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ABSTRACT
———— L

Four full sized prestressed concrete bridge girders were sub-

b3

jected to static shear strength tests in order to compare the behavior

and strength of these girders with the behavior and strength of smaller

- beams tested in previous investigations at Lehigh University. The

girders were selected from standard cross sections in use by the

Pennsylvania Department of Highways,

A 36-in. square hollow bo#-shaped Cross section and a 36-in,
deep I-shaped cross section with a top flange width of 12-in. and a
bottom flange width of 18-in, were selected for this series of tests,
One beam' of each cross section had a total length of 47-ft. and the
other had a total length of 29-ft. Prestress was applied with 7/16-in,

diameter 270 ksi strand initially tensioned to 21.7 kips.

Hot_rniled.deformeduﬁe. 2 and.No.md“ners were used-for the
vertical web reinforcement ip the shear spans of the girders. The
amount of web reinforcement used was based on the results of pPrevious
research at Fritz Engineering Laboratory and in most of the'beams was

a little less than the amount which was expected to be needed to de-

~velop the flexural capac1ty of the section. Spacing of the stirrups

ranged from 12-in. to 22%-in.

Information was obtained on the compress1ve strength, splitting

tensile strength and modulus of elastlclty of concrete cast in waxed
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~cardboard, steel, and cast iron molds, Some,of the cylinders‘cast in
each type of mold were rodded and the others were vibrated. The con-
crete strength varied between 6660 Psi and 7930 psi, and the average

concrete strength at the time of test was 7520 psi.

The beams were cast in a commercial prestressing plant and
a4 complete description of the fabrication of the specimens is included.
Eaph of the beams was subjected to a éymmetrihal two point loading
arrgngement for the first test. Shear failures were obtained in three

- |
~ beams. The fourth beam failed in the exact center due to flexure. The

applied at mid-span. One of these tests was invalidated by damage
sustained during the first test, Eight valid tests were obtained

from this series of beams,

Diagonal tension, flexure shear and torsional inclined crack- .
ing were observed in the tests. 1Inclined cra;k widths are repofted.
- Four typés of failures occurred: three beams failed in shear, two
failed in shear but were influenced by torsion, one failed in flexure
and two failed in flexure but were influenced by shear, Comparisons
" of the test resulkswith current design_requirements for shear were
madé for all of the shear failures, Similar comparlsons were made.

with a proposed de31gn method which was developed from previous re-

-

search~at Lehigh’Univer31ty and elsewhere.
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l. INTRODUCTION
M

1.1 BACKGROUND AND PREVIOUS INVESTIGATIONS AT LEHIGH UNIVERSITY
—_————_ v Al sailG1 UNIVERSITY

The field of prestressed concféte has expanded rapidly in

the United States éince construction of the 160-ft main span Walnut S
Lane Bridge in Philadelphia was started in ApriI, 1949. This bridge,

composed of I-shaped beans,'was the first large prestressed concrete o
strueture.to be built in this country and was completed in early 1951.(1)
Prestressed concrete bridge members in use today are of two basic types:

I-beams and hollow box beams.

In 1951 the first full-sized prestressed concrete beam re-
search commenced at Lehigh Uniyersity.(Z’B) Pretensioned and post-ten-
sioned concrete members were subjected to a minimum of 1,000,000 cycles
of dynamte loading without any apparent damage, thus showing that pre-
stressed concrete beams were durable. The -loading arrangement used for
these beams simulated H20-S16 loading with a 30 percent impact factor.
The study was continued with field teets of multi-beam,bridges to deter-

mine primarily the lateral load distribution.(4’5) Bond in pretensioned

~members, and fatigue characteristics of prestressed beamS‘Were in-

.vestlgated(6 7) before the problem of shear strength was undertaken in

1957. A static test was conducted on a 70-ft prestressed concrete rec-

tangular box beam to determlne the feas1b111ty of this type of beam for

long span bridges.(b) This test was followed by the testing of a 55-ft




prestressed concrete rectangular box beam with repeated loadlng.(g_)

The beam sustained 3,000,000 load cycles without damage, and was subse-
quently subjected to an ultimate static test. A comparison was made
: between this test and the Previous static test on the 70-ft member,

| The mode of failure of the first full-sized beams tested in 1951 and

~ .‘: : -— - . - - - . o L - . ———— —— - i N
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these beams was essentially the same, and was characterized by crush-

ing of the concrete within the compression flange. All of these in-
vestigations, except for the field tests of multi-beam bridges, had one
‘objective in common - to determine the ultimate strength of prestressed

concrete beams as affected by the various phenomena studied.

Walther formulated a theoretical analy’sis to explain the shear
carrying characteristics of a pretensioned prestressed concrete beam, (10)
Walther and Warner then tested 20 beams without web reinforcement and
showed that the mode of failure could be changed from shear to flexure by
~increasing the "prestress force.(ll) They also demonstrated that pre-
Stressing with different ‘size strands had little effect on the ultimate\S
Strength of the beams, Further investigations 1nto the shear strength .

of prestressed beams without web relnforcement were continued by

McClarnon, Wakabayashi and Ekberg. (12) Their beams were used to deter-

the_o__;ewggti_on,_existingf inclined cracks, and height of the load point.h_

Hanson and Hulsbos extended the Lehigh research to Prestressed

' --'~,;;_-.:beamSW1th web reinforcement. (13). Sixteen beams des:Lgnated as the E

. series, were tested statlcally and used to evaluate the overload be-

havior of the specimens. Two additional tes*s conducted with repeated
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overload such that dlagonal tension inclined cracking had occurred may

IOading showed that-a.prestressed beam, which had beeanubjected to an

s g = L v

be more critical in fatigue of the web reinforcement than in fatlgue of

_the prestressing strand, ~-This study was continued and 38 tests were con-

ducted on 23 beams, designated as the F series, to determine the static

ultimate shear strength of prestressed I-beams with vertical stirrups, (14,15)

The effects of the amount of web reinforcement and the length of the shear

| flange width of 9-in., and a web width of 3-in, The length of shear Span
~ to effective depth ratio varied from 2.12 to 7.76. Three different modes

of failure were observed due to inclined cracking which remained entirely

Span were investigated. All of the test beams had a depth of 18-in., a

within the shear span. These were associated with failure by crushing

of the concrete in the web, by shear compression, and by fracture of the

web reinforcement, An additional mode of failure was associated with inp-

was proposed for design of web reinforcement in prestressed concrete

(15)

beams. The method assumes that the shear in the concrete is equal
to the shear causing significant inclined cracking, and that the shear

in the web reinforcement crossed by an idealized crack is equal to the

_product of the area of the web reinforcement and the yield point of the

“stirrup. Ultimate shear capacity is assumed equal to the sum of the two

-contributions. The PrediCtionfOf shear causing significant diagonal ten~ -+ |




" the web of the beam at the center of gravity. The prediction of shear

stress in the bottom.fibers of the beam,

'preV1ously.tested F series beams.< ?)

_.causing signiflcant flexure shear cracking is based on a maximum ten811e

e

it A el 5 R S T T

1.2 OBJECT AND D _SCOPE

The objective of this investigation was to compare the behavior

and strength of full-sized prestressed concrete beams with the behavior - -

Vv.'

and strength of the smaller F series beams. In this manner, it was hoped

to demonstrate the adequacy of the proposed method to predict the ulti-
mate shear strength of full-sized prestressed concrete bridge members.

The girders were selected from standard cross sections in use by the

/\
Pennsylvania Department of Highways and were designated as the G series

beams.

©

Four full-sized beams were included in the series: two had

an I-shaped cross section and the other two had a hollow box-shaped cross
section. One beam of each cross section had a total length of 47-ft, and

the other had a total lengthwof 29-ft; all specimens had a depth of

36-in. The prestress force-and eccentricity were selected so that allow-

able stresses in the top and bottom fibers at transfer were not exceed-

ed,(16) and so that the neutral axis at failure, if the beam should fail

in flexure, would be located in the compression flange. The selection of

the amount of Web relnforcement to be used was based on the results of the

In most of the tests a 11tt1e less

web relnforcement was used than that Whlch was expected to be requlred to-

. develop the flexu:al~capac1ty.of'the section,




. —The analysis df'the'téSE féé&iQéMproceeded virtually the same

for both cross Sections tested. The load causing flexural craEking, and

the load causingwinclined_craeking~wasﬂdeterminedbecaﬁse'each‘répfésents

a change in the behavior of the specimen. The ultimate flexural capacity
was computed since it fepresents an upper bound on the ultimate shear
w7 7 strength. Determination of the ultimate shear strength of the beam is the

primary objective of this series of tests.

Internal and external dimensions were to be obtained for all
speqimens in the series., Information was desired on the crack widths of
the inclined cracks and also on the growth of these cracks after forma-
tion., A study of concrete cylinder strengths was to be undertaken to
determine the influence due to type of mold and type of compaction on

-

the ultimate compressive strength and the splitting tensile strength of

the cylinders,

IO W W




2, TEST SPECIMENS
. e ——————————

2,1 DESCRIPTION

| The G series test beams were comprised of two 47-ft and two
29-ft pretensioned, prestressed concrete bridge members. One'beam.ef
each length'was a 36-in. square, hollow box-shaped cross-section, and
the other was a 36-in. deep, I-shaped cross-section. These beams were
fabricated in accordance with standard Pennsylvania Department of High-
ways Specifications(16) except for the amount of vertical web reinforce-
ment, which was less than is currently required. Dimensions of the

beams are presented in Figs. 1 and 2,

7

The total length of each beam consisted of the test span and
two reinforced regions of one foot length at each end. The test span

was divided into three equal regions, designated A, B, or C, in which

different amounts of vertical web reinforcement were provided., Sige

and spaeing of web reinforcement in the test beams are also presented
in Fig. 1. The amount of vertical web reinforcement in the different'
beams can be compared by the ratio ffy/lOO.. The properties of ﬁhe
Cross-section are tabulated in Table 1. Nominal properties are based
on the nominal dimensions, whereas all other Properties are based on

dlmen31ons measured at a minimum of seven sectlons along the length of

the I-beams and at nineteen sections along the 1ength of the box beams.

- The values presented in Table 1 are the averages of the cross-sectional
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~___Pproperties which were determined at each section.

Stirrups used for the I;beamS'were inverted U-shaped bars.
Stirrups used for the box beams were comprised of two pieces; one was
a lower stirrup, the other an upper stirrup as seen in Fig. 2. These
two pieces were lapped in the lower level of the web on each side to

form a box shape,

Beams similar to the ones tested are used in present bridge
construction as composite members with a 7%-in. deck slab placed on
top. Members of a committee composed of representatives of the sponsor-
ing agencies decided that the beams should be tested without the com-
posite slab. It was felt that this would facilitate the correlation of
the results obtained from the full-sized beams with the earlier F series

(15)

beams.

If the beam did have the composite deck slab, the neutral
the compression flange.} In order to have the conditions at failure in
the test beams without a composite slab similar to the actual bridge
members with the composite slab, it was decided that the location of the
neutral axis at failure should also be in the compressioh flange. Conse-

quently, the prestressing force was selected so that the allowable stresses

in the top and bottom fibers atktransfer(16) were not-exceeded and so that

the location of the neutral axis, if the beam would fail in flexure, would |
be in the compression flange. This modification resulted in a smaller

prestress force with a greater eccentricity, and a stress at transfer

»




a4

. o . S |
equal to the maximum allowable in the top fibers of 540 psi. The

‘8tress at transfer in the bottom fibers was less than the alloﬁaoié?
the box beam bottom fiber stress was 2130 psi, and the I-beam bottom
~—, fiber stress was 1780 psi. If the member would fail in flexure, the

strain in the prestressing strand would be greater than 1 percent.

The prestressing force was provided by stralght prestressing

elements.of‘7/16 in. diameter hlgh tensile strength strands used in a11
of the beams. Sixteen strands were used for the I-beams twenty-six
were used for the box beams; thus resulting in a longitudinal reinforce-
ment ratio of 0.46 percont and 0.52 percent respectively. Each strand
was pretensiooed to a nominal initial force of 21.7 kips, providing a
total initial design prestress force of 347.5 kips for the I-beamo and

564.2 kips for the box beams.

2.2 MATERIALS

2.2.1 Concrete

" The concrete used for the test beodoﬁoés an approved Pennsylvanla
Department of H;ghways dlx and was supplied by Schuylkill Products, Inc., |
Cressona, Pennsyivania. The mix contained 8.5 bags per cu yd of high
early cement manufactured by Lone Star Cement Corporation. Proportions
by woight of the cement to sand to coarse aggregate were 1 to 1.15 to
2.4. The sand was obtained by the supplier from the Refractory Sand
- Company, Andreas, Pennsylvanla and the coarse aggregate, Wthh was
| crushed lomestone fromoBerks Products Reading, Pennsyloanla Coarse

aggregate was obtained from two stockpiles of material; one was classi-

[




.other as aggregate 2-B, Aggregate 1-B was graded to ¥-in. maximum size,

and aggregate 2-B was graded to 3/4-in. maximum size. These two aggre-
'gates were combined in the ratio 1 to 1.5 respectively, Gradation curves.'
of the sand, both coarse aggregates, and the combiped materiai are shown
in Fig. 3. The fineness modulus of the sand was 2,8, and the uniformity

. coefficient was 4.8, Ready mix trucks delivered the dry concrete mix to
the end of the prestreSS1ng building., Here the materials were dry mixed
before the water was added. Slump for all of the mixes varied between
one-and-one-eighth rhohes to two inches, Plastiment was added to delay
the setting of the concrete for a maximum period of 1 hr. The Percentage

of entrained air in the mix ranged from 4.5 to 7.2 percent,

Fogty two 6-'hy 12-in, standard cylinders were Prepared from
the concrete used to Produce each beam, resulting in a total of 168 standard
cy11nders " Two basic types of molds were used to form the cylinders: waxed
cardboard molds with light nmmal bottoms and metal molds, Metal molds
were e1ther steel cy11nders with a steel base or cast iron cy11nderS‘W1th
4 cast iron base. The cardboard molds were obtained from the Philadelphia
Container Company and were constructed with 5/64-1n. waxed cardboard walls .
and 33 gage metal bottoms. Three cylinders of each type mold from each
beam were rodded, and all of the others were internally vibrated with a

small, 12,000 VPm, 7/8-1in. diameter shaft, hand vibrator,

The u1t1mate compreSS1ve strength of the concrete, fé, was

determined from each type of cylinder just prior to relea31ng of the pre-

stress force and also at the time of the first test. Strains were mea-




sured on randmmly selected cylinders with a compressometer to determine

the shape of the stress-strain curve for the concrete and the modulus of

-elasticity at the time of releasing and at :::;;/)Splitting tensile tests

were conducted..to determine the splitting t le strength of the con-
cregé, f;p’ at test, Standard 6- by 12-in. cylinders were used for splitt-
ing tensile test specimens, Strips of 1/8-in, Plywood, 1-in. wide and

12-in. long were Placed on the diametrical upper and lower bearing lines

All cylinders except those tested as splitting tensile test

specimens were capped with carbo-vitrobond material. The results of

all cylinder tests are tabulated in Table 2. The average ultimate com-
pressive strength of the con¢fete,,fé, in the test beam ranged from
5910 psi to 6820 Psi at ‘transfer and from 6660 psi to 7920 psi at test,

as determined from the vibrated cylinders cast in metal molds.,

An analysis of the cylinder tests indicated that:

1. Values of f' at transfer and at test averaged 5,1
percent and "5.2 percent lower, respectively, for
vibrated cylinders cast inp waxed cardboard molds
rather than metal molds,

2. Values of féat test averaged 6.0 percent lower
for rodded cylinders cast in waxed cardboard
molds rather than metal molds,

“\
3

3+Values of fé at test for cylinders cast in metal
molds averaged 1.2 percent higher for vibrated
rather than rodded cylinders. o

. 4. Values of f' at test for cylinders cast in waxed
-~ cardboard mGlds averaged 2,1 percent higher for

~~%vi§£§;ggfrafher”thaﬁ“f6&déd cylinders. . g




f f ﬂs; Values of f! at test averaged 2.2 percent lower
| . for vibrateﬁpcylinders cast in waxed cardboard
ST , molds rather than metal molds. B

Inléeneral, concrete strength was‘found to be affected more by the type
of mold than by the type of compaction. These results, although deter-
~—mined -from higher strength concrete, agree with the work conducted by

(17)

Cusens, The wall thickness of the cardboard molds was the same as

that used by Burmeister in his work on steel vs. cardboard Type B
cylinder molds.(ls) His results indicated much higher differences but

the concrete strength was considerably weaker.

The stress-strain curves for the concrete were typical to
those shown in Fig.rér.for the concrete representative of beam.G-l.;
Values of the modulus of elasticity for the concrete, Ec’ determined
from the stress-strain curves are listed in Table 2, The results indi-
cate that the modulus of elasticity at test was 2,5 percent higher than
at transfer, and the value obtained from the cylinders cast in metal
molds was 1.6 pefcent higher than the value obtained from the tests on

the cylinders cast in waxed cardboard molds.

2.2,2 Prestressing Steel

Uncoated stress relieved 270 ksi 7/16-in.. diameter strand,
meeting the requirements of ASTM A416-59 specifications, was used for

the pretensioning elements. The strand was manufactured by John A,

‘Roebling's Sons Division of The Colorado Fuel and Iron Corporation. The ~—

~ load-strain cu;Ve shown in Fig. 5 ié the plot of the average'values ob-

tained from 3 strand tests conducted in the laboratory. Special Supreme

Products'Corporation No. 350 chuckS'were used during the testing of the




strand; hoyeéef;mell.3 specimens‘failed i? the grips at anmaverage,load

of 31.9 kips and strain of 4.48 percent, ~Specificatiens Provided by the
manufacturer stated that the strand had an area of 0.1167- -8q. in,, and a
mlnlmum,tenSLOn test breaking load of 31.0 kips. All of the strand used
in the 4 beams were cut from the same roll of strand, the surface of which

was free from rust and dirt,

5 2.2.3 Reinforcing Bars

Hot rolled deformed reinforcing bars of intermediate grade
steel were used for non-prestressed reinforcement within the beams. The
bars were clean and free from rust or mill scale. Nos. 4, 5, and 6 bars
were used as tensile.reinfqrcement in the top flange and as end reinforce-

| | ~ . b
ment in the beams, The web reinforcement within the center, C, region of

each beam was made from deformed No. 5 bars, Web reinforcing within the

tested shear spans was made from No. 2 or No. 3 deformed bars. A minimum

of 4 specimens of each size bar were tested in the laboratory, and the

research at the laboratory.( 5) All,otherqreinforcing bars were taken
from the stock at the'prestressingwplant, which was obtained by the

fabricator from Bethlehem Steel Company, Inc.

- 2.2.4 Void Forms

'Waxed cardboard void forms for the box beams were supplled

by the fabrlcator The interior of the voids were constructed with a
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criss-éross interlocking arrdggement of cardboard. Lengths of the voids

were within +1-in. of the specified length,

2.3 FABRICATION

| The beams were commercially fabricatedﬂby Schuylkill Products
Inc., Cressona, Pennsylvania. This plant has produced many beams similar
to the test specimeds for the Pennsylvania Department of Highways., Stand-
ard fabrication procedures were foliowed as closely as possible and were
interfupted only to install instrumentation or to obtaiﬁ readings from
various cqntrol devices, Approximately 10 hrs. were required to in-

strument and cast each beam. The dates of fabrication are presented in

Table 3.

The major steps in thémgasting of the I-beams and box beams
were similar except for one step. The first operation was tﬁe cutting
and stressing of'the prestressing strand. This was followed by the
placement of the mild steel reinfcrcement and the internal strain bars.
All of this material was installed for the I-beams-prior;toxplacing the
concrete, Oﬁlyithefbottbm;fiange material was installed for the box
‘;Beams since the conérete for the bottom flange'had~to be~placed before

the voids and the remalnder of the mjild steel relnforcement could be in-

- stalled. Then the remainder of the concrete for the-box beams was

placed. In the following sections a detailed.description‘of;the'fabﬁica#

tion is presented,

»
i
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2.3.1 Stressing
A 76-ft, column-type bed was employed for all of the beams.

| Tbs'prestressing strand was strung between the bulk-heads of the bed,
and load cells were Placed on 12 strands at one end of the bed. Each
strand was individually stressed with a hydraulic jacking system at
the’opposite end of the bed. Figure 7 shows a geﬁeral view of ﬁhe'
Stressing operation. The load was measured during jacking by means

of a Chatillon strand dynamometer (0-50,000 1b range) connected in

the linkage between the strand and the hydraulic jack.. This dynamo-
meter was calibrated approximateiy 3 days prior to the fabrication of
the first beam, and fournd to be within +1 percent accuracy in the range
to be used during the stressing operation. The load on the strand had
to be raised to approximately‘24‘kips, if after locking the chuc&s and
releasing the jacking force, the deSign‘iQad‘Of 21.7 kips was to be
applied. This loss of about 2.3 k1pS'was partially due to slippage in
the chucks at each end and some elastic deformations in the bed itself,
After all 16 or 26 strands hadfbeenwstreSSéd,'theslbad on the 12 in-
strumentéd strands was checked by means of the load cells at the oppo-
site end of the bed, An adJustment was made on the strands which were
con51derab1y below the de31gn,load as determlned‘bythe 12 instrumented
strands. The;tdtal_prestress force in any of the beaqs, as measured by
the 12 strand dyhambmeters, was within:tl percent of the design force,'
" The fsrcs in an§ Strand-wasswithiﬁ +5 percent of the~design.forcé except
for strands which sustained single wire failures as discussed in éhe”next

paragraph.




T e

These failures occurred during the adjustment procedure used to increase
the load on strands which had coﬁsiderably less than the design load,

Two single wire failures occurred in the chucks during the stressing of
each of the shorter beams, G-1 and G- 2, but these strands were not re-
placed. Three of these occurred at the jacking end and one at the oppo-
site end of the bed. Failures in the chucks were probably caused by bit-
ing of the chﬁck into the strand causing a reduction in area, since in
each case an outside wire failed and not the center wire of the strand,
The force recorded by tﬂe dynamometerslindicated that the strands lost
approximately 10 percent of the design force at the time of a single

wire failure,

;Andther:single=Wire failure occurred in one strand in the
center region of the bed during the stressing of beam G-1. This fail-:
ure was probably at the location of a weldment, and was replaced since

the failure would have been encased in concrete,

2.3.2 Placement of Non-Prestressed Steel

The web reinforcement and top longitudinal steel was made up
into a cage at an auxiliary work area. Some of the stirrups were tack
welded to the longitudinal steel, while others were tied with No, 16
gage wire ties; The cages were checked for accuracy of stirrup spacing

Prior to installation.

I-beam fabrication and box beam fabrication varied .at this

peint; since, the box beam fabrication had to allow for the installation
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of the cardboard voids,*whéreas the I-beam fabricatioﬁ.did not. For the
I;beams,the cage of reinforceﬁent“was transferred to the bed and lowered
into positibn where it was tied with No. 16 gage'wiré ties as used at

other locations, This‘compietéd the installation of"non-prestréSSed re-
inforcement for the I-beams, The lower web reinforcement members of the

box beams were tied individually to the prestressing strands at the re-

”'quired locations. The end block'reinforcement'wasthén installed,

The second stage of the box beam fabrication commenced as soon
as the bottom.flange concrete was placed and checked for thickness, as
discussed‘in'Section 2.3.5. Previouély assembled waxed cardboard voids
were placed in the proper location on top of the bottom flange. The
cage of web reinforcement was transférred to the bed and placed over
the cardboard voids. Small grout Blocks (sand and cement) were used
to elevate the longitudinal tensile steel to the proper location above
the top oféﬁhé void. Ihe.reihfbrcement-was‘checked.for alignment and
1oca;ion,'and the voids were centered between the forms before complet-

ing the,innér;System;by tightening the straps which held the above placed

~items during the remainder of the pouring operation,

2.3.3 Placement of Instrumentation and Miscellaneous Items

Internal strain bars, to be discussed in greater detail in the

next section, were then installed, These devices had been previously

fabricated, assembled and tested at Fritz Laboratory. Wire ties were _

used to hold the strain bars in 1ocation'and‘the electrical wires

routed out of the beam through the top. The wires were taped to the
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~ vertical reiﬁforcement in the center region of the beam, thus not e

affecting the shear spanpreinforcement.

Lifting wire inserts made from scrap prestressing steel weré
in;talled in each end of the beams. The hooks were bent and 1n£erwoven
with the end block reinforcing steel, Water drains of 3/4-in, diameter
plastic tubing and air vents of %-in. diameter copper tubing were in-
stalled in the center of the box beams so that one drain and one vent

would be provided for each void,

Straps of 5/8-in. wide No. 25 gage steel, were placed under
the strands in the bottom of the box beams approximately every 5 feet
along the length of the beam, and were draped out and over the top of

i N

the forms, as can be seen in Fig. 8. These straps were subsequently

uséé-to hcld-the~cardboard void in place.

2.3.4 Forming

Wood end plates, cut to the appropriate cross section from
3/4-in, Plywood stock, were installed at the longitudinal limits of
the beam, Openings were cut in order to allow the strand to pass thrqugh

the end plates,

Oiled 3/4-in. thick plywood base pallets were used to form the
base of the beam, Triangular wedge-shaped strips were nailed-to the

sides in order to form the chamfer in the bottom of the finished beam,

Steel forms made from.3/16-in, thick platesvwere placed in
poSition to cast the beam. I-beam forms bent to the shape of the beam

are standard equipment at the Plant; box beam forms are straight sided,




~and waxed prior to their positioning. The forms were horizontally
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and are also standard equipment at the’plant. The forms were cleaned

braced at the base and through spreaders, braced horizontally together ;‘ o

at the top.' Figures 8a and 8b are of beam G-1 just prior to pouring.

2.3.5 Casting
The concrete was handled with 1 and.3/4 cu yd buckets which

were suspended from overhead cranes., Buckets were lowered to within

1-ft of the top of the forms before discharging the concrete. The

I-beams were cast in two lifts, each extending the full length of the
beam. The first lift was up to the lezel of the junction of the bottom
flange and web, ang the second to the top of the beam. Box beam casting
entered the first stage which was the placing of the concrete composing
the bottom flange of the beam. The concrete was vibrated with two
12,000 vpm, 1 and 3/8-in. diameter shaft, internal vibrators, as the

concrete was placed,

The thickness of the bottom flange of the box beam was cheCked
at closely spaced, randomly located places along the length of the beam
before the voids and the remainder of the mild steel was installed. Delay

requiggd for this intermediate work never amounted to more than % hr, and |
r/ o
the concrete pouring was immediately resumed. One final 1ift was required

to pour the web and top flange of the beams. This 1lift included the two

end blocks and two diaphrag@s albng the length of the beam.

Samples of concrete for slump tests, entrained air tests,

/.

~ and cylinder tests were taken from every bucket poured. Care was taken

—~——
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‘e»f};“when placing the'concrete and vibrating around the location of the in-

ternal strain bars, so as not to damage any of the internal gages. Norie

were damaged in the fabrication of all of the beams. The top. of the beams

 was some distance below the top of the forms in each case. The top was

- screeded with a bar attachment secured on a vibrator, such that it

vibrated transversely as the vibrator was moved longitudlnally along |
the beam, Flnal trowel finishing was accomplished after the concrete
developed a set. The cylinders were prepared during the pouring of the

beams.

2,3.6 Initial and Intermediate Curing

A oouble rhickness of saturated burlap was placed over the
top of the forms. After the cylinders had developed an initial set
they were gently positioned on top of the forms. The cylinders, beam
and forms were.draped'withmanother-covering of saturated burlap which
extended down to the floor of the bed, Steel cablea'were supported .
approximately 2-ft above the top of the forms and 2-ft horizontally
away from the beam.by_poles, over which tarp was suspended. The tarp
extended to the floor and formed a completely enclosed steam circulat-
ing region around the beam into which steam jets were placed so that

they did not strike the forms or concrete surfaces, Initial curing

began with the beam thus covered and lasted for a minimum period of

2~hrs A continuous temperature recording instrument was connected

':  by plac1ng the recordlng bulb within the beam enclosure The in-

strument provided a contlnuous record of the average cur1ng tempera-

.. ture conditions,




Intermediate curing began with the application 6f steam' im‘:oﬂn
fhe,region.under the tarp around the beam, The steam supplied.was of
106 percent relativ; humidity and the temperature in the enclosure
maintained at 140 degrees;tio degrées F. Steam curing was continued

for a minimum of 36 hours,

| Six cylinder specimens were removed from the curing process
- during thé final period of the intermediate curing phase Thesecy-
linders were stripped of their molds, capped with carbo-vitrobond
material and allowed to‘cool for 2 hrs. before being tested in a Forney
model QC 225 compi:ession testing machine at the fabricating plant. The
ultimate compressive strength of all cylinders tested at transfer sur-
passed the 4500 psi requirement and therefore the beam was prepared for

transferring the prestress force to the concrete.

Steam was discontinued at the time of removal of the 6 test
cylinders. Some limited uncovering of the beam was necessary to loosen
—the forms at the bottom and remove the spreaders at the top, but the
beam was covered up again as soon as this was accomplished. The elec-
trical wires for the internal strain bars were connected and recordings
taken of the initial value of the gages. The remaining cylinders were
remove;l from the top of the beém and stripped of their molds., Final

readings of the 12 strand dynamometers were obtained.

~

2.3.7 Re leasing

The strands were released by torch cutting individual strands

at both ends simultaneouély. Cuts were made about 10-ft from the end

R ¥ T
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Lifting the beamﬁby-therlifting inserts, the overhead cranes
transported the beam to another location within the prestressing build-

ing for temporary Storage. Again the beams were set on wood blocks at

1fhr; The strands were cut off approximately 3-in., from the ends of

mthe beam. The prestresslng bed was cleaned and prepared for the casting

i

of another beam,

o

2.3.8 Final Curing

Final curlng was carried out with the beam in the ‘Supported
p031t10n W1th1n the plant Condltlons were extremely moist for the final

phase of curing which ended after approximately 72 hrs,, when the tempera-

tures throughout the beamuwere nearly atmospheric,




2.4 INSTRUMENTATION

Instrumentation consisted of strand dynamometers, internal

8train bars, Whittemore strain targets, Ames dial gages, strip'scales,

SR-4 electrical resistance gages, and miscellaneous items. Photo- -

graphs were taken of all beams during and after testing in order to

study the crack patterns, and to help ascertain the failure mode of

~

~= - the beam.

'2.4.1 Strand Dynamome ters

| Iwelve strand dynamometers were used as discussed in the pre-
vious section, during the stressing of the prestressing‘steel and to
determine the prestress force‘prior to release. A detailed description‘
of the dynamometers used at the laboratory can be found in a previous

report, (19) Callbratlonmtests‘Wére conducted at Fritz Laboratory, both

before and after the fabrication of the test beams.

2.4.2 Internal Strain Bars

The normal procedure to determine initial prestress loss iised

.at the. laboratory is to remove the forms and attach Whittemore targets

2

along the cgs of the beam before releasing, Steam.curlng of the beams

‘prohibited remonng the forms completely and allowing the beams to cool

before the prestress force was released since shrinkage cracks would de-

velop._ An alternate me thod d81ng internal strain bars was adopted to
;jg o f-,;determine the initial losses in the specimen,

Internal strain bars have been used in previous pavement

(20,21)

| studies Eight strain bar sets consisting of a 36-in, length




" of No. 4 deformed reinforcing bar with an SR-4 gage attached to the

center and a small separate‘temperature-compensating gage were installedo
in each beam at the locations shown in Fig. 9. The strain bars shown

in Fig. 10 were fabricated at the laboratory, A.hand grinder was em-
pleyed to obtain anl-in. smooth surface at approximately the center of
the reinforcing bar., A resistance Wire strain gage, type AB-7, was
attached at this location with a resin compound, This procedure was
repeated for the temperature-compensating elements which were identical
to the active strain gages except that the length of bar was approximately
l-in. The gages were wired and waterproofed prior to assembiing into the
strain bar set, The temperature-compensating gage had to be sub jected to
all of the conditions of the active gage except ioad. Felt padding was

wrapped éround the small 1-in, length of bar, and a rubber finger cot

Mheld.elesedeagainst'the;lead wires with a rubber band, completed the com-

pensating gage. Electrical tape was used to secure the compensating

gage to the center of the strain bar in such a way that the compensating

gage protected the active gage,

f

Temperature-resistance tests were conducted on 3 of the com-
Pletely wired and waterproofed gages. The results of a typical 5 min.
immersion test are shown in Fig., 11, and appear to approximate a linear
relationship, A change in the resistance readings of the cpmpensating

gage was thus related to a temperature change at the location of the

.wgage. Assumlng that the active gage experlenced the same temperature

change as the compensatlng gage the true strain in the concrete could

_thus be found by subtracting the strain due to temperature change from

<




““'_ the total strain recorded by the active gage., Waterproofing appeared
to be sufficient since a 20 hr. immersion‘test resulted in a similar

relationship, as seen in Fig. 11,

. 2.4,3 Whittemore Strain Targets

Deformations were measured by.the use of a S-in. and a 10-in,
Whittemore Strain Gage, and also a 0.00l-in. calibration extensometer
made at the laboratory. Brass plugs,.7/32-in. in diameter and 3/32-in.
in thickness were drilled with a No. 1 center drill and used for gage
points on the beam. The targets were cemented to the beams with
Armstroné Adhesive A-6 epoxy resin. Figure 12 shows the location of
all of the targets placed on the beams. Targets represented by a
solid circle were installed on both sides of the beam at the prestress-
ing plant after relase; targets represented by an open.circle were
installed on one side of the beam at the laboratory prior to the first
test. Targets on rows B and C were used exclusively for crack width

. [} ‘ .
measurements. Targets on row D are at the level of the cgs.

The Whittemore strain indicators give the relative movement
of two gage points, which can be converted into strain by dividing the

‘readings by the gage length.

2.4.4 Deflection Gages

Deflection measurements were obtained-by the use of 0.001-1in.

" Ames dial gages placéd under the beam along the longitudinal centerline. -~ |

Deflection and support settlements were obtained by the_uée'of 0.dl;in.-

strip scales which were read by levels,




L “lfffdfi;hgg'sk-é Electrical Strain Gages

Type A-9, electrical resistance strain gages were attached
to the beam at the laboratory prior to the first test, Most of these
were located in the compression region of the beam. A Budd Datran

Digital Strain Indicator was used in obtaining the strain readings

from the 19 gages used on the I-beams and the 38 gages used on the
box beams. Figure 12 gives the location of all external electrical

gages placed on the beams. These gages had a 'ga‘ge length of 6-in,

2.4.6 Miscellaneous

In every beam the strands projected about 3-in. outside of
the end faces of the beam. Plastrc tape was’wrapped around each strand
prior to testing. Measurements were taken of the distance from a
reference point on the tape to the end of the beam both at the start

of testing and after the failure.

2.5 PRESTRESS FORCE

A deviation in the normal laboratory procedure of obtaining 5

the prestress force was caused by the steam curing of the test beams.

Whittemore targets are normally attached to the laboratory size beams
after the beam has-been uncovered and the forms havewbeennremoved_but'

. . . S 1 . .
Prior to releasing of the prestress force.( >) Shrinkage cracks due to

rapid cooling would occur in steam-cured beams if the same procedure

rﬂﬂﬁte‘fbllowed. To prevent shrlnkage cracks from.formlng, the forms

would have to be pulled back from the beam and the‘Whlttemore targets

- attached to the surface while the beam.remained enclosed within the tarp




Ato be employed,

Load dynamometers were placed on 12 strands in each beam to
determine the force during stressing and immed’iately pPrior to release,

Internal strain bars were reljied upon to determine the initial elastic

bars, The strain in the concrete at the level of the cgs is assumed equal
to the strain in the prestressing steel for each of the devices used,
Furthermore in the case of the strain bars, the strain in the strain
bar is assumed equal to the strain in the concrete at the same level
in the beam, and in the case of the Whittemore targets, the strain at

the surface of the concrete is assumed equal to any interior point at

the same leve.l-..

Pertlnent prestress force information is tabulated in Table 4,
The value of F was determined from the 12 strand dynamometers used for
each beam, and the percent loss at test was determined from considering
‘both the internal strain bar data and the Whrttemore readmgs : A value'
of F was thus computed be multiplying Fi by the factor 100 percent minus

the percent loss at test and dividing the result b}; 100. The total per-

cent loss is very low however, in these particular test beams it is not

[ S

out of the poss:.ble range. An estimate of the expected elast1c initial

e losses can be obtained by a regresslon procedure, since an exact value

R of the Prestress force 1mmed1ately after transfer is not known. Thus;




whetre Fi =
F =
e
m
Pt =

/F (F

prestress force immediately after transfer ahd
m is the number of the trial value for F

total number of prestressed strands

e e d
" F = F, - 3280 ZZE:—;t——-——;L—-- P, (1)
i e . ] . E t A 4
m+t1 c
prestress force before transfer

@ calculated value for F

The terms within the large bracket determine the strain at the level of

the cgs in in./in. immediately after transfer and the coefficient is the

slope of the load-strain curve for the prestressing strand in the elastic

range as discussed in Section 6.5.

The dead load moment at mid-span, including the effect of the

l-ft overhang at each end is:

2:
L 1

A first trial value for Fe
1

e
2
as the calculated value from the preceding step.

repeated until F.
 “n m+1

elastic loss was determined by dividing F

| “mt1

was taken aS'Fi

The second trial value for F

()

s and resulted in

“was taken

'This procedure was
was equal’tO'Fé . The calculated percent initial

by F, and ﬁultiplying~by“

100. All of the values of computed 1n1t1a1 elastic loss are presented

__the measured values of the total loss,

ﬁfin,Table.4,>and the average value of 4.37 is approximately 0.6 times -

Typical prestressed beams of the cross sections tested in use

_hin_Pgngsylvania today.have_some important differences from the test




';; ‘_z 3 | . 7 SR _ o | g 1'-30--
heamST“"Values'of the percent prestress steel are listed in Table 4,
An average percentage of"only'O.Sl percent prestressed steel was used

in the box beams whereas typical values for current designs range from

X

- 0.75 to 0.90 percent, (16) I-beams had an average of 0.45 percent pre-

stressed steel, whereas typical values range from 0.70 to 0.85percent.(;§)

Thus, the total préstress force for each cross section was considerably

less than most typical current designs.

The allowable compressive stress in the concrete at the time
of release, f:, is 0.6 times the ultimate compressive strength of the
concrete at release, féi, according to present specifications.(l6)
Values of the stress in the bottom fibers at release are presented in
Table 4. The average maximum compressive stress for the 4 beams at the
time of release was 1740 Psi, or only 0.27 times féi' This relatively

low stress in the concrete was the major factor which reduced the losses

to the values obtained,

2.6 HANDLING AND STORAGE
— o OURAGE
The beams were stored indoors for approximately 3 weeks after

fabrication in order to facilitate the various data readings which had

- to be taken, They were subsequently stored outdoors where the weather

conditions Were very similar to the condltlons indoors except for the

mﬂiSture Content of the atmosphere. All of the cyllnders representatlve T —

of the concrete in each beam were tranSported with the beams. Beams

G-l and G-2, the two short beams were shipped by truck to Lehlgh to-

.gether as shown in Fig. 13a. Cylindets were packed in straw alongside
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the be‘ams. Beams G-3 and G-4 were shipped’separately by truck as

- needed at the laboratory. Figure 13b shows beam G-4 arriving at the -
laboratory. Beam G-1 was the last beam tested, and arrived op the
first shipment With beam G-2. It was stored in a simply supported posji-

tion on the laboratory floor until it was tested,

2.7 DIMENSIONAL TOLERANCES

Each beam was carefully examined and measured prior to the
first test., Beam dimensions were taken at important sections along the
length of the I-beams, and at 3-ft Spacings along the length of the
box beams. ‘}‘he box beam dimension:s were particularly valuable since

'
sults.. lj"igure- 1 shows the design values of all dimensions. In general
the fabrication tolerances were within allowable limits as set by the

state specifications. (16) The length of all of the beams was within

+%-in., Strand location was determined at each end of the beam,

I-beam dimensions were in every case conservative, The web
width, top flange Wldth bottom flange W1dth and depth we;'e consistent-
ly +1/8 to +%-in. A1l of the strands were located approximately 1/8
to 3/16-in. high in the beam cross section. Few shrinkage cracks were
found, and no cracking was observed in the top fibers of the beams. A

| ,herlzontal crack in both ends of beam G-4 was observed at the level of

_'the Junctlon of the web and bottom. flange., —These cracks had not de-

veloped at transfer but were easily found when the beam arrlved at the

_laboratory for testlng. The crack extended into the beam approxlmately'




2-in. to the location of the first stirrup, but did not affect the be-

havior of the beam during test,

(g

' The box beam dimensions were not always conservative?! how-
ever, they were usually.Within the state sbecifications.(16) Spreader
angles used to support the top of the box beam forms were incorrectly

measured and resulted in top widths consistently %-in. less than the

| design.velue of 36-in. The bottom width was within +1/8-in. of the

design value and the height was measured to be 36 to 36%-in. All of

the strands were located approximately %-in, high and %-in. laterally
eccentric in the beam cross section. Examioation of beam G-1 before
testing revealed tension cracks approximately 10-in. apart in the 'top
fibere of the end region of the beam. The cracks near the end of the
beam extended downward approximately 10-in. into the beam. These
cracks closed as the load was applied and did not affect the behavior
of the beam during the test. Tension cracking occurred in the top
fibers of beam G-3 approximately 2-ft from each end of the beam at
the location oflthe junction of the hollow box section and the eolid

end block. The cracks were approximately J>-in, deep at the sides of

the beam and did not influence the behavior of the beam during the

test,

After the testing was completed, the box beams were broken

apart and the cardboard void removed S0 that 1n31de dlmenSLOns could

be taken at the same sectlon‘whlch was measured on the exterlor. Web

“thlckness was. found to vary as much as 7/8 -in. from the design dimen-

sions of 5-in., whereas the maximum tolerance set by the specifications
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was. £3/4-in. If one side of the web was found to be smaller than the

design dimension, the other side was found to be greater; therefore

Athe,totél'web thickness at any section was approximately 10-in. Figure. i

l4a shows the remainder of beam G-3 after the B shear span was removed
at the failure region. The right web is 5 and 3/4-in. thick at the top
near the compression flange; the left web ig only 4 and 1/8-in. thick at
the top. The interior walls aﬁd ceiling of the ho11owfbox were smooth
8ince the cbncrete~was vibrated against the in-place wvoid. Figﬁre 14a
also illustrates the extremely rough bottom of the hollow box since the
bottom flange was Placed and vibrated before the void was placed. The
top flange of beam G-1 was as thin as 2%-in. at some locations; beam
G-3 had a minimum top flange thickness of 2 and 11/16-in. at the
section shown in Fig. 14b. Internal diaphragms and end blocks were
found bulged out approximately 2-in, The waxed Eardboard voids were
saturated and the vents and drains were found to have been clogged,
Figure 1l4c showg the wet discd{gigﬂwinterior walls of the beam, ahd
one exposed strap used to hold the cardboard void in place during

(5

casting of the beam,




3 METHOD OF TESTING

.3.1 TEST SETUP

Ali‘of the tests were static ultimate load tests, and were
conducted in the 5 million pound Baldwin universal testing machine.
Using the arrangement of loadings shown in Fig. 15, it was antiéipafed
fhat a second test could be conducted on the A shear span after the B

shear span failed in the first test.

Throughout this report reference will be made to the two sides

of the beams by establishing that if one stands at the B end of the beam

and looks toward the A end, the side to the right will be denoted as the

right ‘side and correspondingly, the side to the left will be denoted as

the left side.

Two steel loading beams were required to transmit the load
from the testing machine head to the two load points of the first test
on all of the test beams except the short_I-beam, Loading beam 1 was

8 23-in, deep, welded box section and loading beam 2 was a length of a

- rolled 14W320 section, which is currently unavailable. The end reac-

tions were transmitted through rigid pedestals to the flexure slab floor
of the laboratory, Sﬁpport settlements under full load of up to 1/16-in,

were.observed during teéting. The second test setup was simplified con-

|  81derab1y by ellnunatlng the steel loading beam arrangement required in e T

| %('the flrst test.




The two steel ’loading‘b'eams weré cafefully‘ aligned and
centered before placing under the head of tvhe testing machine. Con-
siderable care was taken to ensure that the test beam was exactly under
the center of the testing machine head, and that the loading arraﬁgement
introduced no eccentric loading into the test beam, Hydro-stoné grout
manufactured by U, S. Gypsum Co., wés used between the 2-in. steel plates
and the beams, The plates located at the load points were checked with

a builder's level after the grout was placed.

Figures 16a and b are views of beams G-4 and G-3 respectively
prior to the first test. The stub columns placed under the center region
of the beam were only safety precautions and did not constitute any sup-
port during testing., Wire rope slings were used to catcih the loading
beams in case of sudden failure; rope slings were used to catch .the heavy
rollers, Figure 1l6c is of beam G-1 during the second test,. Figure 16d
is of beam G-4 during the third test on the A shear span. External
steel reinforcement composed of 1-in, diameter rods and steel plates
was required to hold the one end together so that the test could be
;:—»onducted on the other, uncracked .Wend of the beam, Heavy tarp Qas
wrapped around ‘this éxternal reinforcement in some tests in order to
confine‘the steel rods and nuts inﬁcase of a failure of the threads on

the rods,

3.2 TEST PROCEDURE
First tests commenced by a series of inii:ial readings on all

of the instrumentation., Load was then applied statically in increments
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of épprbximﬁtély 5 perCent of the predicted failure load. These incre-

" ments were decreased as the load approached the expected flexural crack-

g o

ing, inclined cracking, 6r failure load, Deflection readings, internal
strain bar rea&ings, and external SR-4 gage readings ﬁere taken after the
application of each load increment. Whittemore readings were taken at
selected load levels to determine the strain in the beam, and also to
record a history of the width éf cracks which developed. Felt tipped
pens were used to mark the dételopment of the crack patterns after the
application of each load increment, Numbers written on the side of the
beam indicate the shear in kips which caused the cracking. Flexural
cracking and inclined cracking loads were carefully determined and
recorded, along with the ultimaté load and various observations made

during the test, Photographs were taken before, during, and after the

completion of the test,

—

If an inclined crack suddenly developed in the beam during
loading, the loading valve was closed in order to maintain thé displace-
ment until the beam stabilized at a lower load. Then the load was in-

creased by increments to the cracking load before taking readings.

Due to the formation and growth of cracks, a long delay in

the iaéd{ﬁg‘néar ultimate was required after reaching a particular.ldad,

The loading valve on the testing machine hadmto“be left partially open
in order to maintain the load near ultimate. All readings were taken

after the deflection stabilized -at a given load,

After the completion of the first test the beam was separated

at the failure region by means of jacks, wedges, sledgé hammers and an

;
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acetylene torch, - The remaining part of the beamuwas examined and reset
under the testing machine for the ‘Second test, Flexure and shear cracks
closed and noticeable camber remained in the beams at the start of the

second test, Second tests were conducted on all beams; however, the

curred during the first test,

Crack patterns developing during the second test were again
marked with the felt_tipped pens; however, dashed lines were used for
these patternS. Less instrumentation was employed during this test;

however, Photographs were taken of all important Seéquences of the test,

3.3 TEST SCHEDULE

Approximately 2 days were required to complete Preparations
for the first test. Cylinder tests were conducted: immediately after
completion of the first test requiring approximately a total of 10 to
12 hrs, to complete the first test. Separation and preparation required
for the second test was completed 1n approximately % day, and the second
test was completed within 3 to 4 hrs., Table 3 gives the exact testing

schedule followed,

The beams were fabricated amd tested in the same order, I-
beams were tested in previous research projects( 3,15) and therefore — - -

the small I- beam'was first to be tested. The long I-beam was tested

- next, followed by the long box- beam, and-finally the short box-beam,




~

-

Preliminary reinforcing bar tests, a strand_dynammmeter calibra-
tion tesf and 12 load cell calibration tests were complei;ed before the
actual test beams were fabricated. A series of 23 reinforcing bar tests;
and a series of 5 prestressing strand specimen tests were coﬁducted after
the completion of the testing of the test beams. The 12 load cells were
recalibrated to ensure the accuracy of the data obtained during fabrica-

tion. A gradation analysis was completed on the 3 distinct aggregates

used in the concrete,

s
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- 4,1 TEST RESULTS

- ing the load indicated on the testing machine, P, by 2,

first test on the long I-beam, G-4,

A summary ofitheNS tests conducted on the I-heam specimens

is presented in Table 5; Values of shear at flexural cracking, V

) cr’

at inclined cracking, V,.» and at failure, vV , were obtained from divid-

The short I-beam, G-2, failed iﬁ'tﬁévﬁé;ker sthear span in
the.firéf.test as was anticipated, A sudden but non-catastrophic shear
failure occurred. The descriptive title "non-catastrophic";as pertain-
ing to a failure in this series of tests, is indicative of a failure in
which, although it occurs suddenly, the beam does not collapse but con-
tinues to carry appreciable load after failure. A '"catastrophic" fail-
ure is indicativevof a complete collépse whereby the beam can carry little
or. no load after failure. A second test on the A shear span resulted in
a”slow failure due to crushing of the concrete ih the compression flange
adjacent to the load point. This failure occurred above the top of an -

inclined crack.

~

A sudden catastrophic flexural failure was obtained from the
Iwo additional tests were then con-

ducted on the undamaged A and B shear spans of this beam. A sudden non-

catastrophic shear failure was obtained from the test on the B shear

" span which was very similar to the failure obtained from the first test —

o L pnvthe shorter I-beam, G-2. A slow crushing failure of the compression.

-39.
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Some slip was recorded after completion of the tests, and the results
are comp11ed in Table 7. The mid- -Span deflection is Plotted against the
applled load shear for the first tests in Fig, 17a, and for the second
and third tests ip Fig. 17b. Table § contains the crack width data for
the I-beams. All of the crack widths were determined from the Whittemore
targets located op Rows B and C in Figﬁ 12. The cracks have been classi-
fied as will be discussed in Section 6.3 and are denoted as torsional in-

clined cracks (T.c.), diagonal tension inclined cracks (D.T,.), and

flexure shear inclined cracks (F.S.).

“.2 BEHAVIOR AND MODE OF FAILURE OF BEAM G-2

4.2.1 First Test

Beam G-2 was loaded to 144 kips before flexural cracks were
observed first on the rlght side of the beam, and then' progressmg

across the bottom of the beam to the left side, Diagonal tension in-

~clined crackmg occurred suddenly 1n the heavier relnforced A end

whlle the load was being held constant at 208 kips, which was 94 per-

cent of the load causing failure, The load shown on the testing machine

dropped off when the inclined crackmg occurred and, W1th the loadlng

| valve closed to ma1nta1n the dlsplacement, stabilized at 199 kips.




.',maximum width at formation of 0,05-in. The load was increased again _" ? Q‘

With the displacement maintained, the load on the beam stabilized at

196 kips, Figure 18b shows the resulting cracks in the B shear span,

during the failure,

"“ : fi§ﬁre,18aishows the resulting cracks in the A shear span,'which-hadra=>m?fé?}4f-

: R SRSl 1 BT e ey .

to 208 kips and held constant while the readings were taken. Diagonal
tension inclined cracking occurred suddenly in the lesser reinforced,

B end, of the beam after holding this load for approximately 15 minutes,

which are very similar to those in the A shear span, except that the
\ | /

A~

maximum width at formation was 0.15-in,

The load was increased to 220 kips, when a sudden but non-
catastrophic- shear fajilure occurred in the B end. First indications of
failure were spalling of the compression fibers in the B shear span ad-
jacent to the load point, followed seconds later by an inclined crack
suddenly shearing through the compression flange, intersecting the loca-
tion of the'spailing, shown-in Fig. 18c. There was some relative dis-

placement along the inclined cracking; however, no stirrups were broken

Appendix A contains sketches of the crack patterns in the web

of the test beams. Two patternsy are presented for beam G-2, one for

..each-shear span at the inclined cracking load, These sketches will be

‘compre881on flbers of the beams as obtalned from electrlcal re31stance |

.SR-4 gages used in the first tests only. The location of the SR-4 gages

diséuéééd in fulllin.Section 6.3.1.

/’

Appendix B contalns graphs of the strain distrlbutlon in the




- is shown in Fig. 12, Five g£éés were plaéed at the;séctIOns one-half
times d f:om the 10ad-points;‘whereas, only 3 were placed at the '
centerline. The extra 2 gages were positioned 4-in. bélow the top of

the beam and thus the strain is less at this level as seen in the

graphs,
| )

Beam G-2 exhibited somewhat greater strains on the left side

~than-on the right side of the beam. The longitudinal strain distribu-

tion indicates constantly increasing strain along the axis of the beam

from the gages nearest the support toward those near the load point un-
til a shear of 104 kips is reached. This is the shear causing diagonal
te;sion incliﬁed cracking in first the A shear span of the beam and
later in the B shear span. The strain distribution in each end indi-
cates that the.strain at a distance of one-half of d from the load
point continued to increase past the cracking load; however, all of

the other gages further back from the load point decreased their strain
value, .A decrease in the strain is due to the change in the direction
of'the resultant compressive force which must point down toward the
reaction in order to maintain the equilibrium requirements within the-

cracked member. The loss of compressive strain on the A end is much

less than on the B ehd during the formation of the inclined cracks.

The gages nearest the support indicate that tensile strains were occurr-
ing in these regions. After inclined cracking the A end strains remained

constant indicating that the resultant“compressive force did not change

~ its direction further; however, the B end strains recorded additional
tensile strain indicating further rotation of the resultant compressive

force downward toward the support.

. .f  7'. f  ;4251
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After failure it was noted that:inclined cracking in the B end

had progfesséd to within a few inches of the end of the beam as seen in

Fig. 18b. This cracking was at the level of the top strand, indicating

that the beam may have been close to a faflure by separation of the ten-

sion flange from the remainder of the beam. No~slip was recorded at

the A end of the beam on any of the strands, but all 4 of the strands at

o ~ the B end of the top level recorded a slip of approximately 3/32-in.

Towards the end of the test the inclined cracks in the B shear
span had opened up approximately 0.06-in. from aftér formation, while
those in the A shear span had only opened up an additional 0.013-in.

A 0.21-in, maximum crack width was the last measured value, and was
obtained while the load was 98.2 percent of the load causing@failure.
Figure 19a shows a linear relagionship for the épening of each crack

as the load was increased beyond the cracking load.

4.2.2 Second Test

After separating the specimen at the location of the failure
in tﬁe first test it was reset under the testing machine. Complete re-
covery was apparent sinée there was practically no change in the strain
at the level of the cgs from the start of the first test to the start

of- the second test. Tension cracks develdﬁed in the top fibers of the A

shear sﬁan during the failure of the first test as can be seen iﬁ'Fig.
if o | 20a, The diagonal tension inclined cracks closed approximately 0.027-in,
- after the first test. Flexural cracks which had developed during the

first test reopened noticeably in the region below the load point at a

load of 120‘kip3'which'was 51 percent of the load causing féilure in the
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HSecondftest.’ ThiS'was another indicétion that there was no 1oss.of pre-; |

stress force in the first test. At a load of 200 kips, 1nc11ned cracks

developed across existing flexural cracks in the C shear span. No signifi-

-cant new inclined cracking occurred in the A shear Spanfduring this test.

A slow failure occurred at a load of 236 kips due to crushing

of the concrete in the compression flange adjacent to the load point, as

seen in Fig, 20b This beam.failed in flexure, but was certainly in-
fluenced to some extent by the existence of the inclined cracking, since
the failure occurred in the weaker shear span above the top of an in-

clined crack, Approximately 15 minutes elapsed while the beam.held the

load of 236 kips before it failed. Tension cracks parallel to the direc-

tion of the compressive stress were observed ih the region in which
crushing occurred, at a load of 232 kips. A detail of the failure region

i1s seen in Fig, 20c.

Figure 20b shows thegsamehinclined,cracking extending back to-

’

ward the end of the beam as was seen in-the first test; however, no

slip was recorded on any of the strands at the A end. No measurements

of slip could be made on the other end at the separation location,

The last measured maximum value of the width of the diagonal tension
inclined crack was 0,106-in., obtained while the 1oad'was 98.4 percent

of the load cau31ng failure, This W1dth was approx1mate1y % that mea-

sured for the cracks in the B shear span. Figure 21a contains a plot

of the reopening of the diagonal tension inclined crack in the A shear

span during reloading in the second test. A residual opening of 0.038-in,

remained after completion of the first test.




"“f4 3 BEHAVIOR AND MODE OF FAILURE OF BEAMIG 4

_’4 3.1 First Test

Beam G-4 was loaded to 68 kips before flexural cracks wgre_ob-
served, first‘on the right side of the beam, and then progressing across
the bottom to the left side at a load of 76 kips, Figure 22a shows the

beam carrying a load of 124 kips, which was 94 percent of the ultimate

--load, The deflection was approximately 4%-in. at the time this picture

was taken. The beam failed in flexure, suddenly and catastréphically,

after it had held a load of 132 kips for several minutes.

Incliﬁed flexure shear cracking had developed as a continua-
tion of flexural cracks in both shear spans prior to failure., At fail-
ure these flexure shear cracks had formed a distance of approximately 1%
times the effective depth of the beam from the load point info each
shear span, as seen in thécrackypatternsin Appendix A, At no time did
it appear that these cracks. would cause failure, and additional cracking
would probably have had to form.f&rther*fromithe 1oad point before shear

would have been critical,

Failure occurred in the exact center of the beam. Figure 22b
shows the detail of the failure ré@?on. Note the crushing of the con-
cfete and the buckling of ﬁhe two No. 6 bérs used as tensile reinforce-
ment in the top of the beam. Warnlng of the failure was glven by spall-

1ng and by tension cracking parallel to the direction of the compressive

’stress just beIOW'the top fibers of the beam.

Figure 23 shows the strain distribution history at the center-

line of the beam. The change in strain from before transfer to after

N
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transfer is an elastic strain, and the additional change in strain to —,,A;,
before the first test is an inelastlc stra1n due to creep of the con-

crete and relaxation of ‘the pPrestressed steel, All elastic changes in

-8train which occurred during testing were therefore plotted from the

after transfer strain Plot. The last strain reading which was recorded

prior to failure was 0.23 percent strain in the top fibers at the center- S

line of the beam and at the center of the cross section. The values of

strain on either side of the beam at the same location were 0,215 per-

cent strain. These values of strain were obtained at the failure load,

approximately 2 minutes prior to fajilure.

Appendix B contains graphs of the.straln distribution during
the first test., Beam G-4 exhlb;ted unlform'stra1n~dlstribution at the
three locations instrumented, - The longitu&inal strain distribution
indicates constantly increasing strain along the axis of the beam from

the gages nearest the Support toward the gages near the load point,

No appreciable slip of any of the strands was recorded at
either end of the beanm. Maximum flexure shear inclined crack widths
of 0.032-in. a@d 0.027-in. were obtained for the A and B shear spans
respectively, while the load was maintained at 97 percent of the load
causing failure, These measu?ements were obtained from the targets,

on Row C in Fig, 12.

4.3.2 Second Test - B _Shear Span

The second test on the B shear Span was conducted with a

| 15-ft Span since the center, C region, of the beam was destroyed in




fthrough the compression flange. This failure waS'similar to the -

LLLLL

. the first test. External reinforcement was used to strengthen that
| ﬁart of regidn B which was cracked during the first test. The first -
 flexural crack appeared on the right side of the beam under the load

- point, at a load of 152 kips, This crack did not progress across the

~

bottom of the beam to appear on the left side until the load had reached

200 kips,

Diagonal tension inclined cracking first occurred in the re-

inforced shear span at a load of 223 kips, which was 98 percent of the
load causing failure. With the deflection maintained at what it was
when the inclined cracking occurred, the load indicated on the testing
machine dropped to 202 kips. During reloading, diagonal tension in-
clined cracking occurred in the test region when the load was increased
to: 221 kips, and the load subsequently dropped to 209 kips. Figure 24a
shows the resulting crack in the test region which is also shown in the
crack pattern sketch in Appendix A. A maximum crack width of 0.079-in.

was oBtained at the formation of this crack.

The beam was reloaded to 228 kips and held the load for

approximately 10 minutes when a sudden but noncatastrophic shear

failure occurred due to shearing of the compression flange adjacent

‘to the load point in-the test regidn, as seen in Fig. 24b. The fajl-

. ure_occurred at 85 percent of the moment causing failure:in the first

~ test, Figure  24c shows a close view of the failure crack shearing

failure of the B shear span on beam G-2,.
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No stlrrups were broken in the failure, The inclined crack.

.. - [P e g
NN ——

again.extended back toward the end of the beam as can be seen in Fig, 24b.

This crack had not developed when the inclined crack formed since it'does

not appear in Fig, 24a, No slip was recorded on any of the strands at

this eod of the beam. A maximum diagonal tension inclined crack width

of 0.131-1n.'was obtained'while the beam was sustaining the failure load
but prior to failure. Figure 19b.shows a linear relationship for the
opening of the diagonal tension inclined crack in the test region as the .

load was increased beyond the cracking load.

4.3.3 Third Test - A Shear Span

The second test on the A shear span was also conducted on a
15-ft span, External reinforcement was used to strengthen that part
of Region A which was cracked during the first test. The first fle#-
ural crack appeared on the right side of the bean under the load point,
again at a load of 152 kips as it did in the pPreceding test on the B
shear span., This crack, like the Preceding one in the B shear span,‘did
notwprogress'across the bottom of the beam to appear on the left side

until the load had reached 208 kips.

I

Diagonal ten81on inclined cracking occurred in the reinforced
region at a load of 232 kips. With the loading valve closed to maintain
the displacement that caused the cracking, the load dropped to 225 kips.

Subsequent increase in the load caused additional 1nc11ned cracks to

form in the reinforced region, Diagonal tension inclined cracking occurred

in the test region at-a load of 238 kips, as seen in the crack pattern

sketch_in Appendix A, This diagonal tension inclined crack appeared at




.. 8 slightly higher load thap thoseﬂiﬁwihe sécdnd test on the B shear span,
A maximum crack width of 0.033-in. was obtained at the formation of this

- inclined crack,

cracking, as seen in Fig., 25a, Figure 25b shows the crushing of-the
concrete in the compression flange, and a view of the external reinforce-
ment used for the cracked region. The failure occurred at 102 percent of

the moment causing failure in the first test. A flexural failure was ob-

tained, but again, as in the second test on beam G-2, was influenced by the

inclined cracking which existed in the region of faijlure.
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"BOX BEAM:-TESTS

5.1 TEST RESULTS - N

A summary of the 4 tests conducted on the box beam specimens
is presented in Table 6, and the values listed were obtained in the same

manner as those in Table 5 which Wete discussed in Section 4.1,

—

The short box beam.developedfinclined cracking in the two shear
spans at different applied loads, and furthermote, the left and right
webs of the beam in each shear span developed inclined cracking at
different applied loads as indicated in Table 6. Inclined cracks were
observed which formed back toward the Support and were very high in
the beam. These cracks appeared to be torsional cracks. The beam failed
suddenly and catastrophically in the stronger A shear span due to crush-

ing and shearing of the concrete at the head of an inclined crack.

A second test was conducted on the B shear span of Beam G-1,
but again the action of the beam was modified due to. the cracked web
on the right side. Torsional cracking developed in the left web and
top of the beam, and failure followed shortly thereafter A flexural

crack developing a distance approximately 1% times‘ d from the load

point, triggered the failure.u

An extremely violent and catastrophic fallure occurred in the
B shear Span of the 1008 box beam, G-3. No torsional effects were ob- R

served since the-predonunate cracking was flexure shear inclined crack-

-50-
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ing which was symmetrical, Stirrup fractures triggered the'fEilure in

‘the B shear span, The damage from the first test, was not limited to

the immediate failure region at the B load point, but extended into the

-

A shear span.

A second test was conducted on the A shear span, but the

"reSulting, arch-type cracking patterns on both sides indicated that the

damage due to the first test had altered the action of the beam for the
second test. The test data was retained and studied for a plausible

explanation of the failure.

fStrand'slip, Previously discussed in Section 4.1 in connection
with the I-beam tests, is included in Table 7. The mid-span deflection
is plotted against the applied load shear for the first tests in Fig,.

17a, and for the second tests in Fig. 17b,

5.2 BEHAVIOR AND MODE OF FAILURE OF BEAM G-1

5.2.1 First Test

Beam G-l_wasrloaded to 240 kips before flexural cracks were
observed. Diagonal tension inclined cracking occurred on the right side
of the B sheer Span at a load of 272 kips, which was 68 percent of the

load causing'féiiore. This crack appeared very early in the loading of

the beam, and followed the expected path of most diagonal tension cracks

extending from the reaction up toward the load point, but contalned with- | “-f

T in the web of the beam, Appendix A contains a sketch of this shear span

immediately after the crack formed. The load indjicated on the testing

machine dropped to 261 kips. When the load was subsequently increased,
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oihéiinédméfaékihg"dccutred'oh”thé léftwéidé of the A shear span at a load
~of 304 kips, which was 77 percent of the load causing failure, caﬁsing

| the load to drop to 300 kips. A maximum initial crack width at the cg

in the left web was measured as 0.035-in. The crack formed well back
from the load point and extended up to and partially through the top
flange. It can be seen in the sketch contained in Appendix A. Crack-

ing of this type results from torsional stresses in the beam.
A

Diagonal tension inclined cracking next occurred on fhe right
side of the A end at a load of 384 kips, which was 97 pefcent of the
load causing failure, causing the load to drop to 370 kips. This crack
is also sketched in Appendix A. Each diagonal tension crack formed

after the beam had sustained the cracking load for several minutes.

The beam failed in shear suddenly and catastrophically in the
A end at a load of 397 kips. The failure started at the head pf the in-
clined crack on the right side of the beam shown in Fig., 26a, Failure
was due to crushing and shearing of the concrete in the compression
flange at the head of the inclined crack. Figure 26b shows the effect

of the failure on the left side where the lower crack formed as a result

of the failure starting on the opposite side of the beam.

[}

The strain distribution for Beam G-1, as seen iﬁAppeﬁ&ixWB;wwww~

indicaté§ that the strain was approximately uniform near the B load

point until a shear of 136 kips was reached. The effects of the dia-

gopal tensioﬁ inclined crack which occurred at this load can be clearly

seen from the distribution. Very little incréase in strain took place
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t‘atethe'head-Of the inclined crack, 'The strain at the'left side near the

crack by approximately one- half Longitudinal strain distributions for

the short box beam, G- 1, indicate that there is a reduction in the incre-

L
mental strain as the load is increased beyond the inclined cracking load

for each side of each shear span. The left side of the B shear span did

not develop any inclined crack during the first test,

No stirrups were broken during the failure; however, some of
the stirrups on the right side; Fig. 26a, pulled'out at the splice which

was crossed by the ihclined'crack. Stirrups on the left side shown in

were not broken, Slip readings of 1/16-in. were recorded on 3 strands,

failure,

5.2.2 Second Test

The B shear span was prepared for testing after the separation

. was performed at the failure reglon near the A load polnt Figure 27a
"'shows the condition of the rlght 31de of the B shear span at the start
g of the second test Crack widths were measured with a mlcroscope at the

“h3 locatlons circled on the beam and numbered 1 to 3., Crack width data

=
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sion. Inclined cracking occurred on the left side of the B end at a

was not obtalned from.these inclined cracks during the first test.

" The maximum inclined crack width at the start of the second test on

the right side, B end was 0.06-in. at location number 2. A width of

- 0.05-in. and 0.04-in. was measured at lecations numbered 1 and 3

respectively. Figure 27b shows the condition of the left side of the

B shear span which had not developed_any inclined cracks during the
first test. Tension cracks in the compression flange of the B shear
span foeFed-during the sudden failure in the first test. Full recovery
of the prestress force was evident since the strain along the cgs was
the same at the start of the second test as it had been at the start

of the first test,

Flexural cracks beneath the load point, which had formed dur-

ing the first test in the C region, opened noticeably at a load of 208

kips, which was 48 percent of the load causingjfailure. Inclined cracks

formed in the C region across the existing flexural cracks at a load of

208 kips. These cracks formed back toward the reaction; however, they

did not extend into the top flange and did not cause suspicion of tor-

w2

M

load fo 413 kips, which was 96 percent of the load causing failure, caus-
ing the load to drop to 402 kips. Thle crackmuehown in Fig. 27c¢ and

sketched—ln.Appendlx A, was the .one which is high in the web and farthest
back from the load point. It developed suddenly and ran through into the

top compreSS1on flange, where 1t ran parallel to the d1rect10n of the

compressive stress and terminated at the load point, creating a critical

region at the head of the crack,




A_sUdden shear failure occurred at a load of 431 kips, due to““l
crushing and shearing of the compression flange adjacent to the load
point in the B shear span. The small dotted flexural crack at the

bottom of the beam shown in Fig. 27c, formed at a section approximately

-2 times the effective depth of the beam, d, from the load point., It

precipitated the inclined crack which ran up to the load point. This
region was already critical due to the crack in the top flange of the
beam, and when the inclined crack formed, the beam failed, Figure 27d
1s a.close view of the failure region in'the‘top of the beam., Extensive
crushing of the concrete occurred in the failure region adjacent to the
load point. Figure 27e shows the resulting cracks on the right side of
the beam. These cracks were extremely far back from the load point and

caused strands adjacent to this side to pull out,.

Slip measurements of 3/8-ina\were‘recorded on some strands,
and almost all of the strands had some appreciable slip. The 2 strands
adjacent to the right side slipped so far that the tape on the strand
was in contact with the end of the beam, thus destroying any measure-
ment at ali. None of the stirrups were broken during the test,. Maxi-
mum inclined crack widths on the right side, B end, were measured as
0.06-in.,-0.17-in., and 0.08-in. at locations 1, 2, and 3 respectively -
at a load of 97 percent of the load causing failure. Figure 21la con-
tains a plot of the reopening during the second test of the diagonal
tension 1nc11ned crack which had formed during the first test on the

”‘rlght side of the B shear span. This data was obtained from a micro-
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scope reading of a 0.01-in, scalé,';nd thus is not as fine a measurement

as could be obtained from Whittemore targets. o A—7¥

5.3 BEHAVIOR AND MODE OF. FAILURE OF BEAM G-3
rrh

5,3.1 First Test

Beam G-3 was the largest and heaviest beam in the series. Flex-
ural cracks developed simultaneously on both sides of the beam at a load
of 136 kips. Inclined flexure shear craéking developed in both shear spans
and extended to both sides of the beam. At a load of 192 kips, flexural
cracks had developed a distance of approximately 2 times the effective
depth of the beam into the shear span‘froﬁ the load point. The action in
all 4 web locations was quite similar, unlike the first test on the
smaller box beam. Figure-28$'shows the beam carrying a load of 232 kips
which was 91 percent of the ultimate load, and the deflection was 5%-in.

at the time this-pictUre.Was taken.

The beamaféilediin.Shear adjacent to the load point in the B
shear span ‘as seen in Fig. 28b. The failure churrea suddenly andiyepy'
catastrophically at a load of 255.3 kips. Two stirrups were fractured
on each side at a flexure shear crack which had begun as a flexural
crack at.a distance-from the load point appréximaﬁely equal to twice

the effective depth of the beam. As soon as the stirrups féiled, the

beam collapsed, impinging the center region on the stub columns which

- Were about 6-in. lower than the beam., The momentum of the beam after - - -

" impinging on the stub column caused it to rotate about the stub column.

'TheA end, which weighed approximately 6% tons, was lifted upwérd off

v.
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ofthé Suébort, and‘the 2-in, fhick plate placed on top éf tﬁé foller
fgll'tothe floor before the beam came back down on the support, Safety
cables were partially fractured as they received the sudden load of the
2 steel loading beams. Tension cracks de?eloped all along the top of

. the beam in the center region, almost causing a separation to occur at

the center of the beam as seen in Fig., 29c.

Figure 29a shows the complete ruin of the right side og.the
beam at the B load point, Figure 29b shows the equally demolished left
side of the beam at the same location, and the compression flange ad-
jacent to the B load point. This was the most dynamic failure observed
in the series. Flexure shear cracks in the A' shear span reached a maxi-
mum width of 0.05-in. at 97.2 percent of the load causing failure. Those
in the B shear span reached a maximum width of 0.132-in. at the same load.
These crack widths were measured at the level of the cg of the section,

and are plotted against the applied load in Fig., 21b.

A

The strain distribution for Beam G-3,which is presented in
Appendix B, appears to be very uniform at the centerline of the beam,
Some small decrease in strain is seen on the right side near the load
point, prior to the shear failure. The longitudinal strain distribu-
tions for the long box beam, indicate a similar pattern to the uncracked

~ shear span of the shorter box beam. Only a slight reduction occurred

in the compressive strain at the head of the flexure Shear cracks on the o

right side near the B load pdint prior to failure,

No slip was recorded in any of the strands at either end of

“the beam, desplte the sudden impact load on the strand as the beam
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- 'impinged on the stub column, After separation and internal examination

was broken loose, exposing the strand. It was impossible to determine if
any wire failures occurred in the strand at this location. Extensive
flexure shear cracking had occurred in the A shear span during the first

test, as can be seen in the crack patterns presented in Appendix A,

'5.3.2. Second Test

Since the center region was almost split in half, the second
test*was conducted with a 15-ft Span consisting of the portion of the
beam which had been the A shear span. External bracing was used to

reinforce the region nearest the load point in the first test,

Cracking developed in a very unorthodox manner, and the beam
failed in shear in the unreinfoited region at approximately 80 percent
of the expected capacity. Figures 30a and b show the arching type
cracks which developed on each side of the beam. The behavior of the

beam indicated that theitest was definitely affected by the violent

failure in the first test,.

Strand slip of approximately 1/16-in, was observed in approxi-
mately half of the strands at the A end of the beam. A maximum crack

width of 0.126-in. was measured on themleft side at the cg in the test

- shear span at a load of 87.5 percent of the load causing failure.




6.  STRENGTH OF TEST BEAMS
‘m

6.1 GENE

-

The analysis of the strength of the test beams followed
closely‘fhe analysis of the smaller F series beams.(ls) I-beams only
were considered in the F series beams; however, this series included
2 box and 2 I-beams. The analysis proceeded virtually the same for
both cross sections tested. The load causing flexural cracking was
determined because it marks the beginning of the transition range from
uncracked beam action to cracked beam action. It is also important in
determining the inclined cracking strength of members with lohg shear
spans., The load causing inclined cracking in these tests marks the
most important change in the loading of the beam, This load is used
in every current design procedure and the method of calculating this
load is the basic differeﬁce behind the various methods which have
been proposed. The ultimate flexural capacity of a beam can be
thought of as an upper limit on the amount Of?WEb reinforcément to be
supplied in a shear span, since increasing the ultimate shear strength
.beyond the ultimate flexﬁral capacityistheoreéically not feasible.

””Béfé?ﬁiﬁﬁifsﬁmﬁfmfﬁé»ultimgte shear strength of the beam is the pri-

mary objective of this series of tests.

~ capacities is determined. None of the previous research projects at

~ Lehigh University have tested a prestressed concrete box beam in order
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to investigate the shear capacity. Analysis of the box beams and I-
beams differed in the determination of the inclined cracking strength
of the beams. By virtue of the 2 web walls being separated by the

width of the cardboard void the actlon in one web is not necessarlly

the same as in the other web. Torsional cracks resulted in the unsym-

metrical inclined cracking of the.short“box beam tests.

 Response to loading was linear prior to the detection of - any
flexural cracking, which occurred at the marked shears on the load-de-
flection curves for the first tests in Fig. 17a. A relatively sharp
change in slope is noted after the formation of flexural cracking in the
center of the beams. This sharp change in slope marks the beginning of
the transition range from the uncracked to cracked loading range. Ra-
sponse to loading again approaches a linear relationship as the load ik

increased beyond the transition range for beams G-3 and G-%,/fBeams G-1

and G-2, both having a span of 27-ft, fa11ed essentially at the end of
theitranSition region of the curve. Beams G-3 and G-4, both having a
span of*45-ft, failed after sustaining a relatively long qsasi-linean
response region of the load-deflection curve. Shears at whichdiagonal
tension inclined cracking occurred have been marked on the loadsdefieq—

tion curves of G-1 and G-2.

- Load-deflection curves for the second tests are shown in Fig,

on beam G-1, the response to load was again essentlally linear. The

!

|

17b. Although flexural cracks existed at the start of the second test | | I
second test results for G-3 and both tests on G-4, show a linear re- i
|

épbhse to load for a beéam which had developed - flexural cracking'prier-

——y




to loading. A very short region of the load deflection curve for the

second test on G-2 can be considered linear. This particular beam

developed diagonal tension inclined cracking during the first'test,

thus practically eliminating any linear response to load during the

second test, An extremely short transition range is exhibited for

both tests on beam G-4, probably because the span was only 15-ft,

The presence of web reinforcement increased the ultimate capa-'
city of the beams and also permitted greater deflection prior to fail-
ure. A prestressed beam without web reinforcement can be expected to
fail at loads close to the load causing significant inclined cracking.
The quasi-linear port‘ion of the load-deflection curve is attributable
to the web reinforcement and thu; provides the extremely important

greater ductility of prestressed beams with web reinforcement.

g

A majority of the analysis conducted on these beams was
simplified and aided by the use of the Lehigh University, GE-225 digital
computer. In the following analyses, it would appear to be too
laborious to include all of the refinements which have been included;
however, through the use of the computer, the solution becomes almost
't.rivi_al once the basic theoretical analysis is completed. There were,
however, some cases in which the ‘amount of savings in time reSulting .
from a computer .soilution would be sénall,_ and in such cases conventional

 calculation procedures were preferred.

6.2 FLEXURAL CRACKING STRENGTH

- The value of applied shear causir.\'gm‘flexural cracking, V

cr’®
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,_and a11 of the values of f' are llsted in Table 9,

¢ i s st e e

'was the first significant change in the action of the beam during test-

ing. Values of the maximum.applied load moment causing flexural crack-

ing. are related to V ot by:

e ex

Values of both'V'cr and M . for the first tests are listed in Table 9,

The flexural cracking moment, M. , can be calculated from

fc
the equation:
_ _ b . E. ‘EE Py
Mo =M, + My =2° (£] + 7+ zb) 4)
which when solved for,fé becomes:
V a+ M
fi = =0 El--1-“(-‘-41-+-"'3) (5)
Z Z

" The dead load moment at mid-span including the effect of the 1-ft over-

hang at each end, was computed by Eq, 2ufrom.Section 2.5 and is listed

- in Table 9,

Equation 5 was used to compute values of the flexural tensile

strength of the concrete —u81ng the actual dlmensions and the trans-

formed propertles of the sectlon The average value of the computed

tenS11e stress 1n.the bottom.flbers at flexural cracklng was 498 p81,

B

[ —

The average value _o_f f'¥ obtained from the F series beams was._

- :_1770'psi. Hanson.and Hulsbos tried to relate f' to /I‘ and f'p how-

e eever the1r data did not reveal any definite trend A ) Most of their
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‘ , \;'...;,.._}data was. for values of f ' between 6000 and 7000 psi. Except for beam

G 2, where f' was equal to 6660 psi the other 3 beams had values of
fé ranging from 7580 to 7920 psi. The value of fé and the value of

- the ratios fé to /}é and fé to:fs'p for beam G-2 fit the F series data

relatively well, Values for the other 3 béams are below the average
values of the F series beams, but it is impossible to compare them SR 'ﬁ
directly because of the higher: strength concrete. The high cement
factor used in the mix and the steam curing of the concrete both tend
vy to increase the occurrence of shrinkage cracks which might have caused

lower values of fé.

Equation 5 was rearranged and.solved fqrchr. The value of
the flexural tensile strength was assumed equal to 9.5/Yé, the average

value obtained from the F series beams, (15) resulting in the equation:

zP (95/f'+—+—~5-)-M

Values 6f the calculated flexural cracking shear and the ratio of test

to the thus calculated shear are given in Table 9. The average ratio is

0.87.

- | | ' The flexutal cracks developed at spacings ranging from 12-in.
to 24;1“- in the C region of the beams. The initial development extended ]
up to the level of the cgs; however, the cracks extended rapidly up to o M”i

the mid-height of the web with increESing.load;m Additional flexural

»1cracksdeveloped half-way. between the spacings of ‘the 1n1t1a1 cracks

and extended 11kew1se up to the mid- helght Considerable "y" branchlng

of 1nd1v1dua1 flexural cracks was noted after they attained .a helght




teristics of these types of cracking are illustrated in Fig. 31, and are

discussed

somevhere near the mid-height of the web, as can be seen in Fig. 29c,
which is of the first test on the long box beam. Flexural cracks de-

veloping near vertical stirrups tended to be very close to the stirrup

locations; however, other flexural cracks which developed mid-way be-

~tween stirrups did not appear to be pulled over toward the stirrup loca-

tions,

All of the beams exhibited a slight lateral eccentricity of
the prestress force ranging up to %-in. eccentric toward the left side
of the beam. Flexural cracking developed simultaneously on both sides
of the box beams; however, flexural cracks appeared first on the right
side.Qf each I-beam and did not progress across.the beam until the load
was increased by one or two incfements. Since all of the beams exhibited
the lateral eccentricity, it could probably be traced to some character-

istic of the prestressing bed,

6.3 INCLINED CRACKING STRENGTH

6.3.1 Types of Inclined Cracking

Three distinctly different types of inclined cracks were ob-
served in the test beams. Diagonal tensibn inclined cracking and flex-
ure shear inclined cracking occurred on both I-beams and box beams; - _

torsional cracking occurred only on the box beams. The important charac- -

below,

Diagonal tension inclined cracking started from an interior

. pein;.in'the-Web of the beam, and on the particular shear spans tested,
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always occurred at a higher load than that which caused.fléxufal crack-

ing. Each side of the same shear span of the box beam had a different

shear causing diagonal tension inclined cracking,

Flexure shear inclined cracking was always associated with
the formation of a flexural crack some distance from the load point
toward the support., If the distance was short, the flexural crack
would turn toward the load point and if the distance was relatively
long, it Would Precipitate the formation of inclined cracking in the web

above it. In general both sides of the shear ‘span of the box beams had

the same 1load causing flexure shear inclined cracking, since the controll-

ing stress occurs'in the bottom fibers of the beam which are physically
connected by the concrete in the bottom flange, whereas the diégonal
tension cracking is a phenomena associated with a stress in an interior
portion of the web which is not physically connected to the opposite

side of the beam at that height.

Torsional inclined cracks developed in only the box beams in
whlch diagonal tension inclined cracking had already occurred at.a
lower load at s&me-location in the beam. These cracks formed well back
toward the support and although they appeared to start in the web, pro-

gressed rapidly up into the top compression flange of the beam. The

restrained before reaching the load point.

A discussion and analysis of the inclined cracking will follew

the derivation of the web stresses and description of the sketches pre-




- sented in Appendix A,

'6.3.2 Web Stresses and Crack Patterns

Appendix A contains.sketches of the érack patterns in the webs
of the test beams as reconstructed from photographs taken during testing.
Elevation views are presented for crack patterns which developed at the
~inclined cra€king load, and sometimes also at the failure load. All
cracking.which had developed in the first test of the beams prior to the
épplied load indicated at the load point is shown by heavy solid lines.
All cracking which developed in the second test is shown by a dashed line,
One sketch for each end of each I-beam was sufficient to present the
cracks which had developed; however, box beam crack patterns had to be
presented iﬁ two sketches for each end, one for each side, since the
crack patterns in the separate webs were not the same in most cases.
The value of shear in the shear span corresponding to the load at which
the flexural cracks were first observed is written bepr the crack in
the sketches, Cracks which were extension of shear cracks and extended
downward from the web to the bottom fibers have no value of shear
written beneath them, since they are not flexural cracks. Vertical web
reinforcement locations are shown in the conventional manner, Values
of shear which éauSed.individual cracks to form can be obtained from
the photographs presented for the discussion of the specific tests

referred to in Chapters 4 and 5.

Web stresses were computed at various locations in the beam.

‘The vertical normal stress was assumed to be zerd, and thus the state

of stress in the web was defined by a horizontal normal stress and a




sheariqgmgtresé. The normal stress was calculated from:

1
A

f=F(—z )-%(Vicx+Md) | * o (7)

e -
I

The origin of the coordinate system is taken at the intersection of the
grid line through the supporé reaction and the cg of the transformed

section, x being positive when measured along the cg of the transformed
section in the direction toward the centerline of the beam, and y being

positive upwards., The shearing stress was calculated from:

Q (V. +V,)
v = ;; - d 8)

where the dead load shear and moment were calculated from:

My =7 (1 - x” - 1) (10)

The dead load moment equation includes the effect of the 1-ft overhang
at the support and is valid for x and L expressed in feet. The princi-
pal tensile stress was determined from the relationship derived from

J
’Mbhr?s circle which can be written as:

femrt/@ied an

pt

The slope of the compressive stress trajectory was calculated from: .

0= tan" (& a2y
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" The compressive stress trajectory was drawn as a light dashed . =

 line through the intersection of a grid line with the horizontal plane

-'éassing throuéh the cg of the box beam or mid-height of the web of the
- I-beam, The slope of the compregsive stress trajéctory was known at
~this intersection and the slope at either upper or lower limit of the
web could be approximated very closely by interpolating between values
/of 6. calculated at the intersection of the top or bottom of the web and
the grid lines, Vélues of the principal tensile stress are written at

the intersections of the grid lines and the horizontal plane,

By substituting -y for y in Eq. 7, the flexural stresses at
the intersection of the grid lines and the bottom fibers were calculated,
These stresses are based on an uncracked section and thus are not exact;

however, they do give an indication of the value of stress,

6.3.3 Inclined Cracking Shear

Because of the interplay of the three different types of in-
clined cracking discussed in Section 6.3.1, and also because of the
few test results obtained, it seems wise to discuss the inclined crack-
ing behavior for each‘beam separately. Reference to the sketches in

Appendix A will be_helpful in visualizing the subsequent discussion.

The magnitudes of crack widths measured during testing are presented in

Tab}e 8. _

_ The average principal tensile stress existing at the cg of

~“;wﬁhe_erossmsectionfin~the*webs“ofwthewsmalle%‘F‘seriESfbeamsat‘fhe in-

clined cracking load was found to be expressed by:(ls)
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Table 11 includes the predicted values of f;% at inclined cra;king for'
the G series beams. The value of the ultimate compressive-sprength of
the concrete, fé, was taken as the average-of the vibrated cylinders

cast in waxed cardboard molds as given in Table 2, since. the above
equation was obtained from data based on Qimilar type cylinders, The

. values of fpt as observed in the G series beams are- listed and compared
to éhe predicted values. The method developed from the F series beams(ls)
recommends that the value of fpt be calculated.at ;he junction of the web
and bottom flange, if the cg is located in the bottom flange. After study-
ing the crack patterns for the I-beams, it was apparent that the maximum
principal tensile stress along the inclined cracks for these members
occurred nearer the mid-height of the web, Hence, the stress, fpt’ is
taken at the cg for the box beams, but at the mid-height of the web

for the I-beams. The following information in this section is a dis-
:cussion of the selected values of the inclined cracking shears for

each beam,

Beam G-2

Perhaps“fﬁ;mgzgai;;; inclined cracking oécurfed on the short
I-beam, G72.* A1though both shéar spans had identical inclined crack-
ing loads, and although the crack patterns are somewhat similar, the

cracking phenomena were caused by different actions within the beam,

The A shear‘Span of the beam was the first to develop an in-

clined crack, A flexurallcrack formed at a distance d from the load
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'f”ﬁdint,’indicated‘by"the Vv mark on the sketch. This flexural crack in-
fluenced the stress condition in the web above it, and pfecipitated the‘/

_Ainclined cracking which first formed close to the load point and then

progressed back towgrd the support. The path of these cracks, aithough
generally parallel to the principal stréss trajectory at the mid-height
of the web, does not bend at the top an& bottom of the web. The cracks
are almost straight lines. Stresses in the web calculated from the un-
cracked assummtions indicate that a‘maximum.stress of 316 psi was reached,
whiéh is only 63 percent of the predicted value from the F series results,

This cracking is classified as flexure shear inclined cracking and the

flexural crack formed at a stress .of 640 psi in the bottom fibers of the

beam.

The B shear span developed an inclined crack atihe,same‘IOad,
but due to diagonal tension inclined cracking, No flexural crack was
found beyond the one marked at approximately 12-in. from the load point
which occurred at a éhear of 104 kips, Stresses in the bottom fibers
of the beam indicate that a flexurallcrack could'have been expected to
form; however, the flexural crack which formed at 104 kips causéd a

reduction in the stress for some distance along the bottom fibers. The

-

maximum stress in the web at this load was 376 psi, which is 88 percent

—

of the predicted value and is high enough to have caused diagonal ten-

sion inclined cracking, The cracking started back near the support and ——

then in progression, forward toward the load point. Some slight curva-

!
|
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'_thre can be detected as the cracks turn at the extremities of the web

in order to follow the path of the PRincipal stress trajectory.
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Beam G-4

~~Beam G-1

The lohg I-beam, G-4, produced the only pure flexural failure

in this series of tests, The shear span crack patterns indicate that —

only flexure shear cracking had formed prior to failure. Stresses

generally below 200 psi were produced at the mid-height of the web, and

stresses of this magnitude are below the values normally associated with
diagonal tension inclined cracking. Flexural cracks had developed a
distance of approximately one and one-half times d from the load

point, and additional flexural cracking further back from the load

point would probably have had to form before flexure shear inclined

cracking could have lead to failure,

Both second tests were conducted on uncracked shear spans.
Flexural cracks had just appeared undér the load point when diagonal
tension inclined cracking occurred in each test. A shear of 110.5 kips
caused the diagonal tensionfcracks.to form in the B shear span test at
a corresponding principal tensile stress of 360 psi at the mid-height
of the web, or 72 percent of the predicted value. A shear of 119.2
kips caused the same tybe of cracking to form in the A shear span test.
The corresponding maximum principal tensile stress was 403 psi or 81
percent of the prédicted value. These cracks followed the path 6f the

principal stress trajectory extremely well,

-Considerable complicating developments océurred during the
testing of the short box beam G-1. A diagonal tension inclined crack

first formed on the right side of the B shear span at a shear of 136
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kips and a corresponding principal tensile stress of only 294 psi. —
Thisfstresskwas only 62 percent of the predicted value, No flexural

cracks had developed in the shear span at the formation of this crack,

The crack extended deep down into the bottom flange and back toward the

support.. o

The cracked web of the right side of the beam caﬁsed an im-
portant change in the internal forces within the specimen, Figufe-16b
is a view of the test setup for the long box beam, G-3. The same set-
up was used for beam G-1, and an elevation view is shown in Fig. 32. A
spherical head was placed under the head of the testing machinevsb that
it coﬁld not be moved horizontally'as denoted in Fig. 32. 1If the beam
does not move in'the horizontal plane, and the spherical head does not

move in the horizontal plane, then the spherical head cannot rotate after

the test has commenced. Thus the plane A-A at the 1eve1 of the top of the

beam must remain parallel to the head of the testing machine which is

level.

A diagonal tension crack on one side of the beam bnly, has twd
important effects, First, it causes the shear center, s,c., to-move to-
ward the opposite side of'the beam at the instant this crack forms; how-
ever, the shear center returns to its original position, at thé center-‘
line of‘the'cross section, as soon as the stirrups which are crossed by

the inclined crack yield and carry the shear in the cracked web, It is

b

“pbssibléEHEI*iEKHBEE;hdf;édﬁéwéiihiheﬁay back to the centerline, but

it is relatively close. since the shear strength of the cracked web has

not been‘ethusted. The second important change is the relative stiff-
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ness of the sides.of rhe beam, A'web sustaining an. inclined crack has

a reduced stiffness and will tend to deflect more. . Since plane.A-A

must remain horizontal, the resultant load on the beam must shift to-
‘ward the uncracked web.. The resultant can move anywhere within the -
enveIoée shown in the elevation, An approximate maximum movement of
"8-in.gcou1d result; however, any shifting outside of rhe envelope would

cause the loading beam arrangement to become unstable,

A change in the internal forces occurs when the resultant of
the load shifts., A torsional moment, M > 1s produced which causes addj-

tional shearing stresses in the uncracked web and reduces the shearing

stresses in the cracked web,

4

As.discussed in Section 5.2, the next crack to form was a
torsicnal inclined crack in the left side of the A shear span, This
crack formed at a shear of 152 kips and a corresponding maximum Princi-
Pal tensile stress based on shear stress only of 354 psi at the cg in
the web, but it formed well back from the load Point and extended up
into the compression flange of the beam. Between grid 11nes@and®
on the sketch, the crack disappeared from the side of the beam, but
‘traveled inWard approkimately 6-in, before running.longitudinally to-
ward“rne load point. It was restrained near grid line(:l This crack

- was due to the internal twvisting moment, M

Another diagonal tension inclined crack developed in the right

~ side of the A shear span at a shear of 192 kips and a corresponding
maximum princ1pa1 tensile stress at the cg in the web of 491 psi. This

- stress was 104 percent of the~predicted»va1ue, This crack extended




web may have been somewhat lower than that given. The diagonal tension

inclined crack was instrumental in causing the shear failure,

A second test was conducted on the B shear span after the beam
failed in the A shear span during the first test. The cracks marked by
solid lines in the sketch were p}oduced during the first test. Relatively |
minor flexure éhear crécking had occurred and 2 tension cracks occurred
ip the top fibers during the failure of thg first test. The right shear
span had sustained the diagonal tension inclined crack previously dis-
cussed during the first test; however, the left side was free from any
such cracks, At a shear of 206.5 kips, and a corresponding stress of
545 psi, a torsional crack dgveloped well back from thé load point and

quite high in the beam. This was 115 percent of the predicted value,

"H,\lv.‘r' <

the beam, ran forward toward the lbad point, stopping only inches short
of the plate at the load point. This craék, aithough not in the web of

the beam, was instrumental in Producing the failure.

. Beam G-3

AwihﬁtestOf‘thelongboxbéam,g_3? was nOtcompiiéatedby‘ény*‘

“— torsional cracks occurring as was the short box beam test. Flexural

cracks and flexure shear cracks developed Practically the same on each




 side of each shear sped; The fiexdral eraek'which subsequéﬁéiy lead to  'WWf57
the cr1t1ca1 inclined shear crack developed on each side of the B shear
span at a shear of 116 kips and at a distance of appfoxlmately 1.8

times . d on the left side and 1.7 times d on the right side from the ‘*
load point. A Vv mark is placed under these cracks in the sketches,
Corresponding bottom fiber stresses were 655 psi and 744 psi'for each

side, The principal tensile stress in the web at the cg above the

initiating flexural crack was 245 psi for each web.

The A shear span had developed flexural cracks at a distance of
approximately 2.1 times d from the load point on the left side at incipi-
ent failure. A lack of photographs for the right side makes it impossible
to determine the last flexural crack which formed. A stress of approxi-
mately 630 psi caused the flexural crack to form on the left side, If
the B shear span had been sufficiently reinforced to prevent a shear fail-
ure, then this flexural crack wodld probably have been the one to cause

the critical inclined crack in the A shear span.

Values of the pripcipal tensile stress in the webs of the G
series beams averaged 15 percent lower than the predicted values based
on results from the F 'series beams. Torsional cracking values fall
within the range of values for diagonal tension and flexure shear in-
clined cracking. Higher concrete strength and the use of a rich mix .-

| :

could be the cause of the lower values, because of the additional shrink-

age cracks,

An average value of the tensile stress in the bottom fibers

of the beams eausing flexure shear inclined cracking was 680 psi.




~ less than the minimum amount required to get a flexural failure.

-3 minutes after the strain reading was obtained. It is reasonable to

~the section has been shown to be 4 reasonable assumption by previous

6.4 ULTIMATE FLEXURAL STRENGTH

The beams were designed to be criticgl in shear; however,
i; was desirable to design for a‘failure.which wés close to the flexural
capacity of the cross section, in order that a reasonable amount of web
reinforcement would be required. Consequently the amount of web reinforce-

ment provided in the shear spans of most beams was equal to or slightly

Beam G-4, the long I-beam, failed in flexure. A strain of .
0.0023-in. per in. was recorded in the extreme fiber ip compression at
the failure load. The beanm sustained the failure load for approximately

8

eéxpect that this strain increased during this period of time, and that

it probably approached- a value of 0,0025 to 0.003 at failure. Strains

of this magnitude were experienced in the E series tests.(13)

The calculation of the ultimate flexural strength of the test
beams was based on the assumed strain and stress distribution shown in

Fig. 33. A linear concrete strain distribution through the depth of

investigators.(IB) From the equilibrium of internal forcesg
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IT= 3T T, = ¥ A £ P , (15 —
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where C = 'resultant compressive force

T = resultant tensile force in the prestressed

: steel

Ti = resultant tensile force in the prestressed

steel at a particular level, i
As = cross sectional area of prestressing strand
fs = 8tress in prestress strand at a particular
i level, i
P; = number of prestressed strand at a particular

level, i

n - = number of levels of prestressed strand

Equations 14 and 15 are valid for all cases, The total compressive force
can be separated into two parts; one part due to the force in the con-
crete, C', and another part due to the force in the non-prestressed

steel, C"., Therefore:

c=c'+c" | (16)
n' n'

oV = "n - ' LA ! ' (17

C 1£i cy iz& Al (fsi ky £1) p) 17)

If the lower Iimit of the rectangular stress block is within the top

flange:

“ ¢ S Ft.fg. o (18a). ]

- PR

S g for a box or an I-beam:

C o C' = (ky £1) (b_ k, c) (18b)




1 ' | o
k, ='3 ., (18¢c)
If the lower limit of the rectangular stress block is within the chamfer

region beneath the top flange:

ttf+)\u>k1 c>ttf (19a)
and for a box beam:
= (ky £) (b\i: +h(b42u--2-*l)+l‘-2-) | (19b)
tf | A A -
Ct . ' h, h2 h
(b, ttf)(2)+h(b+2u-—) (t, ¢ '2')+T(tf"’§') |
k2 = —f R Y) = (19¢)
(b, t o +h (b+2u--—-)+ 2
and. for an I-beam:
2h | . k%
' ' ~ (h a ‘
C!' = (k3 fc) (bt ttf + h (bt ' ) + )\ ) (19d)
t 2
2h h h h
(b )( )+h(b - =) (t +3)+ ) (o + )
k. = __L_EL — 4———.—___2"_.;%,: tf A tf 3 , (19&)

2h
(bt ttf+h (bt -T)+T) c

If the lower limit of the rectangular stress block is within the web:

A

gt Au+ dW > kl c > ttf + Au_ _ - (20a)

"~ and for a box beam or an I-beam:

C' = (ky £) <b tgtbhe®) o)
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where c!

C"

o

. | 2
(b, t_. + bh + M) c

resultant compressive force in the concrete

resultant compressive force in the non-prestressed
reinforcing steel

resultant compressive force in the non-prestressed
reinforcing steel at a particular level, i

ratio of maximum compressive stress ‘to average
compressive stress ~

ratio of maximum compressive stress to strength
of concrete, f', determined from standard

c
cylinder tests

distance from extreme fibers in compression to
neutral axis

Cross sectional area of a non-prestressed reinforc-
ing bar

-

stress in the non-prestressed reinforcing steel at
a particular level, i

number of non-prestressed reinforcing bars at a
particular level, i |

number of levels of non-prestressed reinforcing
bars ’ '

thickness of the top flange without the chamfered
portion

width of the top—flange of the beam L
width of the chamfer

depth of chamfer

v ‘ !

i:;ﬁ-,;ﬂ{';;’-p!:? oA EE
i Il
.
a

.
.

~‘Tatio of depth of chamfer to width of chamfer

k, ¢ - tﬁf = depth to lower limit of rectangular
stress block measured from bottom of the top flange
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dw, =  depth of web
- b = total web width
k2 = ratio of diétance from extreme fiber in com-
| pression to the resultant of the compressive
force in the concrete to ¢
From equilibrium of internal and external moments:
= Y - oM g0
Mfu T dc C k2 c-C dc' . {(21)
n
X A f p.d
j=1 8 8 ‘i i
where d = — = distance from extreme fiber in (22)
c n . .
S A £ p compression to resultant horizontal
s s, '1i tensile force in the prestressed
i=1 i
steel |
n' |
' " _ ' 1 4! _
ifl As (fs:,L k3 fc) Py di
dé.= = —_— = distance from extreme .(23)
' fiber in compression
' " ' '
ifl As (£ i k3 fc) Py to resultant hori-

zontal compressive
force in the non-
prestressed steel

di<= distance from extreme fiber in compression to a
| particular level, i, of non-prestressed steel
Assuming a linear concrete strain distribution through the depth of

the section:

S

dj - ¢ ..
cu, | €u (24)
l .
e - c - d! S
N | ' = ' = O AN ) . B U
and _ - fsi E»gi__ s e + ¢ 1| B (25a) -
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~but | f!' < f£ (25b)
. 8. y - - | -
i _ |

vwhere €u. = ‘tensile concrete strain at a particular level, i
. i | | | _

e{ = compressive concrete strain at a particular

level, i
€, = . ultimate concrete compressive strain
esl ~ compressive strain in non-prestressed steel due
i to inelastic losses in the concrete between

~tive prestress force is 1es§ than the,force_reqUired to reach the = = ... |

’élastic“limit‘of-thematerial,‘a‘formdfEq."31acou1d be used. =

time of transfer and time of test at a parti-
cular level, i :

Values of'e81 are listed in Table 10, and were obtained from
i
experimental Whittemore readings taken at the time of transfer and at

the time of test. The values are less than 10 percent of the strain at

yielding for the bars; and were not used in the® calculation since Eq.

25b limited f; to a value equal to fy in every case. The strain at
i .
the i-th level of prestressed steel is expressed as:

€ =€ + € + € (26)
su, se ce cu
1 i 1
F Fe 1
ecei =G+ T ) (520 . (27)

A

The strain in the prestressed steel at the effective prestress force,

€,o> can be determined from an experimental load-strain curve. This

Procedure is discussed later in this section; however, since the effec-
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®se " 32.5 p (28)
where e = total strain in prestressed steel at a o
su P .
i particular level, i
€e = Strain in prestressed steel at the effective
prestress force -
\ €.e = compressive strain in the concrete
i |
F = prestress force at the time of test
;yi = vertical distance from the cg to a particular
- level, i, positive upwards
;Eb =  modulus of elasticity of the concrete
P = number of prestressed strands

Values for the constants k1 and kg which determine the magnitude of
the resultant compressive force in the concrete, as recommended by

Mattock, Kriz, and Hognestadfzz) were used as follows:

k, = 0.85 | for £! < 4000 psi

' “ | (29)
k; = 0.85-0.00005 (£'-4000) for £! > 4000 psi
k, = 0.85 | . . (30)

Assuming a value of €, equal to 0.3 percent, and the values
for the constants expressed in Eqs. 29 and 30, it is possible to make
| - 4 trial and error solution to determine the location of the neutral

| axis at failure. The compressive strain in the concrete, €., > can
. S | | e
| -be determined from Eq. 27, for each level of the strand, since it is

a function of the initial conditions in the beam, and not the ulti-

"mate.conditiohs. Likewise, €,c Can be determined from Eq. 28, A "en




distance is then assumed; therefore, 6, can be determined from Egs..
24 and 26 for each level of prestressed strand. The load, A f ,

7 '8 s
can be graphically deterq@ned from the load-etrain charaszeristii
'cerve for the strand, Fig. 5. The resultant force due to the pre-
stressed steel can be determined from Eq. 15, Equations 25a or 25b
and 17 may be used to determine the resultant compressive force in
the non-prestressed reinforéing steel in the top flange of the bean,
Depending on the location of the lower limit of the rectangular stress
block end the cross secti;n, C' can be determined from Eq. 18b, 19b,
19d, or 20b. The one applicable equation from the Preceding four is
solved in terms of ¢. The total resultant compressive force can be
determined in terms of ¢ from Eq. 16, A calculated value of ¢ is ob-
tained from Eq. 14, This value 1s then compared to the assumed value
of ¢ and if not equal, a new value of ¢ must be assumed and the proce-
dure repeated until agreement is obtained. When 3 satisfactory agree-
ment is’obtained, the value of k2 can be determined from Eq. 18c, 19c,
19e; or 20c, depending again on the location of the lower limit of the

rectangular stress block and the Cross section of the beam. The ulti-

mate flexural strength, jMf , can be determined from Eqs. 22, 23 and 21,

A least squares polynomial curve fitting procedure was followed

in order to obtain an equatlon to represent the load- straln curve of

Fig. 5. It was possible to divide the curve inte 3 regions; the straight

line elastic region, the approxlmately stralght 11ne strain hardenlng IR

region, and a transition region between these 2 regions. The equations

expres31ng the prestress force in kips, and the strain, €., » in per-
i




cent;obtained are as follows:

- As fsi = 32.8 egui for 0 < esui < 070% (31a)

P | 2 3
Ay £ = -39.5 + 171.8 €u, = 157.9 €5 +63.6 ¢

{ { : ui su,
7 (31b)
9.4 ¢ for 0.70% < e < 2.0
Su Su, = .
i i
“- Asfsi'=.29ﬁ3'* 0.599 esui for 2.07% < ¢ . (3lec)

Using these équatians‘in.place of the graphical determination of the

value for AS fs_, the entire calculation is one which is quite suitable

i

for a computer solution, Consequently, all of the foregoing equations

were programmed such that once an initial ¢ was given, along with the

various required physical parameters of the cross section, the computer

was able to make all of the decisions as to-Which équations.to'use, and

it’subseqqéntly made several trials before being satisfied only when the

calculated value of ¢ was within 0.001-in. of the aséumédfvalue,

The computed ultimate flexural strengths of the test beams

are tabulated in Table 10. Dead load moment at mid-span was computed

by Eq. 2. The neutral axis at the computed ultimate flexural capacity

was approximately 6.2-in. from the extreme fiber in compression for the

‘I-beam, and 3.25-in,

from.the extreme fiber in compre331on for the box i
- HMTHbeam.A Ratios of M to the calculated values of (M M ) are glveﬂ in ?
the table, The calculated ultimate flexural capacity for the long I-beam,
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‘the lgboratory size F series beams:(ls) shearing of the compression

\' e

the actual average dimensions were used, thus accounting for the slight
discrepancy between the two box beam results, or between the two I-beam

results., These calculations were repeated for values of €, ranging from

insensitive to changes in €,© The average ultimate concrete strain was
0.27 percent for several flexural failures ip the E series tégls; how-
eéver, using this value in the computation changed Mfu by only 0.13 per-
cent, . |

6.5 ULTIMATE SHEAR STRENGTH

A total of 9 ultimate failure tests were conducted on the 4
test beam specimens., Ope test result was invalid due to a damaged -

specimen, and of the remaining 8 tests, 3 fajled in shear, 2 fajled

failed in flexure but were influenced by shear. Tables 5 apd 6 present
a summary of the test results. None of the test failures appeared to
have been influenced by slip of the prestressing strand, and the slip

which did occur was a result, rather thanp a cause of the failure,

. Four different modes of shear failures were obtained from @

flange, fracture of the web reinforcement, crushing of the web, and a
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ehear.compression.type failure., All except the last type were due to
i inclined cracks. which remained entirely within the shear span. The
fourth type of failure was associated with inclined cracks which crossed

under the load point into the constant moment region,

Five beams in the F series failed by shearing of the compression

flange'( °) all of these were on second tests. This type of failure was

characterized by a sudden, but non-catastrophic shearing of the compres-
sion flange as a continuation of an inclined crack. Two I-beams in the
G series tests failed in this mode of failure. Beam G-2 failed in this

manner at the B end during the first test, as seen in Fig. 18c, and beam

G-4 failed in the same manner at the B end during the second test as
seen in Fig. 24c. No crushing of the concrete in the failure region
was observed during the failure, and both failures occurred o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>