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I. INTRODUCTION

1.1 Introduction

Tests of over a hundred beams with straight longitudinal reinforce-
ment and no web reinforcement, carried out in the earlier phases of this
investigation (1, 2, 3)*¥, showed that reinforcement should be provided to
resist inclined tension stresses as well as horizontal tension stresses.

Two different types of reinforcement are commonly used for this purpose:
stirrups, and draped reinforcement. The term "draped reinforcement"” refers

to longltudinal reinforcement which is curved in elevation in the shear spans.
At the supports the centroid of draped reinforcement is closer to the top of
the beam than it is at midspan. Stirrups of various grades of steel and of
various shapes are used solely to carry "shear". On the other hand, the
longitudinal reinforcement may be draped, primerily to relieve tension stresses
in the top flange or compression stresses in the bottom flange or to alleviate
anchoragg stresses. The slope of the tendons results in an upward component
of the prestressing force which is customarily subtracted from the total down-
ward shear acting on the section.

The investigation of the effect of vertical stirrups on the strength
and behavior of prestressed concrete beams has been initiated by Mr. G.
Hernandez whose findings are reported in & thesis published as a part of the
Seventh Progress Report of the Investigation of Prestressed Concrete for
Highway Bridges (L4). The work described in this report has been undertaken
to determine whether draped reinforcement improves the strength and behavior

of prestressed concrete beams.

* Numbers in parentheses refer to entries in the Bibliography.



1.2 ObJject and Scope

The obJject of this report is to describe and discuss the results of
tests on sixteen simply supported pretensioned concrete beams with varying
degrees of drape.

The overall cross-sectional dimensions for the beams were 6 by
12 in. There were 1L I-beams with 3-in. webs, one I-beam with a 1 B/h-in.
web and one rectangular beam. Al]l the beams were tested to failure with
loads applied at the third-points of a 9-ft. span. The prestress and concrete
strength were approximately 115,000 psi and 3,000 psi, respectively, in all
beams. Vertical stirrups were used in two beams. The nominal dimensions are
shown in Fig. 1, and the properties of the beams are listed in Table 1.

The principal variable in the test series was the profile of the
prestressing steel. 1In all, nine different profiles were used as outlined in
Table 2 and shown in Fig. 2. Those designated A through E had all the wires
draped at the same angle in each shear span and those designated X through Z
had only part of the wires draped. Profile S had only straight wires.

The drape profile used in an actual bridge member will depend on
such factors as the method of prestressing, the method of draping, and the
strength requirements of the finished structure. For this reason, several
types of drape profiles, each quite different, are commonly used. In order to
1limit the number of variables, only the two basic types of drape profiles
shown on Fig. 2 have been used in these tests. These were made up entirely of
straight line segments, all the wires being level and parallel in the center
third of the beam. In each case, the wires were bent at the load points.

Although it is not customary to drape all the reinforcement in a
beam, this was done in ten of the test beams to isolate the effect of draped

wires alone. Six different drape angles were used, varying from zero to ten



3
degrees. The behavior of a beam with both straight and draped wires should
lie scmewhere between the extreme conditions of a beam with straight wires only
and one with draped wires only. To confirm this idea, four beams with only

some of the wires draped were tested.

1.3 Acknowledgments
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of Commerce, Bureau of Public Roads.
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committee on which the following persons have served during the period covered
by the work described in this report: E. L. Erickson and Harold Allen, repre-
senting the Bureau of Public Roads; W. E. Chastain, Sr.; W. J. Mackay, and
C. E. Thunman, Jr., representing the Illinois Division of Highways; and C. P.
Siess and N. Khachaturian representing the University of Illinois.

The project has been under the general direction of Dr. C. P. Siess
and the immediate direction of Dr. M. A. Sozen.

This report was written as a thesis under the direction of Dr. Siess,
and his assistance in planning the tests and his helpful comments are grate-
fully acknowledged. Credit for assistance in the development of equipment
and analysis and critical study of the manuscript of this report is due Dr. M.
A. Sozen. Appreciation is expressed to C. J. Fleming, N. M. Hawkins, Research
Assistants In Civil Engineering and G. Tiezzi, Student, for their aid in con-
ducting the tests, reducing data and preparing figures. Special thanks are
given to Wyck McKenzie, Junior Laboratory Mechanic in Civil Engineering, for

his aid in fabricating specimens and equipment.
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The wire reinforcement was furnished without charge by the American

Steel and Wire Division of the United States Steel Corporation.

1.4 Notation

The symbol M is used for moments on a beam and V denotes the shear
in one shear span. These symbols may have the subscripts: ¢, referring to
conditions at the formation of the inclined crack; 4, referring to the upward
force caused by draping the wires; f, referring to the computed flexural capa-
city of the beams; and u, referring to the conditions at ultimate loads. The
symbol f is used for stress.

Cross-Sectional Constants and Beam Properties

AC = gross area of cross section
AS = total area of longitudinal reinforcement
, Av = area of one stirrup

b = top flange width

b? = web thickness

d = effective depth of the reinforcement in the flexure span
E = modulus of elasticity of steel

s = spacing of stirrups

¢ = angle of drape = angle between the horizontal and the draped
wires

TIoads and Stresses

fé = compressive strength of concrete determined from 6- by 12-in.
control cylinders

f_ = modulus of rupture of concrete determined from 6- by 6- by 2L-in.
control beams loaded at the third-points over an 18-in. span

= effective prestress
f, = assumed tensile strength of concrete

F = effective prestressing force



M = applied bending moment at inclined tension cracking

M' = computed bending moment at inclined tension cracking for a
beam with straight longitudinal reinforcement

Mf = ultimate bending moment for flexural failure

Mu = ultimate moment measured in test

Pc = applied load at inclined tension cracking

Pf = applied lcad at flexural failure

Pu = applied load at ultimate load

VC = applied shear at incliﬁed tension cracking

Vd = upward component of prestressing force

Vﬁ = net shear or effective shear at inclined cracking

Dimensionless Quantities

P = As/bd = reinforcement ratio
_ ]

Q =EDp/f]

Ir =

Av/bé = web reinforcement ratio
¥



II. MATERTALS, FABRICATION, AND TEST SPECIMENS

2.1 Materials

(a) Cement. Marquette Type III Portland Cement was used for all
the beams presented in this report. All the cement was purchased in paper
bags from local dealers and stored under proper conditions.

(b) Aggregates. Wabash River sand and pea gravel were used in all
the beams. Both aggregates have been previously used in the laboratory and
have passed the usual specification tests. The maximum size of the gravel
was 5/8 in. The absorption of both fine and coarse aggregate was about one
percent by weight of the surface dry aggregate. Sieve analyses of the aggre-
gates are given in Table 3.

The aggregates were from a glaclal outwash of the Wisconsin glacia-
tion. The major constituents of the gravel were limestone and dolomite with
minor quantities of quartz, granite and gneiss. The sand consisted mainly of
quartz.

(c) Concrete Mixes. Concrete mixes were designed by the trial batch

method for a seven-day compressive strength of 3,000 psi and a slump of 3 in.
Two batches were used in each beam, Batch I being in the lower half of the
beam. Table 4 lists the proportions of the concrete batches used in each

beam along with the slump, compressive strength, modulus of rupture, and age
of test. Proportions are in terms of oven dry weights. The compressive
strength, fé, is the average strength of a minimum of four 6- by 12-in. control
specimens. Values reported for the modulus of rupture, fr’ are results of
tests of 6- by 6- by 20-in. control beams loaded at the third-points of an -
18-in. span. The concrete strength and modulus of rupture were determined

immediately after testing each beam.



In Fig. 3, the modull of rupture are compared with compressive
strengths. Since a measure of the tensile strength of the concrete in each
beam was necessary for the interpretation of the test results, and since the
scatter in the data did not warrant the use of the results of individual
control beams, the statistical expression used by Sozen (3) was selected to
represent the test data. For concrete with small-size coarse aggregate this

expression was:

000
e (1)
Lo+ 12,000
f!

c
The tensile strength of the concrete 1s assumed to be two-thirds of the modulus
of rupture as expressed by Equation (l), since no tests were made to determine

the tensile strength directly.

(d) Prestressing-Wire. Steel designated as Lot XI and Lot XII

were used as prestressing reinforcement for the beams. This was manufactured
by the American Steel and Wire Division of the United States Steel Corporation
and is designated by the manufacturer as "Hard Drawn Stress-Relieved Super-Tens
Wire™. The following steps were involved in its manufacture: hot rolling, lead .
patenting, cold drawing, and stress relieving. The wire was delivered in coils
gbout 54 in. in diameter and weighing approximately 260 1b. The diameter of
the wire itself was measured to be 0.196 in. The following heat analyses

have been furnished by the manufacturer:

Lot
No. Carbon Manganese Phosphorus Sulfur Silicom
XTI 0.85% 0.65% 0.010% 0.027% 0.18%

XTI 0.88% 0.79% 0.024% 0.033% 0.25%
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To improve the bond characteristics, all wires were first wiped with
a cloth dipped in a hydrochloric acid solution and then placed in the moist
room for a week to rust. This operation produced a slightly pitted surface.
Insulating tape was wrapped around the wire at the intended locations of
electric strain gages before rusting. All wires were cleaned with a wire
brush Just before use to remove loose rust.

Samples cut from different portions of the roll were tested in a
lE0,00G-lb capacity Baldwin hydraulic testing machine. Strains were measured
with an 8-in. extensometer employing a Baldwin "microformer” coil and were
recorded by an automatic recording device. The extensometer was removed from
the specimen at abouf 2.5 percent strain to prevent damage to the instrument.
The average stress-strain relationships for Lot XI and Lot XII wires are shown
in Figs. 4 and 5.

(e) Stirrup Wire. Beams M10 and M1l had No. 8 black annealed wire

stirrups. The wires were rusted and samples were tested in the same way as
indicated for the prestressing steel. The stress-strain relationship for

this wire is shown in Fig. 6.

2.2 Description of Specimens

A1l the test beams were 10 ft long and nominally 6 by 12 in. in
cross-section. Fourteen beams had 3~in. webs, one had a 1 B/h-in. web and
one wasg rectangular in cross-section. The nominal dimensions are shown on
Fig. 1. The end blocks were about 12 in. long. The beams without web rein-
forcement had prestressed external stirrups to prevent complete failure of
the end block. Two of these stirrups were used in each beam, one at each end
immediately on the outside of the reaction block.

Single wire reinforcing was used iﬁ all beams. The minimum vertical

and horizeontal spacing between these wires was maintained at 0.75 in. and



0.70 in. respectively. This spacing corresponds to that used by Sozen (5)
and Hernandez (4). In all cases the wire profiles consisted entirely of
straight line segments, the wires being bent only at the end plates and at
the third-points of the span. In all beams the prestressing wires were
parallel and horizontal in the flexure span. The center of gravity of the
wires in the flexure span was at two inches above the bottom of the beam
unless otherwise noted below. For the beams with eight wires, the lowest
wires were thus 1 5/8 in. above the bottom of the forms while in the beams
with six wires this distance was 1 3/4 in.

The prestressing wires were either all draped parallel to one
another or some of the wires were draped and the rest of the wires straight.
In all, nine drape profiles were used. These are described in Table 2 and
Fig. 2 and will be referred to using the letter symbols given there. The
center of gravity of the longitudinal steel over the support for drape pro=-
files B, C and E passes through the lower kern point, the mid-height and the
upper-kern point of the I-section, respectively. In the following sections
these particular profiles are sometimes referred to in short as lower kern
point dirzpe, mid-height drape, and upper kern point drape.

W=t reinforcement was used in beams M10 and M1l. The spacing and
dimenciosns ¥ the stirrups are shown in Fig. 7. The details of the stirrups
were crooor. 10 be similar to those in beams G19 and G30 tested by Hernandez
(k). Twe location of each stirrup was shifted 2 1/2 in. from the correspond-
ing positiorn in G19 and G30. The spacing was kept at 5 in., however.

In general, bridge members have a greater span to depth ratioc than
the beams in this test series. This, in turn, restricts the angle of drape
possible in a bridge beam. The maximm angle of drape used in the Northern

Illinois toll-road bridges was approximately 8.25 deg. with the horizontal
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for the draped wires, but only about 1.67 deg. for the center of gravity of
all the steel. The cross-section of the test beams are similar to bridge
beams except that the latter usually have cast-~in-place decks. The ratios
of web thickness to lower flange thickness of the AASHO standard sections
range from 0.3%08 to 0.375 compared to 0.50 for the 3-in. I-beams of this

test series and 0.29 for the 1 3/4-in. I-beam.

2.3 Prestressing and Draping

(a) End Details of Wires. A threaded end anchorage was used on

the wires of all the beams during the prestressing operation. After release,
no end‘anchorages were used. The threaded anchorages consisted of a special
heat-treated nut screwed on the threaded end of a prestressing wire. Wires
were threaded 24 threads to the inch for about three inches on each end in
an automatic threading machine with specially heat-treated chasers.  The
threads on the wires were cut to provide a medium fit with the threads in
the nuts.

The nuts were specially made in the laboratory machine shop. They
were subdrilled with a No. 16 tap drill and tapped with a standard No. 12,
2L threads to the inch, tap. The thread cut on the wires to fit a No. 12
thread in the nut was sufficient to develop at least 190 ksi in the wire.

The nuts were 5/8-in. long and hexagonal in cross-section. They
were made from hardened "Buster” alloy punch and chisel steel having the
following composition limits: carbon, 0.56 to 0.60 percent; silicon, 0.60
to 0.80 percent; chromium, 1.10 to 1.30 percent; tungsten, 2.00 to 2.30 per-
cent; and vanadium, 0.20 to 0.30 percent.

(b) Tensioning Apparatus. Since the beams in this series were

all pre-tensioned, a prestressing frame was necessary to provide a reaction

for the tensioning force. The frame consisted of two 11 ft 6 in. lengths
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of extra-heavy 3-in. diameter pipe and two bearing plates, 2 by 6 by 20 in.
It was bullt to fit around the form for the beam. The bearing plates had six
rows of 0.206-in. diameter holes to accomodate the various positions of the
wires. The holes were 0.70 in. apart horizontally and 0.75 in. vertically.

A thirty-ton capacity Simplex center~hole hydraulic ram operated by
a‘Blackhawk punp was used to tension the wires. 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 5/8-in. diameter rod. The thrust was trans-
ferred from the ram to the rod through washers and a nut. The rod in turn ex-
tended through the center hole in the ram and was directly connected to the
wires by means of a heat-treated nut Weldéd 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 frame.

(c) Draping Apparatus. The reinforcing wires were tensioned in

their uppermost position and then were pulled down to their final position by
two draping saddles, one at each third-point. The draping saddles consisted
of two long threaded 3/8-in. diameter rods with two 2 1/2-in. lengths of 1/2-in.
diameter rod welded across them at one end (see Fig. 8). The cross-bars and
the threaded vertical rods were dimensioned 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 provision was made for longitudinal move~
ments of the wires during draping since the saddles were flexible enough in that
direction. This caused no trouble in draping the wires.

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

two 15=-in. channels. The form and beam are shown in Fig. 9. This beam was
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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 rods. A hydraulic Jjack was used to pull down the saddles for
the higher drapes.

(d) Measurement of Prestressing Force. The tensioning force in each

wire was determined by measuring the compressive strain in cylindrical aluminum
dynamometers slipped on the wire between the nut and the bearing plate at the
end opposite to which the tension was applied. The dynamcometer consisted of a
2-in. length of 1/2-in. aluminum rod with a 0.2-in. diaméter hole drilled
through its center. Strains were measured by means of two Type A7 SR~k elec~-
tric strain gages mounted on opposite sides of each dynamometer and wired in
series. 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 occur. The dynamometers were calibrated using the 6000-1b range of
a 120,000-1b capacity Baldwin hydraulic testing machine. The calibration con-
stants of the dynamometers were very nearly the same; the strain increment
necessary to measure a tensioning stress of 120 ksi in the wire was about 2000
milliontks. This large increment of strain allowed a precise measurement of
stress in tae wires, since the strain indicator used had a sensitivity of two
or three =illionths.

Sirains in the wires were measured by means of Type A-7 SR-4 electric
strain gage:s mounted at various points along the beam. Measurements taken dur-
ing draping showed that for all the beams instrumented in this way, the average
stress at the Jjacking end and at the dynamometer end were 100 and 101 percent,
respectively, of the stress in the flexure span. For this reason, beams M9

through M16 had electric strain gages at midspan only.
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(e) Tensioning, Draping and Releasing Procedure. The longitudinal

reinforcement was tensioned in the prestressing frame prior to draping and cast-
ing. The ends of the wires were slipped through the draping saddles, the end
plates of the form, and through the bearing plates of the prestressing frame.
The dynamometers‘were then slipped onto one end of the wires and the anchoring
nuts were put on each end of the wire. The wires were tensioned individually
to the desired stress less the increment of stress which would be added by
draping the wires. An allowance was made for the elastic shortening of the
prestressing frame. In drape profiles D and E, the draping process alone would
have stressed the wires to more than 120 ksi and it was necessary to release
some stress at intervals to maintain the desired prestress in the finished beam.

After initial tensioning, the prestressing frame and wires were trans-
ported to the form and the ends of the saddles were fitted through holes in the
bottom of the form. The end plates were bolted to one side form to prevent
being pulled out of line during the draping procedure. The other side form was
not in place during draping to facilitate measurement of the height of the
wires. The wires were then pulled down into position with saddles. Dynamometer
and steel strain readings were taken before and after the draping operation. As
noted in Section 2.5(d), there was no significant variation in stress from one
part of the beam to another.

Two days before testing, the tension was released, ends first and
drape last. Dynamometer and steel strain readings were taken before and after
release.

Minor difficulties were encountered in prestressing the beams with
only some of the wires draped. BSince the wires to be draped and the straight
wires were at opposite edges of the bearing plates, the bearing plates pivoted

slightly against the ends of the pipes as the straight wires were prestressed.
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This trouble was most noticeable with drapé profile Z in which the draped wires
gained most of their stress as they were deflected into position.
The force required to drape the upper-kern point beams was practically
equal to the capacity of the threads of the draping saddles and in one case they

were stripped.

2.4 Casting and Curing

A1l the beams in this test series were cast in metal forms. The side
forms were made from 12-in. channels bolted securely to the stiffening beam
described in 2.5(c). The form and stiffening beam are shown in Fig. 9. Re-
movable metal inserts bolted to the side forms were used to form the webs of
the beams tested.

A1l concrete was mixed from three to six minutes in a non-tilting
drum type mixer of six cubic feet capacity, and was placed in the form with
the aid of a high frequency internal vibrator. Each beam required two batches,
the first batch f£illing the lower half of the beam. Six 6 by 12 in. control
cylinders and one 6 by 6 by 20 in. 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 paste. The forms of the
beam and 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
three to five days before testing to allow the concrete surface to dry before

electric strain gages were applied.
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IIT. INSTRUMENTATION, LOADING APPARATUS, AND TEST PROCEDURE

3.1 Instrumentation

Strains in the wires were measured with Type A-7 SR-L4 electric strain
gages which have a nominal gage length of l/h in. and a wminimum trim width of
3/16 in. They were chosen for their narrow width, short length, and flexibility.
The gages were placed at midspan on one wire in each layer of steel. In beams
Ml tc M8 gages were also provided in the shear spans at three inches from the
- point of draping. The location of the steel strain gages 1s shown in Fig. 10.

The surface of the wire was prepared far gage application by using
fine emery cloth and acetone. The gage was mounted with Ducoc cement. After
several hours of air drying, heat lamps were used to speed the drying of the
cement. Following this, while the wire was still warm, a layer of wax was
applied on the gage to protect 1t from moisture. The gage was then wrapped
with one layer of electric tape. Lead wires were soldered on and the whole
assembly was wrapped again with electric tape. Because the beams were preten=-
sioned it was necessary to waterproof the gages carefully since they would be
in contact with wet concrete. Waterproofing was accomplished by pouring melted
petrolastic into a preformed tin container 1 1/2 by 1/2 by 1/2 in. which was
attached tb the reinforeing wire.

Strains in the concrete at the top of the beam were measured with
Type A-3 SR-4 electric strain gages. These gages had a nomiﬁal gage length
of 5/& in. and a width of 5/8 in. A portable grinder was used to smooth the
top surface of the beam at the desired locations. A thin layer of Duco cement
was applied to the smooth surface and allowed to dry for several minutes. A
layer of Duco cement was then applied to the gage and it was mounted in place.

Care was taken to remove all air bubbles from under the gage. The concrete
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gages were mounted two days before the test. Neo waterproofing or curing was
used. The position of the top concrete gages is shown in Fig. 10.

Strains were read to the nearest 10 millionths with a Baldwin porte
able strain indicator. Dummy gages for temperature compensation were mounted
on untressed steel blocks.

Deflections at midspan and at eéch third~point were measured with
0.001~in. dial indicators. The indicators were mounted on posts attached to

a steel channel which spanned between the plers supporting the beam.

3.2 Loading Apparatus

A1l beams were tested in a specially constructed frame employing a
30-ton capacity Simplex hydraulic ram operated by a Blackhawk pump. Details
of the frame are shown in Fig. 11. The hydraulic Jjack was used to apply de-
formation and a 50,000-1b capacity elastic ring dynamometer was used to measure
the corresponding loads. The dynamometer was equipped with a dial indieator
that was calibrated at 111 1b per division.

The beam rested on two 6 by 8 by 2-in. bearing blocks attached to
the bottom of the beam with hydrocal. These in turn rested on a "half round®”
at one end and a roller at the other. The loading blocks were alsoc 6 by 8 by

2-in. plates but these each rested on L-in. squares of leather. Leather was
used rather than hydrocal sc that electric strain gages could be placed close

to the point of loading.

3.3 Test Procedure

The failure load was usually reached in five to ten increments of
load. Load and deflection readings were taken on the run during each increment
of load. After a load increment, all deflection and strain measurements were
taken and the cracks were marked. Leoad and mid-span deflection were measured

again immediately before the resumption of loading since a drop-off in
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load and an increase in deflection occurred during the interval between load
increments.

Usually there were two to three Increments of load up to the flexural
cracking load. After flexural cracking, small increments based’on deflection
were applied, the rate of loading depending on the development of the crack
pattern. The beams were loaded until they ruptured completely or failed to
develop increased resistance to large deformation. Control specimens were

tested immediately after the beam test.

3.4 Measured and Derived Quantities

During prestressing, draping, and release, the prestress was measured
by the dynamometers on the wires. The uniformity of the stresses in the three
segments and the elastic losses were checked by the strain gages on the wires.

During loading, the appliéd load was measured by an elastic ring dy-
namometer, deflections by dial indicators, and concrete and steel strains by
SR-4 strain gages. The cracks were marked at each load increment and photo-
graphs were taken at the end of the test. After failure, the web thickness
and other dimensions were measured. After each beam was tested, the control
cylinders and beams were tested for compressive strength, modulus of elasti-
clty and modulus of rupture.

From the measured quantities the following information was derived:
the prestress was determined from the dynamometers and the measured elastic
losses and was checked using the flexural cracking load. The measured elastic
losses were compared toc computed elastic losses. The distribution of top

concrete strains was determined. The moments and shears in the beam were

computed.
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IV. BEHAVIOR OF TEST BEAMS

4,1 Definition of Flexural and Shear Failures

A flexural failure is one due to bending stresses only. In the type
of beam tested, such a failure would be expected to occur by crushing of the
concrete over a crack within the constant moment section of the beam. Strains
over the depth of the beam at the section of failure remain nearly linear
throughout the l;fe of a beam failing in flexure.

Shear failures result from a combination of bending and shear stresses.
Such a failure is characterized by a major inclined crack in the shear span ex-
tending upward toward the peint of loading. This crack disrupts beam action and
results in a failure load smaller than the flexural capacity of the beam. The
reduction in strength caused by the inclined crack depends on the properties
of the beam. Inclined tension cracking and the different modes of shear

failure are described in Section L4.3.

L.2 Flexural Failures

As a prestressed concrete beam is loaded to failure in flexure, its
behavior goes through two distinct stages. In the first stage, before crack-
ing, the beam behaves "elastically". The first flexural crack forms near
midspan and is followed by similar cracks throughout the constant moment
region. With the formation of these cracks, the stiffness of the beam de-
creases, and the beam enters the second stage of behavior. One or two
flexural cracks may form in the shear spans as loading is continued. Further
loading causes the neutral axis to rise higher in the beam until failure
occurs by crushing of the concrete above one of the flexural cracks. If the
steel percentage is small or moderate, the steel stress at fallure will exceed

the proportional 1limit and the failure will be gradual and gentle with ample
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warning. For very small steel percentages, fracture of the steel may precede
crushing of the concrete.

Two beams of the series described in this report, beams M9 and ML13,
exhibited typical flexural failures. The ductile behavicr of these beams
under load is shown by the shape of their load-deflection curves in Fig. 12.
Before flexural cracking, the curves are stralght and steep. After cracking
the stiffness of these beams decreased greatly as shown by the second portion

of the curves.

4,3 Shear Failures

(a) Inclined Tension Cracks., The inclined cracks which develop in

a region of combined shear and moment are called "inclined tension cracks”.
The initiation of inclined tension cracks is discussed in Section %.3(b).
These cracks cause a major redistribution of stresses and change the behavior
of the member from beam action to a type of arch action in the region of the
crack.

In a beam without stirrups, only the component of the inclined ten-
sion stresses in the direction of the longitudinal steel can be resisted by
reinforcement. Therefore, an inclined tension crack develeps more rapidly
and extends higher than a flexural crack, decreasing the depth of the compres-
sion zone.

For a given angle change in a beam with an inclined crack, the com-
pressive concrete strains are concentrated in a short length of compression
zone above the highest part of the inclined crack, while the steel strains are
distributed over a length at least equal to the horizontal projection of the
crack. Thus, the strains at the crack are noc longer linear over the depth of
the beam. Sozen (3) has shown that the steel strain after inclined tension

cracking may be from 30 percent to as low as one percent of that required for
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a linear distribution of strains at the cracked secticn. If the beam splits
along the reinforcement in the vicinity of the crack, the steel strains are
distributed over a still greater length of reinforcement and the strain incom-
patibility is more pronounced at faiiure.

The definition of inclined tension cracking used in this report is
based cn the phencmencn of non-linearity of strains. The method cof determining
the inclined tension cracking load is illustrated in Fig. 13 which compares the
measured increase in steel strains to the measured concrete strains at various
points along the top of beam Mi5. The steel strains are those occurring at the
center of the flexural span. This location was chosen since it was not possible
to measure the steel strains at the inclined tension crack. However, since the
steel strains should be relatively constant throughout the flexure span, it
was deemed feasible to compare the critical concrete strains with the steel
strain at midspan. This assumption was further justified by the facts that
trends rather than exact values were sought and the steel strain gage at mid-
span was almost always located at a cracked section.

Curves A, B and C 1In Fig. 13 represent conditions at the gage loca-
tions shown in the sketch of beam Mi15. In the two initial stages of behavior
before inciined tension cracking, the relationship between concrete and steel’
strains is linear and approximately similar for all three locations. After
flexural cracking, gage B, subjected to pure flexure, maintained a constant
ratic cf strains throughout the remainder of the test. As can be seen from
the sketch of the beam, inciined tension cracks opened below gages A and C.
This is reflected by the second major change in sliope of lines A and C on Fig.
13. At the load corresponding to the break in the curve, the concrete strains
at A started to increase more rapldiy than the steel strains. This Zcad has

been defined as the inclined tension cracking lcad. An incliined crack aliso
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formed at end C. The ultimate failure of this beam was caused by crushing
immediately under gage A.

In many cases the inclined tension cracking load was clearly evident
since the crack opened suddenly to its full height. It was only necessary to
use the above procedure to determine the inclined cracking load when the in-
clined crack developed gradually'from an initisting flexural crack in the shear
span. |

The non-~linearity of strainévat the Inclined tension crack obviously
limits the steel stress which may be utilized to resist the applied moment.
Therefore, a much larger rotation of the section at the inclined crack is
required to preserve equilibrium for each increment of moment than would be
required at a vertical flexural crack. Since crushing occurs when the compres-
sion strains reach some limiting value, failure at an inclined crack will occur
at a lower load than at a flexural crack. This type of failure is called a
Y"shear-compression' Failure. A beam with drgped wires is at a disadvantage in
resisting moment at an inclined crack because the moment arm of the steel force
has been reduced by raising the center of gravity of the steel.

Since a beam is primarily a flexural member, its dimensions are
chosen on the assumption that the ultimate failure of the beam will be in
flexure. I, however, an inclined temsion crack and its subsequent strain
concentrations develop before the flexural capacity is reached, a weaker beam
will resul=. The failure will be more brittle than a flexural failure and
there will ze less warning of the impending failure. If the inclined tension
crack opens at approximately the same load as the flexural failure load the
beam will most likely fail in shear. In this case, however, there will be
little difference in the deflections and ductility at ultimate load, whether

the beam fails in flexure or shear. If there are no inclined tension cracks
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in the beam at the ultimate flexural load, the beam cannot fail in shear since
an inclined tension crack is necessary for a shear failure. In general, beanms
with high ratios of longitudinal steel percentage ta concrete strength, moderate
effective prestress levels, thin webs, and short shear spans develop shear fail=-
ures at léads lower than their flexural capacities. On the other hand, there
is less difference between the ultimate loads for shear of flexural failures
for beams with low ratios of longitudinal steel percentage to concrete strength,
high effective prestress levels, relatively thick webs and long shear spans.
For such beams, the flexural failure load may be less than the load necessary
to cause inclined temsion cracking. The beams most commonly used in present
construction resemble the latter group.

(b) Development of Cracks. Until the formation of inclined tension

cracks, the behavior of a beam failing In shear is essentially similar to that
of a beam failing in flexure. Flexural cracks occur in the constant moment
region and, as the load is increased, flexural cracks and/or inclined tension
cracks develop in the shear spans.
Generally, the inclined tension crack may originate in three ways:
1) A flexural crack in the shear span may produce a state of stress sufficient
to cause inclined tension cracking in the uncracked portion of the beam above
or ad jacent to the flexural crack. 2) bThe original inclined tension crack may
originate in the web before flexural cracking, if the prinecipal tensions in
the web are large enough. 3) The initial crack may form at the juncture pf
the upper flange and web near the support, if very high prestresses at large
eccentricities are used in combination with thin webs. The latter type of
cracking has been designated "Secondary Inclined Tension Cracking" by Sozen (3).
The dimensions of most of the beams tested in this series were such

that inclined tension cracks resulted most commonly from a flexural crack in
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the shear span. This crack usually occurred within a distance equal to the
depth of the beam from the peint of loéding, and grew vertically as far as the
longitudinal reinforcement. As the crack extended above this height, it bent
over toward the load point. In some beams the initial crack and 1ts subsequent
development constituted the inclined tension crack (Fig. 14) and in others it
merely acted as a stress raiser to cause the formation of a true inclined ten-
sion crack (Fig. 15). In further discussions the initial flexural cracﬁ in
the shear span which appears to influence the formation of the inclined tension
crack will be referred to as the "initiating crack” and the inclined tension
crack causing the failure will be referred to as the "major inclined tension
crack”.

Of the sixteen beams tested in this series, eight developed an initi-
ating crack before the major inclined tension crack. In two of these beams
(M2 and M10; see Fig. 1L4) the inclined tension crack was an outgrowth of the
original initiating crack. In six other beams, the initiating crack developed,
crossed the tension steel, and benf over toward the load point. Immediately
before the inclined crack formed, the Initiating crack triggered splitting
along the steel which in turn triggered the inclined tension crack. The steel
between the two cracks, and often throughout the shear span, was unbonded by
this splitting. Splitting at the level of the steel was most noticed with
drape profile C and was somewhat retarded in drape profile B since the angle
-of drape was small in the latter case and the wires were in the lower flange
at the location of the initiating crack. In one of the beams which developed
the so=-called initiating crack, there did not appear to be any relation between
the initiating crack and the inclined tension crack.

In beam M7, the only beam with a small ratio of web to flange thick-
ness, the first cracking occurred in the web as a result of principal tensions.

(See Fig. 16).
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"Secondary inclined tension cracking" did not occur in any of the

beams tested.

(c) Observed Modes of Shear Failure. After inclined tension ceracking

the linear relationship between concrete and steel strains ceases to exist since
the concrete strains are concentrated at the end of the crack while the steel
strains are distributed over a length at least equal to the horizontal projec-
tion of the crack. Thus, a small increase in steel strain will be accompanied
by a proportionately larger increase in concrete strain in the compression zone
over the crack. When the concrete strains reach a limiting value, crushing
occurs, destroying the beam. This type of failure is called a shear-compression
failure and is discussed more fully by Sozen (3).

If the prestressing steel becomes unbonded in the neighborhood of
the inclined tension crack, the incompatibility of strains is magnified even
more since the length over which the steel strains are distributed is increased
by the additional unbonded length. In the majority of the beams tested, cracks
occurred along the steel in the vicinity of the initiating crack during the
interval between initiating cracking and the formation of the major incliined
tension crack. In the average beam in this test series a third to a half of

the shezr zrzr was unbonded by these cracks when failure occurred.

inclirned cr=c: formed. lthough crushing was not usually present at failure,
this was pzrily due to the drop~off in load resulting from the hydraulic loading

system used.

4. Behavior of Beams With All Draped Wires

Ten beams with all the wires draped were tested (ML to M6, Mi0O, Mi12
to MiLt). Of these, one (M10) had web reinforcement and one (M1) was damaged

in casting (see Fig. 2 and Table 2).
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The behavior of these beams differed considerably depending on the
drape profile. The beams with straight wires and upper kern point drapes
represented the extremes in behavior. Except M13, which failed in flexure,
and M6 and M1h4 which had very high drapes, all the beams with all wires draped
developed initiating cracks. The principal difference in behavior for the
different drapes was the rate at which the major inclined tension crack devel~
oped and its location. The mumber of wires (6 or 8) did not appear to affect
the manner of crack development observed in these tests.

The different stages in the behavior of this series of beams are
discussed below. Various drape profiles are considered and the behavior is
compared to beams M15 and M16 which had straight wires.

(a2) I~Beams. For all beams with either straight or draped rein-
forcement, the first flexural cracks occurred in the flexure span at loads
which could be computed on the basis of an uncracked section analysis. Subse-
guent flexural cracks developed in the shear span. These cracks extended
rapidly and vertically to the longitudinal steel. The position of the flexural
cracks in the shear span differed from beam to beam; in beams with high drapes
the initiating crack occurred farther from the load point than in béams with
low drapes. In each location the load at cracking was lower than would be
required to crack a simiiar beam with straight wires.

The behavior of the beam after formation of the initiating cracks was
a function of the drape profile., Beams with straight wires had about a 23 per-
cent increase in load in the interval between the formation of the initiating
crack and the development of the major incliined tension crack. In these beams
(M15 and M16) the major inclined crack crossed the reinforcing steel outside

the load point at a distance approximately equal to the over-all depth of the
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beam from the load. Fig. 17 compares the locations of the initiating cracks
and major inclined cracks and the drape angles for beams M2 through Mi6.

The beams with low drape profiles behaved very similarly to the
beams with straight wires. There was a similar increase in load between the
initiating crack and the major inclined tension crack, the average increase
in load being approximately 25 percent. The major crack occurred at about the
same place in these beams as in beams with straight wires. Beam M2 is shown
in Fig. 14(v).

For the beams with high drape profiles the vertical crack and the
ma jor inclined tension crack appeared simultaneously. Although it was not
possible to observe where the crack did start, there are indications that the
crack started in the web. The major inclined tension crack crossed the steel
at a location about 1.5 times the over-all depth outside the load point.

Five beams with mid-height drapes were tested, two failing in a
manner similar to beams with high drapes and three failing in the same manner
as beams with low drapes. In the latter, the load increased 6 percent in the
interval between the appearance of the initiating crack and the formation of
the major inclined tension crack. The major inclined tension cracks crossed
the steel at a loéation about 1.5 times the over-all beam depth outside the
load point.

The relative ductility of beams with all wires draped and various
drape profiles is indicated by the load-deflection diagrams plotted in Figs.
18 and 19. Fig. 18 shows the behavior of all the test beams with eight wires,
all draped. The load deflection curve for beam BL tested by Billet (5) has
been included in Fig. 18 to show the relative ductility of a similar beam

failing in flexure. This beam had enough stirrups to ensure a flexural failure.
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Fig. 19 presents the load-deflection curves for all the beams with six longi-
tudinal wires including M13 which failed in flexure.

Splitting along the steel was a major factor in the behavior of beams
with draped reinforcement. With only three exceptions, all the beams with all
wires draped cracked along the tension steel. This was especially serious with
the high drape profiles which had draped steel passing through the web of the
beam. The rate of splitting depended on the height of drape. Beams with high
drapes split faster than beams with low drapes.

According to Sozen (5), an I-beam with a 3-in. web, straight steel,
and steel percentages equalto those used in this test series would carry about
10 percent more than the inclined tension cracking load before failing in shear
compression. Beams M15 and M16, both of which had straight wires, failed at
a load 5 percent greater than the inclined tension cracking load. Only one of
the I-beams with all wires draped (ML) developed shear-compression failure.
This beam had a lower kern point drape. The increase in load beyond inclined
tension cracking for this beam was 8 percent. The average increase for all
the beams tested was 5 percent. However, many of tlebeams failed at the in-
clined tension cracking load.

(b) Rectangular Beams. Since many of the I-beams initially cracked

ét the point where the prestressing wires entered the web there was some ques-
tion as to whether the rapid develicpment of these cracks was due to stress
concentrations. For this reason a rectangular beam (M12) was tested. This
beam had eight wires draped to mid-height over the support. In testing, one
end broke very suddenly leaving the remainder of the beam undamaged. After
removing the beam from the testing frame, the cracked portion was removed and
the beam was retested on a 64-in. span with a single load at midspan. These

beams are referred to as Mi2 and Mi2a, respectively. In beam Ml2a one shear
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span had draped wires and the other had straight wires. Beams M12 and MlZa
are shown in Fig. 20. The cracks in beams M12 and Ml2a are also shown in this
figure. The numbers beside the cracks refer to the load increment which caused
the crack to extend to the point marked.

Beam M12 developed a flexural crack in the shear span at a very low
load. This crack grew very rapldly and caused some splitting. Further load-
ing caused a major inciined tension crack, and failure. At failure there were
only two minor cracksin the flexure span of the beam. The load deflection dia-
gram for this beam is included in Fig. 18.

Beam Ml2a took more lcad than M12 before cracking. The first cracks
were Tlexural cracks under the loading beam. The first crack in either shear
span was a flexural crack in the draped span. This crack initially rose as
high as the steel. With further loading the crack progressed toward the
joading block, splitting occurred and a major inclined tension crack developed.
Failure was by crushing of the compression zone under the load. At failure

there were no shear cracks of any sort in the shear span with straight wires.

4.5 Behavior of Beams with Both Straight and Draped Wires

(a) I-Beams with 3-Inch Web. Beams M8, M9 and M1l had 3-in. thick

webs and drape profiles X, Y and Z, respectively (see Table 2 and Fig. 2).
MO had a small steel percentage and failed in filexure. This beam has been
discussed in Section L4.2. Beam M1i had web reinforcement.

The first cracks in both M8 and M1l were flexural cracks in the con=
stant moment region. These were followed by initiating cracks in the shear
spans.

Beam M8 failed suddenly due to a major inclined tension crack which

occurred at a load about 12 percent greater than the load causing the initiating

crack. The major crack may not have been affected by the initiating crack since
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it crossed the steel about a foot from the initiating crack. There was no
splitting along the reinforcement in beam M8 prior to the formation of the
major inclined tension crack. This crack did split along the steel, however.
The load deflection curve for this beam is shewn in Fig. 21.

The behavior of M1l was affected by the presence of the stirrups.
The beam split a short distance alcng the steel during the interval between
the formation of the initiating crack and the major inclined crack. A small
amount of crushing occurred above cne of the initiating cracks before the
major inclined crack formed. After crushing started, more locad was applied
before the major inclined tension crack developed. Both the cracking and
splitting may have been affected favorably by the web reinforcement. The
load deflection curve for beam M1l is shown in Fig. 22,

(b) I-Beam with 1 3/4-Inch Web. Beam M7 was the only specimen with

al 3/h-in, thick web. As such, it was the only beam likely to have the ini-
tial inclined tension crack develop in the web since this type of cracking
only occurs in beams with small ratics of web to flange thickness.

The first crack in this beam was an inclined tensicn crack which
originated at the bottom of the web, spread rapidly across the web toward the
load point and also caused splitting along the steel toward the support (see
Fig. 16). The location of this crack coincided approximately with the point
where the draped prestressing wires entered the web. At inclined cracking,
the tension stress at the bottom of the beam was less than the modulus of
rupture and flexural cracking had not yet occurred anywhere in the beam. The
load deflection diagram for beam M7 is shown in Fig. €1, The extremely brittle
nature of this failure 1s clearly evident from the shape of the locad deflection

diagram.
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L.6 Behavior of Beams with Web Reinforcement and Draped Wires

Two beams with stirrups and draped wires were tested. These beams,
M10 and M11l, were thevsame size énd had the same percentage of longitudinal
reinforcement as beams G19 and G30 tested by Hernandez (4). The size, shape,
and spacing of the stirrups were the same in all four beams. The stirrups in
M10 and M1l were offset 2 1/2 in. from their position in G19 and G30 to prevent
interference with the draping saddies. The other properties are listed in the

following table:

Cracking Load Ultimate
Mark fé Drape Failure Predicted Test Load
G19 2900 - F 19.1 20.0 2%.8
M1t Looo Z 5-C 20.8 20,4 2L.6
M10 4200 C 5-C 19.1 17.h4 18.3
G30 5500 - F 20.9 25.2 27.8

Both beams with straight reinforcement failed in flexure, the compression
zone crushing over a crack in the middie of the flexure span. In both cases,
the deflections were quite large when the beam failed. Figure 22 shows the
load-deflection curves for G19, G30, M10 and Mil. As would be expected from
its higher concrete strength, G30 carried considerably more load at failure
than G19 and its deflections were greater also.

Since the concrete strengths of M1O and Mil fall half-way between those
of G19 and G30, it could be expected that 1f flexural failures occurred in MIO
and M11l, the behavior of these beams would also be intermediate between those
of G19 and G30. Beam M10, which had a mid=-height drape (profile C), failed in
shear-compression at a load less than that required to develep inclined tension

cracks in either G19 and G30. Beam M1l cracked at a higher load than M10 but

also failed in shear-compression.
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The initiating crack in M10 crossed the steel about & in. outside the
load point and subsequently developed into the inclined tenéion ecrack. In M11
the first crushing occurred over the initiating crack but, with additional
loading, a major inclined crack formed. Splitting occurred at the level of the
steel in both beams in the interval between the formation of the initiating

crack and the first crushing.
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V. DISCUSSION OF TEST RESULTIS

5.1 Basis for Quantitative Comparison of Observed Inclined Tension
Cracking Loads

The inclined tension cracking loads obtained in this test series have
been compared on the basis of an empirical expression derived by Sozen (3) for
the inclined cracking load of similar prestressed beams with straight wires.

By using such a formula it was possible to eliminate the effect of different
concrete strengths and different levels of prestress in comparing the effects
of draped wires. The expression used was derived from the results of 99 tests
of prestressed concrete beams failing in shear.

Sozen found the most simple and consistent relationship representing

all the above-mentioned test data to be the following expression:

M!? F
_—t -1+ 5 (2)
£ a2 V2 Aoty
t b
where:
Mé = moment at inclined tension cracking defined as the product of

the applied shear at the inclined tension cracking load and

the length of the shear span.
1000

ft = assumed tensile strength of concrete = ;—:f§§§§ for small-
sized coarse aggregates = two- fé
thirds of the modulus of rupture from Eq. (1).

b = top flange width

b = web thickness

d = effective depth

Fse = effective prestress force

A = gross area of cross section
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The dominant variables in the beams reported by Sozen were assumed to
be the geometry of the cross section, the ratio of the shear span to the effect-
ive depth of the beam, the compressive stress exerted by the prestressing force,
and the tensile strength of the concrete. These factors are all included in
the terms of Equation (2).

Equation (2) was originally derived from a consideration of the prin-
cipal tensions in the web of a prestressed beam. It may also be reduced to a
form resembling the expression for the flexural cracking load of a prestressed
beam. An attempt to derive a more "rational" expression for the cracking load
was made in the course of the investigation reported herein but it was not
possible to express the complex development of an inclined tension crack in
terms of a single rational formula. This was especially true when consider-
ing inclined tension cracks influenced in their development by an initiating
crack [see Section 4.3(a)]. It was decided, therefore, that Eq. (2) would be
used to compare the results of the beams discussed in this report.

The average ratio of measured to predicted inclined cracking load
was 1.00 and the mean deviation was 0.074 for the 99 beams used to derive
Eq. (2). For the six beams which had properties similar to those of beams
M1 through Ml6, the average ratio of measured to predicted cracking load was
0.98 with maximum and minimum values of 1.07 and 0.91. The average value of
this ratio for beams with straight wires and web reinforcement was 1.13 (L).
The ratios of the cracking loads for beams M2 through M16 to the loads pre-
dicted by Eq. (2) are shown plotted against the angle of inclination of the
draped wires in Fig. 23. The trend of these data suggests a ratioc of measured
to predicted cracking load somewhat greater than 1.0 for beams with straight
longitudinal reinforcement. This was further borne out by the observed crack-

ing loads for beams M15 and Ml65 both of which had straight wires. Inclined
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tension cracks developed in both shear spans of M15 at loads equal to 1.08 and
1.11 times the predicted cracking load. One crack developed in M16 at a load
equal to 1.03 times the predicted lcad. These results lie well within the
scatter of the original data used to derive Eq. (2), however. Since Eq. (2)
is only used as a means of comparing the relative effects of draped wires on

the cracking loads, the trends observed should be consistent.

5.2 Effect of Draped Reinforcement on Strength of Test Beams at Inclined
Cracking

The main objective of this series of tests was to determine the effect
of draped reinforcement on the shear strength of prestressed concrete beams.

If web reinforcement 1s not provided in a beam failing in shear, the usable

ultimate strength of the beam is the load causing inclined tension cracking.
For this reason it is important to investigate the inclined tension cracking
strength of beams with draped steel.

Figure 23 compares the externally applied load at inclined cracking
with the predicted cracking load from BEq. (2) for various angles of drape. The
measured and computed shears at cracking are listed in Table 5. For each beam,
the angle of drape plotted in this figure is the angle between the center of
gravity of the reinforcement and the horizontal. The scatter in the test
results is especially noticeable with small drape angles. In the previous
section, the scatter for beams with straight wires was mentioned. Four points
have been plotted on the ¢ = O deg. ordinate, representing from bottom to top:
The average ratio of measured over predicted inclined cracking load for six of
Sozen's beams which fell within the range of variables considered in this test
| series, and the cracking load ratios fof M16 and the two ends of M15.

The test results plotted in Fig. 2% indicate that there is a reduction

in the inclined-tension cracking load of a prestressed beam as the drape angle
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of the longitudinal reinforcement is increased. At low drape angles there is
no definite reduction within the scatter band. However, in no case can it be
said conclusively that draping the reinforcement has increased the inclined
tension cracking lcad.

The sclid line has been fitted to the test resulits by cbservation.
The two dotted lines represent plus and minus five percent change in lcad from
the solid line. The majority of the test results fall within this band. Two
of the points plotted in Fig. 23 fall significantly outside this range, how-
ever. The first of these, corresponding to a drape angie of 1.9 deg., repre-
sents beam M7 which developed its first incliined crack in the web. This crack
was probably caused by stress concentrations in the web of the beam at the
point where the prestressing wires entered the web. In the other beams piotted
on this curve, initiating cracks formed prior to the formation of the major
inciined tension crack. Since the cracking mechanism in M7 differed from that
in ail other beams, it is reascnable to expect that the effect of draped wires
on the strength of M7 would be different from the effect of such wires on the
deveiopment of inclined ecracks starting from initiating cracks. The other low
peint in Fig. 23, plotted at 6.45 deg., represents the first test on beam Mi2.

It is Likelv that there was low strength concrete in the region of this beam

where the irn-_ined crack started. The other end of this beam was subsequently
tested =zrnz 1* z2zveioped an inclined crack at a load comparablie to other beams
with thic zr.:- ctrcefiie.

Zru-ing the wires at angies less than about 2 deg. appeared to have

little effect on the shear strength of the beams tested. For drape angies less
than about 2 deg., the draped wires enter the web cnly in the outer ends of the
shear span, if at all. Since splitting along the reinforcement is less likely

to occur if ail the wires are in the lower flange at the point where the
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initiating crack crosses the longitudinal steel, the initiating crack probably
has less effect on subsequent cracking for drape angles less than 2 deg.

So far, the effect of draped reinforcement has been considered only
in relation to the tctal applied shear at a section. Since the reinforcement
itself provides an upward component of force, shear stresses in the concrete
do not carry the entire applied shear. Before lcading, a beam with draped
wires has an upward or negative shear acting in each shear span as a result
of the draped reinforcement. The shear stresses in the shear span beccme zero
after an increment of shear equai to the upward compconent of the prestress is
applied tc the beam. PFurther loading will cause positive shear stresses in the
shear span. Therefore, the effective cr "net” shear force acting in each shear

span at inclined cracking may be stated as:

V.=V, "% (3)
where:
Vn = net shear or effective shear at incliined cracking,
Vc = total applied load shear at inclined cracking,
Vd = upward component of prestressing force.

In computing shear stresses and principal stresses, cnly the net shear need
be considered. If the net shear strength of a beam is independent of the
position of the prestressing force, it may be concluded that draping the rein-
forcement will add to the shear strength of a prestressed beam. It is worth-
while therefore, to investigate the variation in net shear strength as the
angie of drape is varied.

Figure 24 compares the net shear at incliined tension cracking with
the cracking shear predicted by Egq. (2) for various drape angles. Such a plot
isciates the effects of the steel positicn cn the cracking strength of the

section. The pcints plotted on this curve emphasize the marked reduction in
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the net shear strength for beams with draped reinforcement. When the prestress-
ing wires in the test beams were draped through the upper kern point at the
support (@ = 10 deg.), the resulting net shear strength was only 30 percent of
that for a beam with straight wires. This trend would indicate that the portion
of the shear strength provided by the beam itself, over and above the strength
provided by the upward components of the prestress force would be negligible
for beams with the center of gravity of the steel raised at such unlikely angles
as 12 to 1k deg. Such a reduction in strength is reasonable however, because
of the reduction in flexural cracking load in such a beam.

As the wires in a prestressed beam are draped, the eccentricity of
the reinforcement is decreased at every section in the shear span and the pre-
stressing force is less effective in resisting flexural tensions at the bottom
of the beam. Therefore, initiating cracks should form at lower loads in beams
with draped wires than in beams with straight wires. In the beams tested, how-
ever, the location of the initiating cracks also varied, with the result that
when the drape was increased there was actually an increase in the loads
causing the initiating crack. As shown in Fig. 17, there was an increase in
the distance between the load point and fhe point where the initiating crack
crossed the reinforcement as the angle of drape was increased.

Figure 25 illustrates the relationship between the angle of drape
and the different stages in the behavior of a test beam. The curves on this
figure are based on a concrete strength of 3000 psi, a longitudinal reinforce-
ment ratio of 0.003, and a prestress level of 113,000 psi. These values were
chosen to represent the majority of the beams tested. Curve A representing
the inclined cracking load is taken directly from Fig. 23. Curve B represent-
ing the ultimate load is taken from the test results. The location of the

initiating crack used in computing the load causing this crack has been based
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on the lower curve on Fig. 17. As explained above, the change in position of
the initiating crack causes an increase in the cracking locad with increase in
drape angle. This trend is illustrated by the Curve C on Fig. 25. As the
angle of drape increases, however, the effect of the decrease in eccentricity
becomes more lmportant, causing a decrease in the load corresponding to the
initiating crack.

For low drape angles there 1s a considerable increase in load between
the formation of the initiating crack (C) and the inclined cracking load (A).
After inclined cracking, there is a further increase in load before the ulti-
mate load (B) is reached. Fig. 25 indicates that the inclined crack will
occur befeore the initiating crack for drape angles larger than about seven
degrees. For such beams the inclined crack will start in the web. For high
drape angles, inclined cracking causes Iimmediate failure of the beam.

The two beams with very high drapes, M6 and M1k, developed what
appeared to be initiating cracks at 90 and 91 percent of the expected load.
These cracks developed so rapidly, however, that it was nct possible to observe
whether they started in the bottom flange or were a downward extension of an
inclined crack originating in the web. The cracks in M6 and Ml4 crossed the
reinforcement at about the same distance from the load pcoint in both beams.

The lcocation of these cracks did not agree with the linear trend for location
of the initiating crack observed in beams with smaller drape angles and shown
in Fig. 17. On the other hand, the cracks approximately followed the principal
stress trajectories computed for the cracking load using an elastic analysis.
Both these beams had drape angles large enough tc develop the initial inclined
crack before an initiating crack developed (see Fig. 25). It appears there-

fore, that in the beams with high drape angles, such as beams M6 and Mik, the
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inclined tension crack will start in the web, probably in the vicinity of the
prestressing wires, before Initiating cracks can form.

For drape angies less than seven degrees, the increment of load
carried by the beam between the formation of the initiating crack and incliined
tension cracking decreases as the angle of drape is increased. A part of this
decrease may be traced to the effect of the position cf the wires on the speed
at which the initiating crack develops.

After the initiating crack forms, the tension force which was carried
by the concrete before cracking is transferred tc the reinforcing steel. To
carry this force, the longitudinal wires must develop a certain strain which
in turn causes an angle change at the cracked section. The magnitude of the
steel strain and the depth to the steel govern the height of crack which de-
velops. Also, the higher the position cf .the steel in the beam, the larger
the steel stress must be to preserve moment equilibrium at the crack. Thus the
initiating crack grcows rapidly to a greater height in a beam with draped rein-
forcement than in a beam with straight reinforcement since the centroid of the
draped steel is higher in the beam. The higher the initiating crack extends,
the more effect it has on the formation of an inclined tension crack. Therefore,
when the reinforcement is draped, the increment of load between the formation
of the initiating crack and the development of the inclined tensicn crack is
reduced.

The rate at which the beam splits at the level of the steel is also
a function of the height of drape. DBefore cracking, the tensile strains in the
reinforcement are smailer if the reinforcement is close tc the neutral axis of
the beam than if the reinforcement is in its normal peosition. After cracking,
the stress required for moment equilibrium varies inversely as the depth of the

steel below the top of the beam. Thus, in a beam with draped wires there is
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a greater difference in steel stress before and after cracking than in a com-
parable beam with straight wires. This increased stress difference between
the cracked and the uncracked part of the beam results in a larger bond stress
adjacent to the crack. In addition, if the wires pass through the web there
is a definite plane of weakness along which splitting can develop.

In beams with small ratios of web to fiange thickness the first in-
clined tension cracking occurs in the web as a result of principal tensions.
Only one beam in the test series (M7) had a web thin enough tc have this type
of cracking.

If the principal tensions in the web of a prestressed I-beam are
computed by the normal methods cof uncracked sections, it is seen that draping
the reinforcement reduces the tension stresses in the web. The computed prin=-
cipal tensions acting at points along the juncture of the web and lower flange
are shown in Fig. 26 for beam M7 and for a similar beam with straight wires.
These values were computed for the inciined cracking load of M7 and include an
allowance for the effect of local vertical stresses at the loads, reactions,
and draping saddies. The lower curve on Fig. 26 represents the principal
tensions for beam M7. The upper curve represents the same stresses for a
similar beam with straight wires. The computed tensile strength of the con-
crete is about 235 psi for beam M7. These curves indicate that draped wires
reduce the maximum principal tensions in the web of a prestressed beam. In
beams with web tc flange thickness ratios small enough to have the initial
crack start in the web, thé cracking load wiil be increased by draping the
reinforcement uniess the draped reinforcing passes through the web of the beam.

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 reducticn of the concrete section may be sufficient to raise the principal
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tensions at that location to a critical value. In M7 the inclined crack origi-
nated approximately at the point where the reinforcing wires entered the web
(see Fig. 16). The load at inclined cracking was 92 percent of that predicted
by Equation (2). Figure 26 indicates that the computed principal tensions at
the point where the inclined crack started are only 60 percent of the maximum
principal tensions in a comparable beam with straight wires.

A beam with straight wires may fail in shear by "secondary inclined
tension cracking” if the prestress is high and the web is relatively thin.
Secondary inclined tension cracking occurs at the juncture of the web and upper
fiange near the support, causing a very sudden failure. This type of failure
should not occur in beams with draped steel since the maximum effect of draped
wires comes near the end of the beam where this type of cracking cccurs.

Figure 27 compares the maximum principal tension forces at the top of the web
near the support for beam M7 and for a similar beam with straight wires. In
this case the maximum tensile stress is reduced 26 percent by draping. However,
although none of the test beams with draped reinforcement exhibited this type
of failure, similar beams with straight reinforcement would not be expected to
fail by secondary inclined tension cracking either.

To summarize, there was a reduction in the inclined cracking load
when the angle of inclination of the prestressing steel was increased. On the
basis of net shear, this reductiocn was severe. The decrease in cracking locad
appears to be caused primarily by the change in the eccentricity and depth of
the longitudinal force when the wires are draped. In beams with draped wires,
the cracks must extend higher intc the beam before equilibrium is restored than
would be necessary with straight wires. This affects the amount of load which
can be applied between formation of the initiating crack and formation of the
inclined tension crack, and between incliined tension cracking and failure. The

bond stresses are also increased and may cause splitting. When the major crack
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forms, it generally feclliows a stress trajectory which intersects the top of the
web under the load. If the web of a beam is thin with respect to the flange
thickness, inclined tension cracking may originate in the web as a result of
principal tensions. If the steel is draped in such a beam, the principal ten-
sions in the web are lowered unless the draped wires enter the web, in which
case the stress concentrations introduced may be sufficient to cause premature
cracking in the web. Secondary inclined tension cracks should not occuﬁ in
beams with draped wires since the tensile stresses at the top of the beam at

the support are reduced considerably by draping the reinforcement.

5.3 Effect of Draped Reinforcement on Ultimate Strength of a Prestressed Beam

The increment of load that can be appiied to a prestressed beam be=-
tween inclined tension cracking and failure decreases as the wires are draped
since the rotations necessary to preserve moment equilibrium are greater if
the reinforcement is draped and since splitting at the level of the steel is
more l1likely. The observed increase in load after inclined tension cragcking
has been plotted for each beam in Fig. 28. The observed and computed ultimate
moments are listed in Table 6. There is a decrease in the load increment after
cracking as the angle of inclination of the wires is increased. The combined
effect of the decrease in cracking load and the decrease in load capacity after
inclined cracking is indicated in Fig. 25.

When an inclined tension crack develops in a prestressed beam with
draped wires, the upward component of the prestress carries some of the shear
at the cracked section. This affects the development and appearance of the
ma jor inclined crack. After inclined cracking, the shear force in the com~
pression zcone of the beam at the cracked section is only the net shear. When
the load on the beam is increased, only the increase in the vertical component

of the steel stress can be assumed to carry a pocrtion of the increased load.
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In most cases the beams tested split along the prestressing wires at the time
the ma jor inclined crack formed. Since splitting at the level of the steel
tends to minimize the increase in steel stress demanded by a shear-compression
failure as discussed in Section 5.2, the stress in the draped wires increases
very little and they can carry very little additional shear after cracking
occurs.

A shear=-compression failure is caused by excessive rotations at the
section of the inclined crack. DNearly all the changes in behavior caused by
draping the reinforcement in & beam tend to increase the angle changes at the
cracked section and therefore tend to decrease the shear=-compression strength.
Raising the centroid of the steel and the unbonding that is caused by splitting
at the level of the steel both have this effect. The premature development of
inclined cracking observed in these tests merely lowers the load at which the
concentration of strain is initiated.

When web reinforcement is added to a beam with draped reinforcement,
the inciined cracking load is not noticeably affected. After cracking, how-
ever, the web reinforcement restrains the development of splitting, thus de-
creasing fhe length of the tension reinforcement over which the steel strains
at the crack are distributed. At the same time it provides a means of trans-
ferring shear force acrosg the crack and tends to restrain rotation at the
cracked section.

According to Hernandez (M), the amount of web reinforcement required
to prevent shear failure in a prestressed beam with straight wires is propor-
tional to the difference between the inclined cracking lcad and the flexural
failure load. The theoretical and actual web reinforcement ratios for the
beams G19, G30, M10 and Mil and the test results are summarized in the follow-

ing table (see also Section 4.6):
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Mark ro=4/b's Actual Mtest Mu Mc Failur

Actual Balanced Balanced M M_~-M + €

flexure f e

G19 0.280 0.203% 1.38 0.93% 0.97 F
M11 0.280 0.258 1.08 0.89 0.65 S
M10 0.280 0.329 0.85 0.67 0.13% S
G30 0.280 0.306 0.95 0.98 0.8L F

The values tabulated as "balanced" web reinforcement ratios were
computed using Equation (2) to predict the inclined cracking loads. If the
actual cracking loads were used to compute balanced web reinforcement ratios,
beams M10 and M1l need 0.406 and 0.2Th percent, respectively. These values
represent increases of 23 and 6 percent, respectively, over the requirements
computed using the cracking load predicted by Equation (2).

The values tabulated for Mu - Mc/Mf - Mc compare the actual increase
in load after cracking to that which would occur if the beam failed in flexure.
Since this comparison involves the differences of large similar numbers, the
normal experimental scatter is greatly magnified. This is especially true of
G30. The values tabulated have been computed for the actual cracking loads
obgerved. A comparison such as this does not give a true indication of the
efficiency of the web reinforcement since the balanced web reinforcement ratio
depends on the cracking load. This type of comparison shows the relative
effects of web reinforcement on the failure loads of beams of varying proper-
ties.

The tests of M1O and M1l showed that the beams with draped wires
required more web reinforcement than similar beams with straight wires. In-
deed, although M1l had more web reinforcement than the amount required, com-

puted on the basis of the actual cracking load, it only developed 58 percent
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as much load after cracking as was theoretically possible. It is evident that
the web reinforcement was not as effective in these beams as in beams with
straight wires. This may be attributed to the increased amount of rotation
which occurs at the cracked section in a beam with draped wires. The increased
rotations result from the position of the reinforcement and the splitting at
the level of the steel as explained in Section 5.2. Thus, the relationships
derived by Hernandez (4) would not apply to beams with draped reinforcement
even if it were possible to predict the cracking load for such beams.

To summarize, the increment of load that can be applied to a pre-
stressed beam between inclined tension cracking and failure decreases as the
wires are draped. Since the wires are higher in the beam, and since splitting
at the level of the steel is more likely, more steel strain and thus more con-
crete strain is necessary to preserve moment equilibrium after an inclined
crack forms. For this reason, web reinforcement which would have been enough
to ensure a flexural failure in a beam with straight wires is not adequate to
restrain the rotations occurring at an ineclined crack in a beam with draped
wires. More web reinforcement is necessary to prevent shear failures in a

beam with draped wires than in a beam with straight wires.
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VI. SUMMARY

The object of the tests described in this report was to determine
the effect of draped reinforcement on the shear strength of prestressed con-
crete beams.

Silxteen pretensioned beams with varying degrees of drape were tested.
These beams were 6 by 12 in. in cross-section with an overall length of 10 ft.
Fifteen of the specimens were I-beams, fourteen with 3-in. webs, and one with
a1l B/E-in. web. One beam was rectangular in cross-section. The concrete
strengths varied from 2600 to 4200 psi, the longitudinal steel ratios varied
from 0.197 to 0.403 percent and the effective prestress from 84,200 psi to
129,500 psi, averaging about 110,000 psi. Two beams were provided with suf-
ficient web reinforcement to ensure flexural failures in similar beams with
straight wires. |

The principal variable in the test series was the profile of the pre-
stressing steel. Nine different profiles were used. Five profiles had all the
wires draped at the same angle in both shear spans, three had some of the wires
straight and some draped, and the remaining profile had straight wires only.
In every case, the wires were bent at the load points, the profiles being made
up of straight line segments. Six different drape angles were used.

The beams were tested to failure with loads applied at the third-
pointsﬁof a 9-ft span. Records of lcad, deflection, concrete strain at the
top of the beam, steel strain, and crack pattern were obtained throughout all
stages of loading.

Thirteen of the test beams failed in shear, two failed in flexure,
and one was damaged in casting. The flexural failures were typical of moder-

gtely under-reinforced beams; the concrete crushed in the compression zone
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gbove a vertical crack in the constant moment region of the beam and the steel
strain was well into the inelastic range.

All the beams which failed in shear developed inclined tension cracks
which caused the shear failure. Most commonly, the inclined tension cracks de-
veloped adjacent to, or as an extension of flexural cracks in the shear spans.
In three of the beams, the inclined tension crack originated inithe web of the
beam, before initiating flexural cracks had formed. 1In one beam the inclined
tension crack in the web was the first crack in the beam. In general, the type
of inclined cracking observed depended on the geometry of the beam and the
location of the wires in the section. The beams that initially cracked in the
web had either a thin web or a high drape profile.

As the angle of inclination of the prestressing steel was increased,
there was a reduction in the inclined cracking load. At low drape angles, there
was no definite reduction. However, in no case could it be said conclusively
that draping the reinforcement increased the inelined cracking lcad.

In the majority of the beams with draped wires, splitting occurred
parallel to the steel immediately before the inclined crack developed, destroy-
ing the bond over at least a third of the length of the shear span. These
cracks cstzarted from the initiating crack and extended along the steel toward
the end of t1ne beam. This splitting was especially serious when the wires
passed tnrou-n the web. Splitting also occurred in the rectangular beam.

Jenerzlly, the beams with high drape angles failed suddenly at the
inclined cruzcxing load. The other beams failing in shear carried only from
one to nineteen percent more load after the inclined tension crack developed.
Only two of these beams carried enough lcad to develop a shear-compression
failure. The two beams with web reinforcement alsoc failed in shear-compression

and were more ductile than similar beams without web reinforcement. The trend
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of the test results showed a reduction in the load increment after cracking as
the drape angle increased.

Web reinforcement did not affect the inclined cracking load in the
two beams with web reinforcement, and did not prevent shear failures. These
tests indicated that web reinforcement was less effective as the angle of in-
clination of the wires was increased.

In general, it was concluded that draping the longitudinal wires did
not inarease either the inclined cracking load or the ultimate shear strength
of the prestressed concrete beams tested. Instead, the trend of the test re-
sults indicated a reduction in both the inclined cracking load and the ultimate

strength of the beams with draped wires.
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TABLE 1

PROPERTTIES OF BEAMS

50

Concrete Flange

Web

Effective Area of Longit. Effective

Drape

Wire

Mark Strength Width Thickness Depth* Steel Reinf. Prestress Profile¥* Tot
f! b b a A D £
c S se
psi in. in. in. sq. in. % ksi

M1 3180 6.05 2.95 10.05 0.242  0.398 106 B XTI

M2 2980 6.00 2.90 10.10 0.2k2  0.k40O 109 B X1

M3 3090 €.05 3,00 10.10 0.242  0.395 8L C XTI

ML 3850 6.00 3.00 10.10 0.181 0.298 113 B XT

M5 - 2610 6.05 2.95 10.10 0.181  0.297 110 C XI

M6 3160 6.00 3.00 10.10 0.181 0.298 120 E XI

M7 2660 6.00 1.75 10.22 0.181  0.296 109 X XT

M8 2720 6.05 %.00 10.22 0.181 0.293 11k X XTI

M9 3Lk 6.05 2.90 10.10 0.121 0.197 112 Y XT

M10 L4000 5.95 2.95 10.10 0.242  0.403 113 C XI

M1l L1200 5.95 2.95 10.10 0.2k2  0.403 129 Z XT

M12 2700 6.00 6.00 10.15 0.24k2  0.398 106 c XT

M13 L230 6.00 3.00 10.10 0.181 0.300 122 A XT

M1l L21o 5.00 3.00 10.10 0.181 0.300 109 D XTI

M15 3050 5.05 %.10 10.30 0.181 0.290 115 s XIT
M16 2000 <.05 3.00 10.00 0.24k2  0.399 11k S XII
* Measureld ir Tle:ure span.

%% Drape profilcs are described in Table 2.



TABLE 2

PROPERTIES OF DRAPE PROFILES

No. of Height of Center of Gravity of Steel

Drape No. of Draped At Support At Midspan Q¥%
Profile¥* Mark  Wires Wires Draped Wires ALl Wires All Wires Draped Wires  All Wires

in. in. in. deg. deg.

A~ M13 6 6 2.96 2.96 2,0 1.53 1.5%

B M2 8 8 3,5 3.5 2.0 2,38 2,38

(Lower Kern) Mk 6 6 3. 3.h 2.0 2,02 2,00

c M3 8 8 6.07 6.07 2.0 6,45 6.45

(Mid-Height) M5 6 6 5.96 5.96 2.0 6.28 6.28

M10 8 8 6.07 6.07 2.0 6.45 6.45

M12 8 8 6.07 6.07 2.0 6.45 6.45

D M1l 6 6 7.8 7.8 2,0 9.13 9.13

E M6 6 6 8.33% 8.33 2.0 9.95 9.95

(Upper Kern)

X M7 6 iy h.1h 3.04 1.87 3.42 1.88

M3 6 i b1k 3,04 1.87 3. 42 1.88

Y M9 L 2 h.61 3,07 2,0 3,92 1.70

Z M1l 8 3 6.07 4.0k 2.0 6.75 3.25

S M15 6 - ———— 1.87 1.87 - o o

(Straight) M16 8 - e 2.0 2.0 oo e

*  Profiles A, B, C, D and E have only draped wires. Profiles X, Y and Z comprise both straight and

draped wires. Profile S designates straight reinforcement only.

*¥% Angle of inclination of the prestressing force in the shear span.

4
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TABLE 3

STIEVE ANALYSIS OF AGGREGATES

Percentages Retained

Aggregate
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Modulus

%.13 3.03 3.03% 2.06

3.28




TABLE L4

PROPERTIES OF CONCRETE MIXES

Cement :Sand:Gravel

Water/Cement Slump Compressive Modulus of Age Aggregate

Mark by weight by welght in. Strength Rupture at Lot

£ by Test

c r .

psi psl Days
Batch 1 and 2 1 2 1 2 1 2 1 2
M1 1:4.20:4.56 .91 .88 5 2 3180 3290 516 558 16 T
M2 1:4.20:4.51 1.00 1.00 3 2 2980 2870 491 491 8 I
M3 1:4.27:4.60 .81 .81 2 2 3090 3800 416 375 8 I
M 1:h.27:4.60 .79 -T9 1.5 2 3850 3400 1Ny 416 9 1T
M5 1:h4.,17:4.55 .92 .92 1.0 1.0 2610 2610 375 400 8 1T
M6 Lih.2ok:4.60 .8l .84 1. 1 23160 3460 383 392 8 IT
M7 1:%.8%:4.25 .01 el 7 3 2660 2560 417 420 6 III
M8 1:h.25:4.56 .79 .79 3 2.5 2720 2700 Lok 350 8 ITI
M9 1:3.87:4.12 .87 .87 1.5 - 3440 3960 450 458 7 v
M10 1:%3.92: 4,20 STh .76 1 1.5 4000 4210 412 446 7 IV
M1l 1:%.93:4.17 .82 .82 2 3 4200 4020 346 350 20 v
M12 1:4.21:4.58 .91 .91 1.5 2 2700 3260 300 282 12 Iv
M13% 1:h.01:4.3%36 T7 .78 2 2 4230 3320 457 367 8 %
M1L 1:4.05:4.30 .78 .78 2 1.5 4210 3870 337 310 15 \
M15 leh.07:h.42 .79 .79 1 1 3090 2640 340 275 8 s
M16 Teh,07: 442 .79 .79 1 1 3000 2890 358 . 358 T Y

¢S



TABLE 5

SHEAR AT INCLINED CRACKING IOAD
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Computed Observed Drape
Cracking Cracking Observed Vc Shear Net Vn Drape
Mark Shear* Shear TomsTtea v A £ sino Shear 7T Profile
Nl s ompute o S se e
c c V. v
a n
kips © kips kips kips
M2 8.85 9.95 1.12 1.06 8.89 1.01 B
M3 7.65 7.45 0.93 2.28 5.17 0.675 c
Ml 8.00 8.95 1.12 0.80 8.15 1.02 B
M5 7.30 6.49 0.89 2.18 L.31 0.59 c
M6 8.25 6.38 0.77 3.75 2.63 0.3%2 E
M7 6.05 5.45 0.90 0.65 4.80 0.79 X
M8 7.60 7.90 1.04 0.68 7.22 0.95 X
MO** 6.52 ———— ———— — Rp—— ———— Y
M10 9.55 8.70 0.91 3.08 5.62 0.59 c
M1l 10.40 10.20 0.98 1.78 8.kh2 0.81 7
M12 10.20 6.55 0.64 2.88 3.67 0.%6 c
Ml2a 11.50 9.45 0.82 2.88 6.57 0.57 C
M1 3%* 8.50 ———— 1.18+ 0.59 ——— 1.10+ A
M1k 7.95 5.60 0.71 3.13 2.4h7 0.31 D
M15 7.88 8.49 1.08 ——— 8.549 1.08 S
M16 8.95 9.21 1.03 ———— 9.21 1.03 S

* From Equation (2) for a beam with straight reinforcement.

*¥¥%  Flexural Faillure.
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TABLE 6

MEASURED AND COMPUTED MOMENTS

Observed Observed Flexural

Cracking Ultimate Moment M M Mode of Drape
Mark Moment Moment Capacity u _u Failure Profile

M M M M M
c n hig c £

kip~in. kip=in. kip=in.
M2 358 358 485 1.00 0.74 <3 B
M3 268 320 L83 1.19 0.66 s C
ML %22 348 371 1.08 0.94 S B
M5 234 234 380 1.00 0.62 s C
M6 230 230 385 1.00 0.60 S E
M7 196 196 380 1.00 0.52 S X
M8 284 318 382 1.12 0.83 S X
M9 C - 230 o7k — 0.84 F Y
M10 313 330 502 1.05 0.66 s C
Mil 368 443 ho7 1.01 0.74 S 7
M12 235 235 181 1.00 0.49 S c
Ml2a 303 306 481 1.01 0.64 S C
M13 — 360 389 = 0.95 F A
M1L 202 202 400 1.00 0.50 S D
M15 305 %22 376 1.06 0.81 S S
M16 3%2 348 475 1.05 0.68 s S
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FIG.

(b) Beam M10 at Failure
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