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FOREWORD

U. S. Nuclear Regulatory Commission has established a research
program on reinforced concrete related to licensing of containments
and other safety related Category I structures. Participants of this
program are: Construction Technology Laboratories, a Division of the
Portland Cement Association (PCA); Cornell University; and Massachusetts
Institute of Technology (MIT). The Portland Cement Association and
Cornell University contribute to this program with experimental testing
of structural elements. The Portland Cement Association is testing
large-scale elements. Cornell University is testing intermediate size
elements. Massachusetts Institute of Technology contributes with
analytical interpretation, primarily for PCA's test program.

This report is the first of a series of several reports to be
issued on the Cornell University research. It treats reinforced concrete
wall elements with two-way orthogonal reinforcement subjected to combined

biaxial tersion and membrane shear.

U. S. Nuclear Regulatory Commission
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Purnose

The present research was motivated from design considerations for
reinforced concrete containment structures. A major design problem in the
construction of nuclear containment vessels, offshore structures or other
similar thick-walled cylindrical reinforced concrete structures is to
efficiently prooortion the materials of concrete and steel to carry the
heavy seismic forces across already existing cracks.

In the case of reinforced concrete nuclear containment vessels
(RCCV's) the wall would be cracked in the hoop and meridional direction
during the internal pressurization acceptance test. This would result in
vertical and horizontal cracks that separate the cylindrical wall into
blocks of uncracked concrete held together by the reinforcing bars. Thus,
the induced seismic shear forces have to be transferred to the base of the
structure across the existing horizontal and vertical cracks by the shear
tran.fer mechanisms. These include interface shear transfer along the
rough crack interfaces, dowel action of the reinforcing bars, and tensiie
forces in the bars that are inclined to the crack plane.

An actual pattern of horizontal and vertical cracks in the wall of a
nuclear containment vessel during the internal pressurization acceptance
tests is shown in Fig. 1.1. To best simulate the stress conditions in the

shaded region of the wall in Fig. 1.2, a square flat reinforced concrete
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Fig. 1.1 Crack pattern in containment wall (horizontal cracks at each
construction joint,plus one or two smaller cracks between
joints).
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Fig. 1.2. Nuclear containment vessel under combined internal pressurization (p) and seismic forces.



specimen was utilized in the present investigation. In a containment

structure there is also a 1/4 to 1/2 inch thick steel plate liner anchored
on the wall to guarantee a leak tight structure even if cracking occurs in
the concrete. This steel liner was not included in this work.

The required biaxial tension in the orthogonal reinforcement and shear
forces in the concrete were applied to the specimen through specially de-
signed tensioning and shear loading devices. The actual dynamic membrane
shear stresses were simulated in these tests by fully reversing cyclic

shear stresses statically applied to the specimen.

1.2 Objective

The major objective of this report is to determine the stiffness and
strength of precracked reinforced concrete panels subjected to combined
biaxial tension and fully reversing cyclic membrane shear loads. Param-
eters such as the shear stress level, the biaxial tension level, and the
number of cycles are studied and their effect on the overall hysteretic be-
havior of the structure is determined.

The mechanisms involved in the shear transfer stiffness degradation
are defined and an engineering model is oroposed with predictive exnres-
sions for: (a) the effective shear modulus after cracking, and (b) the
ultimate shear capacity. The expression for the shear modulus of cracked
concrete panels under a biaxial state cof stress will help to more accurate-
ly dotine the shear stiffness of a cracked element for implementation into
a nonlinear finite element analysis of reinforced concrete structures.

The prediction formulae for the ultimate strength will contribute to a

better understanding of the failure mechanisms taking place and provide



more realistic design recommendations for large reinforced concrete struc-
tures, such as se.ondary nuclear containment vessels. The deformation be-
havior under cyclic reversing shear will have significant influence on the
dynamic response and on the amounts of deformations that the steel iiner
plate in the containment experiences during combined biaxial! tension and
cyclic shear. In addition, this research will lead to a better understand-
ing of important factors needed in a more rational dynamic analysis, such
as damping, hysteretic behavior, and nonlinear response inherent in the
shear transfer phenomenon.

Four-way reinforcing schemes with diagonals in both directions are
often used in the construction of reinforced concrete nuclear containments
where seismic membrane shear forces are high. It is therefore important
to investigate whether the additional diagonal bars positioned at +45
degrees to the horizontal are actually needed. The wall is already heavily
congested with the orthogonal bars and other secondary reinforcement and it
becomes costly to fabricate and place the additional diagonal steel (de-

signed to carry the membrane shear forces). In addition, it is very diffi;
N

cult to attain high quality corcrete due to the excessive steel congestion.‘\\

S
T
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A two-way orthogonal reinforcement scheme was utilized in the present ex-
perimental work in order to establish the fact that the orthogonal steel
in the containment can mobilize considerable shear stiffness and strength.
A better understanding of the shear transfer phenomenon in cracked con-
crete panels with two-way reinforcing patterns could lead to a substantial
reduction of the amount of additional diagonal steel, and even eliminate

it in some cases.
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1.3 OQOutline

In Chanter 2 the results of an extensive experimental program con-
ducted on flat concrete specimens subjected to simultaneous biaxial tension
and simulated seismic membrane shearing forces are presented. The speci-
mens are 6 inches thick and orthogonally reinforced with two layers of
reinforcement in one direction and one layer in the other. They are
cracked by tensioning the reinforcement to about 36 ksi. The tension level
is held at a constant value (0, 0.3f,, 0.6fy or O.ny) while fully revers-
ing shear stresses are applied. The normal cyclic shear loading regime
begins at a shear stress of +125 psi for 10 cycles and then increases in
increments of 50 psi, with 10 cycles of reversing shear at each load level.
Increments of shear are added until failure results. Identical specimens
are also subjected to combined tension and monotonic shear to failure.
These results establish a basic interaction curve for biaxial tension plus
shear and are used to assess the decrease in stiffness ana strength pro-
duced by cyclic shear loading. Finally, the experimental results from the
biaxial tests are compared with uniaxial tests on block specimens.

An expression estimating the effective extensional stiffness parallel
to the orthogonal directions of the reinforcing bars is given in Chapter 2.
Results on axial tests performed on four specimens with No.4 and No.€
rebars (0.5 in. and 0.75 in. or 13 mm and 19 mm diameter) are also pre-
sented. Based on measurements of total elongations on the concrete sur-
face, the concrete tension stiffening effect is determined and its influ-
ence in estimating an effective steel modulus in tension is pointed out.

A statistical analysis is performed to determine the average crack spacing



of the orthogonal cracks that formed after tensioning the bars in both
directions. In addition, a literature review on axial tests with a single
crack, ard formulae for predicting the crack spacing and steel strain are
included in this chapter. Finally, a comparison is made between the pre-
dicted values of the extensicnal stiffness given by the proposed expression
and those measured in uniaxial tests or biaxial tests with larger size bars.
Chapter 4 i: con~erned with the development of an engineering model
for prediction of shear stiffness and strength in the presence of biaxial
tension. In the beainning of the chapter an extensive literature review
is given regarding the interface shear transfer (IST) and dowel action (DA)
mechanisms at a single crack and the determination of an effective shear
modulus for cracked reinforced concrete panels. Also nresented, is a re-
view of previcus anaiytical studies on planar reinforced concrete members
and various expressions predicting the ultimate strength of block specimens
with a single crack. An expression for the effective shear rigidity of
concrete panels under biaxial tension and shear is proposed by generalizing
the relation of shear stiffness along a single crack to bidirectional crack-
ing normal to the orthogonal reinforcement. The effect of diagonal crack-
ing on the shear modulus is alsn identified as the shear transfer sliding
mode is oradually replaced by a diagonal tension-compression strut mode.
The predicted shear rigidity values are compared with the experimental
findings and values predicted by other relations in the literature (Duchon,
Collins). Finally, the failure mode of the specimens tested is identified
and equilibrium studies are performed to determine the shear transfer

mechanisms active as failure is approached in biaxially tensioned rein-

forced concrete.



Tentative recommendations and implications regarding the design of

nuclear secondary reinforced concrete containment vessels are given in
Chapter 5.

Chapter 6 includes a summary of the conclusions drawn from the present
research on the shear transfer phenomenon and a discussion with comments on
additional future work needed to better understand this rather complex

tyoe of structural behavior.




CHAPTER 2
EXPERIMENTAL PROGRAM

2.1 Outline

Previous experimental investigations (see Section 4.2) have dealt
with the subject of shear transfer along a preformed crack in reinforced
concrete, but they focused on the case of combined uniaxial tension and
shear acting at the crack. Effects of parameters such as cracking in two
directions and applied biaxial tension on the shear transfer behavior were
ignored. However, the wall of a reinforced concrete containment structure,
cracked in both the hooo and the meridional directions and subjected to
seismic shear forces, is in a state of biaxial stress (neglecting the
variation of stresses through its thickness). Data on the stiffness and
strength of such a section is definitely needed to better evaluate the
shear transfer phenomenon and to improve design methodology.

This chapter describes the experimental program conducted to study
the combined mechanisms of interface shear transfer (aggregate *~terlock)
and dowe! action in precracked reinforced concrete wall sections sected
to membrane biaxial tension and fully reversing cyclic shear. The specimen
employed is described in detail in Section 2.2. This type of specimen
was chosen to model the behavior of a cracked segment of a secondary
nuclear containment vessel under internal pressurization and seismic
forces. In addition, the size of the specimen was small enough so that it

could be handled easier than a larger-scale specimen, which would have
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resulted in an unreasonably high expense. During this experimental study

a large range of variables could be investigated f _..r and more efficient-
ly by utilizing the thinner specimens. This is the first specimen con-
fiouration reported in the literature that adequately represents the com-
plex phenomenon of shear transfer at a crack interface in specimens sub-
jected to simultaneous biaxial tension and in-plane shear.

Although it would be ideal to apply dynamic shear loads to the speci-
men, the shear loads were applied in a static manner, either monotonically
or cyclically in predetermined increments. The formation of the shear
planes was accomplished by tensioning the embedded reinforcing bars to
about 36 ksi (248 MPa) in both the x and y directions (see Fig. 2.1a).
Then the tension was held constant at 2 prescribed value for each specimen
and the shear stresses were superimposed to create the desired stress con-
ditions.

One of the major difficulties met during the design of the specimen
and the reaction frame was how to apply the shear loads without interfering
with the orthogonal cracking produced by biaxial tension, and at the same
time creating in the central region of the specimen a reasonably uniform
distribution of shear stresses. In fact, the shear loads were applied as
equal tensile and compressive loads at the thickened corners of the speci-
men and in the direction of the diagonals (see Fig. 2.1b). Thus, the total
shear force on each of the four edges of the specimen was transferred to
the cross section as the sum of two equal projections of the diagonal ten-
sile and compressive loads on a direction parallel to that side. A linear
finite element analysis was employed to determine the elastic distribution

of shear stresses in the specimen on the nlanes through the origin of the
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x-y coordinate system and parallel to the direction of the bars, as shown
in Fig. 2.1c. Although this analysis is valid orly prior to cracking, it
can be seen that a reasonably uniform distribution of shear stresses exists
at the central portion of the specimen, which is the region of interest.

Variables studied during the course of the experiments included
applied tension in the bars, shear stress level, cyclic load history, and
type of loading (monotonic or cyclic). Sixteen specimens were tested at
different preselected tension stress levels, between 0 and 0.9f,, in the
reinforcement. The reinforcement ratio was kept constant for all speci-
mens (0.0122 in one direction and 0.0244 in the other direction). In all,
twelve specimens were subjected to fully reversing shear (Series A,B,C)
and four specimens to monotouic shear loading up to failure (Series M), to
study the effect of cycling on the degradation of stiffness and strength.
More details on the load history for each test and the loading procedures
followed are given in Section 2.5.

Extensive measurements vere performed at the central 2 ft. square
region of the specimen. .ncluding crack slips and crack width changes along
the orthogonal crack. , shear distortion of the panel, and extensional de-
formations in both directions parallel to the bars. The instrumentation
procedure and description of the devices used to measure the deformations
mentioned above are explained in detail in Section 2.4. All experimental
work was conducted in the George Winter Structural Research Laboratory at
Cornell University.

In Section 2.6, the experimental results are discussed in terms of
cracking patterns observed, shear stress-displacement response, and ulti-

mate strength attained for each specimen. The general behavior and
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observations are also summarized for each group of tests. Finally, com-

parisons and conclusions are drawn in Section 2.7.

2.2 Description of Specimen - Materials

The specimen employed in the present experimental program is a 4 ft.
(1.22 m) square reinforced concrete flat siab, 6 inche. (152 mm) thick. It
is reinforced with one layer of No.6 (0.75 in. or 19 mm diameter) bars at
6 inches (152 mm) spacing in the (x) direction (p, = 0.0122) and with two
layers of No.6 bars at 6 inches (152 mm) spacing in the orthogonal (y)
direction (py = 0.0244). The layers in each direction were centered in the
thickness of the slab to avoia eccentricity effects. All details of the
specimen geometry are defined in Fig. 2.1a. The specimen provides a shear-
ing area of 288 in.

The concrete mix consisted of Type III high early strength Portland
cement, sand with a maximum size of 0.125 inches (3 mm), and locally avail-
able crushed gravel aggregate with a maximum size of 1.5 inches (28 mm).
The above aggregate consisted of one part of N.Y. #1 type with a gradation
of 3/8 to 1/2 inches (10 to 13 mm) and five parts of N.Y. #2 type aggregate
with a gradation of 5/8 to 1 1/2 inches (16 to 38 mm). A representative
gradation of the sand and the twn types of aggregate used is shown in
Table 2A. The average nominal compressive strength was about 3800 psi (26
MPa) with a specified slump of 3 to 3.5 inches (76 to 89 mm). Compressive
strength, modulus of elasticity and ultimate strain in the concrete were
determined from standard compressive tests on 6 x 12 inch (152 x 305 mm)

cylinders. Compressive strengths of concrete in all specimens are
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Table 2.A. Gradation of crushed gravel aggregates and course sand.

T L . T i g T e T T R e T T e R TRy e ey

Sieve Size Sand N.Y. #1 Gravel N.Y. #2 Gravel
11/2" 100
) b 99
3/4" 100 87
1/2" 98 7
3/8" 100 70 1

#4 99 2

#8 90 1

#16 65

#30 25

#50 9

#100 2

#200 1

(Percent Finer by Weight)

contained in Table 2B. A representative stress-strain curve obtained from
a 6 x 12 inch cylinder loaded in a very stiff MTS testing machine with an
average strain rate of 0.01 in/in per minute, is shown in Fig. 2.2.

The reinforcement used was Grade 60 with an average yield strength of
about 61 ksi (421 MPa). Four coupons 8 inches (203 mm) long were instru-
mented with electricaf resistance strain gages and loaded to failure. The
measured stress-strain relationship for the No.6 deformed bars is given in
Fig. 2.3. The reinforcing bars used for all specimens have a nominal
diameter of 0.75 inches (19 mm) and a cross-sectional area of 0.44 inl
(125 mn?).

The four corners of the specimen were made 3 inches (76 mm) thicker
than the central portion, so that the reversing shear loads could be ap-

plied. Secondary reinforcement of No.4 (0.5 in. or 13 mm diameter) Grade

40 deformed bars in the form of prefabricated mesh (as shown in Fig. 2.1a),
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Table 2.8. Cylinder compressive strength of concrete (f.').

TR e SR TR Y

ample  Average @ Sample Average
Compressive Compressive Compressive Compressive
Specimen Strength Strength Specimen Strength Strength
NO. (psi (psi) No. (psi (psi)

.0(A) 2688 3148 2980 .6(A) 3000 3200 3100
3077 3006 3100

.0(B) 3077 3431 3400 .6(B) 3350 3150 3300
3714 3395 3400 3300

.0(C) 3926 3890 3930 .6(C) 3608 3696 3790
3890 4032 3890 3961

.0(M) 3077 3042 3160 6(M) 3600 3254 3700
2148 3360 3855 4103

3(A) 3360 3254 3500 9(A) 3466 3501 3580
3678 3706 3714 3523

3(B) 3873 3890 3900 9(B) 3183 3961 3650
3926 3554 3890

3(C) 3590 3537 3620 .9(C) 3310 3537 3380
3643 3714 3183 3480

.3(M) 4545 4463 4600 9(M) 3325 3908 3620
4598 4775

was placed in the corners (top and bottom) to ensure a better transfer of

the corner loads to the thinner section of the slab.

This additional rein-

forcement was needed to effectively anchor the corners to the flat portion

of the specimen and diminish the undesirable cracking due to stress con-

centration effects at that area.

The concrete mix was prepared on site by a local concrete contractor

according to the specified proportions and requirements, and was placed

into two reusable forms fabricated from plastic-coated plywood.

A1l ply-

wood pieces were carefully oiled before casting to ease the process of
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dismantling the forms and thus prolong their life. The form with the rein-
forcement in place is shown in Fig. 2.4. The side panels of the forms were
constructed in two half pieces and at the level of the joint in both direc-
tions holes were drilled in the plywood to hold the main reinforcement bars.
Steel plates with threaded inserts were fastened on the form itself so that
afte- removing the forms, special steel fixtures could be attached on the
specimen to aid in transferring the shear-inducing compressive and tensilz
corner loads (see Fig. 2.5). Four threaded inserts were also embedded in
concrete, one at each corner, to be used for 1ifting the specimen from the
casting position to the testing frame with a large crane.

The concrete mix was compacted by a hand vibrator, especially at the
corners of the specimen where the steel congestion made casting more dif-
ficult. The specimens were left in the forms for at least 7 days after
casting. They were covered with wet burlap immediately after casting and
were periodically moistened to lessen chrinkage cracking. The curing
process took at Teast 14 days av*er casting, at which time at least 4

cylinders were tested to determine the compressive strength of concrete.

2.3 Experimental Setup and Loading Scheme

The biaxial tensile load was applied in the embedded No.6 bars with
hydraulic rams that reacted against structural steel frames around the
specimen. The reversing loads were transmitted to the slab by alternately
pushing and pulling on the corners through two large hydraulic rams con-

nected to a prestressed concrete reaction frame.
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Fig. 2.4. Form and reinforcing bars for the biaxial specimen.

Fig. 2.5. Corner fixtures for applying the shear load.
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The reaction system for the bar tensile load. consisted of 8 individ-
ual frames (4 frames in each direction), each fabricated of two horizontal
heavy-walied steel pipes with vertical rectangular steel tubular end sec-
tions (see Figs. 2.6a, 2.6b). The tensile loads were applied by four 30
ton capacity single-acting center hole hydraulic jacks (Enerpac RCH-302)
in the single layer and four 60 ton capacity jacks (Enerpac RCH-603) in
the double Tayer, powered by two independent hand pumps. The load from the
jacks was transmitted to the bars reacting against a tubular section-nut
assembly welded to the ends of the bars. A1l jacks were held by pipes
welded on the en? tubular sections, which were also resting on steel [-
beams. The I-beams could move freely ir the horizontal direction on ball-
bearing plates. Each hydraulic ram was capable of tensioning two bars in
the single layer and four bars in the double layer up to the yield strength
of the ste-=l.

A large prestressed concrete frame employed to react to the shear
corner loads was preferred over a steel frame of equal capacity, since the
former was both stiffer and less expensive. It consisted of two inverted
post-tensioned frames at right angles to each othe* as shown in Fig. 2.7.
High strength steel rods were used to post-tension the bezms and vertical
cantilevers in the concrete frame. The two 200 ton capacity heavy duty
solid plunger hydraulic rams used to apply the shear loads were of the
double-acting type with a 13 inch (330 mm) stroke capacity (Enerpac RR-
20013). They were powered by two indenendent electric pumps. Also, two
large tubular section load cells were used on the opposite corners of the

specimen to monitor the applied shear loads.
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Both hydraulic rams and tubular sections were connected with hinge-
type steel linkages to the columns of the concrete reaction frame to permit
free rotations while the specimen was deforming. A linkage system existed
also between the corners of the specimen and the rams or the load cells.
The latter linkage was designed to transmit either compressive (high
strength steel bearing plates with a male and a female pin connection) and
tensile corner loads (hich strength steel pins and heavy clevises) and at
the same time allow free horizontal movement or the =lab. The above rather
massive connection fittings and linkages at the corners of the specimen are
shown in Fig. 2.8. Peak shear stresses of about 550 psi (3.8 MPa) may be
generated in the specimen with the hydraulic rams pressurized at a load of
112 kips (498 kN), which is the maximum tension capacity of the rams.

After the specimen was placed in the test frame it was leveled to a
precise position with the aid of four vertical mechanical supporting jacks
permanently fastened to the concrete beams of the frame. Between the speci-
men and the jacks specially designed ball-bearing plates were placed in
order to achieve free horizontal .ovement during the test (see Fig. 2.9).
Then, the external pipe and tubular steel frames for stressing the bars at
the prescribed level of tension were positioned around the specimen in both
directions. The major advantage of this experimental setup is that the
bar stressing systems are independent in the two directions of the bars,
and both are combletely independent of the shear loading system. Thus,
undesired restraints and interaction are avoided. Considering the extreme
difficulties present in the load application system, the reaction frames
and the tensioning devices and linkages, the system functioned very well.

It is the first successful experimental setup for application of fully
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independent biaxial tension and reversing shear stress to reinforced con-
crete specimens.

After the specimen was cracked in both directions, a 6 inch (152 mm)
square grid was drawn with a felt-tipped pen on the concrete surface and
the orthogonal cracks were marked. Then, the dial gages and/or the dis-
placement transducers (DCDT's) were mounted on the top of the specimen at
the appropriate positions (see Section 2.4 for details on the instrumenta-
tion procedure). The shear loads were then applied according to the load
history of each specimen (see Section 2.5) and the additional diagonal
cracking was recorded at preselected peak shear stress levels. An overall

view of the specimen in the testing frame is given in Fig. 2.10.

2.4 Instrumentation - Measurements

In the central 2 ft. (610 mm) square region of the -lab specimen
three different types of deformations were measured during the tests: the
crack width changes perpendicular to the crack planes, the crack slips
parallel to the crack, and the compressive and tensile diagonal deforma-
tions. The crack slip and crack width measurements were conducted for
only one selected major orthogonal crack in each direction. Therefore,
these measurements are influenced by local effects and are not representa-
tive of the entire panel. The shear distortion, on the other hand, was
measured over a larger gage length of 34 inches (864 mm) and included
several orthogonal cracks in both directions. This integration of deforma-
tions over several cracks provides realistic deformational patterns char-

acteristic of the overall behavior of the specimen. Both dial gages and
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linear displacement transducers were used to measure deformations. Dial
gages were used for the first four experiments and transducers for the
remainder of the tests as a new data acquisition system was obtained.
However, occasionally dial gages were used together with transducers for
verification purposes.

A general view of the instrumentation is shown in Fig. 2.1la, and a
close-up photograph of the instrumentation is shown in Fig. 2.11b. The
crack slip (S1, S2) and the crack width gages (Cl1, C2) were mounted paral-
lel and perpendicular to a major orthogonal crack, respectively, in both
the direction of the single layer (x) and the double layer of bars (y).

The diagonal deformations (D1, D2) were measured with the use of special
brackets and a thin bar along the diagonals to span the moving and the
rigid part of the gage (see Fig. 2.12). The dial gages employed had a
least reading of either 0.0001 or 0.001 inches (0.0025 or 0.025 mm). The
displacement transducers made by Hewlett Packard were of two kinds: four
CDT's with displacement range of +0.5 inches (+12.7 mm) and twe with a
range of +i.0 inch (+25.4 mm) were used. Both were excited by a DC power
sunply at 6 volts and had a guaranteed linearity error of less than 0.5%
of the full scale.

For selected specimens the axial elongation in both x and y directions
was measured with dial gages of a least reading of 0.0001 inches (0.0025
mm). More details are given in Section 3.3, dealing with the extensional
axial stiffness of the specimen. The test specimens were also instrumented
to measure the applied shear loads and the tension in the reinforcement.
The load cells employed to measure thie shear corner loads were prepared and

installed using four 1 inch (25.4 mm) long wire SR-4 electrical strain
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General view.

a.

4
4
!

Close up view.

b.

Instrumented specimen during testing.

Fig. 2.11.
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gages, connected in a full bridge configuration. The measured axial strain
according to the calibration was about 7 micro-strains per 1 kip (4.5 kN)
of axial load, which produces a shear stress of 5 psi (0.034 MPa). Also,
wire electrical strain gages were used to monitor the bar strains. Two
strain gages were cemented on diametrically opoosite sides of selected
bars in each direction outside the specimen. The axial load was also
checked in an approximate fashion with pressure gages mounted on the hand
pumps that powered the hydraulic rams of the tensiuning frames

The average shear distortion y of the central part of the specimen was
obtained by taking the average of the tensile (at) and compressive (ac)
diagonal deformations measured, through the use of the relation

. o
y=CAd.u1thAd=‘Lt!* £e

(2.1)
where ¢ = 589.2 x 10"% (see Section 2.6 for derivation of the above Egn.
2.1). Based on Ean. 2.1, an expression for the effective shear modulus

Gey during cracking can be derived to describe the overall shear deforma-
tions of the 2 ft. square portion of the concrete panel. More details on
the evaluation of an effective shear modulus ~re given later in Section
2.6.1c.

For the cyclically lcaded specimens all deformations were recorded
incrementally only for the 1st, 2nd and 10th cyclc at each shear stress
level (see Section 2.5), during loading and unloading in both directions.
During the remaining cycles (3rd to Sth) the specimen was loaded to the
peak positive and negative shear stress (0 + + vpay + 0+ - Voo, = 0 »

. 0) and deformations were measured at these peak levels only. On
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the other hand, the monotonically loaded specimens were subjected to incre-
mental shear loading and measurements were recorded at 25 psi (0.17 MPa)
increments.

Readings from each displacement transducer used in this program were
recorded by the 3052A Hewlett Packard Digital Data Acquisition system
interfaced with an HP-9825A calculator, and an HP-9871A fast impact printer.
The raw data was stored on tape cassetts for subsequent analysis and
plotting by an HP-9862A X-Y plotter. After each load stage all specimens
were inspected visually for additional diagonal cracking and any evidence
of splitting cracks. Cracking patterns were marked on the specim2n and

recorded. Photographs were also taken during the test and at failure.

2.5 Test Procedure - Test Series - Load History

Each specimen was initially precracked by tensioning the orthogonal
reinforcing bars at a stress of abcut 0.6fy or 36 ksi (248 Mra) in the x
and y direction. The crack openings in the y direction were smaller than
in the x direction, sirce the amount of steel in the y direction was double
of that in the x direction. More details on the actual measurements of the
axial stiffness are presented in Section 3.3. Then the tensile load in the
bars was released 2nd set at a prescribed value corresponding to the de-
sired biaxial tension. Tour different tension levels of 0, 0.3f,, 0.6f,,
and 0.9fy were considered to study the effect of biaxial tension. This
tension load was kept constant throughout each test.

The dial gages and/or the displacement transducers (DCDT's) were

cemented on the concrete surface and all the electrical wiring was
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completed and verified. The specimen was leveled relative to the corner
loading devices and shear stresses were produced along the shear pianes of
the orthogonal cracks. Positive shear loading was defined as tension on
diagonal D1 and equal compression on diagonal D2 . This was also the
shear loading direction employed for the specimens subjected to mono-
tonic shear. For the case of fully reversing shear the direction of the
corner loads was reversed and reloading was commenced in the opposite
direction after releasing the load to zero. The loading history of all
tests is explained later in this section.

Sixteen flat specimens with constant reinforcement ratio of o, =0.0122
and Py = 0.0244 in the x and y direction, respectively, were tested in this
program under combined biaxial tension and cyclic or monotonic shear to
study the major components of shear transfer, that is interface shear
transfer and dowel action. A summary of the testing program is given in
Table 2.C. The specimens were arranged in four groups of four specimens
each. The same value of biaxial tension was applied to the specimens of
each group.

In each group two duplicate specimens (labeled A and B) were subjected
to cyclic shear stress starting at +125 psi (0.86 MPa). Ten cycles at
this shear stress level were then applied. The shear stress was increased
in 50 psi (0.34 MPa) increments (+175 ..'l1 MPa), +225 (1.55 MPa), etc.)
with 10 fully reversing cycles at each .. .ear stress level until failure
occurred (see Fig. 2.13). Failure load is defined here as the maximum
possible shear stress that could be sustained by the :pecimen. A third

specimen (labeled C) was cycled with the initial shear stress stariing 2

the average failure shear stress for specimens A and B. Finally, a fourtn
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Table 2.C. Testing program.

B e e e il e e e e e e e e T Tt S —

Specimen Rebar Load
No. Tension History

.0(A) No Cyclic
.0(B Tension Cyclic
.0(C Cyclic
.0(M) Monotonic
.3$A) O.3fy Cyclic
.3(B) Cyclic
.3(C) Cyclic
.3(M) Monotonic
.6(A) O.ny Cyclic
.6(B) Cyclic
.6(c; Cyclic
6(M Monotonic
.9(A) 0.9f Cyclic
.9(B) y Cyclic
.9(C) Cyclic
.9(M) Monotonic

Notes:

Steel: Grade 60
py = 0.0122 (single layer)
Py * 0.0244 (double layer)

Concrete: f.' = 3800 psi

specimen (labeled M) was subiected to monotonically increasing shear stress
in 25 psi (0.17 MPa) increments up to failure, so that the effects of
cyclic shear load history on the shear strength and stiffness could be

assessed.
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2.6 Description of Experimental Results

2.6.1 Monotonically loaded specimens (Series M)

A1l four biaxial tests described below were performed under a
monotonic shear Joading up to failure in 25 psi (0.17 MPa) increments.
Specimens .0(M), .3(M), .6(M) and .9(M) were tensioned to O, 0.3fy, 0.6f,

and 0.9fy. respectively, in each rebar in the single and the double layer.

a) Cracking patterns

In all four specimens tension was applied up to 0.6fy level in order
to precrack them in the two orthogonal directions parallel to the rebars.
More details on the procedure followed during tensioning are given in
Section 3.3. First cracking occurred between 15 ksi (0.25fy) and 25 ksi
(0.4fy) tension in each reinforcement bar, with the cracking perpendicular
to the double layer occurring at a lower bar tension level than the crack-
ing in the orthogonal direction, as expected. The orthogonal cracking in
each specimen at the specified tension level is more or less similar, with
an average crack spacing of about 7.0 and 6.0 in. (178 and 152 mm) in the
x and y direction, respectively. The tension cracking patterns are not
much different since all primary orthogonal cracks formed at the same
initial tension level of O.Sfy in all specimens. The cracking pattern for
each specimen is shown in Figs. 2.14a(1) to 2.14d(1), on a 6 inch wide
square grid that was used to record each crack during tensioning.

Diagonal cracking was initiated at approximately 45 degrees to the
reinforcing bars when the shear stresses at the cracks were in the range of

75 to 125 psi (0.52 to 0.86 MPa) level. The lower values of shear stress
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at first cracking correspond to the higher tensioned specimens. It is
apparent that since the orthogonal cracking was dictated more or less from

the spacing of the transverse rebars and the tension cracks formed in the

vicinity of the reinforcement, the bond transfer capability of each bar

would be impaired. Thus, little difference is expected in the shear stress
level that would cause the first diagonal crack for the various tension
levels. A more rational approach is undertaken in Chapter 3 to explain the
possible reason for the relatively low diagonal cracking shear stress level.
The additional diagonal cracks at preselected shear stress levels are shown
in Figs. 2.14a to 2.14d (2, 3, 4, etc.). The diagonal crackino at failure
is also included. A1l monotonically loaded specimens after testi~1 are

shown in Figs. 2.15a(4) to 2.15d(4).

b) Shear stress versus displacement response

For each specimen a set of two orthogenal cracks was chosen for the
positioning of the dial gages and/or displacement transducers to measure
the crack slip and crack widths during the loading history of the experi-
ments. The crack width and slip were denoted by Cl, S1 and C2, S2 at an
orthogonal crack parallel to the x (1) and y (2) direction, respectively.

In general, the crack slip and/or width variations versus the applied
shear stress were inconsistent and erratic. This unfortunately was unavoid-
able because of the inherent random character of cracking. Each tension
crack did not always extend completely across the entire width of the
specimen. Therefore, having also in mind the irregularity of the crack

interface, the shear slip and crack width measured at one point of the
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¢) Biaxial bar tension = O.ﬁfy

Fig. 2.15. (Continued)
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crack will in general contain some scatter. Nevertheless, the crack slips
and widths measurements provide a good qualitative picture of the behavior
of the specimens during the application of the monotonic shear loading.

The recorded changes in both the slips and crack openings for all four
monotonically loaded specimens are shown in Fig. 2.16(a,b,c,d). The
changes in crack width are the variations of the initially preset values
for the corresponding tension level in the reinforcement before the shear
loading is applied.

The general trend shows that as the constant applied tension increases
from specimen .0(M) to .9(M) and the average initial crack width present
at the crthogonal cracks assumes larger values, the resistance offered by
the asperities at the crack interface to slip decreases. This causes
larger relative movement of the crack surfaces. The above can be seen in

Fig. 2.16 comparing the slips S1 and S2 for each specimen.

c¢) Effective shear modulus

As mentioned in Section 2.4, the average distortion of the middle 2
ft. square region of the specimen was measured by recording the total com-
pressive (Ac) and tensile (At) deformation at the two diagonals D1 and D2,
as shown in Fig. 2.17. Distortion was calculated by taking the average
of ot and ac. An effective shear modulus for cracked concrete, G, was

then evaluated using the expression

_V _ va (2.2)
Y A
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where v is the applied nominal shear stress in psi, a is the dimension of
the instrumented square region (24 in. or 610 mm) and 2d is the average
total diagonal deformation, also in inches.

This effective shear modulus accounts for the deformation at the
orthogonal cracks (crack slip and crack widtli), the effect of diagonal
cracking, and the shear deformation in the uncracked concrete blocks. of
course, fully developed and equally spaced cracks are assumed in the above
expression for G.,.. This relation for G.,. can be input in a nonlinear
finite element analysis as a variable in the material stiffness matrix.

The variation of the average shear strain of the central portion of
each specimen loaded under a monotonically increasing shear is plotted in
Fig. 2.18 as a function of the anpliea shear stress v. Especially for
higher tensioned specimens (.6(M) and .9(M)) a relatively low shear stiff-
ness exists for shear stresses up to about 25 psi (0.17 *71). This shift
of the shear stress-struin curve to the right could be attributed to the
so-called "free slip." That is, a finite relative slip is required at the
crack to mobilize the interface shear transfer mechanism, because an ini-
tial crack opening is present after tensioning. This explains the dis-
tinct change in stiffness at higher shear stresses as the crack surfaces
come into coniact. The above stiffness increase does not occur in specimen
.GM), which with very small initial crack widths mobilizes the interface
shear transfer much faster. In addition to the above exnlanation of "free
slip," another reason that could have contributed to the observed soft re-
sponse is shrinkage cracking that was observed before testing.

Above 25 psi (0.17 MPa) the response is approximately linear. There

is a definite decrease in shear stiffness and increase in shear
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deformations as the tension level in the reinforcing bars increases from
0 to a maximum value of 0.9fy. More details on the actual measured values
of the shear stiffness are presented in the discussion of the experimental
results in Section 2.7. The above decrease in shear stiffness corresponds
mainly to the secant stiffness, which reflects the total shear deformation
induced at any shear stress level. The local tangent stiffness, on the
other hand, which is the slope of the curve, remains nearly constant for
all biaxial tension lev:ls. Specimens .0(M) and .3(M), at least for shear
stresses up to about 17% psi (1.21 MPa), exhibited similar tangent and
secant shear stiffness.

Tr. complete recorded data for the average diagonal deformation Ac
and the corresponding equivalent average distortion values y at each shear
stress level for the specimens subjected to monotonic shear are tabulated

in Table 2.D.

d) Ultimate strength

Failure in the specimens resulted from yielding in the steel crossing
a diagonal crack near a corner loaded in tension (see Figs. 2.15a(4) to
2.15d(4) for cracking at failure). The peak shear stresses at failure v,
at each biaxial tension level for the monotonically loaded specimens are
shown in Table 2.E.

The peak shear stresses transferred to the specimens at failure de-
creased with increased applied tension from a value of 485 psi (3.35 MPa)
for specimen .0(M) to 300 psi (2.07 MPa) for specimen .9(M). At 0.3fy

tension the ultimate strength was 450 psi (3.10 MPa) and at 0.6f,
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Table 2.D. Average diagonal deformations for specimens under monotonic

shear.
.0(M) .3(M) .6(M) .9(M)
Shear
Stress ad Y* ad y* ad v* ad y*
(psi) (in) (in) (in) (in)
0 0 0 0 0 0 0 0 0
25 0.005 3 0.013 8 0.024 14 0.032 19
50 0.010 6 0.019 11 0.030 18 0.037 22
75 0.014 b 0.023 14 0.038 22 0.041 24
100 0.020 12 7.029 17 0.048 28 0.046 27
125 0.024 14 (.036 21 0.055 32 0.051 30
150 0.029 17 0.039 23 0.062 37 0.059 35
175 0.034 20 0.045 27 0.069 41 0.068 40
200 0.042 25 0.052 31 0.076 45 0.086 51
225 0.046 27 0.060 35 0.084 49 0.120 71
250 0.052 31 0.067 39 0.092 54 0.192 113
275 0.056 33 0.072 42 0.102 60 0.268 158
300 0.063 37 0.077 45 0.118 70 0.391 230
325 0.068 40 0.081 48 0.160 94 - -
350 0.076 45 0.087 51 0.242 143 - -
375 0.082 48 0.091 54 0.378 223 - -
400 0.091 54 0.098 58 - - - -
425 0.100 59 0.103 61 - - - -
450 0.116 68 0.121 71 - - - -
460 0.138 81 0.156 92 - - - -
475 0.149 88 - - - - - -

*(rad. x 10°%).

Table 2.E. Ultimate strength for monotonic shear (specimen Series M).

o —————————— e
Sopecimen ?5 Vu
No. y (psi)
.0(M) 0 485
.3(M) 0.3 450
.6(M) 0.6 375

.9(M) 0.9 300
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decreased to 375 psi (2.59 MPa). A linear representation of the ultimate
strength as a function of the applied biaxial tension provides a very good
fit to the data available (see Fig. 2.19).

Interaction curves for the ultimate strength versus the applied bi-
axial tension stress level in each rebar are given in Figs. 2.19a and 2.19b.
The shear stress parameter v,//f.', which is used in Fig. 2.19b to include
the effect of the variation in the compressive strength of concrete, or the
ultimate shear stress v,, are plotted in terms of the dimensionless tensile
stress parameter fs/fy. A Tinear regression analysis with a correlation

coefficient of about 0.97 gives the following straight lines

vy = (8.5 - 4.0 fs/fy) F' (psi) (2.3a)

or

<
"

g = 510-220 fS/fy (psi) (2.3b)
where v, is the ultimate strength in psi, f; is the applied tensile stress
per rebar, fy is the yield strength of steel, and f.' is the compressive

cylinder strength of concrete in psi.

2.6.2 Cyclically loaded specimens (Series A,B,C)

A1l twelve specimens in Series A, B and C were loaded under shear
according to the loading history described in Section 2.5. The only excep-
tion was specimen .9(A), in which cycling began at a lower shear stress
level than 125 psi (0.86 MPa), because it was the first specimen tested at

0.9fy tension and the shear stress failure level was incorrectly expected
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to be in the range of 100 psi to 125 psi (0.69 to 0.86 MPa). The actual
loading history followed for this specimen was 10 cycles at each of =25,
+50, =75, =100 and =125 psi peak shear stress levels. Above 125 psi the

loading procedure was identical with the rest of the specimens.

a) Cracking patterns

The orthogonal cracking was similar to that observed for the morotonic-
ally loaded specimens since the temsioning procedure was the same. The
cracking patterns due to bar tension and the additional inclined cracking
produced by the shear stress are shown in Figs. 2.20 to 2.23 for all twelve
specimens. Again here the diagonal cracking first occurred at a shear
stress of 125 psi or " ower.

The main difference observed between cyclic and monotonic shear load-
ings was the much more severe diagomal cracking that occurred after fully
reversing cycles of shear were applied to the specimen. The important
influence of cyclic loading in causing extensive diagonal cracking, and as
a result, in lowering the capacity of concrete to withstand shear stresses,

is therefore evident.

b) Shear stress versus displacement response

In all specimens the crack width variation and shear slip were mea-
sured as the shear stress increased (loading) or decreased (unloading)
incrementally within the limits of the specified peak shear (positive or

negative).
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As the shear deformations measured at the selected two orthogonal
cracks were also erratic in the Series A, B and C specimens, it was very
difficult if not impossible to base any quantitative conclusions on these
results. However, selected graphs of the response will be presented in
this section. These give qualitative insight into the effect of cycling,
peak shear stress level, biaxial tension evel and direction of crack on
the crack opening or closing and the relative slip of the crack surfaces.

In Fig. 2.24 (a,b,c) the variation of the slip S1 at the tension crack

parallel to the single bars is plotted versus the applied shear stress at

12
Shear v(psi) v(psi)\ Y
stress,v(psi) Cycle
300 4 300 300
2004 200 200
1Q0 - 100
-0005] | -ogos| | -goi Jf Stln)
0005 0005 Q005
=100 -100 =100
1+-200 =200 +-200
alt125 psi b)*225 psi c)X375psi
1T-300 -300 =300

Fig. 2.24. Crack slip S1 versus applied cyclic shear (specimen .0(A)).
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the 1st, 2nd and 10th cycle at three preselected stress levels of (a) +125
psi, (b) +225 psi, and (c) #375 psi for specimen .0(A). The influence of
cycling in increasing the slip values is insignificant for this case.
About 0.005 in. (0.13 mm) average maximum slip was measu-ed at the crack
at the relatively high stress ievel of +375 psi (2.59 MPa). For lower
shear stresses very little slip took place.

The corresponding values for the crack width Cl are given in Fig.
2.25 (a,b,c,d) at three selected stress levels {(+125, +225, +325 and +375

psi). The values of crack width shown are the changes from the initial

10 >
Shear vipsi) vipsi) & A
stress,v
3004 (psi) 300t 300+
200+ 200+
100 100 +
C2(in)
o ol
: 1-100
] +20
a)t125psi c)*375 _
-300T 1 -300]  Ppsi

Fig. 2.25. Crack width changes C2 versus applied cyclic shear (specimen
.0(A)).



63

crack width value at the beginning of the test; a negative value means
closing of the crack. An increase in either the peak shear stress or the
number of cycles results in further closing of the crack in both positive
and negative direction of loading. This is a very important point, since
it shows that at a shear stress higher than a certain level of about 125
psi (0.86 MPa) the shear transfer mechanism through sliding, which requires
increase in the crack width, does not control any more and another mechan-
ism becomes dominant. The latter is believed to be the diagonal tension-
compression strut mechanism. The compressive stress in the concrete could
cause the -~ - of the orthogonal cracks with subsequent Jpening of the
newly dev. ,ed inclined cracks.

The absolute variation of crack width in the crack parallel to the
double bars (C2 - see Fig. 2.26(a,b,c)) seems to be similar to that of Cl.
However, crack width C2 increases at intermediate stress levels but shows
some decrease as failure is approached. Although there is the possibility
that the above observation does not reflect the true cverall behavior, it
does bring up the argument that some interaciion of the two shear transfer
mechanisms, mentioned in the previous paragraph, takes place. Since some
sliding has to occur in the beginning and crack width Cl1 decreases, crack
width C2 must increase to permit the required slip that does not occur in
the other directicon. Fig. 2.27 shows exactly that. The increase in slip
§2 is much larger than S1. Of course, for much larger initial crack widths
the respense could be different as it will be seen below. Specimen .3(A)
shows approximately tne same behavior as .0(A), although increasing resid-
ual slips are present at zero shear stress, especially for shear slip S2.

The changes in the quantities Cl, C2, S1 and S2 for specimen .3(A) are
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Fig. 2.26. Ca?gt)width changes C1 versus applied cyclic shear (specimen
given with the corresponding stress-displacement diagrams in Figs. 2.28
to 2.31, respectively.

The results of specimen .3(C) are presented in Fig. 2.32(a,b,c,d).
During the initial monotonic loading up to +375 psi (2.59 MPa) both crack
widths increased. Upon subsequent cycling, crack width Cl remained more

or less constant in the positive loading direction and decreased in the
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Fig. 2.29. Crack width changes C2 versus
applied cyclic shear (specimen
.3(A)).

99



Shear
strecs,v

03oépsi)

200

A

2.30.

Fia.

3000

V0056
/
| -100-
=200
225 psi
»b& p-3.m<>

vipsi)

Si (in)

cE325 psi

Crack slip S1 versus applied
cyclic shear (specimen .3(A)).

Shear

stress, v
300t (psi)

Cycle

300

2004

,/// s2(in)

"
O
Q

Fia. 2.31.

e

c)X375psi

Crack slip S2 versus applied

cyclic shear (specimen .3(A),.

L9



Shear |, fvipsi)
stress
3007

2m<>

1001

-QOI . Ci(in)

S e

200

100 (c)

S! (in)

68

00!

1-100

1°200

N\ T-300

001
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applied cvclic shear (specimen .0(C)).
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negative direction (see Fig. 2.32a). Crack width C2 exhibited larger
deformations in the same loading directions (see Fig. 2.32b).

In specimen .6(A), crack width C1 assumed smaller values during load-
ing and increased to about the initial value upon unloading (see Fig. 2.33).
No data is available for C2 due to a malfunction of the mecasuring device.
Crack slips S1 and S2 were distinctly larger than those in the previous
mentioned cases of lower applied tension (0 to 0.3fy) and reached the
average maximum values of 0.025 and 0.014 in. (0.64 and 0.36 mm), respec-
tively, during the 1st cycle at a peak shear stress of +275 psi (1.90 MPa).
These values for S1 and S2 increased to 0.028 and 0.017 in. (0.71 and 0.43
mm), respectively, after 10 cvcles of reversing loading at the same maximum
shear (see Figs. 2.34 and 2.35).

The duplicate specimen .6(B) experienced much less sliding along the
crack parallel to the single bars (S1) (see Fig. 2.36). Specimen .6(A)
could be inherently softer in its response since excessive shrinkage crack-
ing was observed prior to the test, while specimen .6(B) had no visible
initial distress. As also noticed in specimen .3(A), the curve for S2 kept
shifting to the left with no relative difference in slip between the posi-
tive and negative shear stress (see Fig. 2.37). This shows a preference
of the crack slipping to occur mainly in one direction causing continuously
‘ncreasing residual slip relative to the beginning of the test. Thus, al-
though locally the crack surfaces still k~ep sliding in both directions
under reversing shear load, a permanent shear distortion is present in one
direction, which probably shows less ability to transfer shear stresses in

that direction.
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Fig. 2.37. Crack slip S2 versus applied cyclic shear (specimen .6(B)).
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The companion specimen of .3(C), .6(C), as shown in Fig. 2.38 (a,b,
c,d), showed closing of cracks Cl and C2 at least for low and intermediate
shear stress levels, as the shear stress was increased up to +300 psi. At
that high shear stress slip values (S1, S2) were more sensitive to cycling.

The deformation along the chosen single cracks in the duplicate speci-
mens .9(A) and .9(B) are given in Figs. 2.39 to 2.42 and Figs. 2.43 to
2.46, respectively. Similar behavior was noticed in both specimens for
the shear slip S1. Intense cycling of specimen .9(A) at peak shear
stresses lower than 125 psi did not seem to have any effect whatsoever
(see Figs. 2.41(2,b) and 2.45a). Crack width values C1 and C2 showed con-
sistent decreases up to about +225 psi in specimen .9(A) (Figs. 2.39 and
2.40). At that shear stress level and higher, the width of the crack
started increasing erratically. Due to the high applied tension of 0.9f,,
cracking was very severe and therefore spalling of concrete occurred on
the surface, especially around the main diagonal crack at failure. This
could have resulted in sliding of the steel base of the dial gage relative
to the concrete surface, in which case measurements would be unreliable.

A1l maximum values for Cl, S1, C2 and S2 of the cyclically loaded
specimens at the 1st, 2nd and 10th cycle at selected shear stre.s levels

are given in Table A.1 (Appendix A).

c) Effective shear modulus

The measured hysteretic response of the specimens in Series A, B and
C is presented in Figs. 2.47 to 2.58 in the form of shear deformation

versus shear load loops, at the 1st and 10th loading cycle. Two ways are
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Fig. 2.38. Crack width changes C1, C2 and crack slip S1, S2 versus
applied cyclic shear (specimen .6(C)).
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Fig. 2.41. Crack slip S1 versus applied cyclic shear (specimen .9(A)).
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Fig. 2.42. Crack slip S2 versus applied cyclic shear (specimen .9(A)).
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Fig. 2.44. Crack width changes C2 versus applied cyclic shear
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Shear

OO0
. Siin)

-00!

-0.02
@)t 125 psi -100

-004 -003 002
2 b) 175 psi

Fig. 2.45. Crack slip S1 versus applied cyclic snear {specimen .9(B)).

QO

i:‘ereg's.v(psi) ‘I 200t vipsi) P
i 1100
T, S2 (in)
00!
F =100

a) +125psi A -200

Fig. 2.46.

Crack slip S2 versus applied cyclic shear (specimen

.9(B)).

6L



e e et

(c)125 psi
200

TR

4

10
101

4

’(d )-l;“: bs.u 7

(e) 225 pso
200

i

_~20-10 4
0"

v

+ cycle |
» cycle 10

i
-200

-

(MPa)
+2

a

—4'0

Shear stress,

vipsi)
Y

Fig. 2.47. Shear stress-strain hysteresis loops (specimen .0(A)).

S

(”275 psi v I 10 W

e —————————— e ———————————————

(g)325ps1 |y 1 10

200t <

~== cycle 10
y (Rod x 1074)
40 50 60

08



v
cycle i
- 0

cycle 10

10

1-200

(c) 125 psi

v

l\\ /. 10

[(MPa)  Sheor s
B 300
(a)

1020

-200
(d) 175 psi

Y

{i;s;.\)(b;f) ' R
"//’
/

W A

200 30 45 50 &

- j00°hear strain, y (Rad. x 10°4)

- 11
ol
L (MPa) 1

(e) 225 psi

Fig. 2.48.

Rad. x 10°#) ¥

-=-cycle 10

10

10 2030 y
L1200

(f) 275 psi

020%
-200
¥ (g) 325 psi |

A4 0
/7
m ’/,/
.'

T

10203040 7
1+-200

(h) 375 psi

> S - —_—

Shear stress-strain hysteresis lToops (specimen .0(B)).

8



82

-0k-Ob-

1sd OGb (3)

*((2)0° uawidads) sAOO| SISBUISAY ULRAIS-SSBUIS JRAYS “6p°2

01 919k —--
| 919k —

Q)

- (»-01 x"poYy) £
‘UIDAS 103YS

o 0O 02

(1sd)l A "ssans J03Yg

(0dW)

| 91942 A

isd G2¢ (P)

(21uojouoW )
1sd G2y (2)




(c) 125psi v L (MPa)  Shear stress, v (ps (11275 ps1 |
cycle |
sz \\ b2 w) " \
) cycielO o 10
- - -1 |
%‘r |o; 20 v |hi ' 407
1 |QL200 1 -40 -30 1-200
e e | N o {
HESREREREREIEN 4! i t————————————]
e e L P
200 y (Rad x10-4) 200l

v |(psi)
— cycle |
ez 325t --- cycle 10
(e) 225 psi v
225¢

(b)

2.50. Shear stress-strain hysteresis loops (specimen .3(A)).

€3



p— e e

(¢) 125 psi

0y 17200
S s L'_f._“—__—'l_._
(e) 225 psi |v .
10
2004
20 %
Van
/
10 4-200
R}
EERRE— -

2OOJH:ycIe |

[(MPa)

Shear stress, v

36(»(psn)

- 100

Shear strain,
y (Rad. x 1079)

- |+

v (psi)

Fig. 2.51.

- cycle |
---cycle 10

Shear stress-strain hysteresis loops (specimen .3(B)).

l(f) 27:')_ps¢7

v

e —

1,10
200+
. o
4-200
10 |
(@325 pui |

ve



(c) 350 psi
{Monotor.ic)

¥,

oo Shear stress, v|(psi) / /
-2 3007
! 200t
| (a) L
r 100t
-140 -120 -80 -4
80 120 160
- 100  Shear strain,
. y (Rad. x 107%)
! %
1+-300
(MFa)
(psi) /
d 5a cyclclo\,/,’
300+ cycle ) ,/ ‘;
/
(b) 4 'll
200+ I’ ’1'
"
’ ’
/ ’
1001 Il Y
I

Wi Al ke LB

40 80 120 160

Fig. 2.52. Shear stress-strain hysteresis loops (specimen .3(C)).

58



Shear stvess,—;( ;),- N

2 (MFa)
r

(c) 125 psi

-200

- 100 Shear strain,
y (Rad. x 10794

ﬂ

Fig. 2.53.

(MPa) .
vl — cycle |
I’
(d) 175 psi ! ---cycle 10

¥ (Red.x 1074)

() 275 psi

120

Shear stress-strain hysteresis loops {specimen .6(A)).

160

98



— ———— e

-2 ( “Po)
:

Shear stress, |v (psi)

@

le) 225psi  v|, o

(c) iég.psl v 1

20 40 60
Shear sirain, 3

1100 , (Rod.x 10-%)
—'q

-200
A ‘ (MPa) - o ———
(d) 175 psi ¥ =At) 275 ps1 ¥ |
100¢ '“ 100t
~ -40 pee==""" H 80 -40 _A4—/
o _ weert®” It | 40 7
4+-100 : +- 100
'
lO ‘ '[ —— c'c'e | h -'
-==-cycle 10 L
¥ (Rad. x 107%)
A T ———

120 160

Fig. 2.54. Shear stress-strain hysteresis loops (specimen .6(B)).

(8



2004

Sneor strain,

100 (Rodx109) _

-200

| -

Fig. 2.55.

Shear stress-strain hysteresis loops (specimen .6(C)).




Lk

R

(£) 225 psi

10
GEr e 05
mr . n . — — —-{
— — 30 Shear stramn, -0
cycle '7«-:00 2 100y (Rad. x107%)
cycle -1
- L e -154
(@i125psi ¥ - .
0,10 2254 (psi) e
OOOJ/ "
(b) ’
- - A SR 175t .
e~ Pl
125¢ i f
0| 'I: —— Cycle |
TR :'.' ~~—=Cycle 10
Fig. 2.56. Shear stress-strain hysteresis loops (specimen .9(A)).

e e e

100+

e g

1 20 e0

v |

%9
+100

—

68



(c) 125 psi

Fig. 2.57.

Shear

L 10
- 05
~} =)
46 30
- Shear sir
an,y(ﬂn::d)(()'_‘!).‘54
4100
- 200
(b)
50 80

stress-strain hysteresis loops (specimen .9(B)).



002

Ocl
'

Y
(»-OI1 X POY ) A|

0S| )\
¥

}
|

op_Jo
;‘

\%-vm

{(Juojouos) |
!
isd ocz(m || |

1sd A,vfﬁfu..

‘_

, -_.4

OO0l , Bl ‘ :*

G0 | \

Uf..:{ L *wioss 1oNyg
0 2l -08—0r |

v k..& - E ‘M\J_ .

| - 021 0%
|

-

/

!

|
“_ |
!
|




92

used to illustrate the above behavior. The actual changes in shear strain
y versus the applied shear stress v in both positive and negative direc-
tions at all selected peak stress levels (1lst and 10th cycle) are given in
part (a) of each figure. In part (b) only the positive portions of the
hysteresis loops are shown in terms of the calculated average shear strain
y in the positive and negative loading directions. The 1st cycle is indi-
cated by solid lines and the 10th cycle by dashed lines. For further
clarity the loops at each peak shear stress level (+125 psi, +175 psi,
etc.) are drawn separately in parts (c), (d) etc. These figures show the
effects of axial tension, cycling and sheer on the overall shear stiff-
ness. The response changes drastically upon unloading or loading in the
opnosite direction, exhibiting hysteretic properties. Significant values
of residual distortion were recorded at zero shear stress. For a peak
shear stress of +175 psi, average permanent distortions of about 0.0003,
0.0015, 0.0020 and 0.0020 radians were measured at zero external load
after 10 cycles of fully reversing shear in specimens .0(A), .3(A), .6(A),
and .9(A), respectively.

Duplicate specimens .0(B), .3(B), .6(B) and .9(B) experienced similar
residual deformations. For the same Series A specimens and peak shear of
+175 psi the maximum average diagonal deformations measured at the central
2 ft. square region had values of 0.014, 0.028, 0.068 and 0.076 inches
(0.36, 0.71, 1.73 and 1.93 mm) at the end of the 1st cycle and 0.017, 0.035
0.077 and 0.106 inches (0.43, 0.89, 1.96 and 2.69 mm) at the end of the
10th cycle at biaxial tension levels of 0, 0.3fy, 0.6fy and 0.9fy, respec-
tively. These values correspond to effective secant shear modulus Ggp

values of 0.140, 0.070, 0.029 and 0.026 times the uncracked shear modulus
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of concrete G, (=1500 ksi or 10350 MPa) at the lst cycle and 0.120, 0.060,
0.026 and 0.019 Gy at the 10th cycle. Increase of biaxial tension from 0
to 0.9fy caused about 79% loss in shear stiffness at the 1st load cycle.
Reversed loading of 10 cycles resulted in approximately 12 to 27% further
stiffness degradation relative to the lst load cycle at 0 to 0.9fy axial
tension, respectively. The average shear deformations (Ad in inches and
¥ *n radians) together with the calculated shear modulus G., in terms of
the ratio G../G, at each prespecified applied peak shear stress for the
cyclically loaded specimens in Series A and B are given in Table 2.F (only
cycles 1 and 10 are shown). Very similar response is observed for the
above duplicate specimen Series A and B at each biaxial tension level (see
also Figs. 2.47 to 2.57).

Specimens in Series C, cycled at higher peak shear loads, revealed a
more severe degrading influence of the number of cycles. Relatively wide
hysteresis loops with large permanent deformations, as shown in Fig. 2.49
for .0(C), Fig. 2.53 for .3(C), Fig. 2.55 for .6(C) and Fig. 2.58 for .9(C),
demonstrate the above observation. Thus, the influence of the value of
the maximum shear stress applied during cycling is enhanced as this value
approaches the ultimate strength v, under monotonic loading. In this
group, .9(C) gave unreliable results due to a malfunction of the instrumen-
tation setup at the beginning of the test.

One characteristic of the shear stress-strain curves for all cyclical-
ly loaded specimens is the very low sti{fness observed at shear stresses
less than about 50 psi (0.34 MPa). For higher values ot shear stress a
hardening effect was evidenced with a sudden increase in stiffness, as

the concrete surfaces along each crack come into bearing contact and the



Table 2.F. Average diagonal deformation Ad and effective secant cracked
shear modulus Ger for the cyciically loaded specimens in
Series A and B (cycle 1 and 10).

SN o s o o o o T T T See—regEes L

BIAXIAL TENSION: fq =0

.0(A) .0(B)
Peak Cycle 1 Cycfé 10 Cycle 1 Cycle 10
ghear — Ger _ _ Ger _ _ Ger _ . _ Ger
tress A Yy Gn Ad Y ad Yy Go Ad Y Go
vipsi) (1) (2) %3)
+125 0.011 6.2 0.13 0.012 7.2 0.12 0.020 11.8 0.07 0.022 12.7 0.07
+175 0.014 8.2 0.14 0.017 10.0 0.12 0.023 13.7 0.08 0.026 15.5 0.08
+225 0.020 12.0 0.12 0.024 13.6 0.11 0.028 16.5 0.09 0.030 17.4 0.09
+275 0.029 17.4 0.10 0.032 19.0 0.10 0.033 19.5 0.09 0.034 20.2 0.09
+325 0.039 23.0 0.09 0.042 24.8 0.09 0.039 22.9 0.10 0.042 24.5 0.09
+37¢ 0.051 2°.8 0.08 0.068 40.2 0.06 0.049 28.8 0.09 - - -
BIAXIAL TENSION: fe = 0.3{;
v(psi) .3(A) .3(B)
+125 0.022 12.4 0.07 0.025 14.7 0.06 0.020 11.6 0.07 0.026 15.2 0.05
+175 0.028 16.8 0.07 0.035 20.7 0.06 0.032 18.8 0.06 0.036 21.2 0.06
+225 0.040 23.2 0.06 0.046 26.6 .06 0.041 24.2 0.06 0.042 24.9 0.06
+275 0.051 29.8 0.06 0.058 34.4 0.05 0.046 27.2 0.07 0.044 26.3 0.07
+325 0.064 38.0 0.06 0.070 41.4 0.05 0.050 29.6 0.07 0.056 33.0 0.07
+375 0.076 44.6 0.06 - - - 0.066 38.7 0.06 - - -
BIAXIAL TENSION: fs = 0.6fy
v(psi) .6(A) .6(B)
+125 0.051 29.9 0.03 0.050 29.3 0.03 0.038 22.6 0.04 0.054 31.5 0.03
+175 0.068 39.8 0.03 0.077 45.2 0.03 0.059 34.8 0.03 0.072 42.6 0.03
+225 0.086 50.4 0.03 0.100 58.4 0.03 0.079 46.6 0.03 0.094 55.0 0.03
+275 0.109 64.3 0.03 0.153 89.9 0.02 0.104 61.8 0.03 - - -
Lt BIAXIAL TENSION: fs = 0.7°
v(psi) .9(A) .9(B)
+125 0.052 30.8 0.03 0.061 35.9 0.02 0.070 41.2 0.02 0.084 49.5 0.02
+175 0.076 44.8 0.03 0.106 62.2 0.02 0.093 55.0 0.02 0.112 65.8 0.02
+225 0.195114.7 0.01 - - - 0.134 79.1 0.02 0.34523.6 0.01

(Continued)
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Table 2.F. (Continued)
Notes:

(1) 2d = average peak diagonal deformation in the positive and negative
shear loading direction (in).

(2) v = average peak shear distor}ion in the positive and negative shear
loading direction (rad. x 10-%).

G
(3) c§£ = ratio of the effective shear modulus of cracked concrete to that
of uncracked concrete (Go = 1500 ksi).

interface shear transfer mechanism is mobilized. A diagonal tension-com-
pression strut type of shear transfer mechanism gradually develops as
diagonal cracks form at an angle of about 45 degrees to the x direction.
Further discussion on the behavior and the effect of combined inplane bi-
axial tension and cyclic shear to the shear stiffness of reinforced con-
crete panels is given in Section 2.7.

A1l maximum values for the average diagonal deformation Ad of the
cyclically loaded specimens at the lst, 2nd, and 10th cycle at selected

maximum shear stress levels are given in Table A.1 (Appendix A).

d) Ultimate strength

The failure loads for all cyclically loaded specimens are given in
Table 2.G. Failure in these specimens also occurred near a corner due to
yielding of the steel (see Figs. 2.14a (1,2,3) to 2.14d (1,2,3) for crack
patterns at failure).

Specimens .0(A) and .0(B) reached an ultimate strenqth of 425 psi
(2.93 MPa). This is 60 psi less than the 485 psi carried by the companion
<pecimen .0(M, subjected to monotonic <hear. Specimen .0(C) failed at an

intermediate shear stress of 475 psi (3.28 MPa) during the 1lst cycle.
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Table 2.G. Ultimate strength for cyclic shear (specimen
Series A, B and C).

gt TaTasegeTT == = o 2 Trr—rr———pe—

Specimen fs v,
No. fy (psi)
.0(A) 425
.0(B 0 425
.0(¢ 475
.3(A) 375
.3(B) 0.3 375
.3(C) 400
.6(A) 325
.6(B) 0.6 275
.6(C) 300
.9(A) 225
.9/B) 0.9 275
.9(C) 250

By increasing the biaxial tension to (.3fy in specimens .3(A) and
.3(B), the ultimate strength decreased to a value of 375 psi (2.59 MPa) in
the 4th and 6th cycle, respectively. Specimen .3(C) withstood a shear
stress of 400 psi (2.76 MPa) and failed in the 1st cycle.

Specimens .6(A) and .6(B) failed at 325 and 275 psi (2.59 and 1.90
MPa) shear stress in the lst and 10th cycle, respectively. The relatively
large discrepancy of 50 psi is at least partially due to the loading pro-
cedure followed, since a 50 psi increment in peak shear stress after every
10 cycles was set for all tests. Thus, in specimen .6(A) the shear stress
was raised from 275 psi to 325 psi. The average value of 300 psi (2.07
MPa) is a good estimate of the shear capacity at the 0.6fy biaxial tension
level. That level of shear stress was the shear capacity for specimen

.6(C) that occurr. 1 a. the 4th cycle.
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Specimens .9(A) and .9(B) withstood an applied shear stress of 225
psi (1.55 MPa) at the 8th cycle and 275 psi (1.90 MPa) at the 1lst cycle.
Again here the average value of 250 psi (1.72 MPa) was assumed as the ul-
timate strength of the previous cpecimens. Failure in specimen .9(C)
occurred at 250 psi shear, after 4 cycles of loading.

The ultimate shear stress v, and the shear stress parameter v,//f¢'
for specimens under cyclic shear (Series A and B) are plotted versus the
applied tension stress ratio fs/fy in Figs. 2.19a and 2.19b, respectively.
The linear best-fit curve of the data is given by the following expres-

sions

vy = (7.4 - 3.7 fg/fy)/F" (psi) (2.4a)

or

vy = 428 - 200 fs/fy (psi) (2.4b)
where vy, fg, fy and f.' are in psi. A correlation coefficient of 0.96
was obtained for the above Eqn. 2.4 showing that the assumption of linear
variation of the ultimate strength with the changing biaxial tension is
valid.

The data from specimens in Series C are also plotted in Fig. 2.19a.

The best-fit straight line is
vy = 472 - 258 fS/fy (psi) (2.5)
This line is located between the other two lines (Eqns. 2.3 and 2.4) for

cyclic and monotonic shear and closer to the former one for applied tension

higher than 0.6fy, as expected.
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2.7 Discussion of Experimental Results

The general response and the observations related to the crack forma-
tion, the shear stiffness and the ultimate strength of the precracked rein-
forced concrete flat slabs subjected to combined biaxic1 tension and shear

are presented and discussed in this secticn.

2.7.1 Cracking patterns

A1l specimens were initially cracked by applyirj a tensile stress of
O.ny (36 ksi) in the two-way reinforcement. The specimens exhibited
similar orthogonal cracking approximately perpendicular to each set of
transverse reinforcing bars. No additional major tensile cracking was
observed above the 0.6fy tension level.

In general, the primary orthogonal cracks normal o the double layer
were more closely spaced and with smaller surface crack openings than
those normal to the single layer direction, resulting in more cracks in
the former case. These primary cracks extended through the thickness of
the specimen. but they did not always extend across the entire 48 inch
width.

Horizontal and vertical splitting cracks were also visible on the
surface of the sides of the slab between most of the rebars in the single
and the double layer, respectively, at the tensile stress of 0.6fy, as
shown in Fig. 2.59(a,b). At higher tensile loads there was a tendency to
have some horizontal splitting cracks also forming on the sides normal to
the double bars connecting the already existing vertical splitting cracks

(see Fig. 2.59b). It is not known how far these splitting cracks
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Fig. 2.59. Splitting cracks due to biaxial tension (part of the specimen
is shown.

penetrated through the specimen. Under the subsequent shear loading (es-
pecially the cyclic loading) propagation of these cracks probably occurred
inside the specimen due to the dowel and bond forces, thus causing further
deterioration and loss of the overall shear stiffness. At that stage, es-
sentially complete horizontal splitting was observed on the surface of all
four sides of the 6 inch thick central portion of the specimen. However,
in the tests described, these splitting cracks did not seem to be the pri-
mary cause of failure. Splitting cracks in the single layer of rebars in
specimens subjected to various biaxial tension levels are shown in Fig.
2.60(a,b,c,d).

Upon shear loading, diagonal cracking inclined at about 45 degrees
to the reinforcement formed in the central region of the specimens at shear
stresses as low as 75 psi (0.52 MPa), as mentioned in Section 2.6. A dis-

cussion concerning the diagonal cracking initiation based on experimental
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Fig. 60. Splitting cracks on the side of the specimens.
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and analytical evidence is given in Section 4.3.2a (see Fig. 4.53). The
main reason for these low shear stress levels at first diagonal cracking

is believed to be the effect of bond stresses transferred from the steel

to the blocks of concrete between the orthogonal cracks. These forces
caused additional shear stresses due to bond that were superimposed on

the existing shear stresses due to the externally applied shear loads, and
together with the presence of internal cracking at the steel-concrete
interface, resulted in the aforementioned diagonal cracking. The fact that
the first diagonal cracks formed near an intersection of the orthogonai
bars supports the above argument.

Shear cycling was found to produce significant additional diagonal
cracking at the same peak shear stress. A portion of the cracked specimen
subjected to a shear stress v (only the positive direction is shown) and
a tensile stress o, in the bars is shown in Fig. 2.61. The orthogonal
cracks approximately follow the reinforcing bars. The diagonal cracks
will most probably form near the corners of the uncracked regions of con-
crete between the bars at the 1st load cycle, as shown in Fig. 2.61. Re-
distribution of stresses will take place during the later cycles of shear
due to diagonal cracking. As the tensile principal stresses in the con-
crete " increase at stiffer regions of concrete farther from the primary
orthogonal cracks and between the initially formed diagonal cracks, the
tensile strength of concrete ft' can be reached again and new diagonal
cracks can form (see Fig. 2.61). Similar behavior is expected when the
shear is applied in the opposite direction (negative) with diagonal cracks
forming nearly 2t right angles to those shown in the above figure. Also,

reversing cycling tends to further close the orthogonal cracks (see Figs.
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Fig. 2.61. Diagonal cracking during cycling.

2.26 and 2.33), particularly for shear stresses higher than 125 psi. This
can improve the bond at the interface between the steel and the concrete.
As a result, the principal tensile stresses in the concrete o1 at the im-
mediate vicinity of the bars will also increase. Therefore, it appears
that cycling will cause more extensive diagonal cracking than that under
monotonic shear at the same peak shear level.

The extensive diagonal cracking due to cycling result2d in further
loss of the integrity of concrete as compared to monotonically loaded speci-

mens. As the shear load approached the ultimate level, the inclination
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angle of the major diagonal cracks to the x direction increased with de-
creasing applied tension, remaining at about the same original 45 degree

value at a tension of 0.9fy in the rebars.

2.7.2 Shear stiffness

a) Monotonic shear

For the monotonically loaded soecimens (Series M) a decrease in secant
stiffness and an increase in shear deformations was observed as the tension
in the steel increased from 0 to the maximum value of 0.9fy,. As shown in
Fig. 2.18, for shear stresses up to 25 psi (0.17 MPa) a very low shear
stiffness was observed. ’

Fer comparison, the normalized secant an('tangent shear modulus G., in
terms of the shear modulus for uncracked concrete Gy (given in Table 2.H)
is plotted versus the shear stress level for all specimens under monotonic
shear in Fig. 2.62. Shear stiffness (G¢p/Gg) values of 0.056, 0.021, 0.012
and 0.009 were calculated in specimens .0(M), .3(M), .6(M) and .9(M), re-
spectively, at a shear of 25 psi. The degrading incluence of increasing
applied tension is evident although it appears to be less significant for
tension levels of 0.6fy and higher.

However, the most important finding is that the effective shear
modulus Gy is less than 10% of that for uncracked corcrete (Gg). For shear
stresses higher than 25 psi, there was a distinct increase in the tangent
shear stiffness for applied tension ranging from 0.3f, to 0.9fy with the
interface shear transfer becoming active as the crack surfaces came into

contact. The latter increase, however, does not result in raising the



Table 2.H. Test results of ultimate strength values.
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(1) (2) (3) @y (5)
Applied Ultimate Vu P Failure
Specimen Rebar Strength T PTy~0N at
~_No. Tension vy(psi) ¢ (psi) Cycle
L0(A) +425 7.8 744 Ist
.0(B) No +425 .3 744 3rd
.0(C) Tension +475 7.6 744 Ist
0(M) +485 8.7 744 B
3(A) -375 6.3 521 4th
3(B) 0.3f +375 6.0 521 6th
3(C) e -400 6.6 521 Ist
3(M) +450 6.6 521 -
.6(A) +325 5.8 298 Ist
.6(B) 0.6f -275 4.8 298 10th
.6(C) Y +300 4.9 298 7th
6(M) +375 6.2 298 -
9(A) +225 3.8 75 8th
.9(B) 0.9f -275 4.6 75 Ist
.9(C) Y +250 4.3 75 4th
9(M) +300 5.0 75 -

(C)

)

(2) Rebar tension of 0, 0.3f

CYCLIC (10 cycles at each shear stress level: start at 125

psi and continue at 50 psi increments).

CYCLIC (monotonic loading up to the average failure load
of (A) and (B); if no failure occurs continue cycling).

MONOTONIC (monotonic loading up to failure).

tions (x and y).

(3) fc' = average cylinder compressive strength of concrete.

(4) o = 0.0122 (weak direction) is used; oy = normal tension.

ys 0.6fy, and 0.9fy is the same in both direc-

(5) Cycle number is within a group of 10 cycles at the indicated stress

level.
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shear modulus G, above the 0.10 Go value. For shear stresses between 50
and 125 psi, the effective tangent shear modulus G., was approximately
equal to values ranging from 4 to 6% of Gy for all biaxial tension levels.
To find a more representative value for the shear stiffness under
monotonic shear, the data from the shear stress-shear distortion curves
for specimens in Series A, B and C at the 1st positive cycle are plotted
together with the data from Series M. The combined test results for mono-
tonic shear are shown in Fig. 2.63 (a,b,c,d) for each biaxial tension level.
Due to the scatter of the dat ‘the average values of the gross shear dis-
tortion at the corresponding shear stress is calculated and shown as full
dots in the above figures. Straight lines were fit through these average
data points for shear stresses between 25 psi and a stress level up to
which an approximately linear response still held for each tension level.
These results are surmarized in Fig. 2.64. The average values of the effec-
tive tangent shear modulus determined for shear stresses higher than 25

psi are tabulated below:

Biaxial

Tension oo Gerypsi MPa)  Ger/Gp
0 102000 (704) 0.063
0.3f 70400 (486) 0.047
0.66y 83100 (574) 0.055
0.9fy 73700 (508) 0.049

Thus, contrary to the findings at shear stresses less than 25 psi, the
response at higher shear stresses is not strongly sensitive to the level of

biaxial tension. This shows that the initial crack width does not play a
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400

g
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E
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Fig. 2.64. Linear regression curves of the experimental shear stress-
shear strain response in the lst load cycle at selected
biaxial tension levels.
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significant role in the resulting effective tangent shear modulus, at least
for monotonically applied shear higher than 25 psi. On the other hand, the
effective secant shear modulus (reflecting the total deformational behavior
of the specimen) is decreasing with increasing applied biaxial tension due
to the increasing initial shift of the shear stress-shear strain curve at

low shear stresses.

b) Cyclic shear

Three distinct stages of behavior may be identified for the hysteresis
loons (after several load cycles) for the specimens loaded under fully re-

versing cyclic shear (Series A, B and C), as shown in Figs. 2.47 to 2.58:

1) Stage ! (low stiffness; shear stress less than 50 psi):

Due tc the residual crack openings upon unloading, relatively large
shear deformations were required to mobilize the shear transfer mechanism
at these low shear stresses after several load reversals. This initial
softness in snear stiffness appeared to increase with cycling because the
residual slips at zero shear stress increased with increasing number of
cycles and peak shear stress (see Figs. 2.47 to 2.58). As more concrete
crushed ¢round the bar at the crack and the unbonded length of the bar in-
creased with cycling, gains in shear slip and crack widih were expected.
Censequently, with increasing number of cycles, dowel action became the
most important mechanism with the interface shear transfer becoming less
active because of the progressive deteriora.ion of the concrete surfaces
at the cracks. As the dowel forces increased with cycling they caused

additional damage to the bond transfer mechanism because of local crushing
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around the bars. As a result, the unbonded length of thc¢ bars was in-
creased. With the concrete providing less resistance, the dowel action
mechanism became less effective in transferring stresses, and the specimen
became more flexible in shear.

Since dowel action was the major shear transfer mechanism at shear
stresses less than 50 psi, the total shear tranferred at the cracks would
be almost entirely carried by shear forces in the bars. In the weaker re-
inforcing direction (single layer) of the specimens with o, = 0.0122 a
_teas stress of 50 psi would cause a shear stress equal to 4.1 ksi per bar.
This shear stress is far lower than the shear stress of about 35 ksi
(=fy//3), that is expected to cause yielding in the No.6 bars. Thus, the
dowel action mechanism is capable of fully resisting these low shear

stresses.

2) Stage II (high stiffness; shear stress higher than 50 psi):

At shear stresses higher than 50 psi a dramatic increase in the tan-
gent shear stiffness occurred because the interface shear transfer mechan-
ism was mobilized as the shear slip resulted in contact of the asperities
of both sides of the crack interfaces. This shear stiffness increase was
particularly evident for very small initial crack widths, that is, for low
applied biaxial tension. At this stage, as the shear stresses increased,
the diagonal tension-compression strut mechanism started predominating (at
about 100 psi) over a slipping type mechanism. This caused opening of the
diagonal cracks normal to the tensile direction, and some closing of the
orthogonal cracks due to the compressive stresses in the concrete. The
diagonal tension-compression mode is described in “hapter 4 (Section

4.3.2a).
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With an increasing number of load cycles and higher peak shear stress
the interface shear transfer became less effective, resulting in degrada-
tion of the stiffness and a cumulative gain in shear deformations. However,
for specimens with bar tension as high as 0.9fy, which produced large crack
openings, dowel action was the major shear tran.fer mechanism. A 300 psi
shear stress wculd produce a shear stress of about 25 ksi in each bar of
the single layer. This high shear stress plus bending stresses and high
tension of 0.9fy could pussibly cause yielding in the bars. Part of the
dowel shear could be induced by kinking in the bars, as described in

Section 4.4,

3) Stage 111 (unloading from peak shear stress):

Unloading led to some reduction in deformations, but appreciable
residual deformations could remain at zero shear stress because of the in-
terlocking of the asperities along the crack surfaces and the wedging
action of concrete at the surface of the reinforcement. The tangent shear

stiffness remained nearly the same as in the loading Stage II.

Regarding the effective shear modulus at shear stresses less than

50 psi (Stage 1), a value of about 0.05G, was calculated in the case of
zero tension during shearing in the initial load cycles. This value de-
creased to 0.02G, due to the combined effects of cycling and increasing

of the peak shear stress. Although a three-line segment idealization of
tne hysteresis loops would be more accurate for the positive and negative
portion of the curve, a simple bilinear representation is chosen, shown in
Fig. 2.65(a,b,c,d) for each specified biaxial tension applied in the N:.6

rebars. The stiffer loading portion of the curves in Fig. 2.65a showed a
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drastic decrease in the tangent stiffness from about 45% that of uncracked
concrete to about 10% as failure was approached after some 80 cycles at
selected shear stress levels with zero tension in the bars.

With a 0.9fy applied tension (see Fig. 2.65d) an extremely low initial
shear stiffness of about 2% of G, was measured at shear stresses less than
50 psi. In later cycles this shear rigidity assumed values of less than

% of Gg. Above the 50 psi shear level the stiffer portion of the response
resulted in a tangent shear modulus of about 0.03 to 0.04 Go. The increase
in shear deformations, particularly near failure, was apparent at this high
applied biaxial tension level, which produced large crack widths and caused
severe degradation of the bond mechanism. The specimens subjected to 0.6fy
biaxial tension showed similar behavior to those at 0.9fy (see Fig. 2.65c).
In the case of 0.3fy tension (see Fig. 2.65b,, the effective tangent shear
modulus decreased due to cycling and increasing peak shear stress from 0.05
te 0.01 Gp and 0.27 to 0.10 Go at low and high shear stresses, respectively.

In general, the shear stiffness degraded with increasing number of
fully reversing shear loading cycles causing an increase in shear deforma-
tions. The percentage increase of the peak average diagonal deformation
Kd(") in the specimens at cycle n (relative tc the deformation at cycle 1
Sd(l)) as a function of the applied peak shear stress v, is given for dif-
ferent biaxial tension levels in Fig. 2.66(a,b,c,d). After 10 load cycles,
at lower shear stress levels for the low tension levels c¢f 0 and 0.3fy,
there is an increase in deformation of 15 to 20% (see Fig. 2.66(a,b)). At
shear stresses nigher than 225 psi (1.55 MPa) the increase is about 10%.
The increase in deformations, relative t7 cycle 1 values, at the end of

the 2nd cycle at each peak shear stress level is practically constant at
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5%. Cn the other hand, biaxial tensions of 0.6fy and G.9fy result in a
nearly constant 5% and 20% increase in shear deformations after 2 and 10
cycles of shear load, respectively. As failure is ..proached, cycling re-
sults in higher increases in deformations at all biaxial tension levels.
[t appears that, independently cf the biaxial tension level, reversing
cycling at increasing peak shear stress has the same degrading influence
regarding the integrity of the specimens after only 2 cycles of shear
loading. At a biaxial tension level of 0 or 0.3fy, as the number of shear
loading cycles is increased to 10, the effect of cycling decreases as the
applied peak shear stress increases.

Since the change in shear deformations versus the applied shear stress,
shear load cycling, and biaxial tension level is a measure of the effective
secant shear modulus Gcp, the following average values of G.p at the end

of 10 cycles of reversing shear at a particular peak value can be calcu-

lated:
GCl“(l) 1 f.S
Gcr(lo)(secant) e o Sl 0.83 Gcr( ), for ;; < 0.6 and v < 225 psi
fs
or g * 0.9 and v < 175 psi
Y
(2.6a)
and
(10) Gcr(l) (1) fs
Gy ' (secant) = 110 = 0.42 G, "/, for 7 = 0.3 and

225 s v

I8

325 psi (2.6b)

where Gcr(i) is the average secant shear modulus at peak shear during the



117

1st cycle. The secant shear modulus vaiues at selected shear stress levels
are given in Table 2.1 for all cyclically loaded specimens.

The percentage increase of peak average shear deformations at the 1st
cycle of each shear stress level, Kd(v) (normalized by the peak deforma-
tion Ed(lzs) at 125 psi shear), in terms of the dimensionless ratio of ap-
plied shear stress v to the ultimate strength v, for all specimens in
Series A and B, is given in Fig. 2.67. For ratios of v/v, less than 0.9,
it is possible to have as much as 250% gain in peak shear deformations
relative to the maximum deformation at 125 psi shear stress. The amount
of the total cumulative gain in deformations, that is the total decrease
of the secant shear modulus, increases with decreasing applied tension in
the bars and increasing shear stress ratio v/v,. For v/vy larger than 0.9,
which means that yielding in the bars is imminent, large increases are
present creating an extremely soft system, especially for high biaxial ten-
sion.

Finally, the shear stress-shear strain curves obtained in the present
biaxial tests for monotonic shear are compared with those for cyclic revers-
ing shear in Figs. 2.68(a,b,c,d) at bar tensions ranging from C to 0.9fy.
For the specimens under cyclic shear only the positive portions of the
average shear distortion versus shear load curves are shown for selected
cycles of loading. In these figures the envelope curve connecting the
peaks at the 1st cycle at all shear stress levels is also drawn in dots.

It can be said that for all bar tensions and intermediate shear stress
levels the curves for monotonic shear are approximately parallel to that
envelope. For high tensions of 0.6fy or 0.9fy, the monotonic curves follow

very closely the path of that envelope (see Figs. 2.68c and 2.68d). However,
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Table 2.1. Effective secant and tangent shear modulus G¢p in terms of Go
for monotonic shear.

S e = o

Specimen .0(M) Ssecimen.3gﬁ) Sgecimen.ﬁgnz SEecimen 9(M)
Shear Gep Gep cr cr cr acr e - & xr

Stress e G Go Go Go Go Go
v(psi) (Eﬁ:) 1§2n) (sgc) (tan) (sec) (tan) (sec) (tan)
0 0 0 0 0 0 0 0 0
25 0.056 0.056 0.021 0.021 0.012 0.012 0.008 0.009
50 0.056 0.067 0.030 0.056 0.018 0.042 0.015 0.067
75 0.062 0.056 0.036 0.056 0.023 0.033 0.021 0.067
100 0.056 0.056 0.039 0.048 0.024 0.033 0.025 0.056
125 0.059 0.067 0.040 0.056 0.026 0.037 0.028 0.042
150 0.059 0.056 0.043 0.056 0.027 0.037 0.029 0.033
175 0.058 0.042 0.043 0.042 0.028 0.042 0.029 0.021
200 0.053 0.048 0.043 0.042 0.030 0.042 0.026 0.011
225 0.056 0.056 0.043 0.042 0.031 0.037 0.021 0.005
250 0.054 0.056 0.043 0.048 0.031 0.030 0.015 0.004
275 0.056 0.056 0.044 0.056 0.031 0.021 0.012 0.003
300 0.054 0.048 0.044 0.056 0.029 0.010 0.009 ~0
325 0.054 0.042 0.045 0.056 0.023 0.005 - -
350 0.052 0.042 0.046 0.056 0.016 0.003 - -
375 0.052 0.037 0.046 0.048 0.011 ~0 - -
400 0.049 0.030 0.046 0.048 - - - -
425 0.048 0.024 0.046 0.026 - - - -
450 0.044 0.011 0.042 0.008 - - - -
460 0.038 0.008 0.033 -0 - - - -
475 0.036 ~0 - - - - - -

for low bar tensions ¢® 0 and 0.3fy, the monotonically loaded specimens
.0(M) and .3(M), as shown in Figs. 2.68a and 2.68b, experience larger peak
shear deformations at the same shear stress. The monotonic loading portion
of the shear stress-shea~ strain curve at the lst cycle for specimen .0(C)
is also plotted in rig. 2.68a. This much steeper curve falls to the left
of the envelope of .0(A) indicating an apparent scatter for monotonic shear
tension and a high sensitivity at low shear stresses. The low shear stiff-
ness at very low shear stresses in specimens .0(M) and .3(M) shift the

whole curve towards larger deformatior - resulting in lower secant shear
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stiffness values than would be predicted by the envelope curves of the re-
versing loading-unloading hysteresis loops. The major cause of this, as
mentioned before, is believed to be the shrinkage cracking. The local
tangent shear stiffness in specimens .0(M) and .3(M) does not seem to be
affected by the above factor and compares favorably with that of the

envelope curves.

2.7.3 Ultimate strength

1t is evident from the test results that shear capacity was always
governed by yieldirg of the reinforcement in the region near a corner.

The diagonal tensiin-compression strut system resulted in increasing crack
openings at the diagonal cracks, which caused higher bar tensions and even-
tually yielding of the steel. It is emphasized that this response led to
an opening-type mode of failure at a diagonal crack and not to a sliding
shear-type mode along an orthogonal crack. According to the free body
equilibrium analyses at failure (see Section 4.4) and assuming yielding

in the vars in both reinforcing directions, appreciable dowel forces are
computed in each bar in the double and the single layer of No.6 bars, re-
spectively. Kinking of the bars at the failure crack is also probable as
failure is approached.

The initially cracked specimens with zero tension in the reinforcement
during the application of shear carried a shear stress of about 8.5/?ET
and 7.4/f." for monotonic and cyclic shear, respectively. As applied bi-
axial tension is increased to 0.0fy, the shear strength decreases to about

5/Fc’ and 4/f." for monotonic and cyclic shear loading, respectively.
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Strength is decreased by some 15% by the action of cyclic loading, as com-
pared to the monotonically loaded specimen strengths (see Fig. 2.19b).

The ultimate strength values measured in all specimens are given in Table
2.H. It is believed that the lower ultimate strength values measured under
cyclic shear compared to those under monotonic shear are mainly due to the
lower expected dowel strength of the No.6 reinforcing bars subjected to
cyclic shear loading. Reversing cycling causes progressive damage of the
concrete around the bars near the failure crack which results in smaller
drwel forces at failure.

These same results are plotted in Fig. 2.69 in terms of the steel
stress parameter (pfy - oN). In this parameter, p is the steel ratio in
the more 1ightly reinforced direction, and oy is the applied normal tension
stress in the same direction.

The mean ultimate strength values in the present experimental study
for specimens with No.6 rebars are given by the following linear regression

expressions with a correlation coefficient of 0.97:

Monotonic shear vy = [4.5 + 0.005(pfy - opN)] Fec' (psi) r2.7a)
and
Cyclic shear: vy = [3.8 + 0.005(ofy - oy)] Fo' (psi) (2.7b)

providing the relationships pfy = 744 psi (p = 0.0122, fy = 61 ksi) and
75 £ (pfy - oN) < 744 psi are satisfied, and fy, ons fc' are in psi. Ul-
timate strength increases with increasing steel ratio p or with decreasing
axial tension. An approximately 50% variation in strength is observed in

the present results with applied biaxial tension ranging from O to 0.9fy.
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The maximum shear stress values v given by Eqns. 2.7a and 2.7b are
conservative when applied to a containment vessel because the failure
type mode observed in the specimens cannot occur in a cylindrical shell,
in which the region modeled by the specimens will be restrained by the
rest of the structure. This aspect and the influence of the way the shear
load was applied on the specimen to simulate a pure shear stress condition

are discussed in Section 4.4.



CHAPTER 3
EXTENSIONAL STIFFNESS

3.1 Introduction

The main objective of this chapter is to present an estimate for the
effective extensional (axial) stiffness Ky of the biaxially tensioned
specimens. As previously mentioned in Chapter 2, all specimens reported
here were initially cracked by tensioning each bar in both orthogonal di-
rections (x and y) to about 36 ksi (248 MPa).

The principal tensile concrete strains induced by tensioning the
bars in both directions were parallel to the orthogonal reinforcement.
Twice as much steel was present in the double layer (direction y) as in
the single layer in the orthogonal direction (x). Thus, the concrete
surrounding the re.nforcement in the former direction would be expected to
experience more uniformly distributed strains than in the latter direction
but of about the same maximum value. Experiwental evidence, p-esented
later in this chapter, showed that cracking in the concrete in the direc-
tion normal to the (y) direction (double layer) was initiated at a lower
tensile stress in the bars than in the orthogonal direction.

If the bars were simultaneously tensioned in both (x) « d (y) direc-
tions to the specified tension level, the direction of the initial crack-
ing normal to the principal maximum strain direction would rend to be ran-
dom because the applied princinal strains in both directions were roughly

equal. The Mohr's circle for strain would therefore co lapse to a point.

127



128

In addition, the already existing sources of anisotropic behavior, such as
shrinkage cracking, could easily lead to a different maximum principal
strain direction. However, although the specimen could crack in any
direction (not only normal to the reinforcing bars), the cracks will tend
to follow the reinforcing bars because bars act as crack initiators.

To minimize the formation of inclined cracks, the bars in both direc-
tions were not tensioned simultaneously. Instead, the bars in one direc-
tion were first tensioned up to 36 ksi to induce cracks approximately nor-
mal to the stres-ed steel and then, after the tension in these bars was
released, the bars in the orthogonal direction were stressed to 36 ksi to
produce another set of parallel cracks normal to the first set. Finally,
the bars in both directions were tensioned together up to 36 ksi and then
the tension level was held constant at a preselected value of O, 0.3fy,
0.6fy or 0.9fy. The above procedure was followed to achieve an orthogonal
cracking pattern more representative of the horizontal! and vertical cracks
observed during internal pressurization tests of reinforced nuclear con-
tainment vessels.

There is neither data or any analysis available in the literature on
the subject of the axial stiffness in biaxially tensioned reinforced con-
crete elements. Cons%dering the complex boundary conditions existing in
a segment of a cracked containment wall subjected to a biaxial tensile
loading, the following procedure was adopted. A simple relation for the
extensional stiffness was obtained using the total external axial elonga-
tion measurements in the specimens during the application of the tensile
loads in the reinforcing bars in both orthogonal directions. The existing

average steel strains ey within the gage iength under consideration were



129

expressed as a function of the applied tensile stress fg, the reinforce-
ment ratio o and the Young's modulus Eg of the steel.

It is important to note that earlier experimental studies on the
shear transfer across single cracks (Refs. 61, 70, 97, 117 and 126) dealt
v'*h prespecified constant initial crack widths or with constant axial re-
straining stiffness provided through external or embedded steel bars. The
present study on shear transfer used two-way embedded reinforcement. Due
to bond deterioration and splitting, slip could occur between steef and
co rete, thus affecting the crack opening and shear-induced slip along the
orunogonal cracks. This axial stiffness degradation depended on the ten-
sion level, the applied shear stress and the number of load cycles. There
is no experimental data from the present research on the variation of the
extensional stiffness during the application of combined biaxial tension
and shear. Thus, a constant extensional stiffness is assumed for both
the monotonically and cyclically loaded specimens, as determined by the
tension tests described in this chanter.

From the relation between the applied axial tension in the bars and
the total elongation in the surrounding concrete, an averace effective ex-
tensional stiffness Ky is determined in both the x and y directions, paral-
lel to the reinforcing steel. This stiffness (related to the local axial
restraint stiffness of the embedded reinforcement at a single crack) plays
a significant role in the ability of the cracked reinforced concrete panels
to effectively transfer the applied shear forces across the cracks. The
importance of KN is demonstrated by the shear-friction theory, according
to which the larger the compressive forces normal to the crack surfaces,

the larger is the contribution of the interface shear transfer to the shear
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transfer across the cracks. It is true, however, that in order to create
sufficiently high compressive forces, equally high axial stiffness (pra-
vided by the reinforcement) is required normal to the cracks.

Since the extensional stiffness is interrelated with the crack open-
ings during tensioning, the main parameters influencing the latte. need
identification. These parameters are the mean steel strain €gms Which in-
cludes the contribution of concrete to the axial stiffness (tension stiffen-
ing effect), and the crack spacing (mainly a function of concrete cover,
bar size and concrete tensile strength) of the orthogonal cracks after a

stabilized condition is achieved.

3.2 Literature Survey

The literature review on the subject of extensional stiffness and
cracking deformations is divided into two sections. First a review is pre-
sented in Section 3.2.1 on the experimental results for axial restraint
stiffness obtained from block specimens under uniaxial tension. Then, a
number of proposed formulae for the calculation of the mean strain in the
embedded reinforcement and the crack spacing, as well as different ap-
proaches used in estimating the tension stiffening effect of concrete, are

given in Section 3.2.2.

3.2 Extensional (restraint) stiffness from uniaxial tests

In tests perfurmed at Cornell University the effect of axial restraint
stiffness has been studied on block concrete specimens with a predefined

single shear crack. White and Holley (Ref. 126), and Laible (Ref. 70)
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used external unbonded rods, while Jimenez et al. (Ref. 61) used embedded
reinforcing bars crossing the single crack. Eleiott (Ref. 33 and 127)
employed both embedded bars and external unbonded rods to study: (a)
interface shear transfer alone, (b) dowel action alone, and (c) interface
shear t-ansfer and dowel action combined.

Laible and White and Holley performed studies on the effect of the
restraining axial stiffness on the shear displacement of a single crack
with a specified initial crack width c,;,°. in their experiments the stiff-
ness normal to the crack was provided by unbonded external rods bolted at
the top and bottom of the specimen to reaction steel beams (see Fig. 4.7 ).

White and Holley concluded that an increase in restraint stiffness
would result in smaller shear displacements and larger shear stiffness
during either cyclic or monotonic shear loading, even for relatively large
initial crack widths of 0.030 in. Direct comparisons were not possible
since the specimens with the higher axial restraint stiffness (larger ex-
ternal steel rods) were cycled at a higher shear stress level than the
specimens with the lower axial restraint stiffness.

Laible found that the reduction in the shear and normal displace-
ments caused by an increase in axial stiffness was affected by cycling
and the level of axial stiffness. The shear resistance in the bearing
mode of the interface shear transfer at very small crack widths was highly
dependent on the local roughness at the crack interface and on the value
of ¢ym®, and was less dependent on the axial stiffness normal to the crack.
This meant that the increase in crack width and bar forces with increasing
shear load was nmot as large as in the frictional mode of behavior. In

the latter case, the interface shear transfer stiffness was highly affected



by the axial restraint. The axial stiffness values (1780 k/in with four
1.0 inch (25 =) aiameter external bars, 3420 k/in with four 1.375 inch
(34 mm) diameter external bars, and 5130 k/in or 7640 k/in with six 1.375
inch external bars) used in Laible's tests were lower than those in actual
reinforced concrete vessels with embedded bars and the slips observed did
not seem to be influenced at the high value of 7640 k/in.

In Table 3.A the ratio of the total restraining force to a fixed

applied shear force of about 180 psi is given for different initial crack

Table 3.A. Restraining bar forces developed ¢* a fixed shear force with
decreasing average initial crack w.dth according to Laible.

T T T e e O e T . T e AT S R P T e IR Sy S g

Average initial Ratio of total restraining force
Series crack width (m) to applied shear force

Cycle 1 Cycle 15 % Increase

A 0.03 in. (0.76 mm) 30 to 40% 40 to 65% 33 to 62%
C 0.02 in. (0.51 mm) 30 to 40% 40 to 55% 33 to 38%
D 0.01 in. (0.25 mm) 10 to 20% 20 to 35% 100 to 75%

widths for specimens with axial stiffness equal to 3420 k/in. A decrease
in the restraint forces with decreasing initial crack width is evident.

It was observed that the total restraining force required to transfer &
specific shear stress did not exceed 65% of the shear load, at least for
the initial loading cycles. For init:al crack widths of about 0.010 in.
the axial restraining force could be as low as 10% of the shear force
during the 1st cycle. The axial stiffness was less effective in decreasing

the shear deformations in the initial loading cycles and axial stiffness
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values larger than 3000 k/in (or 10 ksi/in for a 300 in2 shearing area).
For values larger than 10 ksi/in the axiul stiffness was more effective

in controlling shear deformations at subsequent cycles. As shown in Fig.
3.1, there was a critical level of Ky (normalized to the corresponding
shearing area of concrete) above which an increase in restraint stiffness
did not decrease shear displacements. Slips comparable to Loeber's results

(discussed later in this section) were obtained for infinite axial re-

straint.
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Fig. 3.1. Shear slip vs. restraint system stiffness (for initial crack
width of 0.030 in.).

Eleiott (Refs. 33 and 127) using smaller scale specimens than Laible

(one No.4 embedded reinforcing bar crossing a shearing area of 15 in?
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(see Fig. 4.20)), measured the increase of the bar stresses and the change
in the extensional stiffness Ky under the combined action of the interface
shear transfer and dowel mechanisms. He also performed two tests with
external steeil rods providing a restraint stiffness of about 700 k/in

(47 k/in/in2 of shearing area) to study the interface shear transfer mech-
anism alone. In the tests with the embedded bar the restraint stiffness
depenced on the bond developed between the steel and the surrounding con-
crete. However, no internal strain gages were placad on the bars at the
vicinity of the crack plane to measure the change in the bar tension, be-
cause of their interference with bond. Instead, the corresponding change
in the bar stress was indirectly estimated by multiplying the initially
calculated axial stiffness by the increase in the crack width between

zero and peak axial load (see Fig. 3.2).
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Fig. 3.2. Crack width variations, tests 9b and 9c(Eleiott).
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Axial steel stresses of 25 anc 50 ksi and peak shear stresses of
+150, +250 and +400 psi (1.04, 1.72 and 2.76 MPa) were applied to the
specimen with the No.4 reinforcing bar. Due to cyclic shear loading,
crushing of concrete around the bar lowered the bond transfer and decreased
the extensional stiffness of the embedded bar (p = 0.0133). Results from
two tests (9 and 10) with an initial crack width of 0.030 in. are presented

in Table 3.B. Average increases in the bar stress of about 8% for an

Table 3.B. Eleiott's test results for combined interface shear transfer
and dowel action with a single No.4 embedded rebar (average
initial crack width of 0.030 in.).

M) 2) 3) €)) (5) 76)
Peak
Shaar Af
Test Stress KN . No. of
No. fe (ksi) v(psi (ksi/in) (%) Cycles
9 25 +150 - 8% 10
9a 50 +150 111 to 373 8 to 28% 15
9b 50 +250 111 to 213 12 to 20% 10
S¢ 50 +400 111 to 191 30 to 55% 10
10 50 +150 100 to 130 20 to 0% 10
10a 50 +250 78 to 186 24 to 19% 10
10b 50 +400 107 to 167 30 to 32% 8
Notes:

(4) The two values of Ky correspond to the left and right crack plane at
the two ends of the specimen.

(5) afg = then average ¥ increase in bar stresses after a certain number
of cycles.

(2) fs = initially applied axial stress per bar.

applied steel stress of 25 ksi (10 cycles) and 8 to 55% for a steel stress
of 50 ksi (loading history is shown in col. 6 of Table 3.B) were measured

in these two tests.
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Eleiott's experimental results regarding the effect of axial stiffness
and cycling on the amount of shear slip in the tests studying the inter-
face shear transfer mode (with external restraint steel rods) are included
in Fig. 3.1 for comparison with Laible's and Loeber's results. Direct com-
parison with Laible's data cannot be done, since the effective extensional
stiffness in Laible's larger specimens was 83% higher than that in
Eleiott's small specimens. However, the size of the shearing area does
not appear to influence appreciably the test results.

Paulay and Loeber (Ref. 97) and Taylor (Ref. 117) also studied in-
directly the effect of axial stiffness provided by the reinforcing steel.
They conducted tesis where either the ratio of the shear slip to crack
opening was fixed at the beginning of the test, or the normal forces re-
quired to maintain a constant initial crack width were measured during the
test. The relation between the measured normal stress and the applied
shear stress given by Loeber is shown in Figs. 3.3a and 3.3b. The size
and shape of the aggregate and the initial crack width did not affect the
magnitude of the normal force required. Generally, for low ratios of nor-
mal to shear displacement, Loeber found that the change of normal re-
straining force was appreciable only as failure was approached. However,
for larger crack width openings, significant changes in the applied normal
forco occurred at lower shear stress levels. No extensional stiffness ex-
pression was developed hv L~eber or Taylor.

Jimenez et al. (Ref. 61) established the following linear relation for
the average total axial restraint stiffness as a function of ti: reinforce-

ment ratio o at the shear crack (see Fig. 3.4)
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Fig. 3.4. Total axial restraining stiffness vs. reinforcement ratio
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Ky = 5900000 (k/in) (3.1a)

or

Ky = 5900000/225 = 26200 (k/in) (3.1b)
per in“ of shear surface area normalized to the total shearing surface of
225 in. The specimens had a shearing area of 225 in? and o values from
0.0107 to 0.020.

According to Eqn. 3.1b for a single bar of diameter d the extensional

stiffness is given by the following relation
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Ky (per bar) = 2060 d°  (k/in) (3.2)
The axial restraint stiffness values measured by Jimenez et al. (see
Figs. 3.5 and 3.6) in all specimens are summarized in Table 3.C. The stiff-

ness values measurea in the test series (D) (for studying dowe! action

Table 3.C. Axial restraint stiffness values measured by Jimenez et al.

(Ref. 61).

Specimen 0 (k/in) KN (k/in)

No. total) (per bar)
C4 - 7A (4-No.7) 0.0107 7000 1750 (1-No.7)
C4 - 9A (4-No.9) 0.0178 9600 2400 (1-No.9)
C4 - 9B {4-No.9) 0.0178 9600 2400 (1-No.9)
C2 - 14B (2-No.14) 0.020 14800 7400 (1-No.14)
C2 - 14C (2-No.14) 0.020 13200 6600 (1-No.14)
D4 - 9A (4-No.9) 0.0178 10400 2600 (1-No.9)
D4 - 9C (4-No.9) 0.0178 7800 1950 (1-No.9)
D2 - 14B (2-No.14) 0.020 11600 5800 (1-No.'4)

only), are shown in Fig. 3.5. The variation of the bar tension versus the
crack width changes is linear in all cases. The deterioration of the bond
mechanism under cvclina and+increasing axial tension in the bars was more
severe in the specimens designed to provide only dowel resistance (Series
D). For combined interface shear transfer and dowel action (Series C) the
smaller deformations at the shear crack lowered the rate of bond damage
resulting in higher values of axial stiffness (see Fig. 3.%).

Fardis and Buyukozturk (Ref. 35) gave a nonlinear expression for the
extensional stiffness of a single bar in terms of the crack width cy

(inches) as,
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Fig. 3.5. Axial restraint stiffness curves for test Series D (Ref. 61).
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