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ABSTRACT

This investigation is a pilot study_of the bond char-
acteristics of prestressed members pre-tensioned with multiple
.layers of strand. The primary objective was to develop informa-
tion in regard to the additional flexural bond attained in strands
found near the lower extremity of pre-tensioned memberé as a re-

sult of the pinching effect of the end reactions.

The results of tests conducted on three beams pre-
tensioned with two layers of 1/2-in., 270K strand are presented
and compared with similar flexural.bond tests by Badaliance and
.VanHorn on beams with a single-layer strand pattern. The test
results clearly indicate that additional flexural bond is de-
veloped as a result of the pinching effect of the end reaction
on the prestressing steel near the soffit of the member. The
study also demonstrated that bond slip occurred at loads which
were considerably below both the actual and the computed ultimate

flexural capacities of the members.

It is recommended that a more extensive study be made
in the future, encompassing several variables such as vertical

strand spacing and strand pattern.



I. INTRODUCTION

In a reinforced.concrete member, forces are normally
transmitted directly between the concrete and the reinforcing
steel. The medium by which such a transmittal is accomplished
is referred to as bond. 1In conyentional concrete members rein-
forced with deformed steel bars, this bonding action is the re-
sult of a combination of adhesion and mechanical resistance
between the steel and concrete. When considering pre-tensioned
prestressed concrete members, the bonding action between the
prestressing element andbthe concrete is a result of friction as

well as adhesion and mechanical resistance.

In the fabrication of a pre-tensioned prestressed
concrete member the prestressing Strand is first tensioned to the
desired stress level. Concrete is then cast about the strand and
allowed to cure until it gains sufficient strength for release.

The strands are then freed from the tensioning mechanism, causing
a gradual build-up of force within the member. The stress in the
prestressing tendon varies erm zero at the end of the member to
full prestress at some distance inside the concrete. This distance

is known as the transfer length, and the bondihg action responsible

for this stress gradient is called transfer or anchorage bond.

The transfer length varies with the type, size, and

surface condition of the strand, the concrete strength at release,
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and the rate of release. For any one strand, in a particular

concrete member, the transfer length will be greatest in beams

that have been subjected to rapid release, and shortest in

members where the prestress transfer was gradual.

When a beam is loaded the steel reinforcement helps
the concrete resist the externally applied moment. To accomplish
this in a pre-tensioned flexural member, the circumferential
forces are transmitted from the concrete to the prestressing

strand by bond.. This type of bond is called flexural bond.

In discussing flexural bond in pre-tensioned prestressed
members, two_phases‘must be considered, before and after cracking
of concrete. Before cracking occurs, the increase in the tensile
steel stress and the resulting increase in flexural bond stress
is relatively small. This flexural bond stress can be calculated
through the use of a free body diagram of an uncracked concrete
member, which yielded the expression

. nesASV
f ZOIé

When cracking occurs under flexure, the bond stress rises
in the vicinity of the crack, and bond failure, resulting in slip
between the strand and the concrete, occurs in the region adjacent
to the crack. As the load is further increased, the high bond

stress continues as a wave from the original crack toward the end



of the member. When the peak of this wave of high bond stress
reaches the prestress transfer zone, the increase in steel stress
resulting from bond slip decreaseé the diameter of the strand

with the resulting decrease of frictional bond. It is at this
point that strand movement at the ends of the beam can be detetted.

This phenomenon is known as bond slip.

In members prestressed with strands, the helical shape
of the individual wires provides mechanical resistance so that the
beam can support additional load even after the strand slips at

the beam ends.

Of increasing intérest in the characteristics of bond
in pre-tensioned prestressed concrete members is the component
resulting from friction. When the prestressing steel is tensioned
to the desired tensile stress, the diameter of the strand con-
tracts due to the effect of Poisson's ratio. After release the
stress in the strand increases from zero at the end of the member
to some constant level at the end of the transfer length. This
variation in the tensile stress of the strand causes an expansion
in the diameter of the strand in proportion to the reduction due
to the initial tensile stress. This expansion is resisted by the
concrete surrounding the strand, resulting in a radial force at
the interface. This interface pressure between the strand and the
concrete is for the most part responsible for the development of the

frictional Component of bond. However, at the member ends in the




area surrounding the reacfion, the concrete is locally compressed
due to the vertical force of the reaction. It is felt that this
compressive force adds to the frictional component of the bond

by increasing the radical pressure at the steel-concrete inter-
face. This phenomenon may be termed the pinching effect of the
reaction. 1In beams containing layers of strand, it is:possible
that bond slip may be more critical in the strands at the upper
levels, since the pinching action is less effective at the higher

level in the beam.

The nature of bond was reported in 1954 by Janney.9
Four sizes of prestressing wire and one size of prestressing
strand (S/iG—in.)‘were used in a study aimed at the evaluation
of both transfer and anchorage bond characteristics. The prin-
cipal variables considered were diameter, surface condition, and
degree of initial pre-tensioning of the wire reinforcement. A
variation in transfer length was noted for wires of various
diameters, and it was found that the surface condition also
played a major role. An elastic analysis of the deformations
occurring when pre-tensioned steel is released, suggested that

bond is largely a result of friction between concrete and steel.

In 1956, Thorsenl4 showed that the bond forces in the
end zones of a pre-tensioned member differs from the bond forces
in the interior regions. It was further demonstrated that both

types of bond can be determined by a curve indicating the maximum



tension which can be developed in a tendon, without slip, at

various distances from the end of a member.

In 1957, Nordby and Venuti13 tested 27 beams cast from
conventional and expanded shale aggregate concrete. The beams
were tested both statically and in fatigue. The results indicated
that the embedment length was the governing factor against failure .
rather than bond stress as computed frém conventional equations.
The equation

3f_ A
s's
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was used to compute the average bond stress at the time of failure.

In 1958, a study by Dinsmore, Deutsch and Montemayor5
reported the results of an investigation of both transfer and
flexural bond in test specimens pre-tensioned with 7/16-in. strands.
It was concluded that friction played a major role in the develop-

ment of both types of bond.

In 1959, Hanson and Kaar7 aﬁnounced the results of a de-
tailed investigation of flexural bond in beams pre-tensioned with
seven-wire strand of 1/4, 3/8, and 1/2 in. diameter. The primary
object was to find the effect of strand size and embedment length
on the bonding action and strength of the member. It was found
that bond slip occurs in pre-tensioned members when the wave of

flexural bond stress reaches the prestress transfer length. R



series of curves were developed to predict the necessary embed-

ment lengths for the various sizes of strand tested.

A study conducted at the University of Illinois was
reported by Anderson, Rider, and Sozen3 in 1964. The investiga-
tion included a study of both anchorage and flexural bond in pre-
tensioned prestressed members. Pull-out test specimens were
fabricated to simulate both end block conditions and the tensile
region of a beam. In addition several beams with non-prestressed
strénds were tested. The three types of strand used were: 7/16-in.
round seven-wire strand, 7/16-in. rectangular seven-wire strand,
~and 1/4-in. rectangular three-wire strénd. Embedment lengths and
transfer lengths were determined, and it wés emphasized that an
additional axial stress @ay be developed in the strand after bond

slip has occurred.

In 1965, Badaliance and VanHorn4 at Lehigh University
reported a study of the bond characteristics of 1/2-in. 270K
seven-wire prestressing strand. The results of thirteen tests on
twelve beams were evaluated to determine the embedment length
necessary to produce bond slip. The critical observed embedment
length for the strand tested was found to be 80 inches. An ana-
lytical concept was developed. However, because of lack of in-
formation on the development of friction, mechanical action and
the coefficient of creep in concrete, comparison between the

experimental and analytical values was not possible.



To date, no investigation has been directed toward an
attempt to isolate the added quantity of frictional bond brought
about by the pinching effect of the reaction in pre-tensioned

prestressed concrete members.



IT. OBJECTIVE AND SCOPE

2.1 Objective

The principal objectives of this iﬁvestigatibn were
(1) the development of information on the effect of the pinching
of the reaction on the flexural bond characteristics of pre-
stressed concrete beams pre-tensioned with 1/2-in. 270K seven-wire
strand, and (2) comparison of this information with the results
obtained by Badaliance and VanHorn.4 AR further objective was
to generalize upon the mode of failure that can be expected in
a pre-tensioned prestressed concrete flexural member, and also

to demonstrate the post bond slip strength of such beams.

2.2 Scope

The bond characteristics of pre-tensioned prestressed

members depend upon a number of characteristics such as:

(1) size of the strand

(2) wultimate strength of the strand

(3) surface condition of the strand

(4) concrete strength both at the time of release
and at the time of test

(5) rate of release of the strands

(6) spacing of the stfands

(7) steel percentage



In previous studies many of these variables have been
investigated; However, since the principal objective in this
investigation was the pinching effect of fhe end reaction in
beams with more than one layer of strand, the vertical spacing
of the strands and the embedment length were of maximum concern.

Therefore, the test specimens had the following characteristics:

(1) One size of 270K strand (1/2-in.) was
used in all three specimens. The ratio
of surface perimeter to cross-sectional
area decreases as the size of the strand
increases. Therefore, bond is most crit-
ical in members pre-tensioned with the
largest size strand. The 1/2-in. size
strand is the largest size currently ﬁsed
commercially. From a previous investiga-
tion by Hanson and Kaar?,it was fdund that
rust or scale on the strand improves the
bond characteristics of the strand. There-
fore, a rust-free strand should represent

the most critical case.

(2) Five strands and one strand pattern were
used in each of the test specimens. Of
the five strands, analysis showed that bond

would be critical in the four lower strands.

-10-




(3)

(4)

(5)

The four lower strands were placed in

two layers, with one strand immediately

above the other. The center-to-center
vertical spacing was 2 inches; which is
the minimum allowed by the current ACI
Building Code.l The positioning of the
strands was such that the difference in
the strand stress between the lower two
layers of strands at ultimate load of

the test specimen was less than 0.5%.

The initial strand stress was constant
for all specimens, that is 70% of the
minimum ultimate strength which, for

270K strand, was 189 ksi.

The concrete strength was governed by
two limits: (1) the release strength
must be more than 4500 psi, and (2) the
strength at time of test must not be

more than 6000 psi.

From the results of a previous study by

Badaliance and VanHorn4 it was shown that
the critical embedment length was 80 inches.
Therefore,.an embedment length of 48 inches

was chosen to ensure bond slip in the two

-11-



lower layers of strand, prior to a

flexural or shear failure.

The aforementioned characteristics were specified so as
to fulfill the requirements of the current specifications, and to

ensure a failure by bond slip in at least the lower level of strand.

~-12-



IIT. TEST SPECIMENS

3.1 Description of Test Specimens

The three specimens were designed as under-reinforced
beams such that a flexural failure would be initiated by yielding
of the strand, followed by crushing of the concrete. In accordance
with the objectives, the tests were designed to indicate (1) the
value of the component of frictional bond that results from the
pinching effect of the reaction, and (2) the amount of additional

load that the beam may sustain after bond slip.

The specimens consisted of rectangular prestressed beams
with a cast-in-place slab. The prestressed. rectangular beam
element was 7-1/2 inches wide and 12 inches deep, the slab was
6 inches deep and 20 inches wide. The beam width of 7-1/2 inches
allowed a strand pattern that ensured the minimum cover require-
ments as specified by the durrent ACI Building Code.l The bottom
layer of strand had a cover of l—l/2‘inches, the minimum allowed
by the Code, so as to maximize the component of normal.pressure
at the interface of the strand and the concrete resulting from
the pinching effect of the reaction. The depth of the beam section
and the strand pattern were designed so that the maximum allowable
prestress stress of the concrete was not exceeded. Five 1/2-in.
270K strands were used for prestressing the beam. The strands

were located in three layers. Four of these strands were placed

-]3~



near the bottom of the section, two strands in two layers with
a vertical center-to-center spacing of 2 inches. The fifth
strand was placed 2 inches from the toé of the prestressed
element and served to limit the preétress stress which was im-
posed upon the concrete. This strand pattern produced nearly
equal stresses in the two lower levels of strand. The strands
“were initially tensioned to a stress of 70% of the specified
ultimate stress which is 189,000 psi for 270K strand. Figure 1

includes a detailed sketch of the cross-section.

The test section was reviewed to determine to expected
ultimate load and the associate failure cﬁaracteristics. This
series of calculations was carried out in accordance with the
method presented by Janney, Hognestad, and McHenry.10 The
ultimate momeﬁt was calculated using the factofs; kl’ k2, k3,
and e, a8s presented by Hognestad, Hanson, and McHenry.8 The

ultimate strength factors were expressed as a function of the

concrete strength as follows:

3900 + 0.35 fé

Kiks = =700+ T

f!

) C

k, = 0.50 - $0.000

f!

e = 0.004 - =
u 6
6.5 x 10
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Using these factors and a value of F = 1.0, the steel
stress at ultimate flexural strength fsu was calculated by suc-
cessive approximations. For beams containing more than one

level of steel, the strain compatibility equations are:

a a
Fe, (1 - a) ~ Fe (1 +-a)

€ - ¢+ Fe ¢ -~ €__ + Fe
u u

su se su se
t b

Qo

The condition of equilibrium of forces leads to:

zlf_f A ]
sSu S
n n

——————
klk3fcb

C =

The flexural moment is given by the equation:
M o=Z EfsunASn (4, - k,c)]

Several trials were necessary to establish compatibility between
the calculated £ and the value of e and f obtained from
su su su

the stress-strain curve of the strand.

In the design calculation an estimate of the prestress
losses was required. The components of losses which were included
in the estimate were elastic shortening, shrinkage of the concrete,

and creep in both the steel and concrete. The loss in steel stress



due to elastic shortening was determined by:

nF.
i

Afs - A+ nAS

Lin12 recommends that concrete shrinkage loss be

calculated by:

E
sc s's

where € is equal to the unit shrinkage strain of the concrete.
A value of e, = 0.0003 was used in this study. The loss due to

concrete creep was likewise calculated by the equation:
Afcs = (Cc - 1) nfC

where the value of CC, the creep coefficient, was assumed equal

to 4.

The loss due to creep in the prestressing steel was

similarly computed by:

-16-



where KO is equal to three percent. Table 4 is a comparison

between the measured and the calculated values of prestress losses.

3.2 Materials

Prestressing Steel

The prestressing steel used was 1/2-in., 270K, seven-
wire, uncoated, stress relieved type strand. This type of strand
is commercially manufactured and tested in accordance with ASTM
designation RA416-64. The physical properties of this strand are
given in Fig. 3 and the load-elongation curves are shown in Fig. 4.
Further information cbncerning the static and fatigue properties
of this strand is given in a recent report by Tide and VanHorn.15
Although this type of stfand is commercially.available from several
manufacturers, the strand used in this investigation was produced
by John A. Roebling's Sons Division of the Colorado Fuel and Iron

Corporation.

Shear Reinforcement

The shear reinforcement was fabricated from No. 3 de-
formed bars having a nominal yield stress fy = 50,000.
Concrete

The concrete strength was not a variable in this in-
vestigation. The concrete used in the beam element was designed

to yield an ultimate strength fé = 6000 psi, at an age of 21 days.

-17-



The mix chosen consisted of Type IIIL (high-eably strength) port-
land cement, sand, and crushed limestone coarse aggregate (3/4-in.
maximum). The proportions of the mix, by weight, (cement-to-
sand—to-cqarse aggregate), were 1.00:2.64:2.98. The concrete was
supplied by a local ready-mix plant and was delivered in 1-1/2
cubic yard batches. Although the concrete used in casting the
slabs was of the same design as that used in the webs, its slump
was 2-1/2 inches compared to a slump of 3-1/2 inches for the beams.
This difference in water content yielded a higher 21-day com-

pressive strength for the slabs than for the beams.

The three rectangular prestressed beams were all cast
from one batch of concrete, and all of the slabs from another.
Compression tests were conducted on 6 x 12 in. cylinders, which
were cast along with each batch of concrete, to determine the
compressive strength fé associlated with the test beams at the time
of prestress release and at the time of test. Strains were
measured on selected cylinders with a compressometer to determine
the shape of the stress-strain curve and the modulus of elasticity
of the concrete at the time of test. As a measure of the tensile
strength of the concrete splitting tensile tests were conducted on
standard 6 x 12 in. cylinders. Strips of plywood approximately
1/8-in. thick, l-in..wide, and 12 inches long were placed on the
diametrical upper and lower bearing surfaces in the splitting test.
The splitting cylinder tensile stress f;p was determined by the

equation:

-18-
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The age and strength properties of the concrete de-

scribed in the preceding paragraphs are presented in Table 2.

3.3 Fabrication

The beams were fabricated in a prestressing bed at the
Fritz Engineering Laboratory. The sequence of operations was as
follows: the strands were tensioned, strain gages were attached
to the strands, lead wires were soldered into place, the shear
reinforcement was positioned and wired, forms were erected, the
beam concrete was placed and cured, the beam forms were removed,
Whittemore targets were installed, the strands were released,
the slab forms were set in place, the sléb concrete was placed

and cured, the slab forms were removed.

The prestressing bed has been described in previous

Fritz Engineering Laboratory reports.l6 The bulkheads of the

prestressing bed were spaced 40 feet apart and bolted to the

laboratory floor. The three beams were cast simultaneously

using the same assemblage of strands and three individual steel
forms. The prestressing strands were held in the chosen pattern
with two one-inch thick anchorage plates, one at each end of the
prestressing bed. The projecting ends of the strands were secured

by strand chucks.

~19-



The tension was applied to the prestfessing strands
by jacking the moving bulkhead, using two 50-ton hydraulic jacks.
The strand tension was measured for each strand individually by
placing a load cell between the anchorage plate and the strand
chuck at the stationary end of the prestressing bed. If required,
the tension in individual strands was adjusted by means of a
special hydraulic jacking arrangement. After pre-tensioning the

strand, the strain gages were mounted on the strand.

The shear reinforcement was tied to the strand with
14 gage wire. In addition, wire ties were used between successive
projecting elements of the stirrups in the compressive flange
area, in order to prevent movement of the stirrups during the

placement of the concrete.

Steel forms made of No. 7‘gage steel plates were used

to cast the test beams.

Dimensional checks, made after the forms had been re-
moved,'indicated that the cross-sectional dimensions were main-
tained to within 1/16 in. and consequently, the nominal dimensions

of the cross-section were used in all calculations.

The concrete was brought from the ready—mix truck to
the forms in steel buggies, and shoveled into the forms. The
concrete was placed in two layers, and the tops of the beams were
left unfinished. Ten standard concrete cylinders were cast with

each beam. Waxed cardboard molds were used.

-20-



The concrete in the test specimen was internally vi-

brated, while the cylinders were rodded.

A1l specimens were covered with burlap and plastic
sheeting for a period of two days, after which the forms were
removed. After the surface of the test beams had become air dry,
Whittemore targets were positioned on the beams. When cylinder
tests indicated.that the specimen's concrete compressive strength
had reached a strength of 4500 psi, the prestress force was slowly

released.

An oxy-acetylene torch was used to cut the strands. The
beams were then removed from the casting bed, and stored in the

laboratory.

Wood forms were used for fabrication of the slabs. The
concrete was placed in one layer and allowed to cure under the
sheets of plastic and burlap for one week. At that time, the.
forms were removed and the beams were air-cured until the time

of test.

3.4 Instrumentation

In order to determine the behavior of the beams, data
was recorded in the form of strains, strand movement and deflec-

tions.

-21-



3.4.1 Strains

Load-deformation data was measured in two fashions
(1) strain gages mounted at various locations on the strands,

and (2) strain gages mounted on the concrete surface.

Load-deformation data on the strand was measured with
SR-4 electrical resistance strain gages, R-12 type, mounted on
the lower four strands of all three beams. The gages were mounted
upon completion of. pre-tensioning, in order to iﬁcrease the effec-
tive range of strain measurements. The gages were located on
the instrumented strands at ZO—in. intervals starting 20 inches
from the ends of fhe members. One gage was attached to an in-
dividual wire at each gage location.‘ Before the strain gage was
mounted the strand was cleaned using emery cloth and acetone.
The gage was glued to the strand using Duco-Cement. The water-
proofing consisted of a coating of Armstrong adhesive A-16,
followed by a layer of liquid rubber. The location of these

strain gages can be seen in Fig. 5.

The primary objective in positioning strain gages on
the prestressing strand, was to determine the change in strand
force as load was applied to the beam. In addition, these strain
gages were used to measure the elastic shortening of the strand
at the time of release of the pre-tensioning force. The strain
data received from the gages mounted on the strands was con-

verted to force with a calibration curve. This plot of strain

-29-



vs. strand force was determined by averaging strains measured

by three gages mounted on individual wires of a strand sample.

Figure 4 compares the calibration curve to the load-deformation

curve determined by Tide and VanHorn.14

The load-deformation data of the concrete surface was

measured (1) with a 5-in. Whittemore gage, and (2) with SR-4 gages

located around the cross-section at midspan of the test specimens.

ad.

Whittemore strain gage data was used to
determine concrete surface strains at a
level midway between the lower two layers
of prestressing strand. The Whittemore
targets were fabricated from brass plugs,
7/32-in. in diameter and 1/16-in. in
thickness. These targets were center-
drilled and cemented at the prescribed
level on both sides of the beam, after

the forms were removed but before release
of the pre-tensioning fofce. The purpose
of the Whittemore data was to determine the
transfer length, and the loss of prestress
at various intervals up until the time of
test. These gage readings were also used
as an indicator of initial cracking of the

concrete.

-3



b. Twelve SR-4 gages, BA-9 type, were
mounted on the cross-section at
midspan of the beam. Figure 5 shows
the placement of these gages. The
strain information from these gages
was used to determine the location of
the neutrél axis as cracking became
severe, and the maximum concrete strain

at ultimate load.

3.4.2 Strand Slip

Strand slip was measured by the use of BAmes dial gages
with a least count of 1/10,000-inch. These dial gages were
attached to a steel mounting bracket that clamped to the rectan-
gular beam portion of the specimens. The gages indicated the
movement of four small steel plates that were attached to the
four lower strands by means of collars and set screws. (See

Fig. 16)

3.4.3 Deflection Measurement

The midspan deflection was measured by level readings
on scales graduated to the nearest 0.0l inch. These scales were

located at each of the supports and at midspan.

-24-



IV.  TESTS

4.1 Test Procedure

Three specimens were tested in the 300 kip hydraulic
testing machine located in the Fritz Engineering Laboratory.
The loading beam and associated apparatus were arranged to pro-
vide a symmetric two-point loading for all three specimens.
The shear span was 42 inches and the overhang was 6 inches, re-
sulting in a total embedment length of 48 inches. A sketch of
the testing arrangement is shown in Fig. 2. The test specimens
in all cases were initially loaded in increments of 10 kips,
which was approximately 8 percent of the computed ultimate load.
When cracking of the concrete became visible, the loading in-
crement was reduced to 5 kips until failure occurred. The in-
ternal A-12 type, SR-4 gages mounted on the individual wires of
the strand were used in conjunction with two different types of
recording equipment. Six gages of Beam Z-1 were connected to
channels of a Brush direct-writing recorder to provide a con-
tinuous record of the variation of the load in the strands.
The remaining internal gages, as well as the R-9 type, SR-4 gages
mounted on the surface of the concrete at the midspan cross-section,
were connected to.a Budd Datran digital strain indicator. All
electric resistance strain gages were read following the application

of each increment of load. 1A review of the test results from
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Beam Z-1 revealed that little was gained from the use of the
Brush recorder. Therefore, in the remaining tests the instru-

ment was not used.

‘The Whittemore targets mounted on the surface of the
concrete were read at selected load increments until cracking
became severe. Midspan deflection readings were taken at each
load increment until failure. The strand-slip dial gages were
read continuously to detect initial bond slip. The development
of the crack pattérn was marked on the surface of the specimen
after each increment of load had been applied. After failure

the specimens were photographed.

4.2 Test Results and Discussion

4.2.1 Modes of Failure

In this investigation failure in all three test speci-
mens has been associated with flexure. The tensile reinforce-
ment initially yielded, followed by the eventual crushing of the
concrete. However, prior to yielding of the reinforcement, bond
slip was experienced in the four lower strands in all three tests.
The failure mechanism associated with bond slip is closely re-

lated to the cracking of the concrete.

Cracking of the Concrete

In this study two basic types of cracking were exhibited,

flexural and flexural-shear cracking.
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Plexurél cracking occurred in the high moment region
of the test specimens when the stresses in the bottom fibers
reached values which are normally associated with the tensile
strength of the concrete. Flexural cracking was characterized
by the initial development of vertical cracks to a level which
varied between the lower and upper®* strand levels. The longi-
tudinal spacing of these flexural cracks was approximately
6 inches. However, cracks which formed closer together than
approximately 2 inches would usually merge, or the further de-

velopment of one of the two cracks would be prevented.

Flexural-shear cracking always followed flexural
cracking in the test specimens. The flexural-shear crack was
always initiated by a flexural crack that occurred in the region
of the shear span. This flexural crack would iniéially develop
to the level of the first or second layer of strand, and then
become inclined toward the direction of increasing moment. A
flexﬁral—shear crack differs from a diagonal crack, in that a
diagonal crack is caused by principal tensile stresses that
developed in either the web of an I-beam or in the stem of a

T-beam.

These diagonal tension cracks, as a general rule,

*In the remainder of this discussion the words upper strands
shall refer to the strands found in the second layer from the
bottom. The lower strands refer to the bottom level of strands.
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develop near the c.g. of a section and propagate at some angle

toward the extremities of the cross-section.

Behavior of Test Specimens

‘The value of prestress losses, effective prestress

‘ force, and prestress transfer length for each specimen is given

in Table 3. The average transfer length for the 1/2-in. 270K
strand was 27 inches. The average prestress force immediately
after -transfer was 25.45 kips, and the average.effective prestress
force at the time of test was 20.82 kips. These values are com-

~ pared in Table 4 with the theoretically computed values. The
individual values of effective prestress force for each specimen
was used in conjunction with the ultimate strength of the concrete
obtained from the cylinder tests given in Table 2, to compute the
value of the ultimate flexural capacity of the specimens. The
computed value of the ultimate moment, Mu’ for each beam is given

in Table 5.

During the testing period flexural cracking developed
at a load of 65 kips in all three specimens. This corresponded
to a computed tensile stress at the lower extremity of the cross-
section of 630 psi. In comparison the average tensile stress
calculated from the splitting cylihder tests waé 554 psi. It
should be noted that the cracking loads of the specimens were de-
termined visually. It can safely be assumed that cracks not

visible to the eye opened at a lower load and corresponding stress
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than were reported. This flexural cracking was in all cases
confined to the maximum moment region of the specimens. As. the
load was further iﬂcreased, flexural cracks developéd in the
shear spans. These cracks developed to a level midway between
the two lower levels of strand. Upon additional loading these
flekural-shear cracks became inclined and progressed towards

the maximum moment region of the beam. It is interesting to
note that flexural-shear cracking progressed to within 40 inches
of the member's end at the time of bond slip. Photographs of

the crack patterns are shown in Figs. 9, 10, and 11.

Previous investigations by Badaliance and VanHorn,4
and Hanson and Kaar-7 have shown that when the wave of high bond
stress, which results from cracking of the concrete, reaches
the prestress transfer zone, bond slip occurs. Unfortunately,
in this study, the strain gages that were mounted on the in-
dividual wires of the prestressing strands failed to yieid con-
sistent measurements after severe cracking occurred. In most
cases the gage reading lost coherency prior to bond slip, this
is attributed to the probable shearing of the gages when the

wave of high strain reached a gage point.

The behavior of Beam Z-1 was very interesting. Bond
slip initially occurred at a load of 92 kips in one of the strands
in the upper layer, at the east end of the member. At a load of

100 kips bond slip was exhibited in both upper level strands; at
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both ends of the specimen. When the load reached 105 kips'éll
four strands had slipped. This sequence of strand slip occurred
even though the strand stress and average bond stress in the
lower level of strand was higher than in the upper level. It
is probable that the additional bonding action displayed in the
lower level strands is a result of the pinching effect of the
reaction and was responsible for this bond slip sequence. The
values of strand stress at bond slip and ultimate load were
détermined using the cross-sectional strain distribution as
shown in Figs. 6, 7, and 8. In each case, .the méximum concrete
strain, as well as the location of the neutral axis of the
cracked section was determined from the center line strain dis-
tribution as measured by the external electric strain gages.

A straight line strain distribution was then assumed, allowing
the calculation of the strand strains at the various levels
within the beam. These strand strains were then converted into

strand force using the load-elongation curve shown in Fig. 9.

Ultimate failure of Beam Z-1 occurred at a load of
126 kips. The mechanism responsible for failure was crushing of
the concrete in the compression slab. At a load of 120 kips,
diagonal shear cracks developed at approximately the middle of
the shear span at the west end of the member. With increase of
load, the crack elongated. At failure the crack extended from

inside the west reaction to approximately 6 inches from the west
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load point. Final failure occurred without additional load,
and was the result of a crushing failure of a wedge of concrete

adjacent to the west load point.

Behavior of Beams Z-2 and Z;3 were similar to that of
Beam Z-1, except that there was no visible distinction between
the load at which bond slip occurred in the lower and upper
strand levels. In Beam Z-2 bond slip initially occurred in oné
of the lower-level strands at an applied load of 97 kips, and
both of the upper-level strands on the east end of the member.
At a loéd of 100 kips, all of the strands on the east end of
the member slipped. 3Bond slip also occurred simultaneously in
all strands at the west end of the member. In Beam Z-3 simul-
taneous slipping of all strands occurred at the east end of the
member when a load of 92 kips was applied. When the load was
increased to 99 kips, bond slip occurred in all of the strands
at the west end. Again, it must be pointed out that even though
both lower and upper strands displayed bond slip at the same load
in specimens Z-2 and Z-3, the strand force in the lower-level
strands was higher than in the upper-level strands. The values
of strand stress at bond slip are given in Table 5. The high
strand stress in lower-level strands yielded a higher average
bond stress, which has been attributed to the pinching effect of

the reaction.

Figure 12 compares the strand stresses at bond slip as

determined in this investigation with similar stresses found in a

-3]-



recent study by Badaliance and VanHorn.4 In this figure the
strand stress is plotted against embedment length, all three
specimens failed in a similar fashion, and the ratio of Pult/Pu
for specimens 2z-1, Z-2, and Z-3 were 1.01, 1.04, and 0.93,

respectively.

4,2.2 Load-Deflection Curves

The general characteristics of the test beams are
shown by theiload;deflection curves in Fig. 13. The three curves
represent the midspan deflection from each beam as the load was
applied. The small variation between the three curves is a
further conformation of the consistency of the fabrication and

.testing procedure.

The initial portion of the curves up to approximately
one-half of the ultimate load, are linear, corresponding to the
uncracked loading range of the test beams. The sharpest change
in slope in the load-deflection curves occurs jﬁst.after flexural
cracking, which marks the transition from the uncracked to the
cracked loading range. Following_the transition region, the

load-deflection curve became quasi-linear to failure.

The load at which flexural cracking occurred was approx-
imately 65 kips for all specimens, and marks the end of the linear

region on the load-deflection curves.
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Inclined cracking did not cause any abrupt change in
the slope of the load-deflection curve. It is evident from the
\
load-deflection curve that the presence of web reinforcement
allowed the beams to withstand a greater deflection. This latter

characteristic is particularly important because it is a measure

of the ductility of the member.

4.2.3 TForce in the Strand at Various Stages

As previously stated the strain gages mounted on the
individual wires of the prestressing strands were intended to
measure the strand force along the member at various loads. How-
ever, these gages failed to yield consistent results. Figure 14
is a representation of the expected strand force distribution,
plotted along one-half of a member, as shown in a recent study
by Badaliance and VanHorn.4 During the fabrication of a pre-
tensioned prestressed member, the strand is tensioned to some
initial value of stress, fsi' After release the stress in the
strand increases from zero at the end of the member to some con-
stant level, (fSi - Afs) at the end of the prestress transfer -
length,,Lt. This curve is expressed by the dashed line in Fig. 14.
During the time interval between release of the prestress force
and testing of the specimen an additional loss of prestress takes
‘place as a result of creep and shrinkage. The resulting curve
(P = 0) shown in Fig. 14, parallels the (fSi - Afs) curve at a

lower stress level. When the specimen is loaded, but not stressed
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sufficiently to cause cracking, the stress in the strand in the
area adjacent to midspan of the specimen increases a small amount.
This is represented by the (P Prior to Cracking) in Fig. 14. A
further increase in load causes the section to crack, resulting
in a high strand force nearvthe center line. Additional loading
causes the high strand force to propagate towards the end of the
beam. This condition is represented by the (P at Ultimate) curve
in Fig. 14. When the high strand foree reaches the preetress

transfer, length bond failure usually results.

It should be pointed out, from the experimental study
by Badaliance and VanHorn,4 that for all specimens in which bond
slip occurred, the stress in the strand at the end of the transfer
length had reached the magnitude (fsi - Afcs). In specimens which
failed in flexure prior to bond slip, the stress in the strand at
the end of.the anchorage length had not reached'(fSi - Afcs). In
conclusion, a simple check as to whether bond slip will occur
prior to flexural failure would involve a computation of the stress
in the strand at the end of the transfer length. If the computed
value of stress is less than (fsi —.Afcs), bond slip will not
occur at that load. If the computed value of stress is greater than
(fs. - Aof ), bond slip will occur.

1 CcS

4.2.4 RAverage Bond Stress

In pre-tensioned prestressed concrete, the stress in the

steel is maintained by bond. Bond stresses are divided into two
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parts: (a) anchorage bond that retains the prestress in the
strand, and (b) bond due to flexure. The mechanism which 1is
associated with bond failure has already been described. How-

ever, the calculation of bond stress is very important.

Both anchorage bond and flexural bond may be calcu-
lated from a series of curves similar to those shown in Fig. 14.
According to Thorsen,14 the slope of the curve of strand force

vs. length along the beam curve serves as an index of bond stress

since
dfF
u = —= (i)
X dx ‘a
where uX = bond stress at a distance x from end of member
a = circumference of reinforcement
FS = force in strand

This method is impractical since it requires that the

appropriate curves be constructed for each individual case.

Flexural bond may be calculated, according to Nordby

and Venuti,13 for an uncracked section by

neSASV
Ue = —5o17

and a cracked section by
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u. = Vv y Increase in tensile stress
f 2o0jd Prestress + increase in tensile stress

Since distance jd cannot be computed, it must be found by actual
measurement of the cracks on the sides of the member, or from

cross-section strain data.

After many careful studies, the bond stress calculated
in the above fashion yielded values which were extremely low in
relation to those calculated for ordinary reinforced concrete
members. Nordby and Venuti13 point out that bond stresses at
bond slip have been found to be as low as 3.8 psi. In general,
it seems that no limiting value of bond stress can be related to
slip, therefore designing with a bond stress limitation in mind

will not insure against a bond failure.

The best approach has been to specify an embedment
length in order to make it possible to develop the ultimate
strength of the strand at failufe. When using the embedment
length approach, it has been found that the calculation of an
average bond stress is most convenient. The average bond is

easily computed by

fA
4 =_8558
a Lea
where fs = the stress at the end of the embedment length at
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the time of failure. The ratio a/AS is given in Fig. 3, where
a is the circumference of the strand. For 1/2-in. 270K strand,

this ratio is equal to 13.95. When this ratio of 13.95 is sub-

i

stituted into the above equation we obtain ug 0.0717 fS/Le.

The values of average bond stress for the three specimens tested
are given in Table 5. It is clearly seen that the average bond
stress is higher in the lower-level strands than in those of the

upper load. This is further proof that the pinching of the re- -

action has contributed additional bond to the lower-level strands.

Figure 15 is a comparison of the average bondvstresses
found in this investigation with values determined in a study by
Badaliance and VanHorn,4 for 1/2-in. 270K strand, plotted against
embedment length. It is apparent from this plot that an embed-
ment length of 80 inches is necessary to develop the ultimate

strength (270,000 psi) of the strand.

4.2.5 Post Bond Slip Load Capacity

In prestress members pre-tensioned with strand, the
mechanical component of bond is primarily responsible for the
post bond-slip behavior. The results of this investigation are

shown in Table 5, and indicate that bond slip occurred at an

average load which was 76% of the ultimate load of the member.

This points out that a bond failure in a member pre-tensioned
with strand will not result in a sudden and catastrophic collapse
of the beams. This reserve strength could possibly be included

in future design criterion.
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V. SUMMARY AND CONCLUSIONS

The objective of this investigation was to develop
preliminary information on the pinching effect of the end re-
action on the flexural bond characteristics of simply supported
prestressed concrete beams pre-tensioned with 1/2-in. 270K,

seven-wire strand.

Three specimens were fabricated and tested. The
specimens were designed as under-reinforced beams which would
experience bond slip pricdr to flexural failure. The specimens
performed as predicted, and it was clearly indicated that addi-
tional flexural bond is developed as a result of the pinching
effect of the reaction in the prestressing steel near the soffit
of the member. The average bond stress at bond slip was dis-
tinctly higher in all cases for the lower layer of strand than

for the upper.

A comparison was made between the average bond stress
determined in this investigation and that determined in an earlier
. . . . 4 I .
investigation by Badaliance and VanHorn. The similarity served

to verify the results of the earlier investigations.

A further objective was to demonstrate the post bond slip
strength of prestressed members pre-tensioned with stmand. It

was found that bond slip occurred at an average load which was
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76% of the ultimate load. This points out that a bond failure
in such a member will not necessarily result in a catastrophic

collapse of the beam.

An attempt was made to generalize upon the various
possible failure ﬁodes of pre-tensioned prestressed members.
The purpose of this diséussion was to serve as a reminder to the
designer that all possibilities of failure must be given proper

consideration.

In essence, this investigation was a pilot study in
the respect that three identical specimens were tested. Since
the scope of this study was limited, it was impossible to de-
velop a valid method of apéyrately predicting the contribution
of the pinching effect of the reaction toward the development
of flexural bond. It is recommended that a more extensive study
be made in the future, encompassing several variables such as
vertical strand spacing, strand pattern, and unbonding of the

strands.
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VI. GENERAL DESIGN CONSIDERATIONS

In general, there are three primary modes of failure
that are considered in evaluating the behavior of a pre-tensioned

prestressed concrete flexural member:

1. Flexure - usually characterized by
yielding of tensile reinforcement, and

the eventual crushing of concrete.

2. Shear - characterized by either severe
diagonal tension cracks, or by flexural-

shear cracks.

3. Bond slip - the pulling in of the strands

at the ends of the member.

In the final review of the member, the designer should

be well acquainted with the various possible modes of failure.

According to Libbyll and others, prestressed flexural
members which are stronger in shear and bond than in bending,

may fail in one of the following modes when loaded to ultimate:

1. Failure at cracking moment: In very
lightly prestressed members, the crack-
ing moment may be greater than the moment
which the member can withstand in the
cracked condition. Therefore, the crack-
ing moment is the ultimate moment, and
brittle failure will result. This form
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of failure is possible in members
which have a very small steel per-
centage, for example, concentrically
prestressed members.

2. Failure due to rupture of the steel:
Lightly prestressed members loaded to
ultimate may fail as a result of the
steel reaching its ultimate strength
before the concrete has attained a
highly plastic state. ”

3. Failure due to strain: The usual
prestressed structures which are en-
countered are proportioned such that,
if loaded to ultimate, the steel would
be stressed well past the yield stress
and the beam would experience a large
deflection. The resulting strain in
the concrete would eventually reach a
limit whereby the final failure would
be crushing of the concrete. . A member
which behaves in this manner is said to
be under-reinforced.

4., Failure due to crushing of the concrete:
An over-reinforced flexural member is
classified as one which contains a -
relatively large amount of prestressing
steel, and fails as a result of crushing
of concrete prior to yielding of the
tensile reinforcement. This type of
failure is catastrophic in nature, since
it occurs without excessive deflections.

It must be emphasized that there is no clear distinction
between the different classes of flexural failures listed above.
For convenience of design, certain ratios, such as the percentage
of steel and the steel index, are used to distinguish between the
different failure mode possibilities. For a rectangular beam,
the steel percentage is expressed as p = As/bd, and the steel in-

dex as
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The limitation set by the ACI Building Code,l and corresponding

Commentary,2 on the reinfofcing steel index is
fsu
pTT=O.3
c

This value is taken as the dividing line between under-reinforced
and over-reinforced members. This provision is typical, and

appears in similar form in most current design specifications.

Shear is not a problem in prestressed concrete beams
until inclined cracking occurs. When inclined cracking does
occur, the behavior of the member is completely changed. Addi-
tional load carrying capacity is then dependent upon the amount
of web reinforcement provided. If shear is critical, inclined
cracking leads to & shear failure which may occur in several

different ways.

It has been stated in a recent report by Hanson and
Hulsbosl6 that the type of shear cracking is primarily dependent
upon the distance of the cracking from the load point, and the
ratio of shear span to effective depth. In the study, diagonal
tension cracking occurred in specimens where the a/d ratio was

less than 3.5. Flexural-shear cracking occurred in test members
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where the a/d ratio was greater than 5.0. Specimens where the
a/d ratio was between 3.5 and 5.0, the inclined cracking had
characteristics which, in different tests, were associated with
either diagonal tension or flexural-shear cracking. The maxi-
mum princiﬁai tensile stress responsible for inclined cracking
occurred close to the c.g. of the section, and the slope of the
path of the crack was closely associated with the slope of the
compressivg stress trajectory at the c.g. For short spans, less
than approximately twice the total depth of the beams, the mag-
nitude of the normal stresses in the vertical direction at the
c.g. influenced the state of stress. These vertical stresses

delayed the formation of diagonal tension cracks.

The ultimate shear that can be carried by a beam at
any cross-section is the sum of the portion of shear carried by
the concrete plus the portion sustained by the web reinforcement.
The ACI Building Codel and Commentary2 states that the ultimate

shear capacity of a prestressed flexural member can be taken as:

Avfyd
vu =2 vc + S

shear carried by the concrete

where - V
c

p

strength reduction coefficient = 0.85

The value of VC which must be determined depends upon

the type of cracking. If flexural shear cracking occurs, then
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then for normal weight concrete,

cr

V. =20.6 b'd {f! +
C c

<=
~of A

but not less than 1.7 b'd Yfz

where
= :_[. ' -
Mcr Y (6 ‘f; + fpe fd)
If diagonal tension cracking occurs, then

— t 1
v, =Db'd (3.5 £} + 0.3 ) * V)

It must be noted that since the type of inclined cracking that
will occur cannot be assured in all cases, the Code specifies that

the smallest value of VC be chosen from the aforementioned equations.

The characteristics and mechanism associated with bond
failure have already been discussed in detail. The subject of
bond is now discussed from two points of view (a) analysis, and

(b) design.

a. MAnalysis: When a specimen is tested

in the Laboratory, the ultimate load
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and mode of failure will depend upon

the position of the load points. For
example, consider a pre-tensioned
prestressed member which is loaded

with a concentrated load placed in

the center of the span. Assume that

the embedment length for the described
loading is .sufficient to enable the

strand to develop its ultimate strength.
The ultimate load of the member will
depend upon the quantity of prestressing
steel and the geometry of the cross-section.
The resulting failure will then be either
a result of a fracture of the prestressing
steel, or a crushing of the concrete. How-
- ever, if a similar specimen is loaded such
that the concentrated load is within the
embedment length necessary to develop the
ultimate strength of the strand, the
effective embedment length is reduced to

a value equal to the distance from the
member's end to the load point. The re-
sulting failure will there result from
bond slip, and the ultimate load will

be limited by the force attained in the

prestressing steel prior to bond slip.
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b. Design: In the design procedure for
a pre-tensioned flexural member, the
“working loads are initially calculated
and then multiplied by an appropriate
load factor to determine the ultimate
moment which the section must be able
to resist. From the moment diagram,
the designer is able to determine the
strand stresses required at ultimate
moment at various loéations along the
length of the member. Of particular
importance are the strand stresses that
are to exist within the embedment length.
If these strand stresses fall below the
curve shown in Fig. 12 for the corresponding
embedment length, the member can be con-
sidered safe against a failure by bond
slip. If the stresses are above the
curve, then bond slip will occur before

the required uwltimate moment is reached.

Another factor which should be considered stems from
.the results of this investigation. For members with multiple
layers of strand, the embedment length necessary to develop a
specific stress in strands placed some distance above the soffit

of the beam will probably increase due to a decrease in the
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component of frictional bond caused by the pinching of the re-
action. Consequently, it is felt that additional research work
should be aimed at a quantitative evaluation of the increases

in embedment length as affected by the height of the strand above

the end reaction.
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VIII. NOTATION

circumference of the strand

cross-sectional area of the beam

cross-sectional area of the tensile reinforcing steel

cross-sectional area of the tensile reinforcing steel

in the "n" layer of strand

area of vertical reinforcing steel

width of slab

width of web

depth of compression zone

center of gravity of beam cross-section

horizontal component of the resultant compressive
force in the concrete

creep coefficient

effective depth

diameter of concrete test cylinder
depth to the "n" layer of tensile reinforcing steel

nominal diameter of strand

eccentricity of a particular strand with respect
to the transformed cross-section

modulus of elasticity of concrete

modulus of elasticity of steel
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stress in the concrete
ultimate compressive strength of concrete
stress due to dead load

compressive stress in concrete due to prestress,
after all losses, at the centroid of the cross-section

compressive stress in concrete due to prestress,
after all losses, at the extreme fiber of a section
at which tension stresses are caused by applied loads.

steel stress
initial prestress in the strand
splitting tensile strength of concrete

stress in the "n" layer of tensile reinforcing steel
at ultimate moment

nominal yield stress of shear reinforcement

€ - €
Su Se

€
cu
total initial prestress before release

moment of inertia of section resisting applied moment

moment of inertia of the transformed section
internal couple moment arm in & beam section
ultimate strength factors

length of concrete test cylinder

embedment length

length of shear span
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M ‘ moment due to applied loads

or moment due to applied loads when flexural cracking

occurs

MSlip moment due to applied loads at bond slip

Mu calculated ultimate flexural moment

n modular ratio

p steel percentage

P .. measured load at bond slip
slip

Pu computed ultimate load

P measured ultimate load

ult

q' steel index

S spacing of stirrups

ua’ average bond stress

uf bond stress due to flexure (uncracked section)

u, total bond stress at failure

v total shear

VC shear carried by concrete

Vd shear due to dead load

\Y vertical component of effective prestress force at
P section considered

' Vu shear force due to specified ultimate load
Y distance from the centroidal axis of the section
resisting the applied loads to the extreme fiber in
tension -
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Afos

Af
sc
Afs

Af
ss

cu

se

su

Su

20

loss of prestress due to creep of concrete

loss of prestress due to shrinkage

loss due to elastic deformation at release

loss of prestress due to creep of prestressing steel

tensile strain in the concrete level of the strand
at ultimate moment

tensile strain in the strand due to effective prestress

tensile strain in the strand at ultimate moment
(bottom layer of strand)

tensile strain in the strand at ultimate moment
(top layer of strand)

sum of the perimeters of strand in a beam based on
a periphery of 4nD/3 for each strand

capacity reduction factor
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Table

1 Computed Ultimate Moment Capacities of Test Specimens

1 1 -
Beam fc fc : klk3 k2 euxlO6 se esexlO su Mu
No. Beam Slab ksi ksi
psi psi k-in.
Z-1 6150 6740 0.63 0.416 2.96 137.6 4.66 271.9 2639.8
Z-2 5970 6750 0.63 0.416 2.96 137.6 4.66 271.8 2642.9
Z-3 53960 6980 0.62 0.413 2.93 133.1 4.51 271.8 2652.6




Concrete Properties

Table 2
At time of test
Prior to
release
Beam Beam Slab
No. -
1 1 H S i 1
Age, fc Age, Days Age, Days fc fsp Ec Age, Days Age, Days fc fsp
days psi Beam Test Cylinders psi psi ksi3 Beam Test Cylinders psi psi
' ‘ x10
Z-1 3 4630 36 35 6150 580 4.18 19 18 6740 602
72-2 3 4590 45 44 5970 500 4.19 29 28 6750 579
Z-3 3 4520 59 57 5960 584 3.92 42 40 6980 652
Avg. 4580 6030 554 4.10 6820 601
*Initial Slope of Load-Deflection Curve
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Table 3

Measured Prestress Losses

Percent Add.
Elastic | Stress loss loss
Beam | *Initial loss at after after prior Total | Total Effective Transfer
No. Stress, release, | release, release to test, Loss, Loss, Stress,- Length,
kips kips kips kips kips percent kips inches
zZ-1 28.90 3.38 25.52 11.7 4.47 7.85 27.2 21.05 27
Z-2 28.90 3.52 25.38 12.2 4,33 7.85 27.2 21.05 27
Z-3 28.90 3.38 25.52 11.7 5.15 8.53 29.5 20.37 25

*Prior to placing of concrete




Table 4 Losses in Prestressing Strand
Creep
Elast. )

Losses Short- Shrinkage Sgigl Total Initial 82?§:i Stziss
ening Concrete Loss Stress Release Test
kips kips kips kips kips kips kips

Theoretical 1.53 1l.26 5.02 7.81 28.9 27.4 21.11

Measured 3.43 4.36 8.08 28.9 25.45 20.82

Average
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Table 5

Summary of Test Results

Puie
ut p M Average Maximum
op ghin slip slip Bond Stress Strand Stress
Beam uof g at at M at at
No. Bond Slip Bond Slip v Bond Slip Bond Slip
concrete
kips kips - k-in. k-in. psi ksi
Upper Lower Upper Lower Upper Lower Upper Lower
Strands Strands Strands Strands Strands Strands Strands Strands
Z2-1 126.5 95 100 1995 2100 2640 308 341 207.2 228.8
Z-2 131.0 97 97 2037 2037 2643 327 343 219.6 230.1
Z-3 117.5 92 92 1932 1932 2652 302 318 202.6 213.7
Note: Bond slip occurred prior to failure.
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