal reinforcement at failure 
su 

f = stress in web reinforcement at one percent strain y 

Strains 

Concrete 

€ = concrete strain c 

e: = concrete strain at top of beam at inclined cracking cc 

€ = concrete strain at level of longitudinal reinforcement ce 

due to effective prestress 

€ = limiting strain at which concrete crushes in a beam 
u 

Steel 

€ = e: - (e: + € ) = increase in steel strains beyond zero se su se ce 

concrete strain at level of longitudinal 

reinforcement ' 

= € - € = increase in steel strain after inclined sa sc 
cracking 

Esc = steel strain at inclined cracking 

e: B = € _ (e + € ) 
sc sc se ce 

€ = steel strain corresponding to effective prestress se 

€ = steel strain at ultimate su 
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Dimensionless Factors 

F = apparent strain compatability factor 

Fl = strain compatibility factor before inclined cracking 

F2 = strain compatibility factor after inclined cracking 

j = ratio of length of internal lever arm to effective depth 

k = ratio of neutral axis depth at inclined cracking to 
c 

effective depth 

k = ratio of neutral axis depth at ultimate to effective depth 
u 

k2 = ratio of depth of the resultant compressive force to depth 

of neut,ral axis 

p 

Q 

r 

Miscellaneous 

= A /bd :: reinforcement ratio 
s 

= pE /f g 

s c 

= A.j'bd = web reinforcement ratio J based on flange width 

E = assumed modulus of elasticity of concrete 
c 

E = modulus of elasticity of steel 
s 

~ = drape angle, angle between the resultant prestressing force 

and the hori zontal 



201 Materials 

(a) Cement 

20 MATERIALS , FABRICATION, AND TEST SPECIMENS 

Marquette brand TYPe III portland cement was used for all the spec

imenso The cement was purchased in paper bags from local dealers in lots of 

20 to 40 bags 0 

(b) Aggregates 

Wabash River sand and pea gravel were used in all the beamso Both 

aggregates have been used in this laboratory for many previous investigations 

and have passed the usual specification testso The sand had a fineness modulus 

of 300 to 3030 The maximum size of the gravel was 3/8-ino The absorption of 

both the fine and coarse aggregate was about one percent by weight of the sur

face dry aggregateo 

The aggregates were from a glacial outwash of the Wisconsin glaci

at ion 0 The major constituents of the gravel were limestone and dolomite with 

minor quantit,ies of qU8..1.--tz, granite and gneiss 0 The sand consisted mainly of 

quartz 0 

(c) Concrete M±xes 

Mixes were designed by the trial batch method. Two batches were 

used in each beam, Batch 1 being in the lower half to two~thirds of the beam 0 

Table 4 lists the proportions of the concrete batches used in each beam along 

wi:th the slump, compressive strength, modulus of rupture and age of teste 

Proportions are in terms of oven dry weights 0 

Each compressive strength listed in Table 4 is the average from at 

least four tests on 6 by 12-ino cylinders. The increase in concrete strength 

with age, expressed as a ratio of the seven-day strength is shown in Figo 40 
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The modulus of rupture of each batch was determined from the test 

of one 6 by 6-in. beam, loaded at the third-points of an l8-in. span. !file 

moduli of rupture are compared with compressive strengths in Figo 50 Since a 

measure of the tensile strength and the modulus of rupture of the concrete 

in each beam was necessary for the interpretation of the test results, and 

since the scatter in the measured modulus of rupture data did not warrant use 

of the results of individual control beams, the statistical expression de-

veloped in Ref. 2 was selected to represent the test data 0 For concrete with 

small-size coarse aggregate this expression was~ 

f 
r = 

3000 
4 + 12,000 

ftl 
c 

(1) 

where f and f U are both in pounds per square inch 0 This expression is pIot-r c 

ted in Fig. 5 and is compared to the following expression which is connnonly 

used to express the modulus of rupture of concrete. 

f = 6 r;u r v·.J. c 

The values of f used in this study were all computed from Eqo 1 and were 
r 

not the observed valueso 

A limited number of 99Brazl.lian ill or ~iIndi:rect Tension Tests tt were 

made by loading 6 by l2-ino cylinders along their diametero L~ this test 

a cylinder was placed on its side between the heads of the testing machine 

and 12 by 3/8-in. strips of card board were placed between the cylinder and 

the heads to distribute the load evenly along the length of the specimen. 

Under this loading the middle 4/5ths of the vertical diameter of the cylinder 

is stressed almost uniformly in tension and the specimen fails by splitting 

along this diameter 0 The computed stresses corresponding to the failure load 

are included in Table 40 



The modulus of elasticity for the concrete was determined by mea-

suring the stresses and the corresponding strains in a 6 by 12-in. cylinder 0 

The modulus was defined as the slope of a secant passing through the origin 

and the point on the stress-strain curve corresponding to 1000 psio The 

measured values of the modulus of elasticit.Y are plotted in Figo 60 Equa= 

tion 3, also plotted on this figure represents a modified form of Jensen~s 

expression for the modulus of elasticity of concrete. 

E 
c 

= 30 ,.000,000 
6 10,000 

+ fB 
C 

"Where E and f U are both in pounds per square inch ~ 
c c 

(d) ~estressing Reinforcement 

Cold~awn and stress-relieved high tensile strength single wire 

meet,ing the requirements of ASTM-A-42l-59T was used for longitudinal rein-

forcemento The wires used were received in six shipments designated as 

Lot,s 8, 10, 11, 12, 13 and 140 Lots 8 through 13 were manufactured by the 

American Steel and Wire Division of the United states Steel Corporation and . 

were designated as HHard Drawn Stress Relieved Super-Tens Wire ~i 0 ~e wire 

in Lot 14 was manufactured by the Union Wire Rope Corporation and was desig

natecl as fiS Oo 196-ino Tufwire i~ 0 The manufacturing process for t,he AS and W 

wire consisted of the following steps~ (1) hot rolling, (2) load patentDlgJ 

(,3) cold drawing, and (4) stress relieving 0 The heat analyses furnished by 

the manufacturers, the diameters, and strength properties of each wire are 

listed in Table 50 

The stress-strain relationships for the different lots determined 

from tests of samples cut from different portions of each coil are shown in 
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Figs 0 7, 8 and 90 All samples were tested in a 120,OOO-lb capacity Baldwin

Southwark-Tate-Emery hydraulic testing machine, and the strains were mea

sured with an 8-ino extensometer employing a Baldwin itmicroformer" coil and 

recorded by an automatic device 0 

To improve the bond, the cut lengths of wire were wiped with a 

rag dipped in a solution of hydrochloric acid and then rusted by storing in 

a moist room for one to three weekso This produced a slightly pitted surface 

which improved the bond characteristics. The intended locations of the elec

tric strain gages were protected from rusting by wrapping them with insulating 

tape. All wires were cleaned with a wire brush to remove loose rust before 

they were used in a beamo 

(e) Web-Reinforcement 

In all but four of the beams with web-reinforcement the stirrups 

were made of black annealed wire of six different nominal diameters. This 

wire was received in straight pieces, 5 or 15 ft longJ in three shipments, 

designated as A, B and Co 

In the remaining four beams, the stirrups were made from O.129-in. 

square cold finished bars of AlSI C-1018 steelo These wires were received 

in straight pieces, 12-ft long. 

After cutting the wires to the proper lengths for stirrups, they 

were rusted and samples were tested in the same way as described for the 

prestressL~g steel# The stress-strain characteristics together with the 

diameters and yield-point stresses are shown in Figs 0 10 through 130 The 

type of' wire used for the stirrups of each particular beam is listed in 

Table 20 

In the analysis of ~he test resultsthe yield point stress for 

the stirrup steel has been defined as the stress corresponding to one 



percent strain, since strains of at least this magnitude were present in the 

stirrups when failure occurredo If a stirrup crossed by a crack is assumed 

to be unbonded for a quarter of its length on each side of the crack, a one~ 

percent strain spread over the unbonded length of the stirrup would result 

in a crack ~ich is 0.05 in. wide 0 The actual widths of the inclined cracks 

were often 0.05 inc or greater at ultimate indicating strains in the stirrups 

of one percent or moreo The successive development of a number of adjacent 

inclined cracks in the webs of many of the beams tested would indicate better 

bond than assumed hereo The stresses corresponding to one percent strain in 

the stirrup steel ranged from 2 to 11 percent greater than the stress at first 

yield. The stresses corresponding to one percent strain are listed with the 

stress~strain curves in Figs. 10 through 130 

(r) ReinforCing Bars 

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 labora

tory stock and samples were tested in the same way as indicated in -Section 

201{d)o A typical stress-strain curve is shown in Fig. 120 

202 Description of Specimens 

(a) Over-all Dimensions 

All the beams were modificiations of a basic member 6 by 12~in. in 

cross section and 10 ft 1 1/2 ino to 10 ft 8 ino in over-all length 0 Of the 

87 beams reported, 43 had 3..,in. webs, 39 had 1 3/4 m.-webs and 5 were rec

tangular in cross sectiono The webs were formed by metal inserts placed in 

rectangular forms. Rectangular end blocks 12 to 18 ino in length were 

provided at each end of the beams. 
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The nominal dimensions of the beams are sho-wn in Fig. 10 Although 

the specimens were cast in metal forms j the dimensions varied slightly from 

beam. to beamo The measured dimensions are listed in Table 10 

Tv70 of the beams had 2 by 24-ino slabs cast on top. The continuity 

of shear flow between the slab and the beam was maintained by using longer 

stirrups with the upper ends protruding from the beam (Type B, Figo 2) and 

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 ex

tended the full width of the upper flangeo The center-to-center spacing of 

the shear keys was 5 ino in G43 and 6 inc in G380 The shear keys and pro

truding stirrups are shovm in Fig. l4( a) 0 

(b) Details of Longitudinal Reinforcement 

The longitudinal reinforcement consisted of 4 to 12 single wires, 

pretensioned, and anchored by bond. Bond slip was observed after inclined 

cracking in a few of the beams wi th draped wires but not in beams with straight 

wires. The prestressing wires were placed in one or two horizontal rows of 

2, 4 or 6 wires per rowo The wires were spaced at 0070 in. center to center 

in the horizontal direction and 0075 in. in the vertical direction. 

In the beams with draped wires the wire profiles consisted entirely 

of straight line segments, the wires being draped from the load points in 

every caseo The prestressing wires were either all draped parallel to one 

another or some of the wires were draped and the rest were straight. The 

vertical and horizontal spacing of the wires was the same as in beams with 

straight wireso In all, twelve reinforcement profiles were used. These 

are described in Table 3 and Figo 30 



In the two beams with composite slabs, the slabs were reinforced 

. by intermediate grade Noo 3 deformed bars at 6-in. spacing in both directionso 

The bars were placed at mid-height of the slab. Figure l4(b) shows the slab 

form and slab re inforcement in place prior to casting the slab. 

(c) Details of Web Reinforcement 

Vertical stirrups having one, two or three legs 'Were used in all 

the 63 beams which had web reinforcement. The nominal dimensions of the 

stirrups are shown in Fig. 2 and their spacings in Figso 15 through 220 

Details of the stirrup percentages, spacings, type of wire and type of stir

rups are summarized in Table 20 

Stirrup spacings ranged from 2 1/4 ino to 10 1/2 in. In the majority 

of the beams, a uniform stirrup spacing was used throughout the length of the 

beam. In seven beams, however, the spacing was varied along the length of the 

beam. In the first beams tested, stirrups were provided only in the shear 

spans (Beams CW.140l5, CWo14.l8 and cw.14045)o However, horizontal cracks 

were observed between the web and the upper flange near midspan of two of 

these beams before and during the tests. Consequently, stirrups were used 

throughout the constant flexure region in all the other beams to prevent the 

development of these cracks 0 Cracks of this type were not observed in beams 

with stirrups in the flexure spano In the beams loaded with a single load 

placed away from the midspan the stirrup spacings 'Were different in the two 

shear spans 0 

203 Prestressing 

(a) End Details of Wires 

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

ing the tensioning process and until iitransfer" took place. Threads were cut 
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on the end 3 in. of the wires with an automatic threading machine using 

specially heat-treated chasers with 24 threads to the inch. Despite the 

heat-treatment, the chasers required resharpening after threading about 

twenty wires. The threads on the wires were cut to provide, a medium fit 

with the thread in the nuts, requiring a thread slightly larger than a 

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

of the wires was 00196 in. 

The nuts used to anchor the wires were 5/8-in. long and octagonal 

in sectiono They were specially manufactured in the laboratory machine shop. 

The hole was sub-drilled with a No. 18 tap drill and tapped with a standard 

No. 12, 24 threads to the inch, tap. This provided a full No. 12 thread in 

the nuts. Nuts with a No. 10 thread required too much material to be cut 

from the wires to be practical 0 The thread cut on the wires to fit the 

No. 12 thread in the nuts is sufficient to develop at least 160,000 psi in 

the wires and was considered most suitable 0 

The nuts were made from 1/2 ina octagonal UBustertt alloy punch and 

chisel steel having the following analysis range: Carbon 0.56-0060 percent; 

silicon 0.60-0080 percent; chromium 1.10-1030 percent; tungsten 2000-2030 

percent; vanadium 0 .. 20-0030 percent. The hardening process involved six 

steps: (1) packing in charcoal in a closed steel box, (2) heating for 20 

minutes at 1200 F, (3) heating for 45-60 minutes at 1650F, (4) oil quenching 

to slightly above room temperature, (5) tempering at 1000F for 30 minutes, 

and (6) removal from furnace and air cooling" 

(b) Tensioning Apparatus 

Since the beams in this series were all pre-tensioned, a pre

stressing frame was necessary to provide a reaction for the tensioning 



force. The frame consisted of two 11 ft 6-ino lengths of extra-heavy 3-in. 

diameter pipe and two bearing plates, 2 by 6 by 20-in. It was built to fit 

around the form for the beamo The bearing plq.tes had six r01-lS of 0.206"'in. 

diameter holes to accomodate the various positions of the wires. The holes 

were 0.70 ino apart horizontally and 0075 in. vertically 0 

A 30-ton capacity Simplex center-hole hydraulic ram operated by a 

Blackhawk pump was used to tension the wireso A U-shaped jacking frame fitted 

between the pretensioning frame and the jack. To tension the wires, the ram 

reacted against the frame and a 5/S-ino diameter rodo The thrust was trans

ferred from the ram to the rod through washers and a nut 0 The rod in turn 

extended through the center hole in the ram and was directly connected to the 

wires by means of a heat-treated nut welded to the rod. After the wire was 

tensioned to the desired stress the nut on the wire was turned up against a 

shim and the jack was released allowing the nut and shim to bear on the pre

tensioning frameo The complete tensioning setup is shovffi in Fig. 230 

( c) Draping Apparatus 

The reinforcing wires were tensioned in their uppermost position 

and then were pulled d01ID to their final position by two draping saddles, 

one at each load pointo The draping saddles consisted of two long threaded 

3/S-in. diameter rods with two 2 J./2-in. lengths of 1/2-in. diameter rod 

welded across them at one end. (See Fig. 24)0 The cross-bars and the 

threaded vertical rods were arranged to allow the wires to pass between 

them in their normal spacing. The lower ends of the vertical rods passed 

through holes in the bottom of the form and the saddles were held in 

position by nuts bearing on the bottom of the form. No provisions was mad.e 
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for longitudinal movements of the wires during draping since the saddles were 

flexible enough in that direction. This caused no trouble in draping the 

wires 0 

The form members rested on a stiffening beam built up from plates 

and two 15-ino channels 0 The form and the stiffening beam are shown in 

Figo 250 This beam was necessary to prevent the forms from warping when the 

prestressing wires were draped. 

For low drapes, it was possible to do all the draping by screwing 

nuts onto the threaded rodso A hydraulic jack was used to pull down the 

saddles for the higher drapeso 

(d) Tensioning, Draping, and Releasing of the Reinforcement 

(1) Beams with Straight Reinforcement. The reinforcement was 

tensioned in the prestressing frame prior to casting the beamo The ends 

of the wires were slipped through the end plates of the form and through the 

bearing plates of the prestressing frame 0 Calibrated aluminum dynamometers 

were then slipped into one end of the wires and the anchoring nuts were put 

on each end of the wireo The reinforcement was tensioned one wire at a time 

with a hydraulic jack and anchored by tightening the nuts on the wire to bear 

on the prestressing frameo Shims were added between the nuts and the frame 

where necessaryo Since the prestressing frame -anderwent an elastic shorten

ing with the tensioning of the wires, the first wires tensioned were ove~ 

stressed a certain amount} dictated by the experience with previous beams. 

Mlnor adjustments in the wire stresses were normally necessary after ten

sioning all the wireso 

After all the wires had been tensioned, the frame and the wires 

were moved to the form and set in placeo The prestressing frame was large 



enough to fit around the form for the beams. The stirrups were wired in place 

after the longitudinal reinforcement was tensioned and before it was placed 

in the fOrillo 

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

transferred to the concrete beamo This was accomplished by loosening the nuts 

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

all timeso In a very few cases, wires fractured at the threads during this 

operation 0 When this occurred, the behavior of this wire was observed care-

fully in the test to detect possible bond failures. Where necessary, the 

beams were prestressed externally at the top to counteract the tensile stresses 

in the top fibers caused by the prestressing force. " ti The top prestress was 

removed either before the test was started or after the first few increments 

of load were applied. 

(2) Beams with Draped Reinforcemento .In a beam with draped rein-

forcement J the prestressing wires were tensioned in their uppermost position 

and then were pulled down to their final position by a welded steel saddle 

at each load pointo The initial prestress in the wires was chosen so that 

the additional increment added by draping brought the total prestress up to 

the desired level. An allowance was made for the shortening of the prestress-

ing frame 0 In drape profiles F and G, the draping process alone would have 

stressed the wires to more than the desired stress and it was necessary to 

release some stress at intervals to have the desired prestress in the 

finished beamo 

After initial tensioning, the prestressing frame and wires were 

transported to the form and the ends of the saddles were fitted through 

holes in the bottom of the form 0 The end plates were bolted to one side-

form to prevent being pulled out of line during the draping procedure. 
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The other side-form was not in place during draping to facilitate measure

ment of the height of the wires. The wires were then pulled down into 

position with saddleso D,ynamometer and steel strain gage readings were 

taken before and after the draping operationo 

Two days before testing, the tension was released, the end an

chorages being released first. This release sequence was followed so that 

the beam would be prestressed before the vertical reaction of the draping 

saddles was transferred to the beam. 

(c) Measurement of Prestress 

During prestressing, draping, and release, the force in each wire 

was determined by measuring electrically the compressive strain in calibrated 

aluminum dynamometers, slipped on the wire between· the nut and the bearing 

plate at the end opposite to the one Where the tension was applied as shown 

in Figo 230 The dynamometer consisted of two-ino length of 1/2-in. aluminum 

rod with a Oo2-ino diameter hole drilled through its center 0 strains were 

measured by means of two Type A7 SR-4 electric strain gages mounted on 

opposite sides of each dynamometer and wired in series 0 This arrangement 

gave a strain reading which was the average of the strains in the two gages 

thereby compensating for small eccentricities of load that might occuro The 

dynamometers were calibrated using the 6000-lb range of a l20,OOO-lb capacity 

Baldwin hydraulic testing machine 0 The calibration constants of the dyna

mometers were very nearly the same; the strain increment necessary to mea

sure a tensioning stress of 120 ksi in the wire was about 2000 millionths. 

This large increment of strain allowed a precise measurement of stress in 

the wires, since the strain indicator used had a sensitivity of two or three 

millionths 0 



strains in the wires were measured at various points along the 

beam with Type A7 SR-4 electric strain gages during the draping operation 

to check the dynamometer readings and to check the uniformity of the pre

stress inside and outside of the drape points. Measurements taken during 

this operation showed that the average stress at the jacking end and at the 

dynamometer end were 100 and 101 percent, respectively, of the stress in 

the flexure span. 

The instantaneous losses at release were measured with T,ype A7 

SR-4 electric strain gages mounted on the wires at midspan. The computed 

elastic losses and the losses measured at the time of release by the gages 

on the wires compared fairly well. The losses due to creep, shrinkage, and 

relaxation were estimated using data obtained from previous tests on con

crete cylinders, prestressed beams and wire specimens (4) (5). In a number 

of specXillens, the estimates of total losses were corrobrated by measurement 

of the increase in midspan deflection between the times of release and testa 

The effective prestress levels listed in Table 1 were obtained by subtracting 

the total losses from the initial prestressQ 

(f) Stirrups 

The Type A, B, and D stirrups were slipped on the prestressing 

wires before these were inserted in the prestressing frame. After tension

ing the wires, the position of each stirrups was marked on the longitudinal 

reinforcement and each stirrup was tied in position using baling wire 

(Figo 26) 0 T,ype E stirrups were made of a type D stirrup to which a third 

leg was added 0 Type C stirrups could be placed in position after tension

ing the longitudinal steel because they had only one leg. The position o~ 

the stirrups was always carefully referred to the prestressing frame before 
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casting the beam. Wnen the forms were stripped, 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 with web reinforcementQ 

A reinforcing bar was tied to the top of all the stirrups to keep 

them vertical and at the proper spacing. After the first batch of concrete 

had been placed and vibrated this bar was removed a 

20 4 Casting and Curing 

After prestressing the wires and tying the stirrups in position, 

the prestressing frame was placed around the form and the wires were correctly 

aligned inside the form. Metal forms were used to cast all the beams, al

though wooden forms were used to cast the composite deck slabs used on two 

beams 0 Removable metal inserts were used to shape the I-Beam. 

All concrete was mixed three to six minutes in a non-tilting drum 

type mixer of 6-cu ft capacity. A butter mix of one cu ft preceded two 4 cu 

ft batches which were used in the specimens 0 Before batching, samples of the 

aggregates were taken for free moisture tests. The slump was determined im

mediately after mixing 0 Sinc.e the clear distance between the wires was about 

one-half L~ch, pea gravel with a maximum size of 3/8· in. was used in all beamso 

Two batches of concrete were required in each beam. The first 

bat.ch was placed in a layer of uniform height through the beam and filled a 

half to three quarters of the depth 0 The second batch was placed on top of 

the first batch. Consequently, all the concrete in the compression zone 

of the beam was from the same batch. Six 6 by 12-ino control cylinders and 

one 6 by 6 by 20~ino modulus of rupture beam were cast from each batch. 

Several hours after casting, the top surface of the beam was 

trowelled smooth and the cylinders were capped with neat cement pasteo The 
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forms of the beam and the control specimens were removed after one day and 

the beam and control specimens were wrapped in wet burlap for several days. 

The burlap was removed two to three days before testing t6 allow the concrete 

surface to dry before electrical strain gages were applied. 

The beams which were to ha:ve a slab cast on top were manufactured 

in the same manner as indicated in the preceding paragraphs} except for the 

following differenceo Beveled pieces of wood '\vere pressed into the concrete 

at the top of the beam to form the shear keys and the top of beam was not 

trowelled smooth. After transfer, the protruding parts of the stirrups were 

thoroughly cleaned and the coarse aggregate of the concrete was exposed on 

the top of the beam using a special hammer and a wire brusho Finally the top 

surface was cleaned by compressed air (Figo l4a)o At this stage the beam was 

supported at two pOints, the span being the same as that for the test and the 

form for the slab was built around the beam (Fig. l4b). The slab reinforce~ 

ment was placed and the top surface of the beam was wetted before casting the 

slab. One batch of concrete was used for the entire slab} including four 

6 by l2-in. control aylinders} and one 6 by 6 by 20-in. control beam. The 

slab was finished and cured according to the procedure already outlined for 

the beams. 
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3 0 rnSTRUMENTATION, LOADING APPARATUS, AND TEST PROCEDURE 

3.1 Strain Gages and Load Cells 

(a) Strain Gages on Reinforcing Wire 

Two wires in each beam were instrumented 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 ino Type A7 gages were chosen for their narrow width, short 

length and fl ex ib il it yo These gages were placed at midspan in all the beams 

tested under two-point loads and moving loads. In beams loaded with a single 

concentrated load, the gages were under the load point.o In eight of the beams 

with draped wires, a~ditional gages were mounted three inches inside and out-

side of' each drape-point to measure the uniformity of the stress in the draped 

spans and the flexure span. These gages were carefully placed on the same 

side of the wire and at equal distances from the drape point so that both 

would be affected equally by any curvature or other disturbance resulting 

from the bend in the wire at the drape point. In beams with two layers of 

steel, one instrumented wire was placed in each layer. 

The surface of the wire was prepared for gage application by using 

fine emery cloth and acetoneo Duco cement or Eastman 910 cement was used as 

the bonding agent. In the case of Duco cement, heat lamps were used tD has-

ten the drying of the cement. After several hours of air-d...-roying, and after 

the lead wires had been soldered to the gages and insulated with tape, the 

* *-* gages were waterproofed with a coating of Petrolasticor Epoxoid The 

Petrolastic compound was applied in the following manner~ After attaching 

* An asphaltic compound manufactured by Standard Oil of Californiao 
** An adhesive produced by the International Prestressing Corporation 

of Los Angeles, California 0 



and insulating the lead wires) the gage was given a thin coating of Petrosine 

wa.x,- A l/2 by 1/2 by 1 1/2 ino open-topped box made of cardboard or light 

sheet metal was then placed around the gage and molten Petrolastic was poured 

into this box and allowed to coo19 The prestressing wire was kept warm un

til this operation was started in order to improve the bond between the wire 

and the Petrolastico The method of vraterproofing using Epoxoid adhesive was 

as follows ~ Mter attach ing the lead wires and wrapping the bare portions 

with insulating tape) a small amount of adhesive was mixed and trowelled over 

the surface of the gage and wire taking care to cover the entire surface. 

Approximately six hours were required for it to set completely 0 Although the 

Petrolastic solidified quickly and was more flexible then the Epoxoid, the 

latter was easier to apply and bonded better with the prestressing wire. 

The lead wires from the gages ran along the bottom of the beam or 

at the level of the wires to one end of the beam and then were brought up 

and out of the top flange 0 

(b) Electric Strain Gages on Concrete 

Strains in the concrete at the top of the beam were measured with 

Type A3 SR-4 electric strain gages which have a nominal gage length of 3/4 

ino and a 'width of 3/8 ino A portable grinder was used to smooth the top 

surface of the beam at the desired locations 0 A thin layer of Duco cement 

was applied to the smoothed surface and allowed to dry for several minuteso 

A layer of Duco cement was applied on tbe gage which was then mounted in 

placeo Care was taken to remove all air bubbles from under the gage. One 

pound steel weights were left on the gages for about half an hour with a 

sponge rubber cushion under each gageo The gages were usually mounted 1 

to 2 days before the testo The concrete surface was allowed to air~CL~J 

2 to 3 days before the gages were mountedo No waterproofing or curing was 

used. 
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From 12 to 19 strain gages were placed on the top surface of each 

specimen at a 3-in. spacing near the load points and at 6 or 12 in. else

where. Ty]?ical gage patterns are shown in Fig. 27. The location of the gages 

was changed as the tests progressed to suit the different loading patterns 

and to obtain a better picture of the strain distribution. The gages were 

placed along the longitudinal center line of the beams except for those 

placed immediately around the load pointo As shown in Fig.o 28, additional 

strain gages were mounted on the t~ composite beams. Wherever strain dis

tributions are presented in the text, the locations of the gages are indicated. 

(c) Mechanical Strain Gages 

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

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

slabs 0 Although these measurements were not strictly related to the shear 

strength of these beams, it was considered that they would be helpful in ob

taining a better understanding of the behavior of these specimens 0 The 

Whittemore gage was equipped with a OoOOl-ino dial indicator which was read 

to about one-tenth of one division and, since a lO-ino gage length was used, 

the strains measured were estimated to one millionth. Measurements on all 

the gage lines were taken twice and if both readings did not agree to 10 

millionths, additional readings were taken until agreement was reached. A 

steel standard bar was used to compensate for temperature changes during the 

testo 

Six gage-lines were placed symmetrically on each side of the spec

imen as shown in Fig. 280 These gage-lines were established by cementing 

3/8 by 1/4 in. long steel plugs to the sides of the specimen. Each plug had 

a cylindrical gage hole drilled to a depth of about 1/8 ino 



(d) Load Cells 

Load cells designed for a working load of 35 kips were used to 

meaSUl-e the loads applied in the moving load tests and the tests in which 

unsymmetrically placed concentrated loads were used. These cells consisted 

of cold-drawn seamless metal tubes machined to a wall thickness of 0010 inc 

in the zone ~ere measurements were madeo Each load cell had eight Type A7 

SR...,4 electric strain gages mounted at mid-height and wired to form a g~four-arm 

bridge" with a strain magnification factor of about 2060 In addition to the 

instrumented cylinder, a protective cover and handles were included in the 

design as shown in the cross section in Figo 290 This type of load cell was 

used to provide remote measurement with reasonable precision. They were found 

to have long-time dependability 0 

The load cells were calibrated in a 120, 000 lb. Baldwin hydraulic 

testing machine. Prior to calibration, they were loaded in excess of their 

expected working load several times so that all zero-shift in the gages which 

might result from local inelastic action would be eliminated 0 The load cells 

had a sensitivity of 134 lb. per dial division on the strain indicator. 

3 . 2 Loading Apparatus 

(a) Two-Point Loads 

The beams tested under two-point loads were tested in a specially 

construct,ed frame employing a 30-ton capacity Simplex hydraulic ram operated 

by a :Blackhawk pumpo Details of the frame are shown in Figs 300 The load 

was applied to the specimen by a steel distributing beam Which applied equal 

loads at two syrmnetrically located points on the top of the beam being 

tested. A 50,000-lb capacity elastic ring dynamometer was used to measure 

the loads 0 It was equipped vlith a dial indicator and was calibrated at 

110.8 ~b. per dial divisionc 
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The specimen rested on two 6 by 8 by 2-ino bearing blocks attached 

to the bottom of the beam with hydrocal plaster. These in turn rested on a 

ifhalf-roundi'l at one end and a roller at the other. The loading blocks were 

also 6 by 8 by 2-ino plates but these rested on 4 by 4 by 1/4-inc squares 

of leather. Leather was used to distribute the load rather than hydrocal 

so that electric strain gages could be placed close to the point of loading 0 

The loading blocks received the load from the distributing beam through a 

ball at one end and a roller at the othere 

(b) Moving Load Tests 

The frame used to test beams under two-point loads was modified as 

sho1ID in Fig .. 31 to allow the application of simulated moving loads. The 

beam to be tested was supported on concrete piers so that its longitudinal 

center-line was directly below that of the longitudinal beam in the testing 

frame.. By placing jacks between the longitudinal beam and the specimen, 

loads could be applied at any point along the beam being tested. 

Loads were applied by two 20-ton Blackhawk rams held below the 

loading beam by a supporting device composed of a 6 in. by 3/16 in. plate 

7 f't 5 ino long vThich was held 7/8 in. below the bottom of the loading beam 

by q/8-in. square bars running across the plate at 8 in .. on centerso Slots, 

into which the rams fitted, were cut in the plate at 8-in. centers. The ends 

of the slots were circular to position the rams accurately 0 The hydraulic 

rams, in turn, had 6 by 6 by 3/4-ino shoes itlhich fitted loosely into the 

space between the supporting plate and the reaction beamo In this way, the 

rams could be easily moved and placed accurately in eleven successive posi

tions, each 8 ino apart. The center load position was at midspan of test 

beam. Thus, the "moving load" consisted of a series of concentrated loads 

applied one after the other at positions 8 in. apart along the beam. 



Two hydraulic rams were used in the test to facilitate the transfer 

of load from point to point. Each of the hydraulic rams was operated by a 

separate jack. The load applied was measured by a load cell between each 

ram and the beam.. A 5-in. square of leather was placed between the load 

cell and the beam. To prevent tangling of the hydraulic lines" the slots 

in the plate supporting the rams were cut on alternate sides of the plate 

and the hoses and the load cell connections for each of the two rams were 

on opposite sides of the loading beam. 

Tests of beams under single unsymmetrically placed concentrated 

loads were made using the moving-load testing frame with a single 20-ton 

hydraulic ram in one of the eleven load positions. 

to measure the magnitude of the applied load. 

303 Measurements 

A load cell was used 

The applied load was measured by means of a 50"OOO-lb elastic ring 

dynamometer or by specially constructed load cells in tests of beams loaded 

1vith two-point loads and tests of beams under simulated moving loads, re

spectivelyo The ring dynamometer and load cells have been described in 

Sections 3.2(a) and 3ol(d)o 

In the tests with two-point loads, deflections were measured at 

midspan and at the third-points with 0.001 ina dial indicators. In the mov

ing load tests, five OoOOl-in~ dials were used to record the deflection at 

midspan and at 18 and 36 in. on either side of midspan. Two deflection 

dials were used in the tests of beams under unsymmetrically placed loads, 

one at midspan and one under the load. 

strains in the longitudinal reinforcement and on the top surface 

of the beam were measured by electrical resistance strain gages. 
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After each increment of loading" the cracks were marked and the 

number of the load increment was marked on the beam opposite the end of the 

pertinent cracks. Photographs were taken at various stages during the test 

to serve as a permanent record of the development of cracking. 

After failure" the dimensions of the region of failure were care

fully measuredo Immediately after testing" the control cylinders and beams 

were tested for compressive strength" modulus of elasticity, and modulus of 

rupture. Some of the moving load tests on beams took two days to run. In 

such cases" part of the control specimens were tested each day. 

3.4 Testing Procedure 

(a) Beams Loaded at Two Points 

The failure load was usually reached in five to ten increments. 

Load and deflection readings were taken at frequent intervals during the 

application of each increment of load. After a load increment, all deflec

tion, load, and strain measurements were taken and the cracks were markedo 

Load and midspan deflection were measured again immediately before the re

sumption of loading since a drop-off in load and an increase in deflection 

occurred during the interval between load increments 0 

The flexural cracking load was reached in two or three increments. 

After flexural cracking, the magnitude of the load increments depended on 

the development of the crack pattern. The beams were loaded until they 

ruptured completely or failed to develop increased resistance to large 

deformation. Each test took about four hours to completeo Control spec

imens were tested immediately after the beam test. 

(b) Beams Tested with Moving Loads 

There were two stages in the testing of a beam under moving loadso 

In the first stage, the beam was loaded with a concentrated load at midspan 
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until flexural cracks developed or until some predetermined load level was 

reachedo Normally, this took three load incrementso Load and deflection 

readings were taken at frequent intervals as each increment of load was 

applied. After each load increment the strain gages and deflection dials 

were read and the cracks were marked. This initial stage of loading was 

carried out to obtain data about the uncracked beam in a short time, since 

it was felt that there were no critical questions about the behavior of an 

uncracked beam under moving loads. 

The second stage of loading consisted of a number of increments of 

"moving loadu
" In this stage, one "load increment 'if consisted of applying the 

same load successivly in each of the eleven loading positions from the south 

end of the beam to the north endo Two rams were used so that when the load 

was transferred from one position to the next, the load could be decreased 

gradually in the first ram as it was increased in the second. In this waYJ 

the load acting on the beam was never entirely removed as it was transferred 

from one position to the nexto The total load acting on the beam during a 

transfer rarely fell below 70 percent of the nominal ttmoving load if for that 

increment. 

At each loading position, a complete set of readings were taken 

and the cracks were markedo Thus, one load increment cons isted of eleven 

separate loadings and took approximately two and a half hours to complete. 

It was possible to test a beam without web reinforcement in one daYJ but 

the beams with stirrups took up to twenty hours to test and were each tested 

over a two day period. 

Each load increment was from 5 to 20 percent greater than the pre

ceding one. The actual magnitudes of the load increments applied depended 
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both on the computed beam strength and the observed crack patterns and deflec

tions of the beam in the test. 

(c) Unsymmetrically Loaded Beam Tests 

Two of the beams with draped wires, and one beam with straight 

~es, CDo13024, CDo13025 and Co13.23, were tested on a 8 ft 6-ino span with 

a single concentrated load placed 2 ft 3 in. from the reaction. One end was 

loaded until inclined cracking occurred. Following this, the load was removed 

and reapplied at a point 2 ft 3 in. from the other end of the beam which was 

then loaded to failure. During the second loading, external stirrups were 

used to restrain the inclined cracks Which had developed under the first load

ing. The test results for these beams are listed as CDo13.24a and CD.13.24b 

etc. for the two ends. 

Eight beams with straight wires and web reinforcement were tested 

to failure with a single concentrated load placed either 30 in. or 38 in& from 

the south end of a 9 ft span. 
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40 BEHAVIOR OF TEST BEAMS 

401 Introductory Remarks 

In addition to functional requirements such as size or shape, a 

well des igned structure must be strong enough to support all the loads which 

might reasonably be expected to occur, and its behavior or response to these 

loads should not be undesirable 0 The first of these requirements, that of 

adequate strength, is obvious and in ultimate strength design is satisfied 

by designing the structure for the expected loads multiplied by a load factor 0 

The second criterion for a well designed structure is that it should behave 

in a desirable manner when loaded. That is, the deflections and cracking at 

working loads or reasonable overloads must not be undesirable, unsightly, 

or dangerous} the structure must be sufficiently ductile to absorb impulse 

loadings, and, finally, the mode of fa~lure should be such that adequate 

warning is given of impending failureo Only after considering all of these 

aspects of the behavior of a member is it possible to determine the range of 

safe working loads and therefore the factor of safety requiredo 

Chapter 4 consists of a discussion of the behavior of prestressed 

concrete beams loaded to failure, with emphasis on the behavior of beams 

subjected to combined flexure and shear 0 Section 4.2 is a general discussion 

of the behavior of a prestressed beam to illustrate the various stages in the 

loading history. This description of beam behavior is based primarily on the 

relationship between loads and deflections, and strains and crack patterns 

are mentioned only briefly to illustrate stages in the load-deflection dia

gram 0 In Section 4.3 the development of cracking is discussed, and the 

types of cracks occurring in each type of beam are described and classifiedo 
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Concrete and steel strains and the relationship between them are considered 

in Section 4040 The various modes of failure are defined and discussed in 

Section 405 

402 General Characteristics of Behavior of Prestressed Concrete Beams 

Although this report is concerned primarily with the strength of 

prestressed concrete beams having web reinforcement, an understanding of the 

behavior of a member is fundamental to any discussion of its strength. In 

the case of beams, the best way to study behavior is by means of load-deflec

tion diagrams taking into account the other phenomena observed during testing. 

In this section the discussion of beam behavior is based on such diagrams. 

The load-deflection curves for all the specimens are presented in 

the Appendix. The curves have been grouped according to web thickness, level 

of prestress and type of loading by means of the notation system used to 

classir,y the beamso All the curves, except those for beams with cast-in-place 

slabs, are plotted to the same scale so that direct comparisons 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 curveo In all curves, except those for beams 

loaded \~th a single concentrated load, the deflections measured at midspan 

are plotted versus the total live load, omitting the weight of the test beam. 

In the case of beams loaded with a single concentrated load, the deflections 

plotted are those measured beneath the loado 

The load-deflection curve for beam BWo14.22 in Fig. 32 is similar 

in most respects to the load-deflection diagram for a typical practical beam. 

This beam failed in flexure, as would be required in practice, &1d its longi

tudinal steel ratiO was comparable to that used in a practical beamo This 
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load-deflection curve can be divided into three distinct stages of behavior 

which are indicated on the figure as AB, BE and EGo The letters C, D and 

F refer to specific points in the loading history and will be discussed later. 

The first stage, AB, covers the response of the beam prior to flexural crack-

ing; the second stage, BE, covers the response of the beam during the develop-

ment of flexural cracking; and the third stage, EG, refers to the response of 

the beam after the longitudinal reinforcement has yielded at sections of max-

imum moment. 

The first stage of loading, from A to B, is marked by "elastic It be-

havior in which the deflections are proportional to the loads. This stage 

ends with the formation of one or more vertical flexural cracks in the region 

of maximum momento The computation of the load corresponding to flexural 

cracking is discussed in Chapter 50 Prior to cracking, the deflections can 

be estimated with reasonable accuracy using an elastic analysis. 

The second stage of loading starts with the formation of vertical 

flexural cracks in the region of maximum moment. Wi th further loading, 

additional flexural cracks occur in the shear spans, the portions of the beam 

between the loads and the supports. These cracks extend vertically to the 

level of the reinforcement and then bend over to~d the load points. The 

crack pattern of beam BWo14.22 corresponding to point C on the load-deflec-

tion curve in Fig. 32 is shown in Figg 33(a)0 

During this stage of loading, the rate of increase in deflection 

with respect to load increases continually as the load is increased. This 

phenomenon is due to such factors as the formation of new flexural cracks, 

a continuing rise in the position of the neutral axis as the cracks extend 

higher into the beam, and inelastic action in the concrete above the cracks. 



The distribution of strains and stresses corresponding to point C 'on the 

load-deflection curve in Fig. 32 is shown in Fig. 33(b) and (c). The section 

shovffi is in the constant moment region of the beam~ At this stage of load-

ing)l the flexural cracks have extended quite high into the beam and the 

stresses in the concrete above the cracks are becoming inelasticG The dis-

tribution of concrete strains along the top of the beam)l shown in Figo 33(d), 

resembles the shape of the moment diagram in the portion of the span where 

flexural cracking has occurred. 

The third stage in the behavior of a beam failing in flexure is 

initiated by inelastic straining of the tension reinforcement and is marked 

by a rapid increase in deflection with respect to load. Since the steel 

stress-strain curve is relatively flat after the yield stress of the rein-

forcement is reached, any increase in moment is a result of large additional 

steel strains which result in large angle changes and deflections but only 

small increases in the stee.l stress and the length of the internal lever arm.. 

The crack pattern and the distribution of strains and stresses over the depth 

of beam BWo14022 are shown in Figo 34(a) (b) and (c) for a load corresponding 

to point Fon the load-deflection curve in Figo 320 At this stage of loading, 

the flexural cracks have extended higher into the beam, and the inclined 

cracks shown in Fig" 34(a) have developed in the shear spans. The inclined 

cracks were sufficiently restrained by web reinforcement that the behavior 

of this beam remained that of a beam failing in flexure" The inclined crack-

ing load is marked in Fig" 32 by the letter Do 

As shown in Figa 34(b} and (dL the sum of € J the effective steel se 

strain due to prestressing, and € ,the additional steel strain developed sa 

during the test, exceeds the yield strain of the wire. At this stage of 



loading, the steel has become inelastic and large steel strains and consequent-

ly large deflections are necessary to increase the tension force and the in-

ternal moment. At the same time, the concrete in the compression zone has 

also become inelastic as shown in Fig. 34(c)o 

The ductility of beams failing in flexure will vary considerably 

depending on the relative values of the longitudinal steel ratio, p, and the 

concrete strength, fR as expressed by the ratio Q = pE If e
• Thus, for the 

c s c 

beams described in this report, there were two general types of load-deflection 

diagrams depending on whether Q was large or small. The load -deflection curves 

for two beams failing in flexure are shovm in Figo 35Q These beams represent 

two types of behavior observed in fle~al failures. The letters, B, D, and E 

on the load-deflection curves mark the first flexural cracking, inclined 

cracking, and first yielding, respectively, as they did in Fig. 320 

In beam CWo14.l9, the steel stress at failure exceeded the yield 

strength of the reinforcement, and the resulting large inelastic strains in 

the steel were the primary cause of failure. Final failure occurred by 

crushing of the compression zone but only after large deflections had de

velopedo The load-deflection curve for this beam is typical for a i!tension i1 

failure and the beam is said to be ~9under-reinforced is since the longitudinal 

reinforcement reached its yield stress before the compression zone crushed 0 

Beam CWo14,,40 had t1balancedii tension reinforcemento 'I'hat is, the 

amount of longitudinal reinforcement was such that failure occurred in the 

compression zone just as the stress in the steel reached the yield stress 

for the wireo The load-deflection curve for this beam is typical for a 

libalanced i
! beamo If the beam had still more longitudinal reinforGement" 

and the same concrete strength" failure would occur by c~..lShing of the con-

crete before the stress in the longitudinal reinforcement reached the yield 
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stresso A failure of this type is called a 9icompression" failure. Such a 

beam would be ca+led an nover-reinforced" beam and would not be acceptable 

in the present design philosophy w.hich requires that a beam have both strength 

and ductility. 

Whether a beam will fail in compression or tension and the duc-

tili ty at failure is a function of the ratio Q = pE / f i • In the comparisons 
s c 

made above, the differences in behavior were caused by variations in the steel 

percentage in beams which had similar concrete strengths. Variations in the 

concrete strength in beams with the same longitudinal steel percentage will 

also produce a variation in the behavior of the beam.. Thus, beam BW. 140 22 in 

Fig. 32 was under-reinforced while beam cw .. 14.l.j.Q in Fig. 35 was balanced, 

although both beams had the same amount of longitudinal reinforcement.. The 

concrete strength in BWo14.22 was 7200 psi as compared to 3010 psi in cw.14.40o 

To ensure ductility in structures, current design specifications place upper 

limits on the ratio pi f Y "Which can be used in a beam .. 
c 

.kn. important development in the flexural cracking stage of behavior 

was inclined cracking. Inclined cracking was sometimes accompanied by a 

slight drop in load but in general the occurrence of inclined cracks could 

not be detected by any specific change in the load-deflection curves. Some 

of the beams failing in flexure never developed inclined cracks, and in a 

few beams with thin webs and high prestressing forces, inclined cracking 

occurred before flexural cracks had been observed. 

If inclined cracks occur in a beam without web reinforcement, its 

strength and ductility are reduced. This is illustrated by the load-deflec-

tion curves for beams failing in flexure and shear in Figs. 36(a) and (b). 

Properties of the beams are listed in each figure. All five beams were 
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loaded at the third-points of a nine-foot simple span. Beams BWg14c41 and 

cw.14042 had sufficient stirrups to prevent shear failures, beam cw.14.39 

* had half as much web reinforcement as cw.14.42, and beams Bo14.41 and C.12044 

had no web reinforcemento The inclined cracking loads are marked on all five 

load-deflection curvese Before inclined cracking, the differences between the 

curves for beams failing in flexure and shear can be attributed to differences 

in concrete strength, the amount and location of longitudinal reinforcement, 

and the number and location of crackso 

The load-deflection curves for the I-beams· with 3-in. webs in 

Figo 36(a) indicate that inclined cracking marked the end of the useful life 

of beam B.14.41, since failure occurred after only a small additional load 

and deflectiono On the other hand) the inclined cracks in BW.14.41 were re-

strained by stirrups and this beam developed its flexural capacity and the 

corresponding deflection. Similarly in Figo 36(b), beam C.12044, which had 

no stirrups, failed at inclined cracking. Beam CWo 140 42 had enough web rein-

forcement to induce a flexural failure and carried twice as much load and had 

four times the ultL~ate deflection of Co12.44. Another interesting comparison 

can be made using the curves for Co12044 and CWo14.39 which had half as much 

web reinforcement as cw.14.42o Although beam cw.14039 failed in shear, its 

strength ~~d ductility were almost as great as for CW.14.42, showing the 

effect of even a small amount of web reinforcement on the behavior of a beamo 

Except for almost negligible differences in the moment of inertia 

of the uncracked section, the web thickness had no effect on the load-deflec-

tion curves other than governing the inclined cracking loads and consequently 

affecting the amount of web-reinfoTcement needed to avoid a shear failureo 

* This beam had 36-in. shear spanso It was originally reported in Ref. 2 and 
in the beam notation system used in that paper, the numeral 2 in Co12044 
referred to a 36-in. shear span. 
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The type of loading influenced the ultimate deflections for beams 

failing in flexure by changing the length of the region of constant moment. 

Since this region becomes ttplasticn at ultimate and most of the rotations take 

place there, the closer the loads are to each other the smaller the deflec

tion is for a constant span length. The beams with a single concentrated 

load developed the smallest deflections. It has not been possible to compare 

directly the relative ductilities of a beam tested under moving loads and a 

beam tested under stationary loadso However, because flexural cracking tends 

to be more widespread in the case of a beam tested under moving loads, it 

would seem probable that, for beams with web reinforcement, the ductility and 

energy absorbing capacity of a beam tested under a single moving load would 

be greater than that of a beam. tested under a single stationary load. 

The effect of the drape angle on the ductility of the beams with 

all wires draped is illustrated by the load deflection diagrams in Fig. 37. 

The curve for beam BW.14018 has been included in this figure for comparison 0 

This beam had straight wires and enough stirrups to ensure a flexure failure. 

It should be pointed out that the first break in each curve does not reflect 

any effects of draping because it co~responds to first flexural cracking in 

the constant moment +egion where the reinforcement was parallel to the longi

tudinal axis of the beamo For beams having the same shear spans, the effect 

of increasing the drape angle is indicated by the reduction in both the in

clined tension cracking load and the ductility. 

403 Crack Patterns 

(a) Introduction 

Since concrete is inherently weak in tension and strong in com

pression, cracks will form in a beam in regions of tensile stress long before 



the compressive stresses in the beam are large enough to become criticalo In 

a reinforced concrete member, steel tensile reinforcement is provided to pre

vent the total collapse of the member after cracking occurSo However, the 

reinforcement does not prevent the cracking of concrete although it may tend 

to restrain the opening of cracks. A study of the cracks in a test specimen 

is essential in determining the behavior of the member and the adequacy of its 

reinforcement. Thus, the location, width, and shape of cracks can indicate 

the location of maximum tensile stresses in the beam, whether the reinforce

ment was placed in the proper location, and the state of the bond between the 

reinforcement and the concrete. During each test the location of the cracks 

was marked carefully and recorded in photographs. 

Two types of cracks commonly occur in prestressed concrete beams ~ 

flexural cracks, which result from horizontal tensile stresses caused by 

flexure; and inclined or t'shear ri cracks,' which result from the inclined 

tensile stresses in a region of combined bending and shear. 

(b ) Flexural Cracks 

Usually the first cracks observed in testing a prestressed concrete 

beam occurred at the. section of maximum momento These cracks, called flex

ural cracks, resulted from tensile stresses caused by bending. Since these 

tensile stresses acted parallel to the axis of the beam and were a maximum 

in the bottom fiber) the cracks started at the bottom of the beam and were 

essentially vertical. The load corresponding to the formation of flexural 

cracks is computed and discussed in Section 5.20 In the beams tested, the 

spacing between flexural cracks was about 6 in. T,ypical flexural cracks 

are sho-wn in Fig. 33 0 

After the formation of cracks at, the point of maxim1ID1 moment, 

and throughout the constant moment region, if one existed) further loading 
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caused flexural cracks in the shear spans 0 These cracks were initiated by 

horizontal flexural tensions and thus started in the bottom fiber as vertical 

cracks 0 However, as they extended into regions of combined shear and flex

ural stresses, they tended to bend over toward the load point, a major change 

in direction occurring at the junction of the web and the lower flange where 

the shearing stresses first became significant 0 In a number of beams, inclined 

cracks occurred in the web before flexural cracks had formed in the shear 

spans, and in some of these beams failure occurred before flexural cracks 

could occur in the shear spans 0 

Initially, a flexural crack extends into the beam across the longi

tudinal reinforcement and continues to extend until the tension in the longi

tudinal steel and the internal moment arm are sufficient to restore moment 

equilibrium 0 The height to which the crack must extend for a given moment 

is primarily a function of the amount of longitudinal reinforcement, the 

prestressing force and the effective depth 0 If the longitudinal reinforce

ment is draped in the shear span, the height to which a flexural crack in the 

shear span will extend initially is greater than in a beam with straight 

wires. In general, a flexural crack will extend highest in a beam with a 

small amount of reinforcement and a small prestressing forceo Thus, in 

beams with small steel percentages it was not uncommon for flexural cracks 

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

On the other hand, the greater the steel percentage the more uniform was 

the progress of the cracks with respect to load 0 

The occurrence of flexural cracks decreased the stiffness of the 

beam, in every case resulting in a definite reduction in the slope of the 

load-deflection curveo This reduction in slope was greatest for beams i,?ith 

low values of Qo Flexural cracking was accompanied by an increase in the 



rates of increase of steel and top concrete strains with loado However, flex

ural cracks did not greatly disturb the linearity of the strain distribution 

over the depth of the cross section, and beam action was preserved through

out all stages of the development of a flexural crack 0 

(c) Inclined Cracks 

In regions of combined bending and shear J the combination of flex

ural stresses, shear stresses, and direct stresses due to prestressing results 

in principal tensile stresses at various angles with the horizontalo The load 

at which the principal tensile stresses become excessive and cause cracking 

represents a major turning point in the life of a prestressed concrete beam. 

The resulting cracks" known as iiinclined tension" cracks or ifsheari1 cracks" 

propagate rapidly" particularly in beams without web reinforcement 0 In 

contrast to flexural cracks which are essentially perpendicular to the 

longitudinal reinforcement and hence are directly restrained by it, inclined 

cracks form at an angle to the longitudinal steel and thus can be only 

partially restrained by it. Consequently, in beams without web reinforce

ment, the formation of inclined cracks marks the useful limit of the beams 

as indicated by the load deflection diagrams for B.1404l and Co14044 in 

Figo 36(a) and (b)o 

An inclined tension crack eliminates the inclined principal tensile 

stresses necessary for beam action in the shear spans and thus forces a 

redistribution of stresses and strains over the depth of the section. Af

ter the full development of the inclined crack, beam action is replaced by 

arch action and the member may fail in a manner associated with the latter. 

A shear failure in a beam without web reinforcement will occur at a load 

less than the flexural ultimate and with a ductility much less than that 

anticipated for a flexural failureo If the beam has web reinforcement, 
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however, its presence across the inclined cracks partially restores beam ac

tion by providing a path for the shear flow between the upper flange and the 

longitudinal reinforcement. If the beam has sufficient web reinforcement, 

enough beam action may be restored for the beam to fail in flexurec 

In the beams tested, inclined cracks occurred in two different ways 

which are discussed below. The strength and behavior were different for the 

two types of inclined cracking. 

(1) Web-Shear Cracking. In beams with high prestress, thin webs, 

and short shear spans, the principal tensile stresses in the web may exceed 

the tensile strength of the concrete before flexural cracks occur in the 

shear span. .An inclined crack which occurs in the web before flexural cracks 

appear in its vicinity is referred to as a "Web-Shear Crack." This type of 

inclined crack is shown ~ Fig. 38. Web-shear cracks occurred in over half 

the beams with 1 3/4-ino webs and shear spans of 36 in. or less which are 

reported herein ~ut did not occur in the rectangular beams or the I-beams 

with 3-in. webse 

The first web-shear crack generally occurred along a radial line 

through the load point at an angle approximately equal to that predicted in 

the computation of the principal tensile stresses in the web. For beams in 

the cw.14 series this angle was about 30 dego with the horizontal. In beams 

with web reinforcement, further loading often caused additional cracks 

parallel to the first inclined crack. If the shear span was shorter than 

about two times the over-all height of the beam, vertical stresses near 

the load and reaction affected the stresses in the 't-reb j resulting in .:a 

larger angle between the crack and the horizontal. In such beams, the 

web-shear crack formed along a line very close to the diagonal line joining 

the load and the reaction. 



A special type of web-shear crack was 6bserved in some of the 

beams with 1 3/4-ino webs and high values of Qo This tyPe of crack con

sisted of a series of small inclined cracks which appeared suddenly at the 

junction of the web and the upper flange near the reaction as shown in 

Fig .. 38( c) 0 This type of crack is sho-wn as a "Secondary Inclined Crack. n 

Although the formation of a secondary inclined crack is rapidly followed by 

failure of the beam in beams without web reinforcement, the presence of 

adequate stirrups seemed to be effective in stopping the propagation and 

opening of these cracks 0 

(2) Flexure-Shear Crackso In beams with moderate prestress, 

relatively thick webs) aQd relatively long shear spans, flexural cracks will 

occur in the shear span before the principal tensile stresses in the web 

are high enough to cause 'web-shear cracks 0 If an inclined crack does occur 

in such a beam, normally it is the extension of a flexural crack in the shear 

span or it occurs over or beside such a flexural crack. This type of in

clined crack will be referred to as a "Flexure-Shear Crack,ti since the flex

ural cracks in the shear span were necessary as stress-raisers in the de

velopment of the crack. The critical flexural crack which influenced the 

formation of the inclined crack, will be referred to as the ftIni tiating 

Crack. Vi In a typical beam" the initiating crack develops, crosses the 

steel and bends over toward the load point~ The action of this crack 

eventually raises the stresses in the web to a critical value, precipitat

ing the rapid formation of the flexure-shear crack. 

In the tests outlined in this report, flexure-shear cracks 

developed in all the rectangular beams, all the I-beams with 3-in. webs, 

and about a third of the I-beams with I 3/4-in. webs 0 In general, the 
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I-beams with 1-3!4-ino webs which developed flexure-shear cracks had low 

values of Q or shear spans longer than 36 in .. 

Three typical flexure-shear cracks and the corresponding initiating 

flexural cracks are shovrn. in Figo 390 The first of these j shown in (a) j 

represents the type of crack which occurs when the shear required to cause 

flexural cracks in the shear span is very much less than that required to 

cause a web-shear cracko In such a beam) the initiating crack extends high 

into the beam before the flexure-shear crack forms. The inclined crack 

normally forms as an extension of the initiating cracko If web reinforcement 

is not present, the final development of the inclined crack occurs abruptly 

and often disastrously. The presence of web reinforcement, however, moderates 

the rate of development of this crack to the extent that it is often difficult 

to determine the load at which the crack began to act as an "inclined crack". 

Flexure-shear cracks of the type sho'Wll in (a) occur in beams with large ratios 

of moment to shear, beams with thick webs, and beams with low prestress levels. 

A photograph of this type of flexure-shear crack is shovrn. in Figo 40. 

The inclined crack shown in Figo 39(c} represents a transition 

bet1.;reen the flexure-shear crack and the web-shear crack 0 This type of in

clined crack occurs if the shear required to cause the initiating crack is 

only slightly less than that required to cause a web-shear cracko In such 

a beam, a short flexural crack, as sho1tm in Figo 39( c), is suffi.cient to 

cause a web-shear type of crack in the web above itQ This type of f1exure

shear crack occurs in beams with relatively thin webs, high prestressing 

forces and short shear spanso Figure 41 sho'ws such a crack in beam CWo14040o 

An intermediate and more typical type of flexure-shear crack is 

shown in Figo 39(b)~ In this case J the inclined crack formed adjacent 

to the initiating crack. An example of this type of crack is shown in 

Figo 400 



In each of the three variations of the flexure-shear crack shown 

in Figo 39, the critical stage in the formation of the inclined crack was 

the opening of the initiating flexural cracko Generally, the initiating 

crack was located at a distance from the load point ranging from one-third 

the length of the ,shear span (a/3) to one-half the height of the beam. (h/2) Q 

The location of the initiating crack is discussed further in Section 503(b)o 

The shape of a flexure-shear crack depended to some extent on the 

properties of the beam and the wa:y in which the crack developed.. Thus, if 

an inclined crack developed in the manner shown in Figo 39(a), its slope was 

steeper in the lower part of the web than in beams similar to Figo 39(b) or 

(c) because the shearing stresses in the web did not become significant 

until the crack had penetrated about half the height of the webo The hori

zontal projection of the inclined crack was generally less in beams with low 

prestress levels than in beams with higher prestress levelsc 

The presence of web reinforcement affected the shape of the top of 

a flexure-shear crack to a small degreeo In a beam without web reinforce

ment, the top of the crack extended well into the compression zone under the 

load points. This was especially true in beams with long shear spans where 

the inclined crack often penetrated half the thickness of the flange before 

stopping. On the other hand, if the web reinforcement was sufficient to 

prevent shear failures, the inclined cracks did not extend appreciably 

higher than the flexural cracks, even in beams with long shear spans. 

In previous tests of beams with high values of Q and no web re:in

forcement (2), the inclined crack was often followed by a single horizontal 

crack or a series of short almost horizontal inclined cracks at the junc

tion of the web and flange 0 These cracks extended from the inclined crack 

toward the reaction, and, when fully developed, transformed a bonded beam 
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into essentially an unbonded beamo In the beams described in this report, 

this type of cracking, "Which "Will be referred to as "splittingff, was especial

ly serious in beams which had draped longitudinal reinforcement passing 

through the web as sho1ID in Fig. 42(a). The rate of splitting depended on 

the angle of the drape, the beams with high drape splitting faster than 

the beams 'with low drapes.. Splitting also occurred in the rectangular beam. 

\"Ti th draped '-lires. 

The presence of web reinforcement at reasonably close spacings pre

vented splitting from occurring or spreading extensively. However, if the 

stlrrup spacing was large, as for example in BW.14.31 shown in Fig. 42(b), 

splitting was still a problem, 

(d) Crack Patterns Observed in Tests 

(1) Beams with Straight Wires with One or Two Concentrated Loads. 

Typical crack patterns for beams loaded with two concentrated loads are sho1in 

in Fig. 43(a) and (b). In all cases, the two loads were symmetrically placed 

so that the central portion of the beam was subjected to pure flexure and the 

regions between the loads and the supports 'Here subjected to combined flex

ure and shear. In all the bea."D.s with straigCLt 'vires and t1fO loads, the first 

cracks were flexural cracks in the constant moment region. In most cases 

these ;;'Tere followed by flexural cracks in the shear spans, and, with the 

increased load, fle~~e-shear cracks developed. LD about half of the I-beams 

vdth 1 3/4-in. webs, web-shear cracks developed before flexural cracks had 

formed in the shear spans. 

Figure 43(c) shows a typical crack pattern for a beam loaded with 

a single unsymmetrically placed concentrated load. In these beams, the 

first crack was a flexural crack under the load. As the load was increased, 



flexural cracks occurred in the shear spans at spacings of about six inches. 

The transformation of a flexural crack in the long shear span into a flex-

ure-shear crack was gradual, partly because the shear in the long shear-span 

was small, and partly because the stirrups crossing the crack transferred 

stress across the crack and thus hindered its development 0 

(2) :Beams with Draped Wires. The crack patterns for the beams 

with draped wires which were loaded with third-point loads are similar to the 

crack patterns for beams with straight wires except that more splitting 

occurred. The distance from the load to the initiating cracks tended to 

increase as the drape angle increased. One of the beams loaded at the third-

points developed a web-shear crack; the others developed flexure-shear cracks 

as shown in Fig. 43(d)o Three beams were loaded alternately at one end and 

then the other and developed web-shear cracks in the short spans as shown 

(3) :Beams Loaded with Simulated Moving Loads. The development of 

cracks in beam BWolOo22 is shovnl diagramatically in Fig. 44. The drawing 

at the bottom of the figure shows the cracks in this beam after failure and 

the chart at the top compares the loadings applied and the computed crack-

ing and ultimate loads.. The vertical axis of this chart indicates the load 

magnitude and the horizontal axis the load position. The heavy lines in-

dicate the level of the applied load. Load increments 1, 2 and 3 were 

applied with the load at midspano !Dad increment 4, which was the first 

increment of moving load, is represented by the lowest heaY'J horizontal 

line.. This line joins the ordinates of the maximum load applied at each 

load position during increment 40 The computed beam strengths are sho'Wll 

by curved dotted lines which represent from bottom to top~ (a) the computed 
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flexural cracking load, (b) the computed flexure-shear cracking load, (c) the 

computed ultimate shear capacity" and (d) the computed. load corresponding 

to a flexural failure~ The loads at which flexural cracking" inclined crack

ing ~~d crushing of the concrete were observed are also indicated in the 

figure. 

In beam BWolOo22;seven flexural cracks occurred under the load 

points 2 and 4 through 9 at load increments 3, 4) 6 and 8. These cracks ex

tended vertically until they crossed the reinforcing steelo The subsequent 

development of these cracks was influenced by the varying shear and moment 

acting at each crack as the load was moved across the beamv The cracks which 

developed under a given load extended toward the point of application of the 

loado Since the load was applied at eleven separate positions for each load 

incr~nent" a very complicated branching crack pattern developed as shown in 

the lower part of Fig. 440 At least eight flexure-shear cracks formed in this 

bea~ but because they formed in a region of many flexural cracks it was dif

ficult to determine when they became inclined cracks. Beam BW.lOo22 failed 

in flexure with the load at midspano It had web reinforcement designed to 

allow a flexure failure. 

~JPical crack patterns are shown in Fige 45 for beams tested under 

moving loads. Beam C.lOo28, sho1in in Figo 45(a) had a thin web and no web 

reinforcement. It developed a web-shear crack with the load in Position 2, 

close to the support, and as this load was moved from Posit.ion 2 to Posi

tion 3 and from 3 to 4" etco, nearly flat cracks occurred L~ the upper part 

of the iN'eb and extended the existing inclined tension crack toward the new 

load position. Eventually the thrust line was well below the inclined 

crack and the upper flange cracked and buckled upwards. 



The beams shown in Figo 45(b) and (c) had thicker webs and did not 

develop web-shear crackso Beam BWolOo22 in Fig. (c) had web reinforcement. 

This beam is also shown in Figo 44 and discussed above. 

Beam CWolOo27) shown in Fig .. 45(d) had a thin web and web rein

forcemento Web-shear cracks developed near the reactions before flexural 

cracks developed. The presence of web reinforcement prevented these cracks 

from extending in the manner shown in Fig. 45(a). With further loading, flex

ural cracks and flexure-shear cracks occurred. ID.timate failure occurred in 

flexure with the load at midspan. 

4.4 Measured Strains 

(a) Measurements 

As described in Sections 301(a) and (b), electric strain gages 

were used to measure strains on the top surface of the concrete and strains 

in the longitudinal reinforcement at midspan. No attempt was made to measure 

strains in the web reinforcement. Nechanical strain gages were used to mea

sure the strain distribution over the depth of the beams with cast-in-place 

slabs 0 These measurements agreed fairly accurately with those given by 

the electric strain gages on these beams. Warwaruk (6), in tests of rec

tangular beams with aggregate similar to that used in these beams, also 

found that the readings of the one-inch electric strain gages were closely 

corroborated by those of mecha~ical strain gageso 

The measured strains from each gage were plotted against the 

midspan deflection to determine if the readings were consistent, to es

timate the values of the strains at failure by extrapolation from the mea

sured values, and to observe possible trends in the datao Figure 46 shows 

several of these plots for the north span of cw.14.2lo Several points of 
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L~terest can be observed. At a deflection of about 0.11 in., the first flex

ural crack was observed and the slope of the curves changed. This \Vas caused 

by the upward displacement of the neutral axis and the decrease in beam stiff

ness which resulted from flexural cracking. Another change in slope for the 

gages near the load point occurred when the first inclined crack was formed 

at a deflection of 0.46 in. At flexural cracking, the slope of the strain

deflection curves decreased, while at inclined cracking it increased, owing 

tD the concentration of concrete strains near the load. Other inclined cracks 

occurred at deflections of 0068 in. and 1.10 in. The inclined cracks caused a 

redistribution of the stresses in the shear spans and, because there could be 

no shear flow between the tension and compression flanges across ,the inclined 

crack, beam action ceased and the beam carried load as a "tied arch. n The 

compression thrust line over the inclined crack was close to the crack and 

almost parallel to it. Hence, the thrust acted with a considerable eccentric

ity on the portion of the beam over the crack near the reactions causing ten

sions in the top surface. This was evidenced by the decrease in the strains 

in gage B and by the tensile strains recorded by gage A. In a number of beams 

these strains led to cracking in the top flange and failure by distortion of 

the web. At a deflection of 1.6 ino crushing was observed in the south half 

span, the strains for which are not shovm in this figuxe. Consequently, most 

of the deflection beyond this stage was due to rotations in the crushing 

zone, and the deflections increased faster than the strains, resulting in 

a decrease in slope of the strain-deflection curves for the north end of 

the beam. In the last stages of the test, the loads and the strains at the 

north end were almost constant. 

(b) Concrete strain at First Crushing 

Figure 47 shows the measured concrete strains at crushing plotted 

against the compressive strength of the control cylinders. The data in 



this plot were obtained from the beams Which failed in flexure or in shear

compressiono When the concrete started to crush but collapse did not follow 

immediately, the crushing strain was recorded directly, while in other cases, 

it was determined by extrapolation 0 The strains were recorded at the loca

tion Where crushing took place and at the load at which crushing was first 

observed with a magnifYing glassu In some cases, greater strains were re

corded at other locations, usually at the loading pointso Apparently the 

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

of the greater strains. 

The crushing strain ranged from 00003 to 00007 and seemed to be 

independent of the concrete strength and the other variables studied. The 

crushing strain in the four beams with moving loads was less than 0.004 in 

each case, probably because these beams were loaded and unloaded a number of 

times in the application of the "moving loads". A value of 0 0 004 has been 

adopted as the crushing strain of concrete in flexure. This value is con

servative for these test data but is in good agreement with the crushing 

strains reported in other investigations of the strength of prestressed 

beams failing in flexure and shear (6) ( 2) 0 

(c) Distribution of Concrete Strain on Top Surface of Beam 

The distribution of concrete strains on the top surface of the 

beams, measured by SR -4 gages, was useful in interpreting the behavior of 

the beams. The strain distributions at different stages of loading are 

presented in Figso 48, 49 and 50 for beams CWo14040, BW.14.42 and CWo14.39, 

respectively. Three strain distributions and the corresponding crack 

patterns are shown for each beam, the one at the top of each figure cor

responding to a load before inclined cracking, the one in the middle to a 

load after inclined cracking, and the bottom one to the ultimate load .. 
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Some o~ the strains in the last distribution were obtained by extrapolationo 

Beams CW.14040, BWo14.42 and CW.14039, respectively, had about 2.23, 1.54 and 

0 .. 69 times the minimum amount of 'Vreb reinforcement needed to prevent a shear 

failure. AI though cw" 14. 39 was the only one of the three -which failed in 

shear, there were many indications that BWo14042 was close to the transition 

range between shear and flexural failureso Photographs of the failures of 

these three beams are shown in Fig" 51. 

Before inclined cracking, the strain distribution varied approx~ 

imately as the moment diagram except that the strains were small in the un

cracked regions at the ends of each beam. In beam CWol4.40, the opening of 

the inclined cracks was restrained by the heavy web reinforcement and the 

strain distribution remained unalteredo At loads approaching ultimate, the 

strains became greater and crushing occurred at a point between the loads, 

presumably where the concrete was weakest. 

The behavior of beam cw.14.39 was different because the stirrups 

were not adequate to prevent a shear failure. After the formation of inclined 

cracks in such a beam, two phenomena cause a redistribution of stresses in the 

shear spans. The angle-changes resulting from. steel strains under the entire 

horizontal projection of the inclined crack are concentrated u.~der the load 

point since the depth of the compression zone is least at this point and thus 

the compression zone is most flexible here. This results in large concentra

tions of compressive strain under the load points as shown in Fig. 500 The 

intensity of this strain concentration varies with the severity of the in

clined crack and the restraint imposed on the inclined crack by the web 

reinforcement. Over the rest of the length of the inclined crack, the 

strains at the top of the beam tend to decrease because the line of action 

of the compression thrust is lowered. While this is not evident from the 



strain measurements plotted in Fige 50, the presence of high tensile stresses 

in the top of the beam is shown by the crack in the top flange at the left end 

of the beam" 

Beam BWo14.42 (Figo 49) was an intermediate case; it failed in flex

ure but the stirrups permitted some opening of the inclined cracks with the 

related concentrations of strains 0 In this respect it resembles a shear fail

ureo On the other hand, the stirrups transmitted sufficient shear across the 

crack that the compression thrust line remained close to the top of the beamo 

Thus, tensile stresses did not develop at the top of the beam in the shear 

spans after inclined cracking 0 

The three examples presented do not cover all possible cases. Some 

beams which failed by distortion of the web did not develop high strain con

centrations under the loads since they failed before such concentrations 

could develOPe However, these examples are sufficient to show that there is 

no clear-cut boundary between shear and flexural failures. Instead, there is 

a transition range and the beams that fall in this range display hybrid 

characteristics involving properties of both shear and flexural failures. In 

this transition zone the behavior changes gradually from one type of failure 

to the other. 

In the case of beams loaded with one concentrated load, it is very 

difficult to determine the mode of failure from the strain distribution along 

the top of the beam because the maximum strains from the flexural cracks and 

from the inclined cracks in the two spans are concentrated under the load 

point. Furthermore, because of the length of the shear spans, the thrust 

line over the inclined cracks is not much lower than it would be in a beam 

failing in flexure and, as a result, tensile strains do not usually develop 

in the top flange Q 



For any given load position, the distribution of concrete strains 

along the top of a beam loaded with a moving load is similar to that for a 

comparable beam with a concentrated load at the same point. The strain con-

centrations at the load are less severe in the beam which is loaded with the 

moving load, however, as is shown in Fig. 52. Because of the differences 

in concrete strengths and loadings, beam BolOo23, with a moving load, de-

veloped an inclined crack at 12 kips as compared to the cracking load of 14 

* kips for beam Bo 11.29 which was loaded at midspan. The netwurk of flexural 

ru~d inclined cracks in Bol0023 joined together to separate the top flange from 

the 'YTeb over the middle third of the span as the failure load was approached. 

This made the top flange more flexible for a greater length and allowed the 

compression strains to be spread over a greater length of beam, thus reduc-

ing the strain concentrations under the load. The total concrete strain for 

the two beams in Fig. 52, as measured by the area under the strain distribu-

tion curves, 1{aS practically the same in both cases, but the maximum strain 

for the beam loaded with the concentrated load was about 25 percent greater 

tha.."l for the beam with moving loadso Thus, a beam. loaded with a single mov-

ing load should be more ductile in its behavior than a similar beam loaded 

to failure with a single concentrated load at midspan. 

(d) Relationship between Concrete and Steel Strains 

A fundamental assumption in the theoIJ~ of flexure is that strains 

vary linearly over the depth of the beam. Prior to cracking, the strains in 

a bonded beam do vary linearly as assumed, and, after flexural cracking, the 

average strains measured over a considerable length of beam are also linear. 

*This beam was loaded at midspan. It was originally reported in Ref. g and 
in the beam notation used in that paper, the second. ! in Bol!o29 referred 
to a 54-in. shear span. 



However, at any given section, as ~or example, a section containing a flex

ural crack, the strains will nonaally be non-linear to a small degree. This 

phenomena is discussed in detail by Warwaruk (6)0 For the purpose of com

puting the strength of a beam failing in flexure, the results are sufficiently 

accurate if the strain distribution is assumed to be linear, provided that 

good bond exists between the steel and concrete and provided that unrestrained 

inclined cracks have not formed in the shear spans. 

On the other hand, inclined cracks lead to a severely non-linear 

distribution of strains over the depth of the section and this has a large 

effect on the strength of beams failing in shear 0 The inclined crack comes 

closest to the top of the beam under the load, and large compressive strains 

occur in the concrete in this region where the upper flange is most flexibleo 

This concentration of compressive strains is illustrated in Fig. 49 or 50. 

The tensile steel strains corresponding to these high concrete strains are 

spread over the entire horizontal projection of the inclined cracko P.£ a 

result, when the concrete reaches its limiting strain and crushes, the steel 

strains and stresses are much lower than they would be if the strains were 

linearly distributed and the ultimate strength of the beam is reduced below 

its flexural capac ity c The- presence }f web reinforcement tends to restore 

the condition of linear strainso 

To study the influence of the crack pattern on the relationship 

between the steel strains and the concrete strains at the top of the beam, 

plots like those in FigG 53 were prepared 0 This figure shows the relation

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

sured at the three points indicated in the figure. Before flexural crack

ing, the relation was linear and the concrete strain increased rapidly. 



After flexural cracking but befo're inclined cracking, the concrete strain 

increased more slowly than the steel strain because cracking shifted the 

neutral axis toward the top of the beamo 

Three different beams were used to plot the curves in this figure 0 

There are two curves for beam CWo14.45, one corresponding to a point a mid-

span a..1J.d the other to a loadLng point. This beam failed in flexure and the 

amount of web reinforcement in it was enough, not only to prevent a shear 

failure) but also to prevent any appreciable opening of the inclined cracks 0 

Consequently, the two curves are almost identical and are fairly straight 

for the full range beyond first fle~~al cracking. 

Beam CWo14039, also sho"WIl in Fig .. 50, failed in shear and had a 

very small amount of web reinforcement. It is seen that after the formation 

of the inclined cracks the concrete strain increased at a faster rate than 

before although there was no definite break in the curve, probably because 

of the presence of stirrupso The increase in concrete strain is a result of 

the non-linear distribution of strain previously discussedo 

Beam CWo 140 17 also failed in shear 0 However, the amount of web 

reinforcement in this beam was only slightly less than that required for a 

flexural failure. Thus, the inclined cracks affected the relationship be-

tween concrete and steel strains to a smaller extent, than they did in 

CWo14.39. T.~ese trends agree in general with the results reported in Ref. 2 

where these phenomena are described in more detail for beams without web 

reinforcement. 

4.5 Mode of Failure 

( a) Flexural Failures 

A flexural failure is one caused primarily by bending stresses 0 

For a given beam and loading, the load and deflection corresponding to 
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flexural failure represent the maximum load and deflection which the beam can 

sustain 0 A flexural failure occurs by crushing of the concrete over a flex-

ural crack or by fracture of the longitudinal reinforcement at such a cracko 

Half of the 88 beams described in this report failed in flexure. 

If failure occurred by crushing of the compression zone" the crush-

ing started at the top of the beam and progressed downward" while the load 

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

when the neutral axis moved down further and entered the web" the compression 

zone was drastically reduced and the remaining portion of the compression zone 

crushed suddenly. This type of failure was typical of the beam vTith small 

values of Q and is illustrated in Fig. 540 

In the case of I~beams with high values of Q, the neutral axis 

was in the web before crushing started 0 Therefore, as soon as the concrete 

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

progressed downward violentlyo This type of failure was sudden" without 

warning and was quite different from the flexural failures of rectangular 

beams in which the area of the compression zone remained almost constant 

as the neutral axis moved dOvID in the beamo This fact must be kept in mind 

when flexural and shear failures are compared" especially for beams with 

high values of Qo Figure 55 shows a photograph of one of these failures and 

another similar failure is shovm in Fig c 43 (b) 0 

Photographs of beam FW 014.07 are shown in Figs. 56 and 57 as an 

example of a very ductile flexural failure. This beam was very much under-

reinforced" with a value of Q = 7. After a small amount of crushing, the 

beam failed by fracture of six of the eight wires in it. Figure 56 shows 

the well developed crack pattern after failure and Fig. 57 shows the crush-

ing in the slab 0 In these figures" the large opening of the cracks in which 

the 1-lires fractured can also be seen. 



In tests of beams loaded with a single concentrated load or single 

moving load, it was difficult to define "failure" since the beams failed by 

crushing of the compression zone under the load where the concrete was re

strained and hence strengthened by the loado In such cases, the development 

of serious crushing was taken as failure although the load could often be 

increased an additional five percent before collapse occurred 0 In addition~ 

it was difficult to define the mode of failure because the compression forces 

balancing the prestressing force were lost when the compression zone crushed, 

and to regain statical equilibrium, the part of the beam between the load and 

the reaction slid up and inward toward the load point along an existing in

clined crack until the unbalanced prestressing force had been dissipatedo 

This action, which gave the appearance of a violent shear failure, occurred 

with both flexural and shear failures and is believed to have been secondary 

to the actual type of failure.. Thus, in beams witl+ long shear spans, it was 

difficult to determine the type of failure by observation of the beam after 

failure had occurred. .An. example of this type of failure is sho"WIl in Fig. 58 

for beam GWo18.l5 which failed in flexure. The stirrups in this beam were 

made of high strength cold drawn wire and could not undergo the deformations 

involved in this over-riding action 0 

(b) Shear Failures 

Shear failures result from a combination of bending and shear 

stresses 0 Such failures are characterized by a major inclined crack in the 

shear span which disrupts beam action and results in a failure load and 

deflection which are both smaller than anticipated if the beam were to fail 

in flexure.. Shear failures may occur in a number of ways, but it is al1<lays 

possible to recognize the effects of a well developed inclined crack .. 



The development of inclined cracking and the resulting redistribu

tion of stresses in the shear spans is discussed in Sections 4.3(b) and 4~4. 

If the inclined cracks in a beam are all crossed by a suf~icient amount o~ 

"Web rein~orcement, ttbeam-like" action can be restored and flexural failures 

will occurc On the other hand, beams with less than adequate amounts of web 

reinforcement will fail in shear after the stirrups crossing the inclined 

cracks have yielded. Final collapse was a result of one of the following 

phenomena: 

(1) Failure by Crushing and Distortion of the Web. As inclined 

cracks developed in a specimen, beam action ceased because the shear flow 

between the tension and compression flanges was destroyed by the inclined 

crack and the specimen carried load as a tied arch in the region of these 

cracks~ Consequently, the compression thrust line moved down over the 

inclined cracks until it was relatively close and almost parallel to them. 

If the inclined crack reached almost to the reaction, as was normally the 

case "With web-shear cracks, the thrust line acted with considerable ec

centricity on the portion of the beam over the inclined crack, inducing 

large compressive stresses in the web and large tensile stresses in the top 

flange. As a result, tensile cracks formed in the upper flange and were fol

lowed :immediately by crushing of the "Web as illustrated in Figs. 43(b), 45(a), 

50 and 51 (c) ~ 

(2) Shear-Compression Failureso In beams with long shear spans 

or thick webs, failure most often occurred by crushing of the concrete at 

or near the top of an inclined crack which extended to the vicinity of the 

load point. Typical failures of this type are shown in Figo 43(a) and 

At failure, the distribution of top concrete strains over the 
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length of the span showed peaks at locations corresponding to the tops of the 

inclined cracks, as discussed in Section 404(c) and shown in Figo 490 This 

type of failure generally resulted from a flexure-shear cracko 

(3) Failure by Separation of the Tension Flange from the Rest 

of the Beamo If the prestressing steel becomes .unbonded in the neighborhood 

of a flexure-shear crack, the non-linearity of strains is magnified even more 

since the length over which the steel strains are distributed is increased 

by the additional unbonded length. If the tension reinforcement is "unbonded H 

by separation of the tension flange from the rest of the beam, this may con

stitute the primary failure before a shear-compression failure can occuro 

This type of splitting occurred in about half of the draped beams, especial

ly in the beams w~th wires passing through the webo In beams with closely 

spaced stirrups, the development of cracks along the steel or along the 

junction of the web and flange was checked by the web reinforcement 0 This 

was not true in the case of widely spaced stirrups, however, as shown in 

Figo 420 

( 4) Failure by Fracture of the Stirrups 0 In beams with very small 

amounts of web reinforcement, the inclined cracks continued to open until 

some stirrups fractured. Usually, however, the deformations required to 

break mild steel stirrups are so large that crushing would occur under the 

load points or tensile cracks would occur in the top flange before the stir

rups broke. This would not necessarily be true in the case of beams "VTith 

stirrups made of the more brittle high strength cold-drawn steel. 

Stirrups fractured in four beams~ CW~14023, BWo18.l5, BWo19.28 

and CWo18ol5. Beam CWo14023 failed by web distortiono Beam BW.18.15 

failed suddenly and completely when the capacity of the stirrups was 



reached, presumably because the brittle, high-strength steel stirrups broke 

almost immediately after they yielded. However, the load and deflection for 

BW.18.15 were close to those expected in a flexural failure. Stirrups were 

also broken in beams BWo19028 and CWo18.l5 as the end of the beam slid in-

ward along an inclined crack after the compression zone had been destroyed 

by crushing 0 Beam cw.18015 shown in Fig. 58 had high strength stirrups. 

Beam CW .13 . 28 failed in a somewhat different manner. This beam had 

a shear span of 28 ino, a web thickness of 1 3/4 in.) and eight longitudinal 

prestressing wires. 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 below the loading block. As the load increased, 

tensile cracks formed in the upper flange near the end-block and slight 

crushing was observed in the flexure span near the load. With further load, 

the beam failed very violently as sho'wn in Figo 59. In this beam the con-

crete crushed below the upper end of the major inclined crack; this mayor 

may not have been the initial cause of failureo If it were, however, it 

may indicate that the strength of the Ucantileverit below the inclined crack 

represents an upper limit on the amount of shear which can be transferred by 

web reinforcement. This possibility is discussed in more detail in Sec-

(c) Transition Failures 

In eight of the beams tested, the failure could not be classified 

as either a flexural or a shear failure but rather appeared to have enough 

of the properties of both types of failures to fall between the two groups. 

These beams were designated as transition failures. In general, all these 

beams behaved as if they were going to fail in flexure up to the time that 
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failure occurred 0 They exhibited all the properties of beams with flexural 

failures except for their appearance after failure. For structural purposes, 

these beams were as good as those which failed in flexure. 



5 $ STRENGTH OF PRESTRESSED CONCRETE BEAMS 

WITH WEB REINFORCEMENT 

501 Introductory Remarks 

Elf far the most important property of any structural member is 

its strength. Four different strength properties enter into a consideration 

of the strength and behavior of a prestressed concrete beam. These are the 

flexural cracking load, the flexural failure load, the inclined or shear 

cracking load, and the shear failure load. The relationship between these 

four strength properties defines the behavior of a beam. In all cases, flex-

ural cracking will occur before the flexural capacity is reached. However, 

inclined cracking may occur before or after cracking or not at all 0 If 

inclined cracks do occur before the ultimate load is reached in beams with-

out web reinforcement, shear failures will result. However, if sufficient 

web reinforcement is provided in these beams it may be possible to change the 

mode of failure from shear to flexure. 

Chapter 5 consists of a discussion of the four analyses used to 

correlate the test resultso The analysis for the flexural cracking load is 

presented in Section 5~2o In Section 503, the inclined cracking load is 

discussed from a semi-rational standpoint and following this, an empirical 

expression is derived for the inclined cracking load. The flexural capacity 

of prestressed concrete beams is considered in Section 5.4. Finally, the 

effect of web reinforcement on the ultimate strength of prestressed concrete 

beams is considered in Section 5.50 In each section, the analysis is compared 

to the pertinent test results. 

502 Flexural Cracking Load 

The development of cracks in a prestressed concrete beam marks 

the end of the "elastic t'i stage of behavior 0 In beams of practical proportions, 
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the first cracks to form are flexural cracks. In Section 4.3 it was noted 

that inclined cracks frequently result from flexural cracks in the shear span 

and, as will be discussed in Section 503, the prediction of this type of in

clined crack, the flexure-shear crack, is based in part on the flexural 

cracking load at a given point in the shear span. 

(a) Assumptions 

The computation of the flexural cracking load is based on the fol

lOvling assumptions: 

10 The concrete in the beam is assumed to have a linear stress

strain curve with the same modulus of elasticity in tension and compression. 

The assumption of linearity is essentially true in compression since the 

compressive stresses are normally in the "elastic" range at the flexural 

cracking load. It is not true in tension since tests have shown that the 

tensile stress-strain curve for concrete is not linear up to failure (7). 

However, the assumption of linear strains is compatible with the linear 

stress-strain relationship implicitly assumed in using the equation f = MY/I 

to evaluate the modulus of rupture from the cracking load in the standard 

test for modulus of ~ptureo 

20 The ultimate tensile strength of concrete in flexure is as

sumed to be equal to the modulus of rupture as expressed by Eqo 10 In 

addition to the error in the tensile strength resulting from assuming a 

linear stress-strain curve for concrete in tension, it has been Shovffi that 

the modulus of rupture from a beam test is affected by the length and shape 

of the specimen and the type of loading applied (8)0 In this analysis, no 

allowance was made for size and shape effects because in a prestressed beam 

the bending moment required to overcome the tensile strength of the concrete 



is only 20 to 30 percent of the total applied moment required to overcome the 

combined effects of the tensile strength and the prestress at the bottom of 

the beamo 

The modulus of rupture used in computing the flexural cracking 

load was the value computed from the compressive strength using Eq~ 1 rather 

than the measured value, since the compressive strength of the concrete is the 

basic property assumed in design and under normal circumstances is the only 

concrete property checked by control specimenso 

30 The section is assumed to act as a transformed sectionQ The 

transformed area of the prestressing wires and the slab reinforcement was 

computed using the ratio of modulus of elasticity of steel to modulus of 

elasticity of concrete given by Eqo 3. No allowance was made for possible 

di~ferences in the modulus of elasticity of the, slab and beam concrete for 

the beams with composite slabs since there was little difference in compressive 

strength 0 

(b) Method of Computation 

For all the beams in this series except the two composite beams 

FWo14.o6 and FWo14.07, the flexural cracking moment was computed by the con-

ventional method for an uncracked section as given by Eq. 4. 

= fb + f 
F r 

where: Mef = total live and dead load moment at flexural cracking 

y = distance from the centroid of the transformed section to 
b 

the bottom fiber 

It = transformed moment of inertia 

(4) 
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f~ = stress at the bottom of the beam resulting from the prestressing 

force 

f = computed modulus of rupture of the concrete at the bottom of 
r 

the beam 

In the case of the two beams with cast-ill-place slabs, the term 

f~ included an allowance for the stresses x.esulting from the differential 

shrinkage of the prestressed beam and the cast-ill-place slab 0 The effect of 

shrinkage was taken into account by considering the composite section as an 

eccentrically loaded column loaded with a load applied at the centroid of the 

slab 0 The magnitude of this shrinkage t'i load Vi was assumed to be: 

where~ 

p = 0.0001 E Alb s c s a 

P = differential shrinkage force, lb. 
s 

E = modulus of elasticity of concrete from Eqo (3) 
c 

A = Area of concrete in slab slab 

The coefficient 00001 represented the amount of differential shrinkage strain 

between the beam and the slab at the time of testing" estimated from previous 

studies of shrinkage (4)0 

(c) Comparison of Measured and Computed Values of Flexural Cracking Moment 

~ne measured and computed values of the fle~xral cracking moment 

are listed and compared in Table 60 The values listed for the beams with 

draped wires correspond to the flexural cracking moment in the constant 

moment regiono The agreement between the measured and computed cracking 

loads was excellent as shown in the table below. 

Ratio of Measured to Computed Flexural Cracking Moment 

Using Computed f 
r 

Using Measured f 
r 

Mean 

1.03 

Maximum Minimum Mean Deviation 

0.046 



To compare the effects of basing the flexural cracking moment on 

the computed rather than the measured values of the modulus of rupture, flex

ural cracking moments based on both values are listed in Table 6 and in the 

table above. It is interesting to note that for the beams in this test series, 

the mean deviation from the average ratio of measured to computed flexural 

cracking moments was lower for the values predicted with the computed modulus 

of rupture than for the values predicted using the actual measured modulus of 

rupture 0 

503 Inclined Cracking Load 

The load at which inclined cracks form in a prestressed concrete 

beam marks a critical stage in its behavior. As sho"WD. in Figo 36, the 

strength and ductility of a beam without web reinforcement are seriously 

limited by the formation of inclined cracks and, for practical purposes, 

the inclined cracking load represents the ultimate capacity of a beam without 

web reinforcemento In the design of beams with web reinforcement, a knowledge 

of the inclined cracking load is essential since the web reinforcement does 

not act before an inclined crack has formed. 

The prediction of the web-shear and flexure-shear cracking loads 

will be discussed separately in parts (a) and (b) since these loads represent 

the limiting conditions for the inclined cracking loado In parts (c) and Cd) 

the inclined crackli~g loads of beams with draped wires and beams tested under 

moving loads will be discussedo 

(a) Web-Shear Cracks 

A web-shear crack has been defined in this report as an inclined 

crack which develops in the web of a beam before flexural cracks develop in 

its vicinity. Therefore, in the case of web-shear cracking, and only in 
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this case) the principal tensile stresses computed for an uncracked section 

will approximate the stresses in the web of the beam at the time of inclined 

crackingo If it is assumed that web-shear cracking is a stress phenomenon 

and that the critical tensile strength of the concrete in the web can be 

determined or estimated) it should then be possible to compute the web-shear 

cracking loado 

All but two of the beams described in this report were symmetrical 

about both axes of the cross-section; the remaining two beams were composite 

T-beams which were symmetrical about the vertical axis only. The method of' 

calculation and the critical value of the tensile strength of the concrete 

will be evaluated first for doubly symmetrical beams and the value thus ob-

tained will be assumed to apply to beams which are symmetrical only about 

the vertical axiso 

10 Cross Sections Symmetrical About Two Axes. The principal tensile 

stresses in the web of a beam are computed by the usual methods of strength of 

materials) assuming that the concrete in the beam remains elastic until web-

shear cracks develop 0 The maximum principal tensile stress at any given 

point in a beam is given by the following expression~ 

_/ 2 fl - ~2 _ rf'l + f21 
f t - v + 2 t 2 j 

where~ f
t 

= maximum tensile stress at the point 

fl = normal stress at the point 

f2 = vertical stress at the point 

v = shearing stress at the point 

(6) 

The term f2 has been included in this equation to indicate the 

effect of the vertical bearing stresses which act near the loads and re-

actions. For very short beams, the shearing forces tend to be transmitted 
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to the supports by these vertical stresses as shown by Timoshenko and 

Goodier (9) or Laupa, Siess, and Ne1vmark (10)0 The zone in which vertical 

stresses exist extends about O.Th to Q on either side of the load point and 

thus, if the shear span is shorter than 1.5& to 29, bearing stresses will 

affect the principal tensile stresses in the region where the web-shear cracks 

start 0 H01v-ever, , in more practical beams, with shear spans longer than twice 

the overall depth, the bearing stresses can be neglected in the computation 

of the stresses in the part of the web affected by web-shear cracking. 

The constantly changing combinations of shearing stress, flexural 

stress, and the bearing stress which acts near the loads and reactions, makes 

it very tedious to determine the location and magnitude of the maximum princi

pal tensile stress in a beam at the time of inclined cracking. The inclined 

crack may originate at, above, or below the elastic centroid, and anywhere 

along the length of the shear span 'vlhere the stresses are la;r:-ge enough. How~ 

ever, since the web-shear cracks observed in the tests formed presumably where 

the stresses were most critical, it should be possible to determine the criti

cal point for the beams tested by computing the stresses acting in the un

cracked web along the trajectory of the actual web-shear crack, at the in

clined cracking load. Computations of this sort have shown that in beams 

with short shear spans and thin webs, and with symmetrical cross sections 

similar to those tested, th~ maximum principal tensile stress along the 

potential inclined crack occurs at the centroid of the cross section. As 

the shear span gets longer or the web thickness increases, flexural stres-

ses have a greater effect on the magnitude of the principal tensile stresses 

and the point of' maximum stress along the potential vieb-shear crack tends 

to move toward the tension flange 0 At the same time, however, the properties 

of the beam become such that flexural cracks develop in the shear span before 
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inclined cracking, and the computed stresses in the uncracked web cease to 

have any significance at the time of inclined cracking. 

The distribution of principal tensile stresses along the trajectory 

of the inclined crack is illustrated in Fig. 60 for three typical caseso 

Web-shear cracks developed in beams CW.13038 and CWo14047, while beam 

BW.14.4l developed a flexure-shear crack. In the first beam the maximum prin

cipal tensile stress along the actual crack trajectory occurred at the centroi~ 

In beam CWo14047, the maximum tensile stress was about 102 percent of that at 

the neutral axiso While this beam did develop a web-shear crack, the cracking 

load was only a little less. than the predicted flexure-shear cracking load 

and, as expected, flexural stresses had a larger effect on the tensile stress

es in the web than in the first case. In beam BWo14.4l, flexural stresses 

predominated and the maximum principal tensile stress in the web occurred at 

the junction of the web and the lower flange. However, before the stresses 

at this level could become critical, an initiating flexural crack occurred at 

the bottom of the beam and a flexure-shear crack developed 0 For the two beams 

in Fig. 60 which developed web-shear cracks, it can be assumed with little 

error that the maximum principal tensile stress acted at the centroid 0 In 

similar computations for all of the beams in this report and in Ref. 2 which 

developed web-shear cracks, the average ratio of maximum principal tension 

to that at the centroid was 1 0 030 These ratios are listed in Table 7. In 20 

of the 30 beams listed in this table, the maximum principal tensile stress 

actually occurred at the centroid while in the others the maximum principal 

tensile stress ranged from 1.00 to 1.23 times that at the centroid 0 Thus, 

in symmetrical I-beams similar to those tested, it can be assumed that the 

web-shear cracking load can be determined by considering only the principal 

tensile stresses at the elastic centroid of the uncracked section~ 
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Since no test data for the tensile strength of the concrete were 

obtained, this quantity was estimated on the basis of modulus of rupture 

tests. The true tensile strength of concrete would be the same as that mea-

sured in a beam test if the stress-strain curve in tension were linear all 

the way to rupture, as is nearly the case for very high strength concrete. 

For normal concretes, however, the tensile strength is less than the con-

ventional modulus of rupture because the tensile stress-strain curve is non-

linear 0 The actual tensile strength of concrete lies somewhere between 60 

and 100 percent of the modulus of rupture depending on the degree of non-

linearity of the tensile stress-strain curve. 

To determine the tensile strength of concrete corresponding to web-

shear cracking, the tensile stresses at cracking were computed at the cen-

troid of each of the test beams in this report and in Ref 0 2 which developed 

this type of inclined crack. The ratio ranged from 0053 to 1 .. 07 with a mean 

* value of 0079 for beams without web reinforcement and 0090 for beams with web 

reinforcement. These ratios are listed in Table 7. 

In computing the web-shear cracking load the tensile strength of 

the concrete has been taken as 80 percent of the modulus of rupture computed 

from Eq. 10 This value has been chosen to fit the data for beams without 

web reinforcement since one result of adding web reinforcement was a small 

increase in the apparent tensile strength of the concrete. In Fig. 61 the 

ratio of the apparent tensile strength at cracking, for the beams with web 

reinforcement, to that assumed for a beam without web reinforcement is plot-

ted against the ratio of the transformed area to the gross area of the web 

*rn beams C.12040, Co12044, and Co22.40,a spacer made of 1/2-in. pipe was 
placed across the top flange at the middle of the shear spans to keep the 
forms 6 in. apart. The first inclined cracks in these beams occurred 
immediately under these pipes. If these beams are omitted, the ratios 
ranged from 0.64 to 1007 with a mean value of 0083 for beams without web 
reinforcement. 
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along a horizontal section. The low point corresponds to beam CWo14.35 which 

as discussed in Section 5.5(e)" had \Veak concrete in one shear span. As in

dicated by the points falling above the inclined line in this figure, the in

crease in the apparent tensile strength is greater than that attributed to 

the transformed area of the stirrups. The presence of the web reinforcement 

may have permitted a greater degree of inelastic redistribution of the tensile 

stresses in the web before failure, thus increasing the apparent tensile 

strength of the concrete. Also, part of the increase in the cracking load may 

have resulted from a delay in the time when the first crack was visible. There 

did not seem to be any correlation betveen the increase in the apparent ten

sile strength of the concrete and the spacing of the stirrups 0 

No attempt has been made to evaluate the vertical compression stress 

f2 for beams with alh less than tvo. Shear span to depth ratios significantly 

less than two occurred only in the beams loaded with moving loads and in these 

tests inclined cracks did not initiate with the loads closer than 1.83~ to the 

supports. However" presumably because of the vertical stresses, the loads 

which caused web-shear cracks at load position 2, (a/h = 1~83)J previously 

acted at load position 1, (a/h = 1017) without causing cracking. The shear 

resulting from this load at load position 1 is 9 percent greater than for 

the same load at position 20 

Using 80 percent of the computed modulus of rupture as the tensile 

strength of the concrete in the web, the inclined cracking loads were com

puted for the symmetrical I -beams in this report and in Ref 0 2 which de

veloped web-shear cracks, by determining the shear required to raise the 

principal tensile stresses at the elastic centroid to the critical values. 

The computed cracking loads are listed and compared with the measured loads 

in Table 7. The agreement between the measured and computed web-shear crack

ing loads will be summarized in Section 5.3(e)o 



For general application, a lower limiting value of the tel1Sile 

strength should be used. It is recommended that the value of the tensile 

strength of the concrete be taken as 1/2 to 2/3 the modulus of rupture rather 

than 80 percent as used in the analys is of these tests "Which 'Were made under 

laboratory conditions~ 

20 Cross Sections Symmetrical About One Axiso So far in this 

discussion the web-shear cracking load of cross sections symmetrical about 

both axe-s has been considered although composite beams and T-beams are much 

more common in practiceo The inclined cracking loads of such beams can be 

computed by a simple extension of the procedure just described. The effect 

of torsion in sections unsymmetrical about both axes will not be cons idered 0 

Two beams 9 FWo14oo6 and FWo14007, were initially constructed as 

symmetrical I-beams with 1 3!4-in. webs with a cast-in-place slab added after 

release 0 In the complete beam, the dead load stresses and the stresses re

sulting from -prestressing were carried on the I-section while the live load 

stresses and shrinkage stresses from the slab acted on the entire composite 

section, leading to a complex distribution of direct and shear stresses in 

the membero 

The web-shear cracking load of unsymmetrical beams can be pre

dicted in the same way as for symmetrical beams if the centroid is in the 

web of the beamo However; the centroid of the beam tested was in the upper 

flange; therefore the critical conditions for web-shear cracking were assumed 

to occur at the point in the web closest to the centroid along a 45 degc line 

passing through the top of the beam at the load pointo This line. was assumed 

to be at 45 dego for simplicity; actually, a web-shear crack would occur at 

a flatter angle if prestress were present and if vertical bearing stresses 
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were not appreciablec By assuming a 45 dego line in finding the critical sec

tion, however, the flexural tension at the ass:umed critical section was 

over=estimated and, as a result, the predicted inclined cracking load should 

be less than the actual cracking loado The distribution of principal tensile 

stresses along a 45 dego line through the load point in beam FW~14006 is 

shown in Figo 620 

Based on this analysis, the ratios of observed to computed web-shear 

cracking loads were IJD and 0.96, respectively, for FWo14.06 and FWo14.07. 

Both beams developed web-shear cracks and in both the first inclined cracks 

appeared at the juncture of the web and the upper flange. 

(b) Flexure-Shear Cracks 

An inclined crack which develops after flexural cracks have formed 

in the shear span in its vicinity is defined in this report as a flexure-shear 

crack 0 When a flexural crack forms in the shear span of a beam, it acts as a 

stress raiser and forces a redistribution of the principal tensile stresses in 

the uncracked part o'f the beam above or adjacent to ito If these stresses are 

high When the flexural crack forms, the stress redistribution in the web is 

often such that the inclined crack forms at a load equal to or only slightly 

larger than the load causing the critical flexural crack in the shear spano 

In other cases J depending on the propert,ies of the prest.ressed be8.Lll, the iJ."J.-

clined cracking load may be as much as 20 to 30 percent greater than the load 

at which the critical flexural crack forms 0 

The flexural crack which critically affects the inclined cracking 

load is called the ~itiating Crack~'J 0 Its location is influenced by such 

factors as the length of the shear span and the relative magnitudes of the 

flexural cracking load and the web-shear cracking loadc By examining the 

shape of the flexure-shear cracks which developed in .tests of 139 beams with 



straight wires, reported in this paper and in Refo 2, it was found that the 

init1ating flexural crack generally started at the bottom of the beam at a 

distance ranging from one-half the height of the beam (h/2) to one-third the 

shear span (a/3) from the load pointo This distance approached h/2 as the 

load causing the initiating crack approached the computed web-shear cracking 

load, and approached a/3 if the load causing the initiating crack was small 

compared to the web-shear cracking loado The location of the initiating 

crack was also influenced to a small degree by the effective depth, and by 

random variations in the location of the first flexural crack in the beam .. 

In all subsequent computations of the loads required to cause the initiating 

crack, the distance x from the load point to the critical initiating crack 

has been assumed to be the average of a/3 and h/2 as represented by the fol

lowing equation: 

x = a/6 + h/4 

The effect of the initiating crack on the stresses in the shear span 

can be shown by the following analysis. Figure 63(a) shows a portion of a beam 

in a region of both shear and moment. The sections AC and A 3 C 8 are cut on the 

two sides of an opening, CB B g C 8, of width D.x, in the bottom of the beam. In 

the limiting case, as this gap is made narrower, it can be considered to 

represent the initiating flexural crack. 

The forces ,acting on sections ABC and A B B i C 8 are shown in Fig.. 63 (b)" 

Under the loading considered, the moments on the two faces are different 

since shearing forces act on both f'aces. However, the stress in the tension 

reinforcement crOSSing the gap cannot change from one side of the gap to 

the other, and therefore, the normal forces in the concrete on both sec-

tions are equals The change in moment between the two sections is ac

complished by a change in the distribution of stresses and a shift in the 
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location of the resultant compressive force in the concrete. In the general 

case, the stress distributions on the two faces will be similar to those 

shown in Figure 63(c) and the difference in the stresses on the two faces 

will resemble Fig. 63(d)o 

Since the tension force in the steel must remain constant across 

the width of the crack, there is no resultant horizontal shear on Section BB e
• 

Since no ufaul tingn of the vertical crack can be visualized, it can be 

assumed that the steel does not transfer shear across the crack by doweling. 

Therefore, all the shearing forces on the vertical sections must act on the 

uncracked concrete AB and AVB~ above the initiating crack. From elementary 

mechanics it can be shown that the shear stresses acting at any level on the 

cut surfaces AB or At B i may be found by integrating the difference between 

the direct stresses on the two faces of the element above the level. The 

resulting shearing stresses are shown in Figo 63(e)o Finally, by combining 

the effect of the direct stresses and the shearing stresses it is possible 

to compute the principal tensile stresses acting on the face A'B i as shown 

in Figo 63(f). In this figure the maximum principal tensile stress acts at 

the top of the crack and corresponds presumably to the tensile strength of 

the concrete in flexure. High tensile stresses also exist at some point D 

as a result of the combined shearing stresses and direct stresses. 

With further loading, the flexural crack CBB&C i extends vertically 

into the beam under the influence of the tensile stresses at the top of the 

crack, and as a result, the depths of the incracked section AB or AiB a are 

reduced. As the crack extends vertically, the principal stresses at point 

D increase rapidly and eventually reach a critical value at which an in

clined crack resembling a web-shear crack should develop. Examples of this 

type of flexure-shear crack are shovm in Figs. 39(c) and 41. 
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As the load is increased in the interval between the formation of 

the initiating crack and the inclined crack, the height of the initiating 

crack increases rapidly, compounding the already difficult problem of computing 

stresses in the beam. For a given cross section, the height of the flexural 

crack and the magnitude of the stresses corresponding to a given value of the 

applied moment can be evaluated i~ a stress-strain relationship is assumed for 

the concrete~ By trying a number of crack heights it is then possible to de-

termine the load at which the prinCipal tensile stresses become critical in 

the uncracked portion of the beam above the crack. The resulting distributions 

of the principal tensile stresses in a given beam are shown in Figo 64 for a 

beam without a crack, a beam with a 2Q65-ino crack, and a beam with a 4.15-in. 

crack 0 A linear distribution of direct stresses was assumed in computing the 

stress distributions shown in this figure. 

This analysis is by no means considered to be a complete explanation 

of the phenomenon of flexure-shear crackingo It does not explain, for example, 

Why a flexural crack in the shear span tends to bend over toward the load 

point. However, the analysis does emphasize the major ef~ect that an initi-

ating flexural crack has on the principal tensile stresses in its Vicinity, 

and for this reason it has been included in this report. If the principal 

tensile stresses in the web are large when the initiating crack develops, or 

in other words, if the web-shear cracking load is only slightly greater than 

the load causing the initiating crack, the increase in the principal tensile 

stresses in the web due to the formation of the initiating crack may be enough 

to cause the immediate formation of an inclined crack 0 On the other hand, 

if the web-shear cracking load is much greater than the load required to 

cause the initiating flexural crack, the initiating crack will extend some 

distance into the beam before an inclined crack will developo 



Since the determination of the actual stresses above a crack involves 

assumptions .about the behavior of the beam which may never be sufficiently ac-

curate to justify such a stress analysis, the determination of the flexure-

shear cracking load for the beams in this test series has been approached on 

an empirical levelo The basis of this method of computing the flexure-shear 

cracking load is the relationship between the inclined cracking load, the load 

causing the initiating flexural crack, and the load theoretically required to 

cause a web-shear crack. 

Figure 65 shows the relationship between the computed loads cor-

responding to the initiating flexural cracks and the inclined cracking loads for 

beams developing flexure-shear cracks. In this figure, the ordinate of each 

point is the applied shear at inclined cracking, V J and the abscissa is the 
cm 

shear, V fJ at the computed load required to cause a flexural crack in the 

shear span at a distance x from the load pOint, where x is given. by Eqo 90 

This flexural crack is assumed to be the critical initiating crack. The plot-

ted points lie above the 45-degree line since the inclined cracking loads are 

greater than the load assumed necessary to cause the initiating cracko 

Figure 65 does not include data for beams with web-shear cracks. 

If the load required to cause an initiating crack exceeds the web-shear 

cracking load, a web-shear crack will develop before a flexure-shear crack. 

In this case, the inclined cracking load is not related to the initiating 

flexural cracko Figure 65 can be changed to the more general form show.n 

in Fig. 66 by dividing both the abscissas and ordinates of Fig. 65 by the 

shear V , corresponding to web-shear cracking, computed for an uncracked 
s 

section as previously discussedo The results of 168 tests of prestressed 
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* concrete beams with straight longitudinal wires, both with and without web 

reinforcement are plotted in this manner in Figo 66. 

When, V~, corresponding to the initiating crack is less than that 
.L 

for a web-shear crack, V J the inclined cracking shear, V , is related to s c 

Vfo This relation is represented by the 45-degree line in Fig. 66 which 

corresponds to Vc = Vfo The test results for flexure-shear cracks, plotted 

with solid pOints, fall in a band parallel to but slightly above this 45-

degree line. If Vf is greater than VsJ the inclined crack should theoretical

ly be a web-shear crack and Vc should equal Vs as indicated by the horizontal 

line in Fig. 660 The agreement of this line with the test data for beams with 

web-shear cracks (open symbols) appears reasonable, especially since the web-

shear cracking load is strongly affected by variations in the tensile strength 

of the concrete. 

The relationship shown in Fig. 65 and 66, between the flexure-shear 

cracking .load and the load corresponding to the formation of the initiating 

flexural crack, suggests that the inclined cracking load could be expressed 

in terms of Vf , the computed shear corresponding to the initiating crack, and 

V J the computed shear corresponding to the formation of a web-shear crack. 
s 

Accordingly, the line given by Eqo 10 was passed through the points in Figo 66 

which represent flexure-shear cracks. 

V = V
f 

+ 1/15 V < V c· s - s 
(10) 

where~ 

v = shear at formation of flexure-shear crack c 

Vf = shear corresponding to formation of initiating flexural crack 

V = shear corresponding to formation of a web-shear crack as 
s 

computed in Section 503(a)o 

* Ninety-nine of these beams were reported in Ref. 20 
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The data used to derive Eqo 10 was obtained from tests of beams 

vlhich 'Ylere essentially similar in most respects. All the beams '\-Tere 6 by 12 

in. in over-all cross section, although the web thickness varied from 0.3 to 

1.0 times the flange width. The effective depth, d, varied from 8 to 11 in. 

and the range of aid varied from 2G8 to 7.8 (a/h = 2.0 to 6.5). The pre

stress level and concrete strengths were both varied over a wide range. In 

addition; the shear was practically constant throughout the shear spans of 

the beams tested since the dead load shear was negligible in comparison to the 

live load shears. AI though all of the beams used to derive this express·ion 

were sJ~etrical I-beams) it is expected that this method of predicting the 

flexure-shear cracking load would apply to other reasonably similar cross 

sections. The accuracy of Eg. 10 in predicting the inclined cracking load 

of beams subjected to loadings other than concentrated loads has not been 

considered. 

The measured and computed values of the flexure-shear cracking load 

for beams with straight reinforcement are presented and compared in Table 8(a) 

for beams included in this report and in Table 8(b) for beams reported in 

Refo 2. The results of these comparisons will be summarized in Section 5.3(e)0 

(c) Inclined Cracking Load of Beams with Draped Reinforcement 

Both web-shear and flexure-shear cracks occurred in the tests of 

beams ~li th draped reinforcement ; although the properties of the bea.rns tested 

were such that IJost of them developed flexure-shear cracks. Draping the 

longitudinal reL~forcement appeared to increase the inclined cracking load 

in the be8.1i1s which developed web-shear cracks, and appeared to decrease th,:.; 

inclined cracking load for the beams 1mich developed flexure-shear cracks. 

In this section, the web-shear cracking load of beams with draped wires will 

be discussed first, followed by a discussion of the flexure-shear cracking 

load. 



In a beam with draped wires, the upward component of the prestress-

ing force counteracts some of the dead and live load shear so that the i'net ts 

shear force acting at any point in the shear spans at inclined cracking may 

be stated as~ 

'Where: 

v = V - V n c d 

V = net shear at inclined cracking 
n 

Vc = total applied shear at inclined cracking 

Vd = upward component of prestressing force at that point 

(11) 

(1) Web-Shear Cracks. In computing shear stresses and principal 

stresses, only the net shear is considered. Since the web-shear cracking 

load is a function of principal tensile stresses, draping the longitudinal 

reinforcement should increase the web-shear cracking load. Beams CD.13.24 and 

CDo13.25 were tested to check the validity of this concept 0 Beam CD.13.24 

was tested with a load first near one end and then near the other, giving two 

values of the web-shear cracking load 0 The data from these two tests and the 

test on CDo13025 are plotted in Figo 67(a) and (b) along with the web-shear 

cracking data obtained from tests of beams with straight wires. The ordinates 

in Fig. 67(a) and (b) are the ratio of V or V , the observed gross or net em n 

shear at inclined cracking, to V , the web-shear cracking load as computed 
s 

The abscissas represent the angles of drape for the 

various beams plottedo Figure 67(a) is plotted for the gross shear, V , 
cm 

While Figo 67(b) is plotted for the net shear, V. The points plotted at 
n 

~ = 0 compare the measured and computed web-shear cracking loads for 27 beams 

with straight wires and are the same on both figures s IDce the gross and net 

shears are the same in a beam with straight 1nres. (Beam CD.14034 which is 

also plotted in Figo 67 will be discussed later.) 
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From Figo 67(a) it appears that the gross shear at web-shear crack

ing is increased by draping the wires, al though the three points for beams 

CD.13024 and CD.13$25 all fall within the range of the data for beams with 

straight wires. If this figure is replotted in terms of net shear, as shown 

in Fig. 67(b), the test data for the draped beams agree more closely with the 

average for the beams with straight wireso From these two figures, it appears 

that the inclined cracking strength of beams developing web-shear cracks is 

increased by draping the wires~ Since flexural cracks do not influence the 

development of this type of crack, the "net shear capacity" of beams develop

ing web-shear cracks depends only on the principal stresses in the web and, 

therefore, remains constant as the drape angle increases. Accordingly, the 

shear corresponding to the web-shear cracking load of a beam with draped wires 

is the sum of the cracking shear for a beam with straight wires, computed 

according to Section 5.3(a) and the upward component of the prestress. The 

measured and computed cracking shears for beams CD.13.24 and CD.13.25 are 

compared in Table 9(a).. These beams are also listed in Tables 7 and 8(a). 

If the draped wires enter the web in the shear span, the stress

concentrations introduced by shear transfer at the level of the steel or by 

the reduction of the concrete section may be sufficient to raise the principal 

tensile stresses at that location to a critical value. This condition did not 

exist in beams CDo13024 and CDo13.25 since the draped wires did not enter the 

web. However, in CD.14.34 the web-shear crack originated approximately at 

the point where the wires entered the web and the load at inclined cracking 

was only 81 percent of the predicted valueo 

( 2) Flexure -Shear Cra.c.ks 0 The properties of most of the beams 

with draped wires were such that flexure-shear cracks occurred. The close 



relationship between flexural cracking and inclined cracking is very important 

in the interpretation of the behavior of these beams. When the reinforcement 

is draped in the shear spans, the moment required to cause the initiating 

flexural crack is smaller than in a beam with straight wires and, as a result, 

the flexure-shear cracking load is also decreasedo 

The ratio of the measured inclined cracking shear for the draped 

beams which developed flexure-shear cracks to the inclined cracking shear in 

an identical hypothetical beam with straight wires, computed from Eqo 10 is 

plotted against the angle of drape in Figo 68 for the 17 beams which developed 

flexure-shear cracks. The corresponding shears are listed in Table 9(b)o 

The test results in Figo 68 indicate a reduction in the flexure

shear cracking load as the drape angle of the longitudinal reinforcement is 

increased beyond 2 to 3 degreeso 

It should be noted that the inclined cracking shear for the beams 

with draped wires in Fig. 68 is the total applied shear at a section~ A 

similar plot based on the net shear as defined by Eqo 11 is shown in Figo 69. 

Such a plot isolates the effects of the steel position on the cracking 

strength of the section, and the data in Fig. 69 emphasize the marked reduc

tion in the net shear strength for draped beams which develop flexure-shear 

cracks 0 When the prestressing wires in the' test, beams were draped through 

the upper ,kern point at the support (~= 10 deg.)j the resulting net shear 

strength was only 30 percent of that for a beam with straight wireso 

The considerable reduction in flexure-shear cracking load for the 

beams with draped wires can be explained in terms of the reduction in the 

load required to produce the initiating flexural crack. In the beams with 

draped wires, the eccentricity of the reinforcement was decreased in the 

shear span and the prestressing force was thus less effective in reSisting 
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flexural tensions at the bottom of the beam. Consequently, initiating cracks 

formed at lower loads in the beams with draped wires than in similar beams 

vnth straight wireso In addition, the increment of load between the formation 

of the initiating crack and the inclined crack was decreased since in a beam 

with draped wires an initiating crack grows more rapidly and to a greater 

height because the centroid of the reinforcement is higher~ 

The development of splitting along the reinforcement adjacent to an 

inclined crack was adversely affected by draping the wires. This splitting 

results from the doweling action of the steel crossing the crack and from the 

large change in steel stress which occurrs adjacent to an inclined crack, as 

the behavior of the portion of the beam between the crack and the support 

tends to revert from "tied -arch action" to "beam action" D The change in the 

II it • tensile force must flow to the compress~on flangeo This requires that, 

for the restoration of beam action, not only must there be adequate bond be-

tween the concrete and the steel, but the concrete section itself must be able 

to carry the shear flow from the tension to the compression flange. In a 

beam with straight wires, the junction of the web flange is the critical sec-

tion in this transfer of shearing forceso In a beam with draped Wires, the 

presence of wires in the web introduces another plane of weakness along which 

splitting can develop 0 Furthermore, the change in steel stress adjacent to 

an inclined crack tends to be higher in a beam with draped wires, because 

at an uncracked section, the tensile strains in the reinforcement are smaller 

the closer the reinforcement is to the neutral axis of the beamo Thus, in.a 

beam with draped wires there is a greater variation in steel stress between 

a cracked section and an adjacent uncracked section than in a comparable 

beam with straight wires. This increased stress difference results in a 

large shear flow adjacent to the crack which may cause splitting along 

the wires. 



By means of Eq. 10, developed in Section 5e3(b) the load correspond-

ing to flexure -shear cracking was computed for all the draped beams which 

developed flexure-shear crackso If the actual eccentricity of the draped 

wires at the location of the initiating crack is considered in computing 

the shear corresponding to the initiating cracking load, Eq. 10 will apply 

directly to beams with dra!)ed wires. The agreement of the test results and 

this equation are sho'WD. in Fig. 70. This figure is similar in construction 

to Fig. 66, discussed in Section 5.3(b). However, the ordinates of Figo 70 

represent the ratio of the net shear at inclined cracking, V = V - Vd, to n c 

the shear corresponding to web-shear cracking, V , so that the test results s 

for web-shear cracks will fall along the line V = V. Similarly, the n s 

abscissa represents the ratio of the net shear corresponding to the forma-

tion of the initiating crack, Vf - Vd' to Vs ' since initiating flexural 

cracks will occur before web-shear cracks if the term Vf - Vd is less than Vso 

The measured and computed values of the web-shear and the flexure-shear 

cracking loads for beams with draped wires are listed and compared in Table 9. 

The results of this comparison will be summarized in Section 5.3(e). 

(d) Inclined Cracking Load of Beams Subjected to Moving Loads 

A bridge beam is subjected to loads ~ich move across the span from 

one end to the other. When the load acts near the ends of the span, high 

shears are produced and the web-shear tY!)e of crack may occur" When the load 

is near midspan, the shearing forces are lower but the combined effect of 

moments and shear is such that flexure-shear cracks can ofte~}develop. Con-

sequently, both types of inclined cracks could occur in the same bridge 

beam. A beam with both web-shear and flexure-shear cracks is shown in 

Fig" 44(d) .. 
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For each section of a beam subjected to a moving load the web-shear 

cracking load can be computed by the procedure used to compute the cracking 

load for a beam with a stationary load 0 When the moving load comes onto or 

leaves the span, short alh ratios exist, and a portion of shear in the short 

span is transferred to the supports by arch action. Allowance should be made 

for this in computing the web-shear load for sections near the supports. 

Six web-shear cracks occurred in the tests of beams under moving 

loads, tw each in beams CW .100 26 and CW .10. 28 and one each in beams C. 10 .. 27 

and C .10.28. The measured and computed cracking loads for these beams are 

tabulated and compared in Table 10 and are included in the comparisons made 

in Section 5.3(e)o 

The prediction of flexure-shear cracks ina beam loaded with a 

moving load is a more complex task since the zone in which flexural cracking 

occurs is longer than in a beam loaded with a single concentrated load. As 

the load moves away from the location of a given flexural crack, the crack 

tends to close; however, for a given load position, the number of flexural 

cracks which are open in a beam tested with moving loads is similar to the 

number of flexural cracks in a beam loaded at the same point with a single 

concentrated load. Equation 10, the empirical equation used to predict the 

flexure-shear cracking load for beams tested under stationary loads, was 

found to be sufficiently accurate in the case of beams loaded with moving 

loads. 

A total of 25 flexure-shear cracks developed in beams BolO.23, 

BclOo24, BWolOc22, CWolOo26 and CWclOo27. The ratios of observed cracking 

load to predicted load for these cracks are listed in Table 10 and are dis

cussed in the next section of this report. 



( e) Comparison of Measured and Computed Values of Inclined Cracking Load 

(1) Web-Shear Cracks. Web-shear cracks occurred in 21 beams in-

cluded in this report and in 8 beams reported in Refo 2. MOst of these beams 

had straight wires and were loaded with stationary loads. Three web-shear 

cracks occurred in two beams with draped wires and a total of six web-shear 

cracks occurred in four of the beams loaded with moving loads. Sixteen beams 

had web reinforcement. The measured and computed values of the web-shear 

cracking loads for all the beams are listed in Table 7 and are summarized 

below. The web-shear cracking loads of the two beams with draped wires are 

listed in Table 9(a)o In addition) the cracking loads for beams with stationary 

loads are included in Table 8(a). 

Ratio of Measured to COmputed Web-Shear Cracking Loads 

No. of Mean Maximum Minimum Mean 
Tests Deviation 

I-Beams without Web-Reinforcement 15 0·99 1.21 0.74 0.091 

I-Beams with Web-Reinforcement 15 1.07 1.19 0.82 0.060 

Composite Beams 2 1.10 1.05 

All beams 32 1.03 1.21 0074 00087 

(2) Flexure-Shear Crackso Flexure-shear cracks occurred in 61 

beams described in this report and in 66 of the prestressed beams reported 

in Ref 0 20 The majority of these beams had straight wires and were loaded 

with stationary loadso However) flexure-shear cracks occurred in 16 beams 

with draped wires and a total of 25 such cracks developed in 5 of the beams 

tested under moving loads. The measured and computed values of the flexure-

shear cracking loads are given in Tables 8( a) and (b) for beams loaded with 

stationary loads and in Table 10 for beams loaded with moving loads~ The 

results of all the tests are summarized in the following table. 
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Ratio of Measured to Computed Flexure-Shear Cracking Load 

No. of Mean Maximum Minimum Mean 
Cracks Deviation 

Beams without Web Reinforcement 

Straight Wires) Fixed Loads 71 0095 1013 0.80 0.055 

Draped Wires 12 1.03 1.19 0.81 0.091 

Moving Loads (2 beams) 9 0.98 1.08 0.94 0.020 

Beams with Web Reinforcement 

Straight Wires) Fixed Loads 52 1.03 1033 0.89 0.064 

Draped Wires 5 1.05 1.09 1.01 0.024 

Moving Loads (3 beams) 11 0·97 1.07 0.88 0.044 

All Beams 160 0.99 1·33 0.80 0.069 

5.4 Flexural Strength 

The maximum moment a beam can resist is that corresponding to its 

flexural capacity and for this reason" no amount of web reinforcement can 

increase the strength of a beam beyond this limiting valueo It is important, 

therefore, to know this value in evaluating the effects of the web reinforce-

ment in the test beams and in designll1g web reinforcement for prestressed con-

crete beams. 

(a) Assumptions 

The analysis of the flexural strength is based on the following 

as sumpt ions ~ 

le Concrete is assumed to crush in flexure at "a limiting strair 

of 0.004. The strains measured at crushing are plotted in Fig. 47 for all 

of the beams in this test series. 

20 The steel and concrete strains are assumed to be linearly 

distributed over the depth of the beam. Measurements of concrete and steel 



strains have shown that although the strains in the compression zone are 

linearly distributed, the tensile strains in the steel are generally less 

than the value corresponding to a linear distribution of strains. .Analytical 

studies have shown, however, that the error in ultimate moment introduced by 

this assumption is small (6)0 It is necessary to consider the effects of 

the non-linear strain distribution in computing deflections and steel stresses. 

30 The average stress in the concrete is assumed to be defined by 

the following equation, derived in Refo 6. 

f eu (12) 

4. The ratio, k
2

, of the depth to the centroid of the compression 

force to the overall depth of the compression zone is assumed to be k2 = 0.42. 

5.. No tension is resisted by the concrete. 

60 The stress-strain curve for the reinforcement is known .. 

(b) Analys is 

The ultimate moment, 1'1 , of a beam failing in flexure or a beam 
u 

failing in shear-compression can be expressed by the following equation. 

where~ 

M = A f d (1 - 0.42 k ) u s su u 

A = total area of longitudinal reinforcement 
s 

f = stress in longitudinal reinforcement at failure of beam su 

d = effective depth of the longitudinal reinforcement 

k = ratio of neutral ~is depth at failure to effective depth. 
u 

In evaluating the steel stress, f ,a definite relationship is su 

assumed to exist between the strains in the concrete and the steel. In the 

most general form, the distribution of stresses and strains across the 
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depth of the section of failure is similar to that shown in Fig. 71~ At fail-

ure, the maximum strain in the concrete is € , assumed to be 0.004, and the 
u 

depth of the compression zone can be expressed as k d. For a non-prestressed 
u 

beam, the strain in the steel at failure is expressed as: 

[
1 k-ukuJl € = € = F€ su sa u 

(14) 

'Where: 

€ = steel strain at ultimate su 

€ = steel strain due to flexure sa 

E = limiting strain in concrete 
u 

F = strain compatibility factor 

The strain compatability factor, F, is close to unity for flexural 

failures of well bonded beams, but may be greater or less if the strains are 

not linearly distributed 0 In the analysis of the flexural strength of the 

beams reported in this paper, F was assumed equal to unity. 

Equation 14 for the steel strain at failure may be modified to 

apply to beams with prestressed reinforcement by adding to the right hand 

side terms for the strain corresponding to the effective prestress and the 

compressive strain in the concrete at the level of the steel. The modified 

equation is: 

or 

where: 

E = E + € + € su sa se ce 

[1 - k -, 
FE u! 

E = 
ku J + E + E su u se ce 

Ese = steel strain corresponding to effective prestress 

€ = concrete strain at level of longitudinal reinforcement ce 

due to the effective prestress. 

(15) 

(16) 



From the equilibrium of forces parallel to the axis of the beam) 

it can be shown that: 

where: 

k = u 

pf
su 

f cu 

p = longitudinal reinforcement ratio 

f = average concrete stress in the compression zone at failure, cu 

as defined by Eqo 120 

The steel stress at failure can be determined by a trial and error procedure 

using Eqso 16 and 17, a...Yld the stress-strain curve of the steel. When the 

resulting values of f and k are substituted into Eq. 13 it is then possible su u 

to com:pute the ultimate moment capacity of a given beam. 

If the neutral axis of an I-beam fell in the upper flange, the 

ultimate moment was not affected by the presence of the web. In a number of 

I-beams, however, the neutral axis was in the web, thus reducing the compres-

sion zone below that 1-ihich would exist in a rectangular beam of similar 

dimensions. In analyzing these beams, the portions of the flange projecting 

from the web were assumed to be stressed to a constant stress of f . It was cu 

then possible to compute the ultimate moment by assuming a value of f , 
su 

. assigning a certain amount of reinforcement to act with the flanges, and 

analyzing the web and the portion of the flange above the web as a rectangular 

beam reinforced with the remainder of the longitudinal steelo The value of 

f corresponding to this distribution of steel was then computed by the su 

procedure described above for rectangular beams. In several trials, the 

assumed initial value of f and the value determined from this analysis su 

converged and the resulting value of the steel stress was used to compute 

the flexural capacity of the beam. As a further simplification, the flange 

was assumed to be rectangular with a thickness equal to the average of the 

maximum and minimum thicknesses. 
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Measured and Computed Quantities 

The measured and computed values of the ul. timate moment are tabulated 

and compared in Table 110 The mode of failure, either shear, flexure or 

transition is denoted by the letters S, F or T, respectively 0 The computation 

of M , the ultimate moment corresponding to a shear failure, is discussed 
us 

For the 45 beams failing in flexure listed in ~able 11, the agree-

ment between the measured and computed ultima. te moments is excellent 0 The 

results of this comparison are summarized in the following table 0 

Ratio of Measured to Computed L'I'J.. timate Moment for Flexural Failures 

Mean Maximum Minimum Mean Deviation 

Neutral Axis in Flange 1.00 1.07 0886 00028 

Neutral Axis in Web O~99 1003 0092 0 0026 

All Beams 1.00 10 07 0086 00027 

The agreenlent between the measured and computed steel stresses 

listed in Table 11 is not as good as for the ultimate momentso The average 

measured stress was about 95 percent of the computed valueo While this is 

not a significant error in t.erms of stresses, a five percent decrease in f su 

would require as much as a 45 percent decrease in E ~the flexural strain in sa 

the steel. Thus, while we have assumed the strain concentration factor, F, 

to be unity, the actual value of F in the tests was often much lO1rler" 

505 Shear Strength of Prestressed Concrete Beams with Web Reinforcement 

A prestressed concrete beam is designed to support a given load 

and its properties are limited in such a way by design specifications that 

the behavior of t.he beam 1-1i11 not. be l1ndesirable~ Both the design procedure 

and the specifications are based on the assumption that the beam will fai] 
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in flexure~ If, however, an inclined crack occurs in a beam without web rein-

forcement, the beam will fail in shear with less than the desired factor of 

safety and much less than the desired ductilityo Elf adding a sufficient 

amount of web reinforcement to such a beam, it is possible to restrain the 

opening of the inclined cracks and change the mode of failure from shear to 

flexure 0 

The effect of web reinforcement on the ultimate strength of a pre

stressed beam is considered in this section. Section 5.5 is divided into 

three main parts. In Section 5.5(a), two shear failure mechanisms are ex

amined from a rational standpointo In Section 505(b1 an empirical expression 

is developed for the strength of beams with web reinforcement. Finally, in 

Sections 505(c) through (f), this expression is compared to test results and 

is applied to beams with draped wires and beams tested under moving loads. 

(a) Qualitative Discussion of the Effect of Web Reinforcement on the 

Strength of Prestressed Concrete Beams 

Shear failures occur in a number of different ways, the principal 

failure mechanisms being by crushing and distortion of the web of the beam 

ru1d by shear-compression. The location of the actual failure and the manner 

in which failure occurs differs considerably for these two modes. Web-dis

tortion failures occur by cracking of the top flange at a point close to the 

reaction and subsequent crushing of the web under this crack, while shear

compression failures occur by crushing of the compression zone at the upper 

end of an inclined crack close to the load 0 Generally, the former type of 

failure is an outgrov~h of web-shear cracks while the latter generally re

sults from flexure-shear crackso Although it is not possible to place all 

shear failures in either one group or the other, or to say that a given type 
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of inclined crack will always result in a given mode of failure, these two 

types of shear failures will be considered separately when disaussing the 

effect of web reinforcement. 

Although shear failures may also occur by separation of the tension 

flange from the rest of the beam or by fracture of the stirrups, these modes 

of failure ~ll not be discussed extensively in this section. The presence 

of web reinforcement prevents the spread of cracks which would otherwise 

separate the flange from the rest of the beam. Similarly J if the stirrups 

are made of a ductile metal with a well defined yield point, the large in

elastic strains required to break the stirrup wire rule out fracture of the 

stirrups as a practical mode of failure. This is especially true if enough 

stirrups are provided to ensure a flexural failure. 

(1) Web-Distortion Failureso No matter how an inclined crack 

forms, it causes a major redistribution of the stresses in its vicinity as 

sho1ill in Fig. 72. The amount of redistribution that occurs depends en the 

shape of the inclined crack, the amount of web reinforcement crossing the 

inclined crack, and the stresses in the beam before the inclined crack forms. 

To gain a clear understanding of the stresses in a beam with an 

inclined crack, consider first. a beam without web reinforcement as shown 

III Figo 72(a) neglecting the effects of the dowel action of ~~e longitudinal 

reinforcement crossing the crack. After an inclined crack forms, horizontal 

shearing stresses can no longer be transferred across the web and, as a re

sult, the magnitude of the compression and tension forces must remain con

stant along the full length of the inclined crack. For the moment to vary 

along the length of the shear span, the length of the moment arm must vary 

and, thus, the compression thrust lLDe shifts to the position shown in 

Fig. 72(a) 0 When this occurs, the load carrying mechanism within the beam 



is said to have changed from "beam action fi in which the compression and ten

sion forces are parallel but vary in magnitude to bring a variation in the 

internal moment, to "tied-arch action'IV in which the compression and tension 

forces are constant in magnitude but vary in their distance apart to bring 

about the necessary variation in moment in the shear span. 

The change from beam action to arch action occurs in all beams with 

inclined cracks. If these cracks extend over a large part of the length of 

the shear span, the location of the compression thrust line will have a large 

eccentricity with respect to the centroid of the concrete above the crack at 

a section near the reaction, as for example, Section AB in Figo 72(a)o The 

concrete above the crack acts as an eccentrically loaded plain concrete 

column or "arch rib ff, developing tensile stresses at the top surface and 

compression stresses in the webG The presence of tensile stresses at the 

top of the beam in the shear span has already been discussed in Section 44 

and is illustrated by the deflection-strain curves shown in Figo 46. 

If these tensile stresses reach the tensile strength of the con

crete, the arch rib will fail by cracking at the top of the beam followed 

by crushing of the web under this crack. This type of failure, designated 

as a ~vvleb-distortionn or itweb-crushingii failure, is sudden and complete as 

shown in Fig. 43(b) and 51(c}o In beams without web reinforcement, web 

distortion failures occur at a load only slightly greater than the inclined 

cracking load 0 In a number of beams, a failure resembling a web-distortion 

failure appeared to be initiated by crushing of the compression zone in the 

vicinity of the load point. In a number of such cases, the crushing was 

associated with an imminent flexural failure. 

In drawing the compression thrust line in Fig. 72(a) it was 

assumed that there was no transfer of shearing force across the inclined 
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crack, either by web reinforcement or by dowel action of the longitudinal rein

forcement crossing the crack, a.'YJ.d as a result the compression thrust line is 

in its lcwest possible position" 

There is a twofold effect of transferring a shear force across an 

inclined crack by stirTl..lPS or do"W,el action. The presence of shear in the 

po~tion of the beam below the inclined crack gives rise to a moment in this 

portion which J at any section, resists some of the applied moment acting on 

that section. As a result, the compression thrust line rises to a new posi

tion more nearly parallel to the longitudinal reinforcement 0 At the same 

time, the magnitude of the thrust is reduced. The danger of a web-distortion 

failure is therefore reduced because the eccentricity of the thrust line with 

respect to the centroid of the arch rib is reduced and because the magnitude 

of the compression force acting on the arch rib is also reduced" 

In a beam without web reinforcement, a certain amount of shear will 

be transferred across the inclined crack by dowel action of the longitudinal 

reinforcement J the actual moment being a variable and unreliable quantity" 

If no doweling force existed, the portion of the beam below the crack would 

not deflect and as a result there "WOuld be a g~faul t g~ in t·he longitudinal steel 

where it crosses the inclined crack as shown by Figo 72(b)o Since such a 

tifaultqV did not exist in the beams tested, some shear must be transferred 

across the inclined crack by dowel action 0 This was especially true in 

the 26 beams of this series in which the major inclined crack was a web-shear 

crack ",hich neyer completely penetrated the l01ier flange" 

The magnitude of the dowel force is extremely difficult to de

termine since it depends on such factors as the stiffness of the arch, of 

the portion of the beam belo'W" the crack, and of the reinforcement crossing 
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the crack. These factors are very diff1cult to evaluate even if the shape 

of the inclined crack is known. In addition, the doweling force often tends 

to destroy itselfo As a result of the vertical tensile stresses induced 

between the web and the lower flange by doweling, horizontal cracks were 

observed in this region in many beams without web reinforcement and the 

presence of these cracks reduced the amount of doweling force which could be 

transferred. In the beams in which the inclined crack did not penetrate 

completely through the lower flange, the doweling force acted to extend the 

inclined crack toward ··the lower flange, thus reducing the concrete area 

available to transfer the dowel·ing force. 

Thus, while the doweling force. may playas ignificant role in 

carrying the shear force in a prestressed concrete beam without web rein~ 

forcement, the magnitude of this force is variable and is n~t dependable. 

In beams with web reinforcement, the shear transferred by doweling is 

relatively unimportant since the shear transferred across the inclined 

crack by the web reinforcement deflects the portion of the beam under the 

inclined crack, thus reducing the magnitude of the Ufaulttt vThich would occur 

where the longitudinal reinforcement crosses the crack. In the analysis of 

beams with web reinforcement, therefore, the doweling force is asaumed to 

be negligible. This assumption is probably close to the truth for beams 

with flexure-shear cracks but may err on the conservative side for beams 

developing web-shear cracks which do not penetrate the lower flange. 

Web reinforcement is placed in a prestressed concrete beam to 

increase the shear strength of the beam and make its behavior more desirable 

at high loads. There are two principal effects of such web reinforcement: 

it transfers shear across the inclined crack, improving the position of the 
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thrust line within the arch rib above the crack as shown in Fig .. 72(c); and, 

at the same time, it restrains the opening of the crack, thus reducing the 

concentration of compressive strains above the upper end of the inclined 

cracko The first of these effects is more important in considering web

distortion failures. The second effect of web reinforcement] that of re

ducing the strain concentrations above the end of an inclined crack is more 

important in relation to shear-compression failures and will be discussed 

later in this sectiono 

In a beam which otherwise would develop a web-distortion failure, 

web reinforcement transfers shear across the inclined crack and in doing so 

changes the location of the compression thrust line as shown in Fig. 72(c)o 

As explained above, a part of the moment change along the horizontal pro

jection of the inclined crack is resisted by the portion C, below the crack, 

acting as a iicantileverit.. To satisfy statics) the compression thrust need 

not be as large, and its line of action is more nearly parallel to the longi

tudinal reinforcement if web reinforcement is present in a beam. At each 

stirrup, the thrust line is bent through the angle resulting from the addition 

of the vectors representing the compression thrust and the shear force trans

ferred by that stirrup.. If the shear transferred across the inclined crack 

by the stirrups does not keep the thrustline far enough above the crack, a 

beam with web reinforcement will fail in shear.. In such a case, the stirrups 

will usually yield and sometimes fract~e. 

In addition to transferring a vertical tension force across the 

crack] it is probable that the stirrups also transmit a horizontal d01;V'el 

force because of the nature of the relative displacements of the arch rib 

and the portion of the beam below the crack.. The over-all result of this 

dowel action is to restore beam action by moving the thrust line upward 

slightly .. 
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If it were possible to know or estimate the length, shape, and 

height of the inclined cracks; the distribution of normal and shearing stres

ses on the sections at each end of the inclined crack; and the stresses in 

the stirrups at failure, it would then be possible to compute the web-dis

tortion failure load for beams with and without web reinforcement 0 Such a 

computation would be based on the further assumption that the beam would fail 

when the eccentrically loaded ncolumn" or itarch rib" above the crack developed 

flexural tension cracks in its top surface. This analysis of the ultimate 

strength is not presented here because of the large number of major variables 

which must be assumed and w.hich could not be checked from the test data 0 

From this concept of the behavior of a beam failing in shear it can 

be seen that if the horizontal projection of the inclined crack is less than 

about one-half the length of the shear span, the eccentricity of the thrust 

line with respect to the centroid of the arch-rib above the crack is not 

sufficient to cause failure of this sectiono Thus, if the inclined crack 

originates as a flexure-shear crack, a web-distortion failure is not apt to 

occur unless splitting develops along the longitudinal reinforcemento 

(2) Shear-Compression Failures. Beam action is destroyed in the 

shear spans of a beam after inclined cracks form and, as previously explained, 

the beam then carries load as a ittied-archn 0 In addition to failure of the 

arch rib under the eccentric thrusts which exist after inclined cracking, 

the tied arch structure will fail if excessive angle changes occur in the 

concrete above the inclined crack. 

The inclined cracks penetrate closest to the top of the beam under 

the load points and, as a result, the arch, rib is most flexible in this 

region. When the structure is loaded, the steel strains which occur along 

the entire horizontal projection of the inclined crack contribute to angle 
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changes occurring in this rather limited region of the compression flange~ 

Thus, a small increase in steel strain over the projection of the crack is 

accompanied by a proportionately larger increase in concrete strain in the 

compression zone over the crack and when the concrete strains reach a 

limiting value J crushing occurs, destroying the beam. This type of failure 

is known as a ushear-compression failure" 0 

AI though the distribution of strains is not linear after inclined 

cracking., shear-compression failures occur in essentially the same way as 

flexural failures. In Section 5.4 and in Fig. 71, the distribution of strains 

across the depth of a beam failing in flexure is discussed and used as the 

basis of a trial and error procedure to determine the flexural capacity of 

prestressed concrete beam. 

In computing the strength of a beam failing in shear-compression, 

it is again assumed that there is a definite relationship between the concrete 

and steel strains. This relationship is complicated by the fact that there 

is a great change in the strain compatibility factor, F, at the time of in-

clined cracking. During the flexural cracking stage prior to inclined cracking; 

strains are essentially linearly distributed and in most cases the compati-

bility factor is unity or close to it. After inclined cracking, however, the 

strains are no longer linearly distributed and the compatibility factor is 

considerably less. 

Referring to Figo 73(a)j the steel strain in a prestressed concrete 

beam immediately prior to inclined cracking may be expressed as 

(18) 

where E v = steel strain due to flexure at inclined cracking 10000 sc 

Equation 18 can be written asa 
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(18a) 

At ultimate, as shown in Fig., 73 (b) J the steel strain is ~ 

€ _ c + € + e U + €o su - ~se ee se sa (l9) 

where € ~ = steel strain developed between inclined cracking and ultimate 0 sa 

Equation 19 can be expanded to the form: 

€ = E su se [
l-k ] + € + F € ____ c 

ce 1 cc k 
c 

(l9a) 

Equation 19(a) and Eqo 17 can be solved to yield a steel stress, and the 

beam strepgth can be determined if Fl , F2, kc' ku' feu' €cc and €u are known. 

The value of l' ,€ and k2 assumed in Section 504 in the analysis of flexcu u 

ural strength can be used in analyzing the strength of beams with inclined 

cracks 0 The depth to the neutral axis at the inclined cracking load, ex-

pressed by k d, will be assumed to be the same as that at ultimate, expressed 
c 

by k d and thus, k = k u In addition, it is. assumed that Fl = 1.0, such u c u 

that a linear distribution of strains exists before inclined cracking. 

Based on these assumptions, Eqo 19(a) can be rearranged and simplified to 

* the following form 0 

(20) 

The value of the steel stress at inclined cracking can be de-

termined from Eqo 21 using the cracking shear, V J computed from Ego 10" 
c 

* 

l' se 

V a 
c 

= A d'l-0042 k ) s \. . U 

The various steps in deriving Eqo 20 are outlined in Ref 0 2. 

(21) 
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The u~timate steel stress can be determined by a trial and error 

procedure from Ego 20 and 21 provided that the stress-strain curve for the 

steel, the ultimate concrete strain, and the value of the compatibility 

factor, F2, are known or assumed 0 Once the steel stress is computed, the 

ultimate moment corresponding to a shear-compression failure can be computed 

from Ego 130 

The major variable in the analysis presented above is the value of 

F
2

, the strain compatibility factor which relates the concrete and steel 

strains after inclined cracking. The effect of variations in the value of 

F 2 on the ultimate strength of a beam is shown in Fig.. 74. The curve in 

this figure describes a typical stress-strain relationship for prestressing 

wire. 

In a moderately" reinforced beam~ the Ultimate moment varies almost 

directly with the steel stress at ultimate (see Eg. 13). As a result, vari-

ations in the ultimate capacity of a beam can be discussed in terms of the 

steel stresses developed at failure. The various strain quantities in Eqo 19 

are marked on this figure by the letters A, B, C, and Fa The points on the 

curve corresponding to the prestrain, € ,and the compressive strain at the se 

level of the longitudinal steel) € ,are marked A and B) respectively. ce 

Point C in Figo 74 refers to € , the total steel strain at the time of sc' 

inclined cracking. The value of this strain is given by Ego 18 and is 

similar for beams with and without web reinforcement. 

After inclined cracking, the value of the strain compatibility 

factor, F
2

, is a function of how much the opening of the inclined cracks 

is restrained by stirrups crossing the crack and the height to which the 

inclined crack extends. The pOints on Fig. 74, indicated by the letters 

F show the effect of various values of the strain compatibility factor F2 
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on the steel stress at failure 0 If stirrups are present, they act to restrain 

the opening of the inclined cracks and distribute the angle changes over a 

greater length of the top flange, thus limiting the strain concentrations 

which can develop at the end of the crack 0 In addition, stirrups act to 

limit the height to which the inclined cracks develop and thus affect the 

value of k at failure. Since both of these actions tend to restore the 
u 

linearity of strains, the presence of stirrups tends to increase F 20 If enough 

stirrups are provided, the steel and concrete strains at failure will be·re-

lated almost linearly, and the strain compatibility factor F2 will approach 

a value of 1.0, representing a linear strain distribution.. This value of F 2 

corresponds to a flexural failure and the maximum ultimate steel stress 

which can be developed in the beam. This condition is sho'WIl in Fig. 74 by 

the point FloO(for F2 = 100)0 

On the other hand, F
2

, may be as low as 0010 or less if no web 

reinforcement is provided, and in this case the steel strain developed after 

inclined cracking is only a tenth as great as that occurring in a flexural 

failure 0 The ultimate steel stress corresponding to F2 = 001, shown by FOol' 

is much less than that for F = 100 and as a result the ultimate moment is 

less than that for a flexural failure. As F 2 is increased, the total strain 

at -ultimate will reach ruld exceed the yield strain of the prestressing wireo 

The rate of increase in ultimate steel stress and ultimate moment is high 

up to about F2 = 001, but above a value of F2 = 0.3, there is relatively 

little increase 0 Points representing F2 = 0 0 3 and 005 are shown in Figo 74 

by the letters FOo3 and FOa5° 

Values of F2, the strain compatibility factor after inclined 

cracking, were computed for all of the test beams which failed in shear-

compression. Since the strain and crack height data were not sufficiently 
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complete to allow a direct eValuation of F
2

, this quantity was computed in

directly from load measurements made during the tests. The derivation of the 

compatibility factor was based on Eq. 20 and the idealized conditions of 

strain and stress shovm in Fig~ 730 Equation 20 can be rewritten as follows: 

€ - € 

F2 
su sc 

= 1 (22) 
€ (- - 1)-

_ u 
e uk sc 

u 

All the quantities on the right hand side of Eq. 22 except € su 

were derived or assumed in accordance with the assumptions made in Section 

5040 The actual steel strains measured at cracking and at ultimate and the 

corresponding stresses were usedo The ratio k was derived using Eq. 17 
u 

in which the average concrete strength was assumed to be that given by 

Eq. 120 The limiting concrete strain" €u' was assumed to be 0.0040 The 

data pertinent ~o this assumption are shown in Fig. 47 and are discussed 

in Section 404{b). The term € a was obtained by subtracting the sum of sc 

€ and E from € 0 se ce sc 

Studies of the test data indicated that the compatibility factor 

F2 was a function of the total force in the stirrups crossing a given 

inclined crack 0 In Figo 15" values of the strain compatibility factor F2 

derived by the above analysis are compared to the total stirrup force nA f vy 

crossing an inclined crack of length 105 x~ where n is the number of 

stirrups crossing the assumed crack and x is given by Eqo 10 0 The line 

shown in this figure was fi:tted to the points by observation. Based on 

this line, it appears that the increase in F2 is proportionately less for 

small amounts of web reinforcement than for large amounts 0 This trend is 

offset by the fact that the increase in the failure load is proportionately 

larger for small increases in F2 than for large increases" as shown in 



Figo 24, and as a result the increase in ultimate load is nearly proportional 

to the shear transferred across the inclined crack by the stirrupso 

(3) Limitations on the Effectiveness of Web-Reinforcemento The 

flexural capacity represents an upper limit on the strength Which can be 

developed by a beam with web reinforcement and, clearly, no amount of web 

reinforcement can increase the strength of a beam beyond this value. A 

number of other limits on the effectiveness of web reinforcement are suggested 

by the analyses discussed above. 

In a beam with web reinforcement, the stirrups transfer shearing 

forces across the inclined cracks which developo These shearing forces act 

on the portion of the beam below the crack which acts as a Itcantilevervl fixed 

under the load point as show. in Fj.go 72(c)o Taking moments about the longi-

tudinal reinforcement and assuming that no forces act on the cracked surface 

it can be seen that a compressive force is necessary below the crack for 

moment equilibrium of the cantilever 0 If the web is very thin and there is 

a large amount of' web reinforcement, the primary cause of failure could be 

crushing of the concrete under the inclined crack in the zone De The upper 

limit on the moment which can be carried by the ncantilever~f corresponds to 

its compression failure moment, and thus, the moment about the end of the 

than the compression failure moment for that section. 

Ratios of the stirrup moment, based on the estimated ultimate stir-

rup stress, to the compression failure moment, assuming a beam with a width 

equal to the web thickness a~d a depth equal to the effective depth minus 

the thickness of the upper flange, range from 0002 to 1.04. After failure, 

crushing was observed under the inclined cracks in six beams (CW .13 0 28~ 
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CWo14035, CWo14039, CWo 140 51, CWo14054, and the short span of CWo28.28)0 In 

these beams the ratio of stirrup moment to the web strength ranged from 0 .. 46 

to 1004. However, all of these beams failed at loads close to those pre-

dieted in Section 505(c) and the crushing under the crack was probably 

secondaryo 

An examination of the strain conditions at failure shows that if 

the angle change in the upper flange required to produce the limiting strain 

in the concrete over the end of the crack is greater than that required to 

produce the limiting strain at the top of the "cantilever", it is conceivable 

that this type of failure could occuro In Fig. 72(c) the depth to the neutral 

axis of the cantilever corresponding to a compression failure of the canti-

lever is greater than the depth of the compression flange above the load and 

in this case, the necessary rotations are possible. 

One upper limit on the effectiveness of web reinforcement is thus 

the flexural capacity of' the web below the crack. This type of failure is 

especially serious in beams with thin webs and high values of Q. 

Another limitation on the efficiency of the stirrups is defined 

by the crushing strength of the web under the inclined thrusts which exist 

in the ncompression rods is between the inclined cracks in the web. This type 

of failure differs from a web-distortion failure in that a web-distortion 

failure is initially caused by the formation of tensile cracks at the top 

of the beam while this type of failure occurs by crushing of the compres-

sion rods at the junction of the rods and the upper flangeo Two theories 

have been proposed to predict the strengtb of beams which develop this type 

"* of crushing 0 The first of these j assumes that the inclined cracks radiate 

* T.his theory was described in a letter from Yo Guyon to Professor C. Po Siess 
dated ~~ch 11, 19590 



from the load with a compression rod extending from the load to the bottom of 

each stirrup and states the strength of the web in terms of the strength of 

these rods. The second method of computing the crushing strength of the web 

is ·to assume that the web acts as a iYcompression-field beami~ similar in be-

havior to the tension-field beams used in aircraft structures (11)" Since 

this type of failure did not occur in this test series, these analyses could 

not be checked" Crushing of the compression rods in the web would only occur 

in short deep shear spans with very thin webs" 

Tests of reinforced concrete beams reported by Hognestad and Elstner 

(12) indicated an upper limit to the shear strength of beams with vertical 

stirrups 0 For the beams in this test series, however, there was no apparent 

upper limit on the effectiveness of the stirrups in a prestressed concrete 

beamo For very small amounts of web reinforcement, the efficiency of the 

web reinforcement appeared to decrease as shown in Figo 750 The minimum 

ratio of web reinforcement, r = A~bS, in this test series was 00041 percent 

based on the total number of stirrups crossing the last crack to form in the 

long span of beam CW" 280 260 This crack opened rapidly but the beam did not 

fail at this location. The ACI-ASCE Tentative Recommendation for Prestressed 

Concrete (13) requires a minimum web reinforcement ratio of r = 0.,25 b~/b 

per~ent, which for beam CWo 280 26 would be 00073 percent 0 

(b) Quantitative Discussion of the Effect of Web Reinforcement on the 

Strength of Prestressed Concrete Beams 

In the previous section, the strength of prestressed concrete beams 

with web reinforcement was discussed qualitatively and analyses based on 

observed modes of failure were presented for the two types of shear failure 

which are most likely to occur in prestressed concrete beamso Since the 
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determination of the actual conditions of stress and strain in a beam fail-

ing in shear involved assumptions about the behavior of the beam w.ich may 

never be suffiCiently accurate to justify the use of these analyses, the de-

termination of the ultimate capacity of the beams in this test series has 

been approached on an empirical levelo 

The contribution of web reinforcement to the shear strength of a 

prestressed concrete beam can be considered in a number of different ways. 

Figure 76(a) shows a portion of a beam without stirrups. At failure, equilib-

rium for this beam can be expressed by Eqo 23 where it is assumed that the 

ultimate moment capac i ty of a beam without stirrups is equal to M, the c 

inclined cracking moment. 

V conCe a = Cjd = M c 

If stirrups are added to the beam as shown in Fig. 76(b), the following 

equilibrium equations can be -written 

v = V S + V u conc. v (24) 

M = V a = C U jd + V z u u v 

where~ v! = ultimate shear carried by the compression zone over the conco 

inclined crack in a beam with web reinforcement 

v = ultimate shear carried by the stirrups = A f zls 
v vy 

z = horizontal projection of the inclined crack 

s = spacing of the stirrups 

A cross-sectional area of one stirrup· 
·V 

f· = yield stress corresponding to one percent strain in the 
"11 

stirr-up steel 

cit = ul tiillate compressj.on.· ·force carried by the compression 

zone over the inclined crack. in a beam with web rein-

forcemento 



Several assumptions may be made to simplify these equations. If C~ 

is assumed equal to C, Eqo 25 may be written as: 

M = M + V z/2 u c v (26) 

By rearranging Eq. 26, it can be shown that for this assumption the shear 

carried by the concrete above the crack is less at ultimate in a beam with 

web reinforcement than in a beam without. Computed values of the ratio 

(v z/ 2)/ (M - M ) based on the stirrups crossing the observed inclined cracks v u c 

in the beams tested ranged from 0.17 to 1.38 with over half the values less 

than 00500 Similar results are mentioned by Laupa, Siess and Newmark (10). 

Thus, Ego 26 is not correct and C! must be greater than C. 

Another assumption which could be used to simpli~ Eg. 24 and 25 

would be that the shear carried by the compression zone above an inclined 

crack is the same 1mether stirrups are present or not. Eg 0 24 can be written 

as~ 

where: 

v = V + V u conc. v 

V conc. = 
M 

c 
a 

The value of C i at failure may be written as: 

M + V (a - z/2) _c __ v ______ = C B 

jd 

(28) 

(29) 

Equation 29 implies that CU will be larger in a beam with web reinforcement 

than in a beam without web reinforcementc Observations of the inclined 

cracks showed that in general the depth of the compression zone over the 

crack increased when web reinforcement was added to a beam, thus making 

possible an increase in the force C? 
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The difference between the ultimate shear and the shear correspond-

ing 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: 

v - V = l~l A f d 
u c v y s 

where; V = ultimate shear corresponding to flexural failure u 

V = shear corresponding to the inclined cracking load c 

d = effective depth of the beam. 

s = spacing of the stirrups 

A = cross sectional area of one stirrup 
v 

f yield stress} stress corresponding to one percent strain in 
y 

the stirrup steelo 

Equation 30 can also be written as follows~ 

V ~ V 

rf = 
y 

u c 
101 bd 

~ere~ r = A~bS = web reinforcement ratio based on flange width 

b = flange width 

(30a) 

Equation 30a is represented graphically in Fig. 77 and is compared 

with the observed datao It must be pointed out that Eqo 30a represents the 

locus of the points corresponding to balanced failures. Points correspond-

ing to shear failures with less than the balanced amount of web reinforce-

ment can lie to the left of that line but not far away from ito Points 

corresponding to flexural failures must be to the right of the plotted lineo 

The distance such a point falls to the right of this line depends on the 

amount by which the "'ifeb reinforcement is over-designedo A number of the 



points representing shear f~ilures fall considerably to the right of the line 0 

This error was due, in part, to the ass.umption that the number of stirrups 

crossing the critical inclined crack was directly related to rf Q In beams 
y 

with large stirrup spacings or in beams in which the first stirrup was 

placed under the load point (Stirrup Arrangement 2, Figo 15) the number of 

stirrups crossing the inclined crack was often less than implied by the 

nominal value of rf" For these beams, an effective value of rf based on 
y y 

the number of stirrups crossing an assumed inclined crack was computed using 

Eq .. 31. 

where~ 

nAf 
irf) _ v y 
\, y eff - 1.5 x b 

105 x .- assumed horizontal projection of the inclined crack, 

x given by Ego 90 

(31) 

n = number of stirrups crossing the assumed inclined crack 

for a given stirrup arrangement 0 

The data plotted in Figo 77 have been replotted in Figo 78 in terms of 

(rfy)effO There is reasonable agreement between the plotted line and the 

test data 0 

The empirical coefficient, which is 101 in Eqo 30, presumably in-

cludes a term to relate the horizontal projection of the inclined crack to 

the effective depth, d, and also allows for the variations in the actual 

stress in the stirrups crossing the crack since some of the stirrups near 

the ends of the inclined crack may not be stressed to the yield point. 

The relationship between the web reinforcement index, rf and 
y 

the corresponding increment in total shear beyond inclined cracking is 

ShOWD in Fig. 79. The abscissa represent the ratio between the nominal 
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value of rf corresponding to the stirrups actually present in each beam and 
y 

the quantity (rfy)balo computed from Ego 30 for a balanced shear and flex-

ural failure. The ratios plotted as ordinates have in the numerator the dif-

ference between the observed shear at failure and the computed shear at 

inclined cracking, and in the denominator the difference between the computed 

shears at flexural failure and inclined cracking. By definition, any value 

of the ratio Crf )/(rf )bal greater than 1.0 should refer to a flexural fail-y y . 

ure and should correspond to an ordinate equal to 1.0. The horizontal line 

on the figure represents the locus of the predicted flexural failures while 

the 45 deg. line represents the locus of the shear failure loads as predicted 

by Eg. 30. 

In studying the scatter of the points in Fig. 79 , it is important 

to note that the magnitude of the ordinates depends on the difference be-

tween the shear at failure and the shear at cracking. Since the difference 

between these quantities is small, any experimental error in the observed 

shear at failure will be magnified in this expression. In spite of this, 

the scatter is not great and in general the points lie close to the lines 

drawn on this figure. 

Nine beams with ratios of (rf )/(rf )b 1 greater than 1.0 developed y y a., 

* either shear failures or transition failures. In beam BWo14060, the in-

clined crack appeared to follow a horizontal plane of weakness through the web, 

presumably along the joint between the two batches of concrete. The unusual 

shape of this crack greatly enhanced the conditions necessary for a web 

distortion failure and this type of failure ultimately occurred. The fail-

ure of beam CW .. 14035 resembled a flexural failure and apparently was not 

* In 
and 
a.Tld 

ly, 

the order in which they will be discussed, these beams '..rere~ BW.14.60 
CWo14.35; BWo14045, BWo14.58, and CWo14.21; CWolh~23, CWo 14. 47, CW.14050, 
cw.28026s. The ratios of (rf/rfY)balo for these beams were respective-
1.10, 1.37, 1·77, 1.14, 1.11, 1023, 1.05, 1046 and 1.150 



influenced by any inclined crack. This failure was classified as a transi

tion failure because it took place outside the flexural span at a point 

where the bending moment was less than a maximum. It is conceivable that an 

unusually weak spot. in the concrete triggered the failure at this location., 

This is borne out by the fact that the inclined crack formed in the region 

of the failure at a load less than that predictedo 

The failure load for the remaining seven beams in which the mode 

of failure was predicted incorrectly ranged from 98 to 104 percent of the pre

dicted flexural failure load and are classified as shear or transition fail

ures primarily on the appearance of the beam after failure. These beams fall 

in to two group s : 

10 Failures resembling shear-compression failures occurred in 

three of these beams. First crushing developed near the load point in a 

region affected by both inclined cracks and flexural cracks. 

20 Failures resembling web distortion failures occurred in the 

other four beams 0 These failures were preceded by a varying amount of crush

ing under the load point which may have triggered the web-distortion fail

ure) and the final failure was sudden and destructive. Failure loads ranged 

from 90 to 98 percent of the computed shear strength 0 

The data used to derive Eqo 30 were obtained from tests of beams 

which were essentially similar in most respects. All the beams were 6 by 

12 in. in overall cross section, and the web thickness varied from 003 to 

JoOtimes the flange widtho The effective depth, d, varied from 8 to 11 in. 

and the ratio aid varied from 208 to 708. The prestress level and concrete 

strength were both varied over a wide rangeo The yield stress of the stir

rups varied from 3400 to 79.5 ksi, and the stirrup spacing varied from 2.25 
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to 10.5 ino In addition, the shear was practically constant throughout the 

shear spans of the beams tested, since the dead load shear was negligible 

in comparison to the live load shearso 

In some of the beams with 70 or 78-in. shear spans, the stirrup 

spacing was not constant throughout the length of each shear span. The 

stirrup design procedure for these beams was similar to that used in de

signing stirrups in the beams tested under moving loads as described in 

Section 5.5(e). In this procedure it is assumed that all sections subjected 

to inclined cracking should fail in shear at the load corresponding to flex

ural ultimateo Stirrups were provided for the difference between the inclined 

cracking shear and the ultimate shear at each section. As shown in Figs. 18 

through 21 there were no stirrups in at least a third of the span in some of 

these beamso However, since no inclined cracks occurred in these regions 

in the tests, no stirrups were necessary. In calculating the ultimate capacity 

of the stirrups, the stirrup spacing adjacent to the load was considered to 

govern. 

Two of the six beams with non-uniform stirrup spacings failed in 

shear at 102 and 105 percent the predicted shear capacity. In Fig. 85(a), 

the efficiency of the web reinforcement in these two beams is compared to 

the efficiency of the uniformly spaced stirrups in beams failing in shear. 

On the basis of the six beams with variable stirrup spacings, it appears 

that a variable stirrup spacing is as efficient as a uniform spacing in 

preventing shear failures. It should be noted that in all beams with 

~ariab1e stirrup spacings the amount of stirrups required at each point 

were extended a distance ~ (12 in.) beyond that point since it was assumed 

that an inclined crack would extend downward from each point at approx

imately 45 deg. 



Eq. 30 is similar to the corresponding equation derived by 

Hernandez (3) using data from 37 of the beams reported in this paper, ex-

cept that Hernandez derived an empirical coefficient equal to 1.25. The 

change in the coefficient used in this report is partly due to the more 

extensive data now available and part~ a result of differences between the 

* definitions of V and f used in the two papers. 
c y 

Measured and computed values of the ultimate load are presented 

and-compared in Table 11. ~1e results of these comparisons will be sum-

marized in Section 5.5(f). 

(c) Effect of Web Reinforcement on the Strength of Beams with Draped 

Reinforcement 

When sufficient web reinforcement was added to beams with draped 

wires, the mode of failure changed from shear to flexure. The inclined 

cracking load was not greatly affected by the presence of stirrups but the 

ductility of the beams after ~racking was improved. The development of split-

tll1g along the tension reinforcement was restrained and failures due to the 

separation of the wires from the beam were preventedo 

To check the applicability of Eqo 30 to beams with draped wires, 

the five beams in the BV series were tested. Beams BV.14.32b (a retest 

of the intact end of BV.14.32a, BV.14.34, BVo14035 and BV.14.42 were pro-

vided with O.BO) 1.04, 1.oB and 1.32 times the amount of web reinforcement 

required for a balanced shear and flexural failure 0 All four of these beams 

failed in flexure. In Fig¢ Bo the ratio (V t t - V )/(V - V ) u es c compo u c. compo 

* In this report V is defined by Eqo 10 and f is defined as the stress 
corresponding to 1 percent strain in the stirtup wire. Hernandez used 
Eqo 6 from Ref. 2 to define the inclined cracking shear. The average 
ratio of measured to computed inclined cracking load for his beams using 
this equation was 10130 Hernandez defined f as the initial deviation 
from the linear elastic stress-strain curve.y 
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is compared to the angle of drape for these beams. The computed inclined 

cracking shear was computed with Eq. 10 using the reduced eccentricity of 

the draped wires as discussed in Section 503{c). The points plotted on the 

~ = 0 axis represent this ratio for beams with straight wires in the BW.14 

series. Beams BV.14.30 and BV.14.32~ failed at less than their flexural 

capacity due to a secondary failure in bond in the anchorages after inclined 

cracking. The bond strength of the draped wires might have been lower with 

respect to a beam with straight wires due to the settlement of a larger 

depth of concrete underneath the wires. It appears, therefore, that if the 

anchorage bond is adequate, Eq. 30 can be used to predict the additional 

strength provided by stirrups in a beam with draped wires and web reinforce-

ment if the cracking load shear includes an allowance for the effect of 

draping the wires.. Since the inclined cracking load is reduced by draping 

the wires in beams developing flexure-shear cracks, more web reinforcement 

is required to ensure a flexural failure in this type of beam with draped 

wires than is required in a similar beam with straight wires. 

(d) Effect of Web Reinforcement on the Strength of Beams Tested Under 

Moving Loads 

Three beams with web reinforcement were tested under moving loads. 
! 

The web reinforcement was designed using the expression developed by 

Hernandez (3) Which is similar to Eq. 30 except for the value of the con-

stant. Beam CW.IO.26 had uniformly spaced web reinforcement throughout, 

while the web reinforcement in beams BW.lO.22 and CW.lO.27 (Figo 22) was 

varied according to the difference in the shear corresponding to the load 

required to cause a flexural failure at midspan and the inclined cracking 

shear at each section, as illustrated in Figo 81 for beam BWolO.22. The 



ordinates in this figure are values of the applied shearj the abscissae are 

the positions Where loads are applied to the beam. The two lines near the 

top of the figure represent: (a) V , the ultimate shear resulting from the 
u 

moving load which will just cause a flexural failure at midspan, and (b) V , 
c 

the shear corresponding to the inclined cracking loado According to Eqo 30, 

the amount of web reinforcement requiredv~ proportional to the difference be-

tween V and V 0 This difference is plotted at the bottom of the figure as u c 

a solid line 0 The hatched area outlined by the dotted line represents the 

shear capacity of the stirrups actually placed in the beamo The amount of 

stirrups required ~t each point has been extended a distance £ (12 in.) toward 

the reaction, since an inclined crack extends downward from the load at an 

angle of 45 deg. or less. In beam CW.10.27, the stirrup spacing decreased 

near the ends of the beam since the difference between the ultimate shear 

and the shear corresponding to web-shear cracking increases near the ends of 

a beam loaded with a moving loado The stirrups in beam BWolO.22 were de-

signed for the actual ultimate load but those in CW.lOo26 and CW.lOo27 were 

over-designedo 

All three of these beams failed in flexure although the appear-

ance of the failure zone in mVolOe26 resembled a shear failure in some 

respects 0 Some difficulty 'vas experienced in defining "failllTe" since 

crushing occurred at the point of maximum moment which was under the load 

pointo Since the development of crushing was restrained by the vertical 

stresses from the load, the first major crushing was assumed to be failure, 

although beams CWolO.26 and CWolOo27 carried up to six percent more load 

after the first major crushing occurred. 

Beam BWolO.22 developed severe crushing at load position 5 and 

failed in that region as the load was transferred from position 5 to 60 
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At load position 5, the load was 99 and 98 percent, respectively, of the com

puted flexural and shear ultimate loads. The load record and crack pattern 

for this beam are shovrn. in Figs 0 44 and 45.. There we re no stirrups in the end 

15 in. of the span and, since no inclined cracks formed, no web reinforcement 

was necessary. It should be pointed out that the distribution of web rein

forcement in this beam is contrary to what would be required by the usual 

design procedures. 

Beam CW .. IO.26 had a 1 3/4-in. web and as a result, developed web

shear cracks at the ends of the span and flexure-shear cracks near midspano 

The stirrups in this beam were spaced uniformly at 4.5 in. and were over

designed at midspan but under-designed near the reactions. Severe crushing 

was first observed at load pos~tion 4 at a load equal to 87 and 93 percent) 

respectively, of the computed flexural and shear ultimate loads. Additional 

crushing occurred with the load at position 6 at 95 and 85 percent ultimate 

loads.. Although this load was defined as the "failure" load in view of the 

severity of the crushing, collapse occurred under additional loading at 

position 6 at 101 and 89 percent, respectively, of the flexural and shear 

failure loads ... 

Beam CW.IO.27 also had a 1 3/4-in. web but had a smaller stirrup 

spacing near the reactions than at midspan. Crushing was observed first 

at load position 5 at 97 -~d 91 percent of the flexural and shear failure 

loads .. Additional crushing, which was defined as ?1failure Vi occurred at 

load position 6 at 98 and 88 percent, respectively, of the computed f~ex

ural and shear failure loads. Collapse occurred under additional loading 

at position 6 at 101 and 89 percent, respectively, of the flexural and 

and shear failure loadsG 
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These three tests on beams tested with moving loads indicated that 

Eqo 30 could be used to compute the strength of stirrups in such beams. The 

measured and computed ultL~ate loads for beams tested under moving loads are 

listed and compared in Table 120 

(e) Comparison of Measured and Computed U1tliaate Loads of Prestressed 

Concrete Beams wi th ~ieb Reinforcement 

Sixty-six beams in this test series had web reinforcement.. Sixteen 

of these failed in shear and six failed in a manner intermediate between shear 

ruld flexure (transition failures). Two beams with draped wires developed 

secondary anchorage bond failures which resembled shear failures in appearance 

but not in behavior. These two tests have not been included in the v~ious 

comparisons of measured and computed capacity. The remaining 42 beams "and 

a retest on one of the bond failures failed in flexureo 

The measured and computed ultimate loads for all the beams are 

listed and compared in Table 11 and the ratios for the beams with web rein-

forcement are surmnarized below. 

Ratio of Measured to Computed Ultimate Loads for Beams with Web Reinforcement 

Noo of Mean Maximum Minimum Mean 
Tests Deviation 

Shear Failures 16 1000 1013 0090 0.044 

Transition Failures 6 0095 1006 0.85 0.055 

FleA~al Failures 43 1000 1.07 0 .. 86 0 .. 027 

The ratios of measured and computed ultimate loads for the beams failing in 

flexure are compared in more detail Ll Section 5.4(c). Equation 30 appeared 

to apply satisfactorily also to beams with draped wires and beams tested 

under moving loads, as discussed in Section 5e5(d) and (e)o 
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(f) Discussion of the Variables Affecting the Strength of Prestressed 

Concrete Beams with Web Reinforcement 

The effects of a number of variables on the strength of prestressed 

concrete beams with web reinforcement is studied in Fig. 82. through 850 The 

ratio of the failure moments to the computed moments corresponding to shear 

failures is plotted as the ordinates of these figures. Only beams developing 

shear or transition failures are plotted on these figures since beams failing 

in flexure may have failed before the entire ca:paci ty of the stirrups was 

utilizedo 

There was no definite trend to the variation in the predicted shear 

strength with variations in concrete strength (Figo 82), prestressing force 

(Figo 82), type of inclined cracking (plotted in terms of V Iv s in .:Figo 83), 

stirrup yield :point (Fig. 83), or rf (Figo 84)0 
y 

On the other hand, there did seem to be a downward trend in the 

efficiency of web reinforcement as the stirrups spacing was increased as 

shown in Fig. 85(a)o In addition, the location of the stirrups with respect 

to the load also appeared to affect the efficiency of the stirrups 0 Stirrup 

Arrangement 2 (Figo 15) in which the first stirrup in the shear span was 

located a distance ~ from the load appeared to be less efficient than 

Arrangement 1 in which the first stirrup was located a distance s/2 from 

the load. Thus, ·beam CWo 14. 54 which failed in shear at 105 percent of its 

computed shear capacity had Stirrup Arrangement 1 while CWo14.51 which 

failed in shear at 98 precent of its computed shear capacity had Arrange-

ment 20 On the basis of these test results it is recommended that the 

stirrup spacing in prestressed concrete beams should not be allowed to 

exceed d/20 



There may have been a slight increase in the efficiency of the web 

reinforcement in these tests as the length of the shear span was decreased 

below 36 in., as indicated by beam CWo13.28, plotted at a = 28 in. on 

Figo 85, and as indicated by the fact that beam CW.lOo26 carried a load 

of 1.12 times the computed ultimate shear capacity at a shear span of 22 in. 

without shOwing signs of distress. 
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60 DESIGN OF WEB REINFORCEMENT IN PRESTRESSED 
CONCRETE BRIDGE BEAMS 

601 Introductory Remarks 

A basic assumption in the design of a bridge girder is that the 

ultimate mode of failure will be flexure. However, if inclined cracks 

occur in a prestressed concrete beam, it may fail at a small load and much 

smaller deflection than those associated with a flexural failure; in general, 

the failure will be sudden and c,?mplete. By providing enough properly de-

signed 'YTeb reinforcement, however, it is possible to change the mode of fail-

ure from shear to failure 0 

For the tests described in this report, the difference between the 

ultimate shear and the shear corresponding to inclined cracking was found· to 

be the most significant variable governing the amount of web reinforcement 

necessary to prevent a shear failure, and in Section 505 the following 

empirical expression relating these two variables was derived: 

v - V = 101 A f dis u c v y (30 ) 

This expression seemed to apply for all the variables included in 

this series of tests, at least throughout the ranges involvedc The pro-

cedure proposed for the design of web reinforcement in bridge members is 

based essentially on this equation although :.certain modifications are 

necessary in extrapolating from the test results to full scale members, 

especially since Eqo 30 represents an average of the test data while a 

design equation to be conservative should represent a reasonable lower 

limit to the test data. 

The basis of the proposed method for designing web reinforcement 

for prestressed beams is outlined in Section 602. In Section 603" the 



criteria recommended for the design of web reinforcement are set forth. 

Design examples for pretensioned beams ·with straight strands" . draped 

strands, and partially unbonded strands are presented in Section 6.4. For 

these beams" the proposed design method is compared to the stirrup design 

requirements of current specifications. 

60 2 Basis of Proposed DeSign Method 

As stated above, the basis of the web reinforcement design method 

proposed in this report is the empirically developed Ego 30 which states that 

the required amount of web reinforcement is a function of the difference be-

tween the shears at inclined cracking and ultimate. For use in deSign" it 

is recommended that this equation be simplified to the following form: 

A = v 

(v - V ) s u c 
f d 
Y 

In going from Eqo 30 to Eq~ 32 the coefficient 101 has been eliminated and) 

as will be discussed later) a more conservative definition of V has been 
c 

adopted. As shown by the comparisons made in Section 5.5(e)" Eq. 30 approx-

imately corresponds to the mean of the test results for shear failures or 

transition failures.. The minimum ratios of measured to computed ultimate 

load for the shear and transition failures, respectively, were 0090 and 

0.85 based on Eqo 30 0 The elimination of the coefficient 1.1 in Eq. 32 

along with the change in the definition of V resulted in minimum ratios 
c 

of measured to computed ultimate load of 0095 and 0.90 for the shear fail-

ures and the transition failures. 

In computing V ) the shear carried by the beam at ultimate , it is 
u 

assumed that the member is loaded with one dead load plus the number of live 
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loads required to cause a flexural failure at midspan. Although the re-

sulting factor of safety of the member will exceed that recommended by the 

Joint Committee on Prestressed Concrete (13) in many cases, it is felt 

that the more ductile type of behavior associated with a flexural failure 

is essential in a bridge member. Furthermore, increasing the strength of 

the web reinforcement to allow the beam to carry its flexural capacity is 

a relatively inexpensive way of gaining additional overload capacity in a 

prestressed concrete beam. 

The major difficulty in the application of Eqo 32 to design is 

related to the determination of the shear V , which corresponds to inclined c 

cracking. In the previous discussions of inclined cracking (Section 4.3(c) 

and 5.3), two types have been distinguished. The first type, web-shear 

cracking, occurs in the webs of beams with short shear spans before flex-

ural cracks occur in the shear span. In a bridge beam, the conditions 

necessary for this type of cracking may exist as the moving loads come on 

to, and leave the spano At these times the moving concentrated loads cause 

large shear forces but only small momentso The shear, V , corresponding to 
s 

web-shear cracking, is a function of the principal tensile stresses in the 

web of the beam as discussed in Section 503(a). 

The second tj-r'1ie of cracking, 

develops from flexural cracks in a region subjected to shear. In a bridge 

beam this type of inclined cracking occurs near midspan where the live load 

moments are close to a maximum value and where the shearing forces are 

small. A moving load may cause both web-shear and flexure-shear cracks in 

the same beam, as shown in Fig. 45. The shear at which such a crack forms 

is equal to the sum of the shear causing a flexural crack at a given point 



in the shear span plus the increment of shear required to cause the flexural 

crack to penetrate sufficiently far into the web to initiate an inclined crack. 

In Eg. lO (Section 503) this additional increment of shear after flexural 

cracking was expressed empirically in terms of the shear corresponding to 

web-shear cracking) as follows: 

Vc = (Vf + i5 Vs )' but not greater than Vs (10) 

where: Vf = shear assumed necessary to cause the initiating flexural crack; 

that is) the shear required to cause a flexural crack at a dist

ance x = .~ + ~ from the load point. 

The essential part of this expression is the term V f j since flexure-shear 

cracks cannot form if the initiating flexural cracks do not occur. For use 

in Eq. 32) V : will be defined by the following expression which represents 
c 

a lower limit to the shear corresponding to flexure-shear cracking: 

V =VfB<V c - s 

where: V~ = shear required to cause a flexural crack at d from the load point 

Equation 33 differs from Eqo 10 in that the empirically derived 

term V /15 has been dropped 0 For standard bridge sections the resulting s 

values of V are about 10 to 20 percent lower than would be predicted using 
c 

Eqo 100 In addition) the definition of V; has been simplified by introduc

ing the assumption that the initiating flexural crack will occur at a dist-

ance !! from the load point" For short shear spans, the resulting values of 

V} will be larger than those obtained in the analysis of the test results 

and for long shear spans they will be smaller .. The correlation between V c 

and V f for beams developing flexure -shear cracks is sho"WIl in Fig.. 65.. In 

this figure) V f 'Was computed at a distance ~ (Eq.. 9), rather than ~ from 
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the load. point. For most of the beams in this figure the value of V f based 

on x is about 4 percent less than that based on ~a 

The measured inclined cracking loads for the beams in this test 

series and the cracking loads computed using Ego 33 are compared in the 

table below. It should be noted that for web-shear cracks, Eg. 33 reduces 

to: V == V , "Where V is computed in the manner outlined in Section 5.3 (a) 0 

c s s 

For flexure-shear cracks, Eqo 33 reduces to: Vc == Vf < Vs ' using the value 

of V f defined above. In these computations, the modulus of rupture was com
f 

puted using Eg. 1 and the tensile strength of the concrete was taken as 80 

percent of this value, as was done in the analysis of the test results. 

Ratio of' Measured Inclined Cracking Load to Inclined Cracking Load 
Computed Using Equation 33 

Mean Maximum Minimum Mean Deviation 

Web-Shear Cracks 1.03 1.21 

Flexure-Shear Cracks 1.13 

The values listed above for web-shear cracks are the same as those listed in 

Section 503(e). The values for flexure-shear cracks in the above table are 

based on Eq. 33 and indicate that this equation represents a lower bound on 

the flexure-shear cracl~ing load" On the other hand, Eqo 10 which is compared 

to the test results in Section 5.3(e) was chosen to fit the average of the 

test results. It should be noted that the inclined cracking load is only 

one of the terms in Eqo 32 and thus cannot be used directly as a measure of 

the safety of Eq. 32. The over-all ratios of measured ultimate load for 

the bea~s which developed shear or transition failures to that computed us-

ing Eq. 32 are compared in the table below. 

Ratio of Measured ill timate -Load to ill timate Load Computed Using Equation 32 

Shear Failure 

Transition Failures 

Mean 

1.06 

1.04 

Maximum 

1 .. 19 

1.23 

Minimum Mean Deviation 

0·95 

0.075 



In Section 503Cc) it was shown that while draping the longitudinal 

reinforcement increased the web-shear cracking load, it tended to decrease 

the flexure-shear cracking load. However, if the actual eccentricity of the 

longitudinal reinforcement at the location of the initiating crack was used 

in the computation of V;, Eqo 10 could be used to predict the flexure-shear 

cracking 1000.0 Thus, for the design of stirrups, the inclined cracking shear 

V will be taken as~ c 

v = VS but not greater than (V + A df sin~) c f s s se 

where ~ Asd = cross sectional area of draped prestressed reinforcement 

f = effective prestress in reinforcement se 

~ = angle between the centroid of the draped wires and the 

horizontal at the section considered. 

(33a) 

In computing Vi for a beam with draped wires, the initiating flexural crack 
f 

may be ass.umed to occur at a distance from the section being consider~d equal 

to the effective depth at that section. 

If the prestressing force in a pretensioned beam is varied by 

preventing bond in some of the strands at the ends of the beam, the actual 

prestressing force at each section should be used in computing Vs and v~, 

except that, because an anchorage length of 1 to 3 ft is required to fully 

develop the prestress in a given strand, it is suggested that the prestres-

sing force in a strand be disregarded for 3 ft from the point at Which the 

unbonding ends. 

Observations of the behavior of the beams tested under moving 

loads and studies of the shear and moment conditions existing under the 

wheels of an H-S type truck indicate that although inclined cracking 1iill 

occur under both of the heavy truck axles at approximately the same load, 
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it is sufficiently accurate for design purposes to compute V; assuming that 

the rear axle of an H-S type truck is placed over the section being con-

sideredc Since there are no other loads acting between this wheel and the 

adjacent reaction, the shear, V;J at flexure-shear cracking can thus be 

taken as the live load flexural cracking moment divided by a distance equal 

to d less than that from the reaction to the section considered. 

For the beams in this series of tests, the modulus of rupture of 

the concrete was determined from tests, and Eqs. 10 and 33 were developed 

using values of the modulus of rupture and concrete tensile strength ex-

pressed in terms of Eqo 10 To allow for uncertainties in the strength of 

concrete produced and cured under field conditions and subjected to repeti-

tive loading, the following more conservative expressions are recommended 

for use in computing Vs and V; for full-size beams made with normal-weight 

aggregates ~ 

Tensile strength: f t = 4 ~ 

Modulus of rupture: fr = 6 K 
where ft' f and f 9 are in psi. Equation 2 for the modulus of rupture is r c 

plotted in Fig. 5. The value of the modulus of rupture computed from Eq. 2 

is less than that specified in Section 207.3.3·of the Joint Committee~s 

f~t,ative Recommendations for Prestressed Concret~1 (13)0 Equation 2 has 

been chosen as a lower limit for use in computing strengths whereas the 

value given in Section 207.3.3 is closer to an average value since it is 

not used as a measure of the strength of the member. 

For beams with shear spans shorter than £, a large portion of the 

shearing force is transferred by vertical stresses and arch action and as 

a result, the inclined cracking shear is much larger than the predicted 



value of V based on the tensile strength given by Eqo 34. For such beams, 
s 

the amount of web reinforcement required within a distance d from the re-

action may be assumed to be no greater than the amount required at a distance 

d from the reaction. 

Because of the nature and limited knowledge of shear failures , it 

is suggested that some web reinforcement be provided in all bridge members. 

In Refo 14, the following expression is proposed for the minimum amount of 

web reinforcement Which should be used in a prestressed concrete bridge beamo 

A fV 
A - s s ~ 

v min" - 80 J l:)t 
s 

f d 
Y 

where: A = area of longitudinal tension reinforcement s ... 

f' = breaking strength of longitudinal reinforcement 
s 

Equation 35 can be rearranged in the form given in Eqo 35(a): 

(V - V ) u c mino = 

A f~ d 
s s 

80jl}d 
(35a) 

~mere A ft d is a measure of the ultimate moment capacity of the member 
s s 

and thus of the requu""'ed value of V 0 AB the web thickness, b g, increases) 
u 

the danger of inclined cracking decreases, and hence the need for web rein-

forcement decreases. The amount of web reinforcement computed by this equa-

tion is close to the maximum amount required by Eqo 32 for many bridge 

members. 

It is recommended that the spacing of stirrups in bridge girders 

be no greater than 0.5d or the clear height of the web, whichever is smaller. 

These requirements are somewhat more rigid than those specified in the 

Ten tative Recommendations of the Joint Committee (13) or in the Bureau of 

Public Roads HCriteria for Prestressed Concrete Bridges n (15), both of 
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which allow a maximum stirru.p spacing of O.75do However) in Section 505(f) 

(Figo 85) it was observed that the efficiency of the stirrups appeared to 

drop for spacings greater than Oo5do This was especially true if the stir-

rups were not proper~ located with respect to the load positiono In ad-

dition, splitting along the junction of the web and the lower flange rarely 

occurred if the stirrup spacing was less than O.5d. 

The web reinforcement computed by means of Eq. 32 for a given sec-

tion is actually the amount of reinforcement required to ~revent failure 

along an inclined crack which extends downward toward the reaction at an 

angle of 45 deg. or less with the horizontal. For this reason, it is nec-

essar,y to continue the amount of web reinforcement required at each section 

for a distance of at least £ in the direction of diminishing moment, unless 

the required .amount of web reinforcement increases within this distance. 

6.3 Recommendations for the Design of Web Reinforcement in Bridge Girders 

The design recommendations discussed in the preceding section are 

summarized hereo ~1ese recommendations are limited to the case of simply-

supported beams loaded primarily with either stationary or moving con-

centrated loadso This design method has also been described in Refc 14. 

(a) Amount of Web Reinforcement 

10 It is recommended that web reinforcement in a prestressed 

concrete bridge member subjected to combined bending and shear be provided 

according to the following expression: 

but not less than~ 

A = v 

(v - V )s u c 
f d 
Y 

s 
f d 
Y 



where: A . = cross sectional area of web reinforcement at spacing s, v 

placed perpendicular to the longitudinal axis of the member 

v = maximum shear at the section considered corresponding to the 
u 

ultimate load, defined in Section 6.3(b) 

v = shear carried by the concrete at ultimate, defined in 
c 

Section 603(c) 

s = longitudinal spacing of web reinforcement 

f = yield point or 0.2 percent offset stress of web reinforcement, y 

but not greater than 60,000 psi 

d = effective depth of a member at section considered 

A = total cross sectional area of prestressed tensile reinforcement s 

at section of maximum moment 

fl = strength of the tensile reinforcement s 

b'i = width of web 

2. Between the reaction and a point ~ away from the reaction, it 

is not necessar.y to increase the amount of web reinforcement above that re-

quired at a distance £. from t he reaction. 

(b) Calculation of V 
u 

The ultimate shear at each section, V , should be taken as the 
u 

shear corresponding to the load required to cause a flexural failure at mid-

span. For a highway bridge girderJ the ultimate shear at each section 

should be taken as that resulting from the passage of a hypothetical truck 

with the same ratios of axle loads as a standard H-S truck (16) but with 

axle loads equal to (M - ~ )/M times the standard H-S axle loadings, where: u -1) w 

M = ultimate flexural capacity of the beam, based on Section 
u 

209.2 of theTeniative Recommendations (13) 
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~ = dead load moment at point of maximum live load moment· 

M = maximum bending moment for one H-S truck on the span considered. 
'iil 

(c) Calculation of V 
c 

values: 

1. The shear V should be taken as the smaller of the following 
c 

Vf = shear vThich produces a net tensile stress of 6 Kin the ex

treme fiber in tension at a distance d in the direction of 

decreasing moment from the section considered. In computing 

v; for a highway bridge girder) the critical truck shall be 

placed with one axle at the section considered such that the 

live load shear between the reaction and that section is 

uniform and a maximum" 

v = the shear which produces a net principal tensile stress.of 
s 

4 Jf~ . at the elastic centroid. If the centroid is not in 

the web of the beam, the stress should be computed also at 

the intersection with the web of a line drawn with the slope 

hid from the extreme fiber in compression of the section con-

sidered" 

20 For beams with draped prestressed reinforcement, the value o~ 

v c shall be taken equal to V; but not greater than 

'Where: 

V = (V + A d f sin~) c s s se 

A = cross sectional area of draped prestressed reinforcement sd 

f = effective prestress in draped relnforcement se 

cP = angle between the centroid of the draped wires and the 

horizontal at the section 



In computing Vr, the actual eccentricity of the draped reinforce

ment at a·distance ~ from the section considered must be used. 

30 For beams with prestressed reinforcement Y.hich is unbonded" at 

the ends of the beam 'With bond prevention devices, V should be computed in c 

the vicinity of the end of the unbonded section, except that it is recommend-

ed that the prestress in each tendon be disregarded for 3 ft from the point 

at 'Which the unbonding ends 0 

(d) Spacing of Web Reinforcement 

The amount of web reinforcement required at a given section, as 

deter.mined from Ego 32~ should be kept constant over a distance of at least 

~ the effective depth at the section considered, in the direction of dimin-

ishing moment J unless the required amount of web reinforce~ent increases 

'Within this distanceo 

The spacing of web reinforcement should not exceed Oo5d or the 

clear height of the 'Web J "Whichever is smaller. In cases "Where the eff'ective 

depth varies along the span independentlY of the over-all height, the maximum 

spacing need not be less than Oo25ho 

(e) General Requirements 

10 In. general, vertical stirrups ere preferable in beams sub ... 

jected to moving loadso If inclined stirrups are to be used in such beams, 

V must be evaluated for several different load positions corresponding to 
c 

moment decreasing t~ both the left and right of the section considered, and 

separate inclined web reinforcement should be designed for cracks sloping 

to the right and to the left of each section 0 

20 Web reinforcement must be made of deformed bars having a 

minimum elongation equal to that specified in ASTM Al5-58T but not less 

than 10 percent 0 



604 Design Examples 

To provide examples of the use of the recommendations given in 

Section 6.3, designs for three 70-ft span, pretensioned concrete bridge 

girders are compared in this section. Each of these girders represents 

an interior stringer in a bridge with a 2B-ft roadway and each has a 6-in. 

by 6 It 6~ino cast-in-place composite deck slab. The design was based on 

the AASHO "Standru::-d Specification for Highway Bridges~ (14) and the 'fTenta

tive Recommendations for Prestressed Concrete" by ACI-ASCE Joint Committee 

323 (13)0 In each case an H20-S16-44 truck loading was assumed in the design. 

The stirrup design procedure was based on the recommendations made in Sec

tion 6.3. This procedure is basically the same as that used to design the 

stirrups in the test specimens w.hich had varied stirrup spacings (See 

Section 5.5(d) and Fig. B1)0 

Each of the three girders is a standard AASHO-PCI Type III Beam. 

The beams differ only in the profile and distribution of the prestressing 

force as shown in Fig. 860 Beam No. 1 has 46 straight 3/B-in. strands 

running the entire length of the beam. The eccentricity of the prestressing 

force is 10.44 ino throughout the length of this beamo Beam No 0 2 has 

36 strands of 3/B~ino diameter, B of which are deflected or draped at three

tenths of the span length from each end of the beamo At midspan, the ec

centricity of the prestressing steel is 15059 in. and at the reactions it 

is B.93 lL. Beam No.3 also has 36 strands of 3/8-ino diameter with an 

eccentricity of 15.59 in~ at midspan, but the variation in the prestressing 

force is accomplished by unbonding 6 strands in the end two-tenths of the 

span and an additional 10 strands in the end tenth of the span at each end. 

In the design computations for these ~eams, the following 

properties were assumed~ 



1.4L,· 

Concrete strength in the pretensioned girder = 5000 psi 

Concrete strength in the cast-in-place slab = 3000 psi 

Modulus of elastic~ty of slab concrete = 85 percent of 

that for the girder concrete 

Tensile strerrgth of the strand = 250,000 psi 

Final prestress = 80 percent of initial prestress 

Direct comparisons of the amount of web reinforcement required in 

these three beams is not possible since the ultimate flexural capacity of 

Beam 1 is 1.0 Dead Load + 3.59 (Design Live Load + Impact) while the flexural 

capacities of Beams 2 and 3 are 1.0 Dead Load + 3 .. 17 (Design Live Load + 

Impact) .. 

The design of stirrups in the beam with straight wires (Beam No.1) 

was carried out in the manner sho-wn in Fig. 870 In Eq .. 32, the ultimate 

shear, V , at each section was chosen as the maximum shear at that section 
u 

resulting from a hypothetical H-S type truck (16) which was just heavy enough 

to cause a flexural failure at the point of ma.x:imum moment.. This truck was 

assumed to be 3.59 times as heavy as an H20-Sl6-44 truck since, as explained 

above, the live load factor of safety for this bridge was 3.59. This factor 

of safety was not selected before the design. It resulted from the require-

ment that the beam should develop its full flexural strength. Thus, the 

live load factor of safety is computed as the ratio of the flexural failure 

moment minus the dead load moment to the maximum live load moment under a 

single design load. The line designated as V in Fig. 87 represents the 
u 

maximum shear at each point caused by the passage of the critical truck 

over the spano 

The curved line near midspan in Fig. 87 represents the live load 

shear, V~, required to cause initiating flexural cracks at various points 



along the spano This shear corresponds to that required to cause a flexural 

crack at a distance £ from the section under consideration, assuming that 

cracking occurs when the net tensile stress in the bottom fiber reaches a 

value of' 6 ~ Since the shear correspondmg to the ultimate load is 

plotted in terms of a live load shear, the dead load stresses at each sec-

tion l:tave been subtracted from the stresses due to prestressing when computing 

the flexural cracking moment 0 The cracking load shear, V c = V f ' was com

puted by dividing the flexural cracking moment by the distance from the re-

action to a point Q away from the section considered because the inclined 

crack is assumed to occur 1vhen the trailer Wheel is over the section being 

considered with no wheels between the given section and the -reaction. 

Near the ends of the beam, inclined cracks may start as web-shear 

cracks and in this region it is necessary to investigate the shear, V , 
s 

which corresponds to web -shear cracking. This shear is defined in Section 

603(b) as the shear required to cause a principal tensile stress of 4jf~ 

at the elastic centroid, or at a specified nearby point in the web if the 

centroid falls in a flange. For a monolithically-cast prestressed con-

crete beam the dead load shears should be subtracted from the computed 

value of the web-shear cracking shear, V , since the ultimate shear, V J s u 

in Fig. 87 is :plotted in terms of live load shears only. For a composite 

beam, however, the maximum principal tensile stresses due to the dead load 

shears occur at the centroid of the precast section While those due to live 

load shears occur at the centroid of the composite section. In addition, 

flexural stresses due to the dead load acting on the precast section 

increase the compressive stresses at the centroid of the composite sec-

tiono For this section it was conservative to disregard completely all 
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effects of the dead load when computing V , the shear corresponding to web-
. s 

shear cracking and this has been done in all three examples. Furthermore, 

the increase in thickness of the web near the reaction was ignored. 

The value of (V ... V ) to be used in Eq. 32 for the design of web u c 

reinforcement can now be obtained directly from Fig. 87 for each section. 

The values of (V - V ) which is a measure of the required amount of web reinu c 

forcement are represented by the hatched area in this figure. It should be 

noted that according to Section 6.3(c), the amount of web reinforcement com-

puted for a given section must be continued for a distance d in the direction 

, of d~ishing moment beyond that section. In addition, in Section 6.3(a) it 

is suggested that between the reaction and a distance ~ from it, it is not 

necessar,y to increase the amount of web reinforcement over the amount required 

at a distance d from the reaction. 

The remaining three lines are plotted in Fig. 87 to show the amounts 

of web reinforcement required by other design procedures. In each case, the 

required amount of web reinforcement has been converted into a shear force 

using Eq. 32 and is plotted downwards from the V line. Thus, for example, 
u 

the minimum amount of web reinforcement required by Eq. 35 is represented 

by the vertical distance from the line marked Eqo 35 to the line V. It can 
u 

be seen that the minimum web reinforcement from Eq. 35 agrees with the 

amount computed by the above analysis except at midspano The lines marked 

"Joint Committee" and "Joint Committee-Minimumlt refer to the amounts of 

web reinforcement required by the Joint Committee (13) 0 The comparison 

between these methods and the proposed method will be discussed later. 

Figure 88 illustrates the design procedure for the stirrups re-

quired in a beam with draped reinforcement. Since Beam 2 has fewer strands 
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than the beam ~th straight wires, its ultimate strength is less. The line 

marked V represents the maximum shear at each point resulting from the truck 
u 

which vill cause flexural failure at the po int of maximum moment. For this 

beam the critical H-S truck is 3017 times as heavy as the standard H20-Sl6-44 

truck. 

The inclined cracking shear, V = V ~7 is shown by the solid curve 
c .L 

near midspan in this figure 0 This line corresponds to the shear required to 

cause a n~t tensile stress of 6 R in the bottom fibers at a distance 3:. 

from the section under consideration. The actual eccentricity of the pre-

::~tress at each section was used in computing this line. The upper curve in 

this figure, sho1in as a broken line, represents values of V~ computed for a 
.L 

similar beam with straight cables. The distance by which the solid line 

falls below the broken line represents the additional \veb reinforcement re-

quired in a beam with draped reinforcement 0 

Near the ends of the beam, the sum of the shear V , corresponding 
s 

to the shear causing a principal tensile stress of 4 /f~ at the centroid, 

and Vd, the upward component of the prestress, has been plotted disregarding 

dead load stresses. The variation in the eccentricity of the prestressing 

force was taken in:to account in computing V for the composite sectiono The 
s 

value of V calculated for a beam with straight wires has also been plotted 
s 

on this graph. Tb.is line falls considerably below the line corresponding 

to the beam with draped ·wires because of the different distribution of pre-

stres s in beams with and without draped wires and because there is no drape 

shear, Vd, in the beams with straight wireso ThUS., in regions vlhere the 

inclined cracks start as web shear cracks, draping the longitudinal reL~-

forcement reduces the 8nIDunt of web reinforcement required. 



The amount of web reinforcement required in this beam can be com-

puted from Ego 32 using the difference between V and V from Fig. 88. This u c 

amount of web reirrforcement is compared in this figure with the minimum amount 

of web reinforcement from Eqo 35 and the amount required by the Joint Committee 

(13), also expressed in terms of (V - V)o Again the minimum Vleb reinforceu c 

ment from Eqo 35 and the Joint COImIlittee agree well with the amount computed 

by the above analysiso It should be noted that in a beam with draped rein-

forcement, the amount of web reinforcement required by Eqo 32 is decreased in 

zones of web-shear cracking and increased in zones of flexure-shear cracking, 

in relation to the amount required in a beam with straight wires. From a 

diagram of this type, it can be seen that the most advantageous place to 

drape the reinforcement in a prestressed concrete bridge member would be 

near the quarter points of the span since the strands would be straight 

throughout most of the zone Where flexure-shear cracks occur so that the 

load at which such cracks occur is not reducedo At the same time, the upward 

component of the prestressing force and the increase in the compressive stress 

in the upper part of the web in the outer quarters of the span increase the 

web-shear cracking load in these regions, thus reducing the amount of vleb 

reinforcement required near the ends of the beam,o For the same reason, a 

parabolic drape profile is advantageous since the major change in the ec = 

centricity and slope of the wires occurs near the end of the span in such 

a profile. 

Figure 89 illustrates the stirrup design procedure for a beam with 

"partially bonded" strands which are unbonded by plastic sleeves or some 

other method for a portion of the length of the beam. The line marked V 
u 

corresponds to the maximum shears at each point in the span resulting from 

the critical H-S truck, which in this case weighs 3.17 times as much as a 

H2O -816 truck 0 
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I The jagged line) marked V c = V f corresponds to the shear required 

to cause a net tensile stress of 6 j f~ in the bottom fibers at a distance 

d from the section under consideration. The steps in the line occur at 

points 3: away from the points at vhich the wire becomes fully bondedo In 

this computation) as recommended in Section 603(b), it was assumed that each 

unbonded strand reaches its full stress abruptly at a point 3 ft from the 

pOint where the anchorage bond begins~ Under this assumption) Vc = V~ is con

siderably less than V \~th the loads at 13.5 ft and 20.5 ft from the re-
u 

action and flexure-shear' cracks presumably could occur with the loads in these 

pos i tions 0 A some-what more reasonable distribution of the cracking shears in 

the vicinity of the points of unbonding is shown by dashed lines "Which cor-· 

respond to a linear increase in the prestressing force over a distance of 

3 ft from the point where the anchorage bond beginso 

In addition to reducing the value of Vc = v; in the outer parts of 

the shear span) varying the prestressing force by means of bond prevention 

decreases the web-shear cracking shear, V , at the ends of the span as shown s 

in Fig. 91 by the line V = V 0 The other. lines in this figure compare the 
c s 

amount of web reinforcement just computed to the minimum from Eq. 35 and to 

the &~ounts required by other specifications. Comparison of Figs. 87) 88 

and 89 taking into account the increased capacity of the beam with straight, 

strands, shows that a beam prestressed by means of the bond prevention 

technique requires more -web reinforcement than the other two types of beams 

considered. Coupled with the danger of premature inclined cracking in the 

zone in which the cut-off strands are anchored by bond) is the possibility 

of bond failure adjacent to either flexural or inclined cracks which might 

occur in these anchorage zones. Because of the increased possibility of 

shear and bond failures occurring in beams vTith cut-off strands, this 



method of, varying the prestress in a beam does not appear to be desirable 

for bridge memberso 

In Figs. 87-, 88 J and 89, the lines marked if Joint Commi ttee" and 

" Joint Committee-Minimum. n refer j respectively) to the maximum shear which 

could be transferred by stirrups designed according to Section 210.2.2 of 

the Tentative Recommendations for Prestressed Concrete of the Joint Committee 

(13) and the capacity of the minimum amount of web reinforcement required in 

Section 210 Q 2030 Similarly J the hatched areas refer to the shear transferred by 

stirrups designed according to the design procedure outlined in Section 6.3) 

and the line labeled Ego 35 refers to the shear corresponding to the minimum 

amount of web reinforcement required by Ego 35. In each case the web rein-

forcement has been expressed in terms of a shear computed from Eqo 320 

A comparison of Figo 87 J 88-, and 89 indicates that the amount of 

web reinforcement required by the procedure outlined in Section 603 and that 

required by the Tentative Recommendations for Prestressed Concrete (13) are 

approximately equal) largely because the minim}1Il1 amounts O'f 'Web reinforcement 

are similar in both cases 0 Tae basic stirrup design equations in the two 

procedures differ considerably, however, the greatest differences occurring 

near midspano In the Joint Committee design equation (Section 21002.2), the 

shear carried by the concrete, V -' is related directly to a shear force while 
c 

in the proposed design method t,he shear carried by the concrete) V , is 
c 

assumed to be equal to the inclined cracking shear, Which is expressed in 

terms of either shear or momento Near midspan inclined cracks are most 

likely to start as flexure-shear cracks and in this region the inclined 

cracking load is more closely related to moment than to shear 0 Although 

the Joint Committee stirrup design method is easier to use, it is felt 
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that the design procedure outlined in Section 603 is actually preferable 

since it is based on a more rational consideration of the behavior of beams 

subjected to combined bending and shear 0 



70 SUMMARY 

7el Outline of Investigation 

The ~urpose of this investigation was to study the behavior of 

simply~supported prestressed concrete beams with \Y'eb reinforcement andlor 

draped reinforcemento Particular attention was paid to the development of 

j~clined cracks and the modes of failure. 

Tests of 87 beams, 6 by 12 ino in cross section and spanning 9 ft 

are reported. Five beams were rectangular, while the rest were I-beams with 

3 ino or 1 3/4 in. thick webso Two had 2 by 24 in. composite slabs~ The 

beams were prestressed with 00082 to 0.712 percent longitudinal reinforcement 

which vTas straight in 68 beams and draped under the load pOints in the resto 

Concrete strengths ranged from 2310 to 7625 psi w.hile the nominal prestress 

iiTas 120,000 or 60,000 psi" Vertical stirrups were used, with web reinforce

ment ratios, based on the flange width and stirrup spacing, ranging from 

0.038 to 00327<> The stirrup spacing varied from 2025 to 10.5 in. All the 

beams were tested under one or two concentrated loads with shear spans of 

28 to 78 mo. In seven beams the load was applied successively at eleven 

points along the span to simulate a moving loado 

Each beam was tested to failure 0 Records of load, deflection, 

concrete and steel strains and cracking were obtained at all stages of 

loading 0 Studies of the data resulted in empirical expressions for the 

inclined cracking and ultimate loadso In addition, design procedures are 

proposed for prestressed bridge girders~ 

702 Behavior of Test Beams 

Of the 87 beams reported, 36 failed in shear, 43 in flexure, 

6 in a UtransitionSl failure and 2 in bondo Prior to the development of 
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inclined cracks" all the beams behaved in a similar fashion with "elastic" 

behavior before flexural cracking and an increasing rate of deflection after 

~lexural cracking. Inclined craCks generally formed after some flexural 

cracking had occurred" although in a few cases the inclined cracks preceded 

flexural crackingo 

Because of the different phenomena involved in their initiation) 

the inclined cracks were classified into two types: flexure-shear cracks 

which developed as a result of flexural cracks in a region of combined bend

ing and shear; and web-shear cracks which originated in the web before any 

flexural cracking in their viCinity. 

After inclined cracking in beams with 'web reinforcement" the stir

rups controlled the opening of the inclined cracks" thus preventing immediate 

failure 0 With increased load" the beam failed in flexure before the stir

rup failed, or the stirrups yielde,d or fractured resulting in a shear fail

ure. In beams without web reinforcement" shear failures occurred with little 

or no increase in load beyond inclined cracking. 

The flexural failures occurred by crushing of the concrete above 

a vertical flexural crack in the region of maximum moment.. For beams 1-7i th 

high longitudinal reinforcement ratios, these failures were often quite 

violent 0 

Beams failed in shear in several 'Ways: (1) by crushing and 

distortion of the web due to the thrusts induced by arch action; (2) by 

crushing of the compression zone above the end of one of the inclined 

cracks; (3) by separation of the tension flange from the rest of the beam 

by cracks along the reinforcement; and (4) by fracture of the stirrups. 

In general, shear failures were ~iolent, although in some cases the failure 

load and deflection were comparable to those for a flexural failure. 



The development of inclined cracking and the observed modes of 

failure for the beams 'With draped wires and the beams tested under moving 

loads were essentially similar to those for beams with straight wires and 

stationa.~ loadso 

7Q3 Test Results 

The load corresponding to the formation of a flexure-shear crack was 

found to be closely related to the flexural cracking load near its point of 

origin¢ The load corresponding to web-shear cracking could be compute.d on 

the basis of an uncracked section analysiso Draped reinforcement tended to 

decrease the flexure-shear cracking load but tended to increase the web-shear 

cracking loado An empirical expression for the inclined cracking load, Eqo 10, 

was derived from the datao The average ratio of measured to predicted in

clined cracking loads for 192 tests in this and another test series was 1000 

and the mean deviation was 000710 

The strength of the beams wi th web reinforcement was computed on 

the basis of an empirically derived equation, Eqo 30, which related the ad

ditional strength after inclined cracking directly to the amount of web 

reinforcement 0 For the beams failing in shear, the average ratio of the 

measured to computed strength was 1.00 and the mean deviation was 000440 

In general, it was concluded that, within the wide range of 

variables considered~ it was possible to prevent shear failures by pro

viding adequate amounts of vertical stirrups. The presence of even a 

small amount of web reinforcement improved both the strength and ductility 

of a beam failing in shearJ but in the practical range of variables the 

maximum strength and ductility were attained only in the case of flexural 

failures. It is recommended, therefore, that prestressed concrete beams 

be provided with sufficient web reinforcement to ensure flexural failureso 
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TABlE 1 

PROPERTIES OF BEAMS 

* Mark Concrete Flange Web Effective Steel Longit. Effective Shear Wire 
Strength Width Thickness Depth Area Reinf. Prestress Span Lot 

fV b b V d A p f a c s se 
psi in .. ino in~- in;2 % ksi in. 

ADo 14.0'7 3260 6.00 10.15 00242 00398 106 36 11 

AWo14039 5470 6 0 00 8053 00362 00708 120 36 8 
AWo14.76 2800 6.00 -8 .. 48 0.362 00712 118 36 8 

AW024048 4400 6.00 8,,48 0,,362 00712 58 36 8 
AW024068 3170 5·95 8054 0 .. 362 00713 62 36 8 

B.I0023 5200 6000 3000 10 .. 04 0 .. 242 0.,405 127·4 ML 12 
BolOo24 3835 6.04 3003 10.09 0.181 0.300 126.8 ML 12 

Bo14034 2640 6.05 3010 10030 0.181 0 .. 290 115 36 12 
Bo14041 2890 6005 3000 10 .. 00 00242 00399 114 36 12 

BDo14018 6280 5095 2086 10.11 0.237 00386 123 36 13 
BDo14019 6280 5·95 2090 10020 00242 0.398 112 36 12 
BDo14023 3870 6000 3000 10.10 0,,181 0.·300 99 36 11 
BDo 140 26 3460 6.00 3000 10010 0.181 0.298 116 36 11 
BDo14027 3400 6,,00 3000 10 .. 10 0,,181 0.298 III 36 11 
BDo14028 3320 6000 3000 10.10 0,,181 00300 118 36 11 
BDo14034 2700 6005 3000 10022 0.181 00293 110 36 11 
BDo 14035 2610 6.05 2095 10,,10 0 .. 181 00297 108 36 11 
BDo14042 2870 6000 2090 10.10 0.242 0.400 107 36 11 

BDo 24032 3800 6.05 3000 10,,10 0 .. 242 00395 81 36 11 
J-l 
\Jl 
-l 



TABLE 1 (ContBd) 

~~J 

\ .. TI 

'* I):) 

Mark Concrete Flange Web Effective Steel Longito Effective Shear Wire 
Strength Width Thickness Depth Area Reinf. Prestress Span Lot 

1'9 b b 9 d A P f a c s2 se 
psi ino ino in. in. % ksi in. 

BVo14.30 4020 5095 2095 10010 00242 00403 123 36 11 
BVo14032 3800 5090 2085 10013 00242 00403 112 36 12 
BVo14034 3620 5095 3000 10 .. 15 00242 0,,400 124 36 12 
BVo14e35 3410 5095 2092 10020 00242 00398 115 36 12 
BVo14042 2910 6000 2088 10015 00237 00387 120 36 13 

BWo10022 3970 6005 3005 10019 0.181 00295 123 ML 12 

BWo14020 2870 6.00 2095 10047 00121 0.192 12608 36 10 
BWo14022 5430 6000 3000 10010 00242 00399 11907 36 11 
BWo 14. 23 5520 5090 3002 9,,91 00242 00410 11901 36 12 
BWo14026 3510 6000 2086 10011 00183 00302 12100 36 14 
BWo14031 3870 6,,00 3·00 10002 Ou242 00402 116.8 36 11 
BWo14032 2830 5.88 2086 10021 00177 0.294 12301 36 13 
BW .. 14.34 3560 5090 2090 10 .. 10 0.237 00390 12206 36 13 
BWo14.38 3110 6.00 2095 10 .. 11 0,,242 0.,398 12000 36 10 
BWo14.39 3050 5095 2.90 10.11 00242 00401 120.6 36 10 
BW.14.41 2860 6.00 2095 10015 00242 00397 121.8 36 10 
BWo14.42 2810 5098 2096 10014 00242 00398 121.0 36 10 
BWo140 43 2780 6000 2095 10012 0 .. 242 0.397 12003 36 10 
BWo14045 2680 6 000 3000 10003 00242 00402 12004 36 11 
BW011L 58 3165 6.00 2091 9097 00366 00611 109.4 36 14 
BW .. i4060 3025 6.04 2089 9098 0.366 00608 10908 36 14 

BW .. 15034 3550 6000 3000 10015 0.242 00;397 12204 48 11 
BW .. 15 .. 37 3210 6.00 3000 10012 00242 00398 12205 48 11 

BWo16038 3160 6000 3000 10005 00242 0.401 122.0 54 11 



TABLE 1 (Cont,ad) 

* Mark Concrete Flange Web Effective Steel Longito Effective Shear Wire 
Strength Width Thickness Depth Area Reinfo Prestress Span Lot 

f' b b i d A p f a c .~ se 
psi in. in. ino mo % ksi in. 

BW.18015 7625 6006 3000 10004 00237 00378 105.6 70 13 
BWo18027 4340 6003 3000 10 0 15 00242 00397 12201 70 12 

BWo19028 4080 6.15 3015 10.15 00242 0.386 120.0 78 12 

BWo28.26 3425 5·95 3·05 10.20 00177 0.292 59.6 70 13 
BWo 280 28 3120 5.88 2095 10$18 00177 0.296 64.1 70 13 

Co10027 3660 5095 1068 10.12 0.181 00302 123.0 ML 12 
Co10028 4300 6000 1088 10.06 0.242 0 0 400 11300 ML 12 

Co13o 23 3730 6005 1079 10.38 00181 00288 11809 27 12 

CDo13024 3670 5092 1·77 10056 00181 00290 124.5 27 12 
CDo 13025 3460 6.07 1082 10046 0.181 0.286 11802 27 12 

CDo 14034 2560 6.00 1.75 10022 00181 0.296 105.0 36 11 

CWo 100 26 4650 5090 1073 10000 00242 00410 11908 ML 12 
CWo 100 27 4530 6000 1072 9 .. 96 00242 00405 11901 ML 12 

CW013.28 4330 6000 1075 10003 0.242 00402 118.5 28 11 
CWo13038 3200 6000 1080 10003 00242 00402 11900 28 11 

CWo14.14 7200 5092 1072 10005 00242 00405 111·5 36 12 
CWo14015 3280 6000 1070 10050 00121 00192 125·5 36 10 
CWo 140 16 3230 6.00 1·75 10047 0.121 0.193 127·3 36 11 
CWo14017 3140 6 .. 00 1076 10.49 00121 00192 12509 36 10 f-J 

\Jl 

CWo14018 3100 6000 1070 10 0 50 0.121 00192 125·5 36 10 \.0 



TABLE 1 (ContDd) 

\--' 
; 

'* Mark Concrete Flange Web Effective Steel Longito Effective Shear Wire 
Strength Width Thickness Depth Area Reinfo Prestress Span Lot 

fB b be d A P f a 
c s2 se 

psi ino ino ino inc % ksi in. 

CWo14019 3080 6 000 1078 10048 0 .. 121 00192 125.9 36 10 
CWo 140 20 3020 6000 1070 10049 00121 00192 12701 36 10 
CWo 140 21 2990 6000 1070 10052 0012l 0.191 125·7 36 10 
CWo 140 22 4660 5095 1071 10014 00242 00400 12106 36 10 
CWo14023 2690 6000 1075 10048 0.121 00192 12508 36 10 
CWo 140 24 2680 6005 1075 10047 00121 00191 125.5 36 10 
CWo14025 5050 6000 1080 10015 00242 00397 12102 36 11 
CWo 140 26 2310 6 .. 00 1070 10050 00121 00192 12601 36 10 
CWo14035 3420 6005 1075 10006 00242 00398 118.5 36 11 
cw .. 14036 3300 6000 1086 10011 00242 00399 11205 36 10 
CWo14037 3240 5095 1070 10011 0.242 00401 12008 36 10 
CWo14039 3010 6000 1075 10012 00242 00397 11908 36 10 
CWo 14 .. 40 3010 6000 1075 10014 00242 00397 12002 36 11 
CWo14.42 2840 5095 1070 10010 00242 00402 11605 36 10 
CWo14045 2640 6 .. 00 1065 10013 00242 00397 119.2 36 10 
CWo 140 47 2535 6.00 1070 10.14 0.242 00396 11808 36 10 
CWo 14. 50 2400 6000 1075 10015 0.242 00397 12105 36 10 
CWo14051 3260 6.03 1080 9092 00355 00593 115·9 36 13 
CWo14054 3300 6.00 1078 9096 00355 00595 107.4 36 13 

CWo 18015 7420 6008 1073 10010 00232 00374 12604 70 13 

CWo 28026 3370 6.00 1078 10009 00177 0.291 6307 70 13 
CWo 280 28 3080 6.00 1084 10018 0.177 00290 66.0 70 13 

, FWo14.06 3910 2400 1.75 12030 00242 0.082 11708 36 11 
F'Wo14007 3520 2400 1085 12030 0.242 00082 12300 36 11 

* Strength of concrete in top flange 0 
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T.ABLE 2 

PROPERTIES OF WEB REnrFORCEMENT 

'* *** + Mark Web Reinf 0 Yield Stirrup Stirrup Type of Wire 
Ratio Stress Spacing Arrangement Stirrup Lot 

r f s 
y 

% ksi in" 

AWo14039 0.256 53·7 6.5 2 A 2 bar C 
AWo14076 00256 53· 7 605 2 A 2 bar C 

AW024048 00256 5307 605 
I 

2 A 2 bar C 
AW024068 00256 5307 605 2 A 2 bar C 

BV,,14030 00137 3608 5.0 6 D 8A 
BVo14032 00154 360B 4.5 1 D BA 
BVo14034 00152 360B 405 1 D BA 
BVo14035 00196 3608 3·5 1 D BA 
BV014042 0.170 36.B 400 1 D 8A 

BVL10022 00072** 3702 Varies 15 e! lOB 

BWo14020 00048 43,,5 500 6 e lOA 
BWo14022 00139 360B 5.0 6 D BA 
BWo14.23 00076 79·5 3·75 1 CV H.S. 
BWo14o 26 00106 43·0 4 .. 5 1 D 10C 
BWo14031 00147 41.,2 10.0 1 E 6B 
BWo14032 00069 36.B 5.0 1 en BA 
BW .. 14,,34 00063 3400 10·5 1 D 4B 
BWo14 .. 38 00095 4305 2·5 4 c lOA 
BWo14039 0,,193 3507 2,,5 4 C 6A 
BWo14041 A .,ozA 3608 5.0 h D 8A VO ...L,);J u 

BWo14042 00139 36.8 205 4 c 8A 
BW0140 43 00196 4102 500 6 D 6B 
BWo14045 00131 4102 705 2 D 6B 
BWo14058 00095 4300 500 1 D 10C 
"DT.T , 11 c..r. r. r.oc:: lL7; II c:; () 2 D lOC Dn • .l."ToVV Vo,,",,7./ ~,1 • " /0..., 

BWo15034 00097 3702 500 6 D lOB 
BWo15037 00139 3608 500 6 D 8A 

BWo16.38 00097 3702 500 6 D lOB 

BWolB.15S* 00069** 7905 Varies 9 en HoS. 
L* 0003B** 7905 Varies en HoSo 

BWo 180 27S* 00194 41 .. 2 5.0 10 D 6B 
L* 00080** 3702 Varies C lOB 

BWo19028S* 0 .. 191 4102 5.0 11 D 6B 
L* 00070** 3702 Varies C lOB 



TABLE 2 (ContUd) 

'* *** + 
Mark Web Reinf' 0 Yield Stirrup Stirrup Type of Wire 

Ratio Stress Spacing Arrangement Stirrup Lot 
r ..t:t s ..L. 

Y 
% ksi ino 

BWo 280 26s* 00162** 3702 Varies 12 D lOB 
L* 00089** 3702 Varies ·C lOB 

BWo 280 288* 00174 3608 400 8 D 8A 
L* 00090 3702 505 D lOB 

CW,,10026 00154 36.8 405 7 D 8A 
GWolO027 00151** 3608 Varies 16 D 8A 

CWo 130 28 00277 3608 205 4 D 8A 
CWo13038 00327 41 .. 2 300 5 D 6B 

CWu14014 0,,102 79·5 2075 1 en H.So 
cw~140l5 00277 36 .. 8 205 3 D 8A 
CWo 140 1.6 00077 36.8 9 .. 0 1 D 8A 
cw .. 140 17 0.048 43,,5 500 6 C lOA 
CWo 14018 0.382 3507 2·5 3 D 6A 
cw .. 140 19 00095 43·5 205 4 c lOA 
cw.14020 00095 43.5 5 .. 0 6 D lOA 
CWo 1.40 21 0,,069 3608 5 .. 0 6 C 8A 
cw.14.22 00193 3507 205 4 c 6A 
CWo 140 23 00069 3608 5·0 6 C 8A 
CWo 140 24 00108 4102 900 1 D 6B 
CWo 140 25 00277 36 .. 8 205 4 D 8A 
CWo 14. 26 00139 3608 205 4 c 8A 
CWo14.35 00230 4405 7.5 2 D 2B 
CWo 14036 00261 4102 3075 2 D 6B 
CWo 14 .. 37 00140 3608 205 4 c 8A 
cwo14039 0,,095 4305 205 4 c lOA 
CWo 140 40 00347 4405 500 6 D 2B 
cw,,14042 00192 4305 205 4 D lOA 
CWo14045 00277 3608 205 3 D 8A 
CWo 140 47 00191 3507 500 6 D 6A 
CWo 140 50 00261 3400 500 6 D 4B 
CWo 140 51 00135 36.8 500 2 D 8A 
CWo 140 54 10136 3608 500 1 D 8A 

CWo 180 15S* 00100** 7905 Varies 13 eU HoS. 
L* 00055** 7905 Varies eU HoSo 

CWo 280 26s* 00203** 3702 Varies 14 D lOB 
L* 00107** 37·2 Varies CU lOB 

cw. 280 28s* 00210 3608 3025 8 D lOB 
L* 00110 3702 4.38 CU lOB 

FWol4006 0.277++ ~6.8 205 4 B 8A 
TIL l4 .. 07 00227++ 102 300 5 B 6B 

* In beams loaded with a single unsymmetrically placed load, S refers to 
the short shear span, L to the long oneo 

** At midspan or adjacent to load point" 
*** Numbers correspond to stirrup arrangements in Fig. 15 through 22. 
+ Letters correspond to types of stirrups shown in Fig. 2. 
++ Based on flange width of precast section. 



TABlE 3 

PROPERTIES OF DRAPE PROFILES 

Height of Center of Gravit~ of Steel 
At Support At Mids;Ean Drape 

Mark Angle of Angle 
Drape* No. of No. of Draped All All Draped cp 

Profile Wires Draped Wires Wires, in. Wires, in. Wires, ion" Wires, deg. deg. 

A BD. 140 28 6 6 2.96 2096 200 1.53 1053 

B BDo14027 6 6 3040 3040 2$0 2.22 2022 
BDo14o.42 8 8 3·50 3·50 200 2038 2038 

C CDo13.24 6 6 3023 3,,23 1.63 3.40 3.40 

D BDo14019 8 8 5.14 5.14 200 5000 5000 
BVo 14035 8 8 5036' 5.36 2.0 5·36 5·36 

AD.14037 8 8 6.07 6.07 200 6.45 6.45 
E BD" 24.32 8 8 6.07 6.07 200 6.45 6.45 

(Mid Height) BDo14035 6 6 5.96 5.96 200 6.28 6.28 
BVo14.42 8 8 6030 6.30 2.0 6.80 6.80 

F BDo14023 6 6 7.8 7.8 200 9013 9013 

G BDo14026 6 6 8033 8,,33 2.0 9.95 9.95 

w BDo 14034 6 4 4.14 3·04 1087 3.42 1088 
CD.14024 6 4 4014 3004 1.87 3.42 1.88 

X BDo14.l8 8 4 5837 3.69 200 5036 2·70 
EVo 14034 8 4 5037 3.69 2.0 5036 2·70 

Y CDo13 0 25 6 4 3023 2047 1067 4.44 2.85 !-.J 
G\ 
VI 



TABLE 3 (Cont 9 d) 

Height of Center of Gravit~ of Steel 
At Support 

Drape* 
Profile 

z 

S 
(Straight) 

* 

Mark 

BVc14030 
BVo14,,32 

Bo14e34 
Bo1404l 
Co14034 

No" of No. of 
Wires Draped Wires 

8 1+ 
8 4 

6 
8 
6 

Profiles A through G have only draped wireso 

Draped 
Wires, in. 

6007 
6,,07 

1087 
2000 
1064 

Profiles W through Z comprise both straight and draped wires 0 
Profile S designates straight reinforcement onlya 
Profiles C and Y have 27~ino shear spanso 

All 
Wires} ina 

4004 
4004 

1.87 
2000 
1064 

At MidsEan 

All 
Wires, in. 

200 
200 

:. ~ .... , 

Drape 
Angle of Angle 

Draped cp 
Wires j deg. dego 

6a45 3.25 
6.45 3·25 



TABLE 4(a) 

PROPERTIES OF CONCRETE MIXES 

Mark Compressive Modulus of Cement: Sand: Gravel Water Slump Age at 
Strength Rupture Cement Test 

fi f by 'Weight by 'Weight days 
c r 

psi psi ino 

Ba.tch 1 2 1 2 1 and 2 1 2 1 2 

ADo14037 2700 3260 300 282 :1~402~4.6 0091 0091 105 2 12 

AWo14039 5470 5560 510 1:3·3~305 0.83 0083 3.5 3 19 
AWo 14076 2765 2795 385 1~3·7:309 1.06 1006 8 8 6-

AWo 240 48 4900 4400 525 1:303:305 0069 0.69 205 6 8 
AWo24068 2510 3170 400 1~4.1:403 0096 0096 505 6 10 

Bo10o 2_3 5205 5200 425 462 1:3.9:402 0085 0 .. 85 1 2 36 
BoI0024 3720 3835 375 342 1:4.1:404 0.82 0087 2 105 18 

Bo14034 3090 2640 340 275 1:4.1:404 0079 0079 1 1 8 
B.14.41 3000 2890 358 358 1:401~4.4 0·79 0·79 1 1 7 

BD.14018 6390 6280 517 438 1:2.9:3.2 0072 0071 3 2 6 
BD. 14 .. 19 6720 6280 519 519 1:208:300 0.,72 0074 3 3 7 
BDo14o 23 4210 3870 337 310 1:400:403 0078 0078 2 105 15 
BDo140 26 3160 3460 383 392 1:4 .. 2:4.6 0084 0.84 105 1 8 
BDo14.27 3850 3400 442 416 1:403~4.6 0079 0·79 1·5 2 9 
BDo14028 4230 3320 457 367 1:400:404 0<>77 0078 2 2 8 
BDo14034 2720 2700 404 350 1:402:406 0079 0079 3 205 8 
BD,,14.35 2610 2610 375 400 1:4,,2~4~6 0092 0092 1 1 8 
BDo14042 2980 2870 491 491 1:4.,2:4,,5 1000 1.00 3 2 8 

BDo 24,,32 3090 3800 416 375 1:4 .. 3~406 0 .. 81 0.81 2 2 8 

BVo14030 4200 4020 346 350 1~309:402 0082 0082 2 7., 20 ../ 

BVo14032 4210 3800 420 451 1:3,,9~402 0084 0083 2 3 6 
BVo14c34 3800 3620 500 416 1~400:402 0086 0085 2 2 5 
BV 014035 3340 3410 508 425 1~309~402 0083 0.83 3 3 5 
BV .. 14042 3090 2910 455 450 1~309~4.2 0090 0090 205 3 6 

BWolOo22 4150 3970 466 469 1:401~404 0091 0085 2 2 13 

BWo14020 2840 2870 333 350 1~401:404 0080 0083 105 1 7 
BWo14022 5520 5430 517 475 1:302:)05 0065 0062 3 205 10 
BWo14023 5360 5523 500 520 1~202~206 0072 0074 4 6 7 
BWo14.26 3471 3507 400 400 1~309~402 0082 0082 3 3 7 
BWo14031 3190 3870 383 425 1~401:4o4 0079 0.76 7 3 11 
BWo14 .. 32 2838 2829 308 350 1:309:402 0090 0090 3 3 6 



- c:::.,t:.: 
UNt:)'.". 

Mark Compressive Modulus of Cement: Sand: Gravel Water Slump Age at 
Strength Rupture Cement Test 

fU f by weight by weight days 
c r 

psi psi ino 

Batch 1 2 1 2 1 and 2 1 2 1 2 

BW .. 14034 3452 3559 366 358 1~3.9:402 0 .. 83 00 83 2 205 7 
BWo14038 2890 3110 342 316 1:40l.:4.5 0.,91 0.91 1·5 1 7 
BWo14039 3120 3050 358 392 1~4.2:405 0.86 0086 2 1 8 
BW,,14041 3050 2860 466 359 1~3.9:4.2 0.,87 0085 2.5 2·5 8 
BWo14042 2870 2810 338 342 1~401:405 0084 0084 2 2 8 
BWo14043 2910 2780 346 392 1~401:404 0.88 0088 1 3 8 
BWo14045 3100 2680 304 304 1:4.1:403 0080 0.19 2,,5 305 9 
BWo14058 3387 3165 416 358 1~ 4 .. 0: 403 0.82 0083 2 3 7 
BWo14.60 2730 3025 358 350 1~4.0:4.3 0089 0 .. 89 2 2 7 

BW,,15034 3620 3550 375 392 1~401:4.3 0 .. 75 0075 4 2 . 11 
BWo15037 3300 3210 417 392 1:4.2:404 0 .. 87 0083 3 3·5 8 

BWo16038 3800 3160 383 267 1:4 .. 0~403 0.88 0.91 105 205 10 

BWo18,,15 7265 7626 618 558 1:2.2:206 0059 0059 3·5 4 18 
BWo18027 4655 4342 533 512 1:400~4o3 0 .. 80 0080 2 2 12 

BWo19028 4420 4080 444 438 1~4.1~404 0089 0.86 2 2 12 

BWo 280 26 3201 3425 458 366 1:309:402 0086 0086 2 2 8 
BW028.28 3365 3120 450 413 1~309:402 0085 0086 2 3 6 

Co10027 3300 3661 275 300 1:401~404 0085 0082 2 2 14 
Co10028 4250 4300 412 316 1:309:4.2 0089 0085 1 1 25 

Co13 023 3460 3730 495 425 1~4,,4~404 0087 0083 1 1 .. 5 13 

CDo13.24 3850 3670 467 437 1:4.4~404 0090 0090 1 105 14 
CDo13o 25' 3020 3460 408 411 i~404:4.4 0085 0085 1 105 11 

CDo14Q34 2660 2560 417 420 1:308~402 0091 0.94 2 3 6 

CWo10026 4160 4650 456 460 1~4.1~404 0084 0.85 2 2 20 
CWo 100 27 4235 4529 408 411 1~308~4.4 0094 0.85 1 1·5 16 

CWo 13 028 3860 4330 408 433 1:3.9:402 0082 0082 105 1·5 11 
CWo 13 038 3290 3200 333 367 1~400:403 0.86 0083 405 2·5 11 

CWo14014 6732 7203 504 541 1:202:2.6 0059 0.59 2 2 13 
CWo14.15 2750 3280 342 433 1~402:404 1002 1002 4 5 9 
CWo 140 16 3170 3230 466 396 1~307:3o9 0081 0.78 5 3 7 
CWo14017 2870 3140 333 371 1~4.2:405 0 .. 84 0,,84 2 2 8 



Mark Compress.ive Modulus of Cement ~ S1,m.d~' Gravel Water ' Slump .Age at 
Strength Rupture Cement Test 

f O f by weight by weight d?-ys c r 
psi psi inc 

Batch 1 2 1 2 1 and 2 1 2 1 2 

CWo14018 2950 3100 408 442 1:4.2~404 0094 0.94 6 305 7 
CWo14019 2875 3080 333 366 1~402:4c6 0086 0086 2 105 8 
CWo14020 2950 3020 400 1~402~4o5 0.86 0086 2 105 8 
CWo1402l 2580 2990 350 416 1~402:404 OoS6 0089 1 105 8 
CWo 140 22 4660 4660 484 458 1:206~301 0070 0.67 7 7 8 
CWo14023 2800 2690 375 342 1~308~4c1 0087 0087 105 2 7 
CWo14024 2900 2680 416 400 1~307~309 0094 0094 205 4 8 
CWo 140 25 5420 5050 518 492 1~302:3o5 0067 0067 1 2 11 
CWo14026 2415 2310 410 348 1:4.2:405 0091 0087 6 2 8 
CWo14035 3260 3420 433 508 1~3.7~4.0 0087 0.83 6 2 9 
CWo14036 3280 3300 383 425 1~307:400 0075 0075 1 2 8 
CWo14037 4460 3240 ' 408 425 1:4 .. 2:4.5 0.93 00;11 6 105 6 
CWo14039 3360 3010 408 425 1~402:405 0093 0091 1 3 8 
CWo14.40 3040 3010 421 383 1:307~4o0 0080 0.80 2 205 8 
CWo 140 42 3180 2840 375 342 1:402~4o5 0089 0089 3 8 8 
CWo14045 3160 2640 333 366 1:4.3:405 0095 0095 5 3 9 
CWo 140 47 2635 2535 366 317 1:402:405 0091 0.95 1 1 8 
CWo 140 50 2450 2400 400 367 1~309:402 0.92 0.88 4.5 205 8 
CWo 140 51 3505 3258 333 266 1~309:402 0088 0089 3 305 13 
CWo 14 .. 54 3501 3300 358 342 1~309~402 0082 0083 2 205 8 

CWo18015 7619 7424 633 609 1~2.2:206 0059 0060 2,,5 2,,5 19 

CWo 28., 26 3902 3372 433 292 1~309:402 0080 0081 2 3 10 
CWo 28028 3172 3083 433 334 1:4,,0:4.2 0086 0086 2 205 8 

FWo14oo6 3320 3910 425 362 1~40l~403 0082 0079 3 2 12 
3000 383 1~309~400 0078 205 - 6 

FWo14007 4030 3520 433 275 1~401~403 0080 0079 205 405 15 
3280 333 1~308:401 0075 1 9 



TABLE 4(b) 

PROPERTIES OF CONCRETE MIXES ~ INDIRECT TENSILE STRENGTH 

Mark Indirect Modulus of 
Tensile Rupture 
Strength 

fb f 
r 

psi psi 

Batch 1- 2 1 2 

BWo14026 409 412 400 400 
BW 014032 314 305 308 350 
BWo14034 380 316 366 358 
BWo14045 324 354 304 304 
BWo14058 413 354 416 358 
BWo14060 297 362 . 358 350 

BWo15.34 424 367 375 392 
BWo15,,37 356 345 417 392 

CWo 140 51 292 276 333 266 
CWo 14. 54 336 354 358 342 

FWo14oo6 211 206 425 362 
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TABLE 5 

PROPERTIES OF REINFORCEMENT 

Heat Analysis 
Manufac- Diam. Stress at Lot turer C Mn P S Si 1 % Strain Strength 

% % % % % ino ksi ksi 

8 .AS and W 0083 0075 00010 00035 0020 o.l96 217 255 

10 .AS and W 0081 0.76 0 0 010 0 .. 027 0.23 0,,196 222 267 

11 .AS and W 0085 0065 0.010 00027 0018 00196 219 256 

12 ASandW 0088 0079 00024 00033 0,,25 00196 228 255 

13 ASandW 0082 0072 00018 00032 0021 0.194 218 258 

14 Union 0085 0084 00010 0.029 0.18 00197 242 280 



~. 

TABLE 6 

MEASURED AND COMPUTED FLEXURAL CRACKmG MOMENTS 

Prestress Modulus Computed Measured Meas./Comp. 
Mark in Bottom of Flexural Cracking Flexural Cracking 

Fiber Rupture Cracking Moment Moment 
fb f Moment 
F r 

psi 12si k-in$ k-ino 
Compo * Measo Compo f Meas. f Compo f Measo f 

r r r r 

ADo 14037 988 356 300 208 198 236 1.13 1019 

AWo14.39 1,352 485 510 271 277 196 0072 0071 
AWo14076 1,304 355 385 246 251 236 0096 0094 

AWo 240 48 640 466 525 164 173 169 1003 0098 
AWo 24068 703 342 400 156 164 153 0098 0.93 

Bo 10. 23 1,407 475 425 266 265 298 1 .. 12 1012 
Bo10.24 1,066 419 375 206 200 229 loll 1.14 

Bo14034 961 381 340 194 188 188 0097 1.00 
Bc14041 1,210 368 358 231 230 228 0099 0099 

BDo14Q18 1,330 510 519 265 266 267 1001 1000 
BD014019 1,274 519 517 258 258 262 1.01 1 001 
BDo14023 895 438 337 191 177 174 0091 0098 
BDo 140 26 976 402 383 199 196 215 1008 1010 
BDo14027 950 421 442 197 . 200 186 0094 0093 
BDo14.28 999 438 457 206 209 195 0095 0093 
BDo14034 948 356 404 188 195 190 1001 0098 
BDo14,,35 912 348 375 182 186 172 0.98 0.92 
BDo14042 1,189 369 491 228 246 202 0.89 0082 

BD,,24034 904 381 416 189 194 190 1000 0.98 

BVc14030 1,370 438 346 261 248 268 1.02 1008 
BVo14032 1,254 438 420 244 241 270 loll 1,,12 
BVo14034 1,392 409 500 259 272 276 1006 1001 
BVo14·35 1,310 396 508 247 263 288 1.16 1009 
BVo14042 1,408 380 455 256 267 276 1008 1003 

BWo10022 1,058 435 466 213 218 227 1006 1.04 

BW,,14020 786 367 333 161 156 166 1.03 1 0 06 
BYlo 140 22 1,385 488 517 266 270 277 1004 1.03 
Elrlo14.23 1,334 481 500 256 259 272 1.06 1005 
BWo14026 1,060 418 400 208 206 210 1.01 1002 
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TABLE 6 (ContUd) 

Prestress Modulus Computed Measured Measo/Comp. 
Mark in Bottom of Flexural Cracking Flexural Cracking 

Fiber Rupture Cracking Moment Moment 
fb f Moment 
F r 

psi Esi k-ino k-ino 
Comp.* Meas. Compo f Meas .. f Compo f Meas. f . r r r r 

BW .. 14031 1,336 387 383 244 244 237 0097 0.97 
BWo 14032 1,056 364 308 204 192 214 1.05 loll 
BWo14034 1,386 401 366 254 249 288 1013 1015 
BW.14038 1,374 368 342 250 246 265 1.06 1.08 
B\-1014.39 1,337 383 358 246 243 258 1005 1 .. 06 
BWo14 0 41 1,410 378 466 256 268 258 1001 0.96 
BWo 140 42 1,396 366 338 253 248 260 1,,04 1 .. 06 
BWo14043 1,385 369 346 252 248 258 1.02 1.04 
BWo14045 1,370 381 304 251 240 256 1002 1.07 
BW.14058 1,840 398 416 328 331 352 1.07 1006 
BWo14.60 1,845 357 358 324 324 330 1.07 1 .. 02 

BWo15 .. 34 1,412 410 375 262 256 246 0.94 0.96 
BWo15037 1,410 393 417 258 261 258 1.00 0.,99 

BWo16.38 1,384 418 383 259 253 267 1003 1.06 

BW.18015 1,222 530 618 247 259 261 1006 1.00 
BWo 180 27 1,379 456 533 265 276 287 1008 1.04 

BW.19028 1,379 440 444 258 259 2:79 1,,08 1.08 

BWo 280 26 508 389 458 130 137 145 1.14 1.05 
BW,,28028 540 396 450 134 141 155 1016 1.10 

C.I0027 1,110 393 275 210 194 
Co10028 1,282 490 412 249 245 

e.13.23 1,100 402 495 216 229 224 1004 0098 

CDo13024 1,183 421 467 230 237 226 0098 0095 
CD. 13 .. 25 1,111 403 417 217 219 217 1.00 0.99 

CDo14.34 942 352 417 186 195 

CWo 100 26 1,424 436 456 264 267 265 1005 1005 
CW,,10027 1,410 439 408 262 258 260 1005 1 .. 05 

CWo 13 0 28 1,430 421 408 260 . 258 258 0099 1000 
CWo 13 038 1,420 390 333 257 249 264 1003 1,,06 

CWo14014 1,343 520 504 261 259 267 1.02 1,,03 
CWo14015 815 358 342 162 160 164 1001 1,,03 
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TABLE 6 (Cont id) 

Prestress Modulus Computed Measured Meas,./Compo 
Mark in :Bottom of Flexural Cracking Flexural cracking 

Fiber Rupture Cracking Moment Moment 
fb f Moment 
F r 

psi 12si k-in. k-in. 
Compo * Measo Comp 0 f Meas e f Compo f Measo f r r r r 

CWo14016 822 386 466 167 178 169 1001 0.95 
CWo14.17 813 366 333 158 158 166 1 .. 05 1005 
CWo 14018 815 372 40&3 164 169 167 1.02 0099 
CWo14019 813 368 333 163 158 168 1.03 1006 
CWo 14020 825 312 400 165 169 116 1001 1004 
CWo 140 21 816 347 350 161 161 175 1009 1009 
CWo 14. 22 1,490 456 484 273 271 265 0097 0096 
CWo 140 23 813 362 375 162 164 176 1.09 1007 
CWo 140 24 812 369 416 163 169 163 1.00 0·97 
CWo14025 1,489 483 518 277 281 287 1004 1.02 
CWo 14026 819 335 410 160 171 168 1.05 0098 
CWo14035 1,425 390 433 258 264 261 1.01 0'.99,; 
CWo14036 1,360 392 383 249 248 255 1.02 1.03 
CW.14·31 1,460 448 408 271 265 301 loll 1014 
CWo14039 1,445 396 408 262 263 269 1.03 1.02 
CWo 140 40 1,461 380 421 262 267 280 1.07 1005 
CWo14042 1,405 386 375 254 253 270 1.06 1007 
CWo 140 45 1,450 386 333 260 253 252 0097 1.00 
CWo 140 47 1,441 351 366 255 264 253 0 .. 99 0096 
CWo140 50 1,475 338 400 258 266 255 0.99 0096 
CWo 140 51 1,980 405 333 346 335 393 1013 1017 
CWo14054 1,840 405 358 326 319 357 1.09 1.12 

CWo18015 1,467 540 633 281 294 301 1.07 1.02 

CWo 28026 567 410 433 136 139 136 1.00 0·98 
CWo 280 28 622 484 433 155 144 149 0099 1003 

F'Wo14006 1,357** 394 425 373 379 373 1.00 0.98 
FWo14.07 1,,428** 430 433 395 396 374 0·95 0·95 

* computed using Eq 0 10 
** Includes shrinkage stresseso 



TABLE 7 

MEASURED AND COMPUl~D VALUES OF WEB-SHEAR CRACKING LOAD 

Mark 1; Maximum } Cracking {TenSil~ Shear Web-Shear CrackinB Shear 
Tensile Stress Tensile Stres Span Measo *'*, Compo Meas. 

{Tensile stress} Stress fOdUIUS Of} Compo 
at Centroid at Centroid Rupture 

f t ft/fr a V V VerrlVs em s 
psi in. kips kips 

ColO027a 1.00 310 0·79 22 7·17 7·27 0099 
Co10027b (355) (0 .. 90) 14 (7082) 
ColO.28a 1.00 319 0073 22 8.90 9·59 0093 
Co10028b (355) (0081) 14 (9.56) 

Co13o 23a 1000 259 0064 27 6.61 7·91 0.84 
Co 13. 23b 1.00 430 1007 27 1000 8.26 1021 

CDo13024a 1.00 337 0.80 27 9.35* 8.40 loll 
CD.13024b 1.00 327 0078 27 7076* 7·93 0098 
CDo13025 1.02 367 0.91 27 8.78* 7.95 1.10 

CWolOo 26a 1000 391 0.90 22 9·50 8080 1.08 
CWolOo26'b 1000 348 0.80 30 8.74 8080 0.99 
CWolOo26c (448) (1.03 ) 14 (10.50) 
CWo 100 27 1000 432 0.98 22 9~84 8.98 1.10 

CWo13~28 1000 408 0.97 28 9.90 8070 1.14 
CW,,13038 1.00 335 0.85 28 8.90 8.40 1.06 

CWo14022 1000 417 0·92 36 9.45 9005 1.04 
CWo14.35 1.00 227 0058 36 6065 8.15 0082 
CWo14037 1000 392 0088 36 9040 8.78 1.07 
CWo14039 1000 366 0·92 7.6 9.10 8.29 loll l-' 
c\~o 14042 loll 394 1.02 36 9.25 7.82 1018 c1 



TABLE 7 (Conted) 

- ,J 

,~ 

Mark t Maximum } Cracking {TenSi11 Shear Web~Shear Cracking Shear 
..:Tensile Stress Tensile Stress Span Meas,,** Comp" Mease 
[enSile stress} Stress {MOdulUS O~ Compo 

at Centroid at Centroid Rupture 
f

t 
f If a V V VcJVs t r em s 

psi ino kips kips 

CWo14045 1002 385 1000 36 Elo90 7.66 1016 
CWo 140 47 1.02 366 1004 36 8080 7·50 1.17 
CWo 140 50 1.23 309 0.91 36 EI.15 7.47 1.09 
CWo14051 1000 333 0082 36 9099 9080 1.02 
CWo 140 54 1 0 00 358 0.88 36 10005 9.42 1.07 

FWo14006 398 1001 36 10025 9·33 1010 
F'W014007 433 1000 36 9071 9.26 1.05 

Co 12032 1018 237 0082 36 6.75 6.72 1.00 
Co12033 1016 440 0.91 36 12025 11.36 1.08 
Co12040 le08 178 0·53 36 5.10 6.85 0.74 
Co12otJ.4 1000 236 0.60 36 6.42 7091 0081 
C012050 1010 321 0.84 36 9.05 8.91 1.01 
Co12057 1.00 357 0.94 36 10·50 9.66 1.09 

C.22040 1.06 340 0075 36 9.00 9050 0.95 
C022073 1.00 256 0076 36 6067 6.90 0·97 

* Modulus of Rupture computed with Eqo 1. 

** Values listed for beams with draped wires are net shears at cracking. 
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TABLE 8(a) 

SHEAR M INCLINED CRACKmG: BEAMS TESTED WITH 
STATIONARY LOADS 

Initiating Web-Shear 
Cracking Cracking 

Inclined Cracking 
Shear 

Type of'* 
Cracking 

175 

Shear Shear Comp. Meas" Meas 0 Observed Predicted 
Vf Vs 

kips kips 

AD.14037{a) 6.70 
(b) 7.65 

Aylo14039 
ArL, 14076 

AWo 24048 
AWo 24068 

B.14.34 
Bo14,,41 

BDo14018 
BDo14.19 
BDo14023 
BDo14026 
BDa14027 
BDo14028 
BDo 14~34 
BDo14035 
BDo14042 

BDo 24032 

BVo14030 
BV.14032 
BVo14034 
BV 014035 
BV.14042 

BWo 140 20 
BWo14022 
EWo 14023 
BWo14026 
BWo14031 
BWo14032 
BWo14034 
BWo14.38 
BWo 14039 
BWo14041 

5096 
5.66 

7019 
8056 

9034 
8081 
5043 
6.04 
7.00 
7u41 
6075 
5096 
8008 

6015 

9015 
8060 
9.05 
8019 
8.40 

5.96 
9085 
9048 
7070 
9004 
7·55 
9041 
9026 
9010 
9048 

20018 
20 0 18 

29060 
23065 

23062 
19000 

11.46 
12042 

15027 
15037 
12081 
12.,26 
12.61 
13025 
11019 
10070 
11089 

11056 

14018 
13018 
13.86 
12091 
12060 

10.49 
15050 
15·34 
12025 
13010 
11020 
13010 
12056 
12056 
120 84 

V V Compo 
c 'cm 

kips kips 

11097 
10·58 

7054 
6093 

7095 
9039 

10.36 
9.83 
6.28 
6.86 
7084 
8.29 
7050 
6.67 
8087 

6092 

10.09 
9048 
9097 
9.0,5 
9024 

6066 
10.,88 
10 0 50 
8052 
9091 
8030 

10.28 
10.10 

9094 
10034 

11025 
10060 

8 .. 49 
9.21 

10085 
11016 

5060 
6.38 
8095 

(10.00) 
7·90 
6049 
9095 

7.45 

10020 
10.37 
10048 

9080 
9060 

(8025) 
10060 
10025 
1.99 

10020 
9054 

10037 
10040 
10050 

9090 

0081 
1.05 

0094 
1.00 

1.07 
0.98 

1005 
1013 
0.89 
0·93 
1.14 
1020 
1.05 
0097 
1.12 

1.05 
1.08 
1004 

1024 
0.97 
0098 
0094 
1003 
1015 
1001 
1003 
1006 
0.96 

F 
F 

F 
F 

F 
F 

F 
F 

F 
F 
F 
F 
F 

F 
F 
F 

F 

F 
F 
T:I 
i' 

F 
F 

F 
F 
F 
F 
F 
F 
F 
F 
F 

F 
F 

F 
F 

F 
F 

F 
F 

F 
F 
F 
F 
F 
F 
F 
F 
F 

F 

F 
F 
F 
F 
F 

F 
F 
F 
F 
F 
F 
F 
F 
F 
F 



:M.ark Initiating Web-Shear Inclined Cracking T,ype of* 
Cracking Cracking Shear Cracking 

Shear Shear Compo Measo Meas" Observed Predicted 
V

f 
V V V Compo s c em 

kips kips kips kips 

BWo.l4042 9036 12055 10020 9.35 0092 F F 
BWo14043 9032 12060 10.16 10·70 1.05 F F 
lThL 14045 9030 13020 10018 9090 0097 F F 
BW014058 12015 14050 13012 14000 1007 F F 
BW014060 12000 13030 12089 12076 0.99 F F 

BWo15034 7008 13081 8000 8015 1002 F F 
BWo15037 6.96 13041 7088 8035 1006 F F 

Frlo16038 6016 14001 7009 7000 0099 F F 

BWo18015 s 8063 15085 9069 9050 0.98 F F 
L 4.46 15085 5·52 5093 1007 F F 

:BWo18027 s 9025 14085 10.24 10080 1005 F F 
L 4080 14.85 5 .. 79 5063 0,,97 F F 

BWo19028 S 11071 '15015 12,,72 12081 1.01 F F 
L 4016 15015 5017 5,,28 1002 F F 

BWo28026 s 4055 11010 5029 6.18 1017 F F 
L 2035 11.10 3009 3.43 1.11 F F 

BW028028 s 4084 11·70 5062 5075 1002 F F 
L 2,,50 11070 3038 3046 1002 F F 

Co 13 0 23 (a) 11012 7091 7091 6061 0084 W w 
(b) 11012 8026 8026 10.00 1021 W W 

G:0013n24{a) 11035 8040 9074 10069 1.10 w W 
('bY 11035 7093 9027 9010 0098 W w 

CD.13025 10081 7095 9006 9089 1009 w w 

CDo14034 6070 5085 6059 5,,45 0083 w w 

CWo 13 <, 28 12079 8070 8070 9090 1.14 w w 
CWo13038 l2065 8040 8040 8~90 1006 w w 

CWo 140 14 9067 9065 9065 9060 0.99 F w 
C'Vlo 140 15 6 000 6030 6030 6.25 0099 F F 
C""rlo 140 16 6019 6086 6065 6075 1.02 F F 
CWo 140 17 5085 6.63 6029 5095 0095 F F 
CWo14018 6008 6050 6050 6050 1.00 F F 
C;\l1o 140 19 6004 6072 6049 6094 1007 F F 
CWo14020 6011 6050 6050 6045 0.99 F F 
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TABLE 8(a) (Cont~d) 

1VT..ark Initiating Web-Shear Inclined yracking Type of* 
Cracking Cracking Shear Crack inS 

Shear Shear Compo Measo Measo Observed Predicted 
V

f 
V V V Compo 

s c cm 

CWo 14. 21 5~96 6017 6017 6005 0098 F F 
CWo 14022 10.10 90 05 9.05 9.45 1.04 w w 
CWo 140 23 6000 6055 6044 7·40 1014 F F 
c'W .. 14.24 6004 6064 6048 6.20 0.96 F F 
CWo 140 25 10.25 9089 9089 10·50 1.06 F w 
CWo 14 .. 26 5092 5·99 5099 6.45 1.08 F F 
CWo14.35 9,,56 8.15 8.15 6.65 0082 W W 
CWo 14036 9.22 8.29 8029 8.65 1.04 F w 
CWo 14037 10.05 8.78 8078 9040 1.07 w w 
CWo14039 9,,70 8029 8029 9.10 1.11 W W 
CWo 140 40 9.70 8.08 8.08 9015 1013 F w 
CWo 14. 42 9040 7.82 7·82 9 .. 25 1018 w w 
cw.14045 9·64 7.66 7.66 8090 1.16 w w 
CW.·14.47 9.45 7.36 7 .. 50 8 .. 80 1 .. 17 w w 
cw.14050 9.56 7.47 7.47 8.15 1.09 w w 
CWo14.51 12080 9.80 9.80 9 .. 99 1.02 w W 
CWo 140 54 12 .. 09 9042 9042 10005 1007 w w 

CWo 180 15 S 9.80 10021 10.21 9·55 0093 F F 
L 5009 10021 5077 5020 0090 F F 

CW028026 S 4075 6075 5020 5074 1.10 F F 
L 2046 6.75 2091 2088 0·99 F F 

CW028028 S 5027 6.70 5072 5075 1.00 F F 
L 2074 6.70 3019 2 .. 83 0089 F F 

FWo14006 13,,80 9 .. 33 9.33 10.25 1.10 w W 
FW.14.07 14025 9026 9026 9·71 1.05 W w 

* F~Flexure-shear crack; W~Web-shear crack; -~No inclined cracku 



Mark 

Ao 110 43 
Aol1051 
Aoll053 
A.llo96 

Ao12023 
Ao 12031 
Ao 12034 
Ao12036 
Ao12042 
A. 120 46 
Ao 120 48 
,Ao12053 
Ao12056 
A.12060 
Ao12069 
A.12073 
Ao12081 

Ao14,,39 
Ao14044 
Ao14.55 
Ao14068 

Ao21029 
Ao 21039 
Ao 21. 51 

A022020 
A022.24 
A022026 
Ao22027 
Ao22028 
A., 22031 
Ao 22034 
Ao 22036 
A022039 
Ao22040 
A.22049 

TABLE 8(b) 

SHEAR Nr INCLINED CRACKING ~ PRESTRESSED BEAMS 
FROM REFERENCE 2 

Initiating Web-Shear Inclined Cracking 
Cracking Cracking Shear 

Type o:f* 
Crackin~ 

Shear Shear Compo Measo MeaSe Observed Predicted 
V:f V V V Compo s c cm 

kips kips kips kips 

7.60 4205 .10043 9·50 0·91 F F 
4065 26,,2 6040 6.50 1002 F F 
6.50 4909 9082 8.50 0087 F F 
7029 3107 9040 8.50 0090 F F 

9047 3604 ll089 11·50 0.97 F F 
8085 2801 10·72 10.00 0 .. 93 F F 

11·73 44.6 14071 14000 0·95 F F 
8019 28 .. 7 10010 10.40 1.03 F F 

11019 4103 13094 13 .. 50 0,,97 F F 
10.42 37 .. 2 12090 11·50 0089 F F 
11081 39.0 14041 (15 .. 05) 1004 F 
8~00 23,,2 9055 9.00 0.94 F F 

10.13 2606 11090 11.00 0.92 F F 
11032 3204 13.48 13050 1.00 F F 

8.85" 29.6 10e82 10050 0.97 F F 
10030 3209 12049 11050 0.92 F F 

9085 28.8 11·77 10·75 0,,91 F F 

11,,00 27.6 12084 14,,00 1009 F F 
11062 2804 13051 13075 1.02 F F 
14030 3000 16030 16·50 1.01 F F 
11076 2500 13043 14050 1.08 F F 

2074 2303 4.29 3050 0.82 F F 
3000 23.4 4056 4.00 0088 F F 
5·10 3505 7046 7000 0094 F F 

4089 3004 6.91 6000 0087 F F 
4000 2305 5057 5000 0090 F F 
4055 2402 6 .. 16 7·00 1003 F F 
4040 2504 6,,09 6000 0099 F F 
4040 2308 5099 5050 0092 F .F 
5. 07 25·7 6078 5·65 0083 F F 
5000 2606 6077 6050 0096 F F 
5074 2300 7027 6.00 0,,83 F F 
3059 19·2 4087 5000 1,,03 F F 
7085 3601 10026 10·50 1,,02 F F 
6.77 27.6 8061 8000 0·93 F F 
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Mark Initiating Web-Shear Inclined Cracking Type o£'* 
Cracking Cracking Shear CrackinB 

Shear Shear Compo Meas$ I4eas. Observed Predicted 
V V V V Compo £' s e em 

kips kips kips kips 

Bollo07 4~57 14070 5055 (6028) 1.13+ F 
Boll~20 5020 14·70 6018 ,6000 0.97 F F 
Bol1029 6029 14021 7024 6075 0093 F F 
Boll040 8066 16000 9073 8.90 0.92 F F 

Bo12007 7$ 26 14.60 8023 (9.10) 1011+ F 
Bo12010 6081 13029 7.69 7000 0.91 F F 
B.12012 6.75 12030 7057 7045 0099 F F 
Bo12014 6.52 11076 7030 7006 0.97 F F 
Bc12019 6026 10040 6095 7015 1003 F F 
Bo12026 8090 14025 9.85 9017 0093 F F 
Bo12029 9040 14.51 10·37 9.80 0.95 F F 
Bo12034 11095 16.90 13008 12·55 0.,96 F F 
Bo 12035 9037 13.56 10027 9000 0.88 F F 
Bo12 .. 50 11.26 13 .. 40 12015 11043 0094 F F 
Bo12061 12000 14080 12099 11.93 0.92 F F 

Bo13007 9075 14098 10075 (11074) 1.09+ F 
Bo13.,16 11020 14081 12019 12035 1.01 F F 
Bo13o 26 13002 1,5020 14003 13020 0094 F F 
Bo13041 17·90 16058 16.58 15005 0090 F w 

B021 .. 26 3079 11080 4058 4.28 0094 F F 

B022009 4083 12000 5,,65 6.35 1012 F F 
B022023 5081 12059 6065 6040 0096 F F 
Bo 22030 4063 10061 5034 5050 1,,03 F F 
Bo22041 5 .. 30 11047 6006 6000 1001 F F 
B022065 5007 9005 5067 5040 0.95 F F 
Bo22068 7044 11074 8022 7085 0095 F F 

Co12009 7015 8,,29 7070 7025 0094 F F 
Co12018 7·70 8030 8025 7,,25 0088 F F 
Co12019 9052 9057 9057 8050 0089 F F 
Co12032 7010 6072 6012 6075 1.00 w w 
Co12033 15000 11036 11.36 12025 1008 w w 
Co12 .. 40 7055 6085 6085 5·10 0074 W w 
C012 .. 44 8051 7091 7091 6042 0081 W W 
C,,12050 11060 8091 8091 9 .. 05 1.01 w W 
Co12 .. 57 13030 9 .. 66 9066 lOo50 1009 w w 

C022029 3058 5028 3093 3075 0095 F F 
Co 22031 5055 6.75 6000 5075 0096 F F 
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Mark Initiating Web-Shear Inclined Cracking Type of* 
Cracking Cracking Shear Cracking 

Shear Shear Compo Measo Measo Observed Predicted 
Vf V V V Compo s c em 

kips kips kips kips 

C.22036 6.18 7039 6.67 5·30 0.,80 F F 
Co 22039 3,,54 3074 3,,74 3060 0.96 F F 
C.22040 11020 9050 9050 9000 0095 w w 
Co22~46 6075 7032 7024 6000 0083 F F 
Co22062 4063 6.35 5005 4,,25 0084 F F 
Co22073 8020 6.90 6090 6067 0097 w w 

* F~F1exure-shear crack; W~Web-shear crack; -:No inclined crack. 
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TABLE 9 

EFFECT OF DRAPED REINFORCEMENT ON SHEAR AT mCLINED CRACKmG 

(a) Web-Shear Cracking 

Mark Measured Vertical Net Computed Me as 0 Crackin~ Shear Drape 
Total Component Cracking Cracking Compo Cracking Shear Angle 

,Cracking of Shear Shear 
Shear Prestress 

V Vd V V Vem/Vs V Iv cP cm n s n s 
kips kips kips kips deg. 

I' 
~ . / 

CDol3 o24(aj 10069 1.34 9035 8.40 > .1'~ 27 loll, 3 .. 40 
CDo13 024(b 9010 1034 7076 7093 1015 0098 3040 
CDo13" 25 9,,89 1.11 8078 7.95 1.24 1010 2.85 

CDo14034 5045 0074 4.71 5.85 0 .. 93 0081 1.88 

(b) Flexure-Shear Cracking 

Mark Cracking Shear 
Computed Measured Drape Net Drape 

for Straight V Shear Shear V Angle 
Wires em A f sinCP n 

VU V 
VO s se V va cp e Vd e c em n 

kips kips kips kips dego 

ADo14037~a~ 9 .. 04 6055 0072 2075 3080 0.42 6045 
ADo14037 b Q 

10012 9045 0093 2075 6.70 0.66 6 .. 45 

BDo14018 10.84 10085 1000 1·31 9~54 0088 2070 
BDo14019 10·58 11.16 1005 2045 8.21 0.82 5000 
BDo14o 23 7092 5060 0071 2 .. 86 2.74 0 0 34 9.13 
BDo14026 8.19 6038 0078 3063 2075 0034 9.95 
BDo14.27 8014 8095 1010 0078 8017 1.00 2022 
BDo14028 8051 1016+ 0,,57 1 .. 09+ 1053 
BDo14034 7·71 7 .. 90 1002 0079 7011 0.92 1.88 
BDo14035 7.45 6,,49 0.87 2014 4035 0058 6.28 
BDo14042 9023 9095 1.08 1.07 8088 0.96 2038 

BDo 24032 7077 7.45 0096 2.20 5025 0.68 6045 

BVo14030 10061 10.20 0.96 1067 8053 0080 3025 
BVo14032 9092 10037 1004 1034 9003 0091 3025 
BVo14034 10051 10,,48 1000 1.36 9012 0.87 2070 
PNo14035 10.01 9080 0098 2084 6.96 0.71 5·37 
BV.14042 10032 9.60 0.93 3029, 6.31 0.66 6.81 
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TABLE 10 

SHEAR NJ: FLEXURE -SHEAR CRACKING LOAD~ MOVING LOADS 

Mark Load Initiating Web-Shear Inclined Crackin5 Shear 
Position Cracking Cracking Compo Measo Measo 

Shear Shear Compo 
V

f 
V V V 

V Iv s e em 
kips kips kips kips em c 

Bo10023 4 9~28 15052 10032 9085 0095 
5 7~53 15~52 8057 8·35 00975 
6 6034 15052 7038 6093 0094 

Bo10024 3 9036 13012 10.24 10.09 0099 
4 7618 13012 8.06 7 ·93 0098 
5 5,,83 13012 6071 6059 0098 
6 4090 13·12 5 .. 78 6026 1008 
7 5083 13012 6071 6059 0098 
8 7018 13012 8006 7·93 0.98 

BWolO022 3 9069 13080 10061 10.80 1.02 
4 7.44 13080 8o~6 8 .. 46 1001 
5 6003 13080 6095 6070 0096 
6 5008 13080 6000 5085 0.98 
7 6003 13080 6095 7.45 1007 
8 7.44 13080 8.36 8.46 1.01 

CWo 100 26* 4 9004 8080 9063 9.42 0098 
6 6012 8080 6071 6000 0089 
8 9004 8080 9~63 9.42 0098 

CWo 100 27* 6 6010 8084 6075 5·92 0088 
7 7025 8084 7090 7·30 0·92 

'* Other eracksoecurred in these beams during very large increases in load. 



TABLE 11 

COMPUTED AND MEASURED CAPACITIES 

Mark Steel Stress Total Ulto Bending Moment *** at u"J.. timate Compo Compo Measo Failure Mode 

** Obs. Fred 0 

Ivleas c .QQmpc for for from Mut Mut 
Flexure Shear Tests 

f f Muf M M Muf M 
su m sue us ut us 

ksi ksi k~ino k~ino k-ino 

ADo14,,37a 123 225 480 242 0051 S S 
b 480 307 0064 S S 

AWQ14".39 218 568 725 512 0090 F F 
AWo14076 202 475 665 410 0.,86 F F 

AWo 240 48 206 523 556 528 1,,01 F F 
AWo 24068 179 189 468 534 446 0.,95 F F 

Bo10023 202 240 523 417 0080 S S 
Bo10024 211 242 400 384 0083 S S 

Bo14034 210 237 390 328 0084 S S 
J?o 140 41 175 230 465* 354 0076 S s 

BDo14c18 217 235 513 448 0087 s S 
BDo14019 192 242 543 410 0076 S s 
BDo14.23 119 231 385 208 0054 s S 
BDo14026 132 230 381 236 0062 S S 
BDo14027 220 230 380 354 0093 s s 
BD .. 14028 222 230 379 366 0097 ~ C! 

oJ: u 

BDo14034 206 227 374 324 0,,87 s q 
u 

BD,,14035 141 227 368 240 0065 ~ s S 
BDo14c42 175 224 457* 363 0079 s s 

BDo24032 159 r)r)t::: 
4..f:..../ 

JI.ot:: -rvv 
:<;:<;() 
../../ ..... 0,,68 S S 

BVo14030 210 227 490 489 450 0092 0.,92 B S 
BVo14032a 224 235 506* 487 466 0092 0096 B s 
BVo14.32b 238 520 487 520 1.00 F s 
BV,,14034 225 233 493* 499 470 0095 F F 
BVo14035 227 232 492* 505 461 0094 F F 
BVo14042 207 221 453'* 490 450 0099 F F 

BW,,10022 231 243 408 410' 402 0099 0098 F F 

BWo14020 225 248 290 298 297 1002 I' F 
BWo14022 226 230 508 521 510 1000 F F 
BWo14o 23 232 240 522 525 509 0097 F F 
BWo14~26 237 255 422 422 412 0098 0098 T F 



184 
TABLE 11 (Cont~d) 

Mark Steel Stress Total Ulto Bending Moment *** 
at m tJ . .ma te Compo Compo Mease Failure Mode 

** Obs~ Predo .. -
Meas· Comp, for for f'rom Mut Mut 

Flexure Shear Tests 
Muf M 

f f Muf M Mut us 
SU ill su C us 

ksi ksi k-ino k-ino k-ino 

BWo14031 212 227 488 507 473 0.98 F F 
BWo14032 22l 228 368 366 378 1.03 F S 
Btolo14·34 206 226 476 427 466 0.98 1 .. 09 S S 
BWo14,,38 218 228 476* 469 477 1.00 1.02 S S 
BWo14039 221 227 470* 528 477 1.01 F F 
BWo 140 41 202 224 465* 502 438 0094 F F 
BW~14042 200 223 454* 497 438 0097 F F 
BWo14043 213 223 454* 566 452 1000 F F 
BWo14045 193 215 439* 500 447 1002 0089 T F' 
BWo14058 174 193 563* 575 551 0098 0096 S F 
BWo14060 180 194 559* 568 525 0094 0092 S F 

BWo15034 213 226 486 506 477 0098 F F 
BWo15 .. 37 222 468* 548 472 1001 F F 

BWo16038 205 222 463* 514 469 1.01 F F 

BWo18015S 223 236 520 514 522 1.00 1002 S S 
L 534 F 

BWo18027S 232 237 516 600 516 1.00 F F 
L 552 F F 

BWo19028s 235 238 519 548 517 1.00 F F 
L 549 0092 F F 

B\'lo 280 26s 206 230 377 368 390 1 .. 03 1.01 T S 
L 385 0096 1006 F 

BWo28028S 212 229 370 380 393 1,,06 F F 
L 395 0098 F F 

Co10027 130 241 398 227 0057 s s 
Co10028 165 237 512 311 0061 S S 

Co13 .. 23 128 241 409 270 0066 s s 

CD013024 130 242 420 281 0067 S s 
CD0130 25 131 241 412 315 0076 s S 

CDo14034 128 227 378 202 0·53 S s 

CWo 100 26 218 238 511 568 492 0096 F F 
CWo 10 .. 27 229 238 510 569 500 0098 F F 



Mark St,eel stress Total Ultc Bendins Moment *** at '(..11 tima te Compo Comp' .. Measo Failure Mode 

** Obs. Predo Me as 0 Compo for for from Mut Mut 
Flexure Shear Tests 

Muf M f f Muf M M us su m su c us ut 
ksi ksi k-in. k-in. k-in. 

CWo13028 218 228 495 438 495 1000 1013 S S 
CWo13038 208 225 475 490 466 0098 F F 

CWo 140 14 237 243 540 545 515 0.95 F F 
CWo 14 .. 15 250 296 492 294 0099 F F 
CWo14016 219 238 281 316 288 1.02 F F 
CWo14.17 228 249 294 284 284 0097 1.00 S S 
CWo14018 238 249 294 577 296 1001 F F 
CWo 14019 237 249 292 342 297 lu02 F F 
CWo 14 .. 20 248 292 344 295 1 0 01 F F 
CWo 140 21 236 248 293 299 289 0099 0.97 T F 
CWo14022 221 239 524 496 498 0095 1.00 S S 
CWo14.23 240 247 289 301 287 0.99 0095 S F 
CWo14024 238 247 289 351 289 1000 F F 
CWo14025 223 230 510 608 512 1000 F F 
CWo14026 240 245 284 361 296 1.04 F F 
CWo14035 213 226 480 546 464 0097 0085 T F 
CWol~·o36 226 231 481* 562 484 1000 F F 
cw,,14037 208 229 474* 445 464 . 0098 1004 s S 
c-wo14.39 180 224 466* 404 394 0084 0098 S S 
GWo14040 215 223 464* 669 473 1002 F F 
CWo14042 220 220 451'* 481 466 1.03 F F 
CWo 140 45 190 215 440* 527 420 0096 .F F 
CWo14047 200 211 431* 440 430 1000 0098 s F 
CWo 140 50 185 207 421* 488 437 1004 0.90 S F 
CWo14051 158 200 566* 477 466 0082 0098 S s 
CWo14054 145 197 560* 463 484 0086 1.05 s s 

CWo18015S 222 235 509 598 522 1003 F F 
L 616 F F 

CWo 280 26s 203 228 369 389 374 1001 0096 ~r F 
L 396 F F 

CWo 280 28s 211 227 368 423 393 1007 F F 
L 401 F F 

FWo14006 223 256 741 645 655 0,,88 1002 s S 
FWo14007 256 256 741 758 711 0096 F F 

* Value compensated for non-rectangular compression zone 

** Tabulated for shear and transi tien failures only 0 

*** F~]~exural failure, S~Shear failure, T~Transition failure, B~Bond failure. 
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(a) Shear ~ys and Protruding Ends of' stirrups in Beam FW.14.06 

(b) Beam FW .. 14.06 Before Casting the Slab 

FIG. 14 DETAILS OF COMPOSITE BEAMS 
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FIG. 26 TYPICAL STIRRUP ARRANGEMENTS 
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Initiating Flexural Crack 
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FIG. 39 TYPICAL FLEXURE-SHEAR CRACKS 





(a) Beam EW. 28 .. 26 

(b) Beam BW.14.26 

FIG. 40 TYPICAL FLEXURE-SHEAR CRACKS 





(a) Cracks in South Shear Span After Failure 

3 

(b) Cracks in South Shear Span at Inclined Cracking Load 

FIG. 41 FLEXURE-8HEAR CRACK ORIGINATING IN THE WEB ABOVE AN INITIATING 
FLEXlmAL CRACK IN BEAM CW .14.40 
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(a) Beam BD.24.32 - Splitting in a Beam With·Draped Wires 

(b) Beam. BW .14.31 - Splitting in a Beam With a Large Stirrup Spacing 

FIG. 42 CRACKING, OR nSPLITI'INGn, ALONG THE REINFORCEMENT 





(a) Beam BW .14.43 - Flexure-Shear Cracks in a Beam Loaded at Two Points 

.wl, ..... 

(b) Beam C\ol.14. 54 - Web-Shear Cracks in a. Beam Loaded a.t Two Points , 

(c) Beam BW.19.28 ... Flexure-Shear Cracks in Beam Loaded With 
a. Single Concentrated Load 

(d) Beam BV.14.42 eo Flexure-Sb.earCracks in a Beam With Draped Wires 

( e) Beam CD .13.24 - Web-Shear Cracks in a Beam With Draped Wires 

FIG .. 43 TYPICAL CRACK PATI'ERNS IN BEAMS LOADED WITH STATIONARY LOADS 
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(a) Beam C .. 10.28 ... Web-Shea.r Cracks in a Beam Without Stirrups 

(b) Beam B .. I0 .. 24 ... Flexure-Shear Cracks in a Beam \.Jithout Stirrups 

( c) Beam BW .10 .. 22 - Flexure-Shear Cracks in a Beam With Stirrups 

(d) Beam CW .10.26 - Web-Shear and Flexure-Shear Cracks in a Beam 
With Stirrups 

FIG .. 45 TYPICAL CRACK PATTF1RNS IN BEAMS TESTED UNDER A SIMUIATED 
MOVING LOAD 
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FIG. 54 FLEXURAL FAILURE IN A BEAM WrrH FOUR WIRES 

FIG.. 55 FLEXURAL FAILURE m A BEAM WITH EIGHT WIRES 
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FIG .. 56 FLmruRAL FAILURE OF A GREATLY UNDER-REINFORCED BEAM ... BEAM FW .. 14 .. 07 

FIG .. 57 CRUSHING OF CONCRETE IN THE SLAB ... BEAM FW .. 14 .. 07 





FIG. 58 BEAM cw.18 .15 ... FLEKURAL FAILURE FOLLOWED BY RELIEVING OF 
PRE5TRESS m IDNG SHEAR SPAN 

FIG. 59 BEAM CW.13.28 ... SHEAR FAILURE ACCOHPANIED BY CRUSHING OF WEB 
UNDER LOAD POINT 
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