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An experimental investigation is described in which reinforced con-
crete panels were tested under conditions approximating shear-fric-
tion behavior. A principal shear plane region provided in each panel
was uniaxially reinforced and transversely precracked. Uniform edge
loads applied to the panels were of varying ratios of shear to normal
stress. The load-resisting mechanism typically observed to develop
across the shear plane was one involving strut action. The influence
of the preexisting transverse cracks was minimal, while that of
externally applied normal stresses was substantial. The modified
compression field theory, incorporated into a nonlinear finite ele-
ment analysis procedure, was found to predict accurately strength and
load-deformation response under these aberrant conditions. Design
code formulations, based on shear-friction concepts, gave from highly
conservative to unconservative estimates of strength.
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The modified compression field theory (MCFT) was
proposed several years ago as a simple theoretical
model for predicting the response of reinforced con-
crete elements subjected to in-plane shear and normal
stresses.! The theory was based on the smeared-crack
concept with equilibrium, compatibility, and stress-
strain relations formulated in terms of average strains
and average stresses. New constitutive relations were
developed for cracked concrete, reflecting significant
influences from compression strain softening and ten-
sion-stiffening effects. Consideration was also given to
the transfer of stresses across cracks. Subsequently, the
formulations of the MCFT were incorporated into a
nonlinear finite element program.?

In reinforced concrete structures subjected to shear,
various internal mechanisms can be created to resist
load. In regions where the reinforcement and ensuing
crack conditions are well distributed, the predominant
mechanism of resistance is internal truss action.
Through the formation of diagonal cracks, compres-
sion struts develop in the concrete while the longitudi-
nal and transverse reinforcement act as tension ties.
The MCFT, formulated to specifically model this be-
havior, has been shown to provide accurate predictions
of response under such conditions.'?

Situations arise, however, where it would be inap-
propriate to assume the formation of a well-distributed
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crack condition. This can occur, for example, at the in-
terface of precast and cast-in-place concrete, in cross
sections weakened by cracking, or in structural com-
ponents under high direct shear, such as corbels and
ledger beams. In such cases, strength can be governed
by behavior along a single plane or dominant crack.
Here, the mechanism of shear transfer is commonly
seen as relying less on the formation of compression
fields, and more on contributions from shear friction,
dowel action, and aggregate interlock.

An experimental investigation was undertaken in
which reinforced concrete panels, loaded in shear,
would be governed by behavior along a precracked,
uniaxially reinforced shear plane. The primary objec-
tive was to examine the ability of MCFT-based formu-
lations to accurately predict response under these con-
ditions. Also of interest were the shear strengths and
shear transfer mechanisms developed, and a compari-
son of strengths to those predicted by shear-friction
models.

RESEARCH SIGNIFICANCE

Modified compression field theory concepts in vari-
ous forms have been adopted by numerous researchers
and applied to a wide variety of problems. The experi-
mental and analytical work reported herein will help to
define the range of applicability and the limitations of
the theory under conditions deviating from those im-
plicitly assumed.

EXPERIMENTAL PROGRAM
The experimental program undertaken involved the
testing of six reinforced concrete panels under various
conditions of monotonic in-plane load. The panels were
all of similar construction, and contained a uniaxially
reinforced central test region. Prior to testing, trans-
verse cracks were induced in the test panels by applying
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Fig. 1—Details of test panels

uniaxial tensile loads. The panels were then subjected to
various combinations of uniaxial tension or compres-
sion, and shear. The shear friction response of the pan-
els, in the precracked and uniaxially reinforced region,
was of primary interest.

The test specimens were 8§90 x 890 x 70 mm (35 x 35
x 2.75 in.) concrete panels reinforced with 6 mm (0.25
in.) nominal diameter deformed bar. The reinforce-
ment detailing essentially divided the panel into three
equal-area strips [see Fig. 1(a)]. The two edge strips
were orthogonally reinforced with both the longitudi-
nal and transverse reinforcement ratios p, and p,, equal
to 0.0165. In the central region, the longitudinal rein-
forcement ratio was reduced to 0.00823, and no trans-
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Fig. 2—Material stress-strain properties

verse reinforcement was provided. Short anchorage
pins were used at the edges of the middle region, in the
transverse direction, to insure adequate load transfer.
The reinforcement was placed in four layers, with a
clear cover of 6 mm (0.25 in.) provided to the outer-
most bar.

Normal density concrete was used to cast the panel
specimens. The mix components were such as to pro-
vide a nominal compression strength of 30 MPa (4300
psi) at 7 days using rounded aggregate of 10 mm (34
in.) maximum size. Standard tests performed on 150 x
300 mm (6 x 12 in.) cylinders yielded the concrete ma-
terial properties summarized in Fig. 2(a). The compres-
sive stress-strain response shown was typical for the
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concrete, and was determined using a strain rate of
0.022 x 10-3/sec. Note that the tensile strengths shown
were determined from split-cylinder tests.

The reinforcement bars used for each of the panels
came from a single supply of 6 mm (0.25 in.) nominal
diameter bar with a cross-sectional area of 25.6 mm?
(0.040 in.?). After heat-treating, the reinforcing steel
exhibited a very ductile response with a yield stress of
470 MPa (68 ksi) and an ultimate stress of 520 MPa (75
ksi). A typical stress-strain curve, determined from ten-
sile coupons at a strain rate of 0.02 x 10~3/sec, is given
in Fig. 2(b).

For load-application purposes, five shear keys per
side were cast integrally with each panel. The reinforc-
ing bars, machined to have threaded ends, passed
through the shear keys and were fastened into place
with nuts. The shear keys, in turn, fit into the shear rig
test facility [see Fig. 3(a)]. This facility, described else-
where,' allows panels to be loaded with any combina-
tion of proportional or nonproportional membrane
shear and normal stress. The system of load applica-
tion results in essentially uniformly applied stresses
along the panel edges.

Surface strains were measured on both sides of a test
panel using specially developed demountable mechani-
cal strain gages with electronic feed-outs. Strain read-
ings were taken in the longitudinal, transverse and two
diagonal directions, at each load stage, from targets
placed on a 300-mm (12-in.) grid over the middle strip
of the panel [see Fig. 3(b)]. Linear variable differential
transducers (LVDTs), mounted onto one side of the
panel, also provided a continuous monitoring of aver-
age strain conditions [see Fig. 3(b)]. Electrical resis-
tance strain gages, of 5 mm (0.2 in.) gage length, were
applied onto the longitudinal reinforcement in the cen-
tral test region [see Figure 3(c)]. These gave indications
of local stresses in the reinforcing bars. The applied
loads acting on the test panels were determined from
pressure transducers on the hydraulic system, and from
load cells installed onto the jacks.

Loads were applied to the test panels in a propor-
tional and monotonic manner, up to failure. The load-
ing regime imposed consisted of two phases. In the first
phase of loading, a uniaxial tensile stress of 3.5 MPa
(500 psi) was applied in the longitudinal direction. This
served to precrack the specimens and thus establish
shear friction planes. (Note: Panel PN1 was not sub-
jected to this condition.) In the second phase of load-
ing, combined shear and uniaxial normal stresses were
applied in the proportions defined in Fig. 1(b). The
load cases included pure shear, combined shear and
compression, and combined shear and tension.

TEST OBSERVATIONS
For Panels PN2 through PN6, the first phase of
loading resulted in a well-establised pattern of cracks
normal to the longitudinal reinforcement. These trans-
verse cracks first appeared at a nominal tensile stress of
2.0 to 2.5 MPa (290 to 360 psi). At the maximum ap-
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Fig. 3—Test setup and instrumentation

plied tensile stress of 3.5 MPa (500 psi), typically four
or five full-length cracks had developed over the mid-
dle strip region of the panels [e.g., see Fig. 4(a)] with
widths ranging up to 0.25 mm (0.010 in.). Mechanical
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Fig. 4—Typical crack and failure conditions observed in test panels: (a) Panel PN2 loaded in uniaxial tension; (b)
Panel PN2 under pure shear loading; and (c) Panel PN2 after failure

gage and reinforcing bar strain gage readings both in-
dicated that the average tensile strain in the longitudi-
nal direction was typically around 1.55 x 1073, Upon
unloading, the cracks in the central region closed to a
width of 0.05 mm (0.002 in). The corresponding resid-
ual longitudinal strain was 0.45 x 103,

During the second phase of loading, the behavior of
the previously formed transverse cracks depended
largely on the load condition. In Panels PN5 and PN6,
subjected to longitudinal compression and shear, the
transverse cracks closed up shortly after loading com-
menced and remained closed throughout the test. In
Panels PN3 and PN4, subjected to longitudinal tension
and shear, segments of the transverse cracks opened up
as loading progressed. Where the transverse cracks
merged with newly formed diagonal cracks, crack
widths of up to 1.5 mm (0.060 in.) were measured. In
the case of pure shear, imposed on Panel PN2, no sig-
nificant change in the residual width of the transverse
cracks was observed.

The second phase of loading was characterized by the
formation of diagonal cracks [see Fig. 4(b)]. In the
panel edge strips, diagonal cracks formed at angles of
between 25 to 45 deg with respect to the longitudinal
direction, depending on the load condition. The cracks
were relatively uniformly spaced at 100 mm (4.0 in.),
with widths ranging between 0.05 and 0.15 mm (0.002
and 0.006 in.) at ultimate load. In the middle strip, the
diagonal cracks formed predominantly at an angle of
about 45 deg to the longitudinal axis, with an average
spacing of between 120 and 200 mm (5.0 and 8.0 in.).
Typically, a single dominant crack formed at the outer
edges of the middle strip, with the width approaching
3.5 mm (0.140 in.) just before failure. Maximum crack
widths in the center of the middie region ranged be-
tween 0.20 and 1.0 mm (0.008 and 0.040 in.), being
larger in the cases of longitudinal tension and shear.

The failure mode of the panels was characterized by
a tearing action along the principal crack near one edge
of the middle strip. Two general types of failure were
observed. In Panels PN2, PN3, and PN4, failure oc-
curred after yielding had been achieved in all the lon-
gitudinal reinforcement crossing the middle strip. The
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failure condition occurred when the longitudinal bars
crossing the dominant crack ruptured [see Fig. 4(c)]. In
Panels PNS and PN6, failure was governed by crushing
of the concrete in the compressive strut adjoining the
dominant crack. Some yielding of the longitudinal re-
inforcement occurred, but the bars did not rupture. In
all panels, however, local crushing of concrete along
crack interfaces was evident in the latter load stages.
Panel PN1 did not achieve an ultimate load condition,
failing prematurely due to pullout of a shear key.

The load-deformation responses of the panels are
compared in Fig. 5(a) in terms of shear stress-shear
strain behavior. The shear strains are derived from the
mechanical strain gage readings averaged for the 300
mm (12 in.) wide middle strip; the shear stresses are
equivalent to the nominal applied edge loads. Signifi-
cant differences can be seen in the strength, stiffness,
and ductility of the panels, as influenced by the longi-
tudinal stresses. Panels PN2, PN3, and PN4, as a re-
sult of extensive yielding of the reinforcement, exhib-
ited progressively more ductile response. Panels PN5
and PN6, conversely, demonstrated a stiffer load-de-
formation response and a more brittle failure as a re-
sult of the longitudinal compression. The ultimate shear
strength of the panels also showed a large variation.
The longitudinal tensile stresses imposed on Panels PN3
and PN4 resulted in decreases in shear strength of 22
and 42 percent, respectively, compared to the strength
of Panel PN2. The longitudinal compression stresses
present in Panels PN5 and PN6 resulted in a relative
strength increase of about 13 percent.

The strains measured in the longitudinal reinforce-
ment, in the center region, are shown in Fig. 5(b). The
influence of the loading condition on the observed re-
sponse is again seen to be significant. Also note that,
for Panels PN5 and PN6, a reduction in longitudinal
reinforcement strain was observed during the initial
stages of loading. This was due to the closing of the in-
itial transverse cracks. As diagonal cracks formed, the
longitudinal strains began to increase once again. In the
case of the panels under tension and shear, immediate
increases in longitudinal strain resuited from a reopen-
ing of the transverse cracks.
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Fig. 5(c) shows the inclination of the concrete prin-
cipal tensile strain, in the middle strip region, calcu-
lated from the mechanical strain gage measurements.
The principal strain direction ranged from 30 to 60 deg
relative to the longitudinal axis, and again was depend-
ent on the load condition. However, the diagonal
cracks that formed in the middle regions remained rea-
sonably close to 45 deg at all times. This anomaly sug-
gests that some degree of slippage may have occurred
along the crack interfaces.

DISCUSSION OF RESULTS

The test results indicate that panel behavior was not
significantly influenced by the preexisting transverse
cracks. Except for differences between the crack direc-
tions and the direction of the principal strains, little ev-
idence was found to suggest that the slippage along
transverse cracks was appreciable. Only in Panels PN3
and PN4 did the transverse cracks reopen, and then
only in short segments near the top and bottom edges.
Thus, effects of the initial transverse cracks on panel
behavior were minor and limited primarily to the early
stage of the load-deformation response. In all the spec-
imens tested, however, extensive diagonal cracking de-
veloped. The indication was that the shear forces act-
ing across the length of the middle strip were primarily
resisted by truss action.

The influence of the longitudinal stresses on the pan-
els’ shear capacity was significant. Where failure was
governed by yielding of the reinforcement, the exter-
nally applied longitudinal stresses had a direct influ-
ence on the shear strength. Axial tensile forces reduced
the reinforcement’s capacity for resisting shear, while
compressive stresses increased capacity. However, the
failure mode in the latter case was altered to one gov-
erned by crushing of concrete.

The heavily reinforced side regions of the panels also
had a strong influence on behavior. They effectively
restricted the middle region from expanding in the
transverse direction, providing confinement and thus
increasing shear capacity. Evidence of this effect can be
found in comparing the tests results to those from cor-
responding panels tested by Bhide and Collins.? The
Bhide and Collins panels were uniaxially reinforced
throughout [see Fig. 6(a)]. Panel PB11, having a rein-
forcement ratio of p, = 0.01085 and tested in pure
shear, is suitable for comparison of Panel PN2. Simi-
larly, Panel PB4 roughly corresponds to Panel PN4.
Comparisons of the observed load-deformation re-
sponses are shown in Fig. 6(b) and 6(c). In the case of
the PB-series of panels, failure occurred shortly after
cracking. The PN-series panels, conversely, exhibited a
ductile response after cracking with significantly higher
ultimate strengths.

The panel strengths were also compared to the
strengths predicted using the shear-friction provisions
of ACI 318* and CSA A23.3 M84.° As seen in Fig. 7,
the shear-friction model gave very conservative predic-
tions for panels tested in pure shear, or in combined
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Fig. 5—Measured responses of test panels

shear and longitudinal tension. However, the predicted
strengths became less conservative for panels loaded in
shear and longitudinal compression. This is expected
since the shear-friction model is based on the assump-
tion that yielding of the reinforcement governs failure.
Concrete crushing leading to failure, as occurred in the
panels loaded in compression and shear, is not consid-
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ered except in defining arbitrary upper-bound limits for
shear stress.

THEORETICAL RESPONSE
Theoretical predictions of the panels’ response were
obtained from nonlinear finite element analyses. The
analysis program TRIX was used, which incorporates
the concepts and constitutive relations of the modified
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compression field theory as described in Reference 2.
The finite element algorithm is based on a smeared ro-
tating crack modeling approach, employing a total-load
secant-stiffness solution procedure.

The finite-element mesh used to represent the test
panels, shown in Fig. 8(a), consisted of 120 rectangular
elements. Element reinforcement was modeled in a
smeared manner. In the two side-regions, the rein-
forcement ratios were set at p, = 0.0165 and p, =
0.0165. The reinforcement levels in the central region of
the middle strip were p, = 0.00823 and p, = 0. In the
edge regions of the middle strip, to reflect any influ-
ence from the anchorage pins, the reinforcement ratios
were defined as p, = 0.00823 and p, = 0.0203. The
concrete and reinforcement material strengths used
were as determined from the test specimens. Distrib-
uted loads acting on the panel edges were represented as
nodal forces. The effects of the initial transverse cracks,
induced during the first phase of loading, were not rep-
resented.

The analyses indicated that the load-resisting mecha-
nism developed within the panels involved compressive
struts forming in the middle region between the two
much stiffer side regions. The strut action was domi-
nant through a band across the center of the panel,
with the side regions of the middle strip being relatively
ineffective. This is reflected, for example, in the non-
uniform shear stress distribution determined for Panel
PN2 at a shear stress of 3.0 MPa, shown in Fig. 8(b).
The analyses further indicated that the stiff side regions
provided a confinement effect, restricting the trans-
verse expansion in the center region. This effect is evi-
dent in the computed transverse stresses shown in Fig.
8(c). The transverse compression induced in the middle
strip led to the development of significantly higher
strengths than would be obtained if the panel were uni-
axially reinforced throughout. Thus, the much higher
strengths obtained relative to the corresponding panels
tested by Bhide and Collins is explained.

Fig. 9 compares the predicted and observed shear
stress-versus-shear strain response of the panels, com-
puted over a central region as previously described. In
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general, very good agreement is seen in the post-crack-
ing load-deformation response and in the ductility at
ultimate load. The initial stiffnesses are overpredicted,
partly due to the neglect of the preexisting transverse
cracks. Fairly accurate predictions of the panels’ ulti-
mate strength and failure mode were also obtained. The
ratio of the experimental to predicted ultimate shear
strength, for the precracked panels, had a mean of 1.09
and a coefficient of variation of 9 percent. As can be
seen in Fig. 9, the ultimate strengths were equally well-
predicted over the complete range of longitudinal
stresses considered. The predicted failure mode typi-
cally involved a shear failure of the concrete after
yielding of the longitudinal reinforcement. In Panels
PNS5 and PN6, due to the longitudinal compression,
yielding was localized and the failure was more brittle.
These predictions agreed reasonably well with the ob-
served failure modes. The behavior of Panel PN1 was
not well-predicted because of test difficulties and the
premature failure of the panel.

Also shown in Fig. 9 are panel responses predicted
using a local nonlinear analysis approach. A linear
elastic global analysis was first performed to obtain the
stress distributions within the panel. Given the stresses
on a particular element, a nonlinear local analysis was
then performed to determine the element’s strength and
response. (Note: This is common procedure in the
analysis of large structures.) It can be seen that this ap-
proach resulted in the prediction of element failure
shortly after cracking, at loads much lower than were
experimentally observed. The influence of nonlinear
behavior on stress redistribution was not being taken
into account.

Panel response was also examined in terms of longi-
tudinal and transverse strains, inclination of the prin-
cipal compressive strain direction, and stresses in the
longitudinal reinforcement. Shown in Fig. 10, for ex-
ample, are the predicted responses for Panel PN2. The
longitudinal and transverse strains, and the inclination
of the principal strain direction, were all reasonably
well-predicted. For stresses in the longitudinal rein-
forcement, the experimental curve shows initial stresses
present due to the preexisting cracks induced during the
first phase of loading. These residual stresses were not
modeled analytically. Otherwise, the reinforcement
stresses were also predicted fairly accurately. Similar
degrees of accuracy were obtained in the predicted re-
sponse of the other panels.

To obtain another measure of the accuracy of the
MCFT-based finite element procedure in predicting
shear friction behavior, analyses were performed for
initially uncracked pushoff specimens tested by Hof-
beck, Ibrahim, and Mattock.® Program TRIX was once
again utilized. The finite-element mesh shown in Fig.
11(a), comprised of 128 linear displacement elements,
was used to model the specimens. The longitudinal re-
inforcing bars were modeled discretely using truss bar
elements, whereas the transverse reinforcement (i.e.,
reinforcement crossing the shear plane) was modeled in
a smeared manner. The analyses showed that, for the
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lightly reinforced specimens (o, < 0.0088), failure was
governed by yielding of the reinforcement. For the
more heavily reinforced specimens, the predicted fail-
ure mode involved a crushing of the concrete in the vi-
cinity of the shear plane. Figure 11(b) compares the
predicted ultimate strengths to the experimental values.
Good accuracy is indicated, with a mean of 1.04 and a
coefficient of variation of 10 percent, for the ratio of
experimental to theoretical strength. The tendency to
underestimate strength in the heavily reinforced speci-
mens may be related to the influence of dowel action,
which was not considered analytically.

Initially, in analyzing the pushoff specimens, the
longitudinal reinforcement had been modeled in a
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Fig. 9—Predicted load-deformation response of panels

smeared manner. The area of longitudinal reinforce-
ment was equally distributed across the full width of
the specimen, and thus the elements adjoining the shear
plane were represented as being orthogonally rein-
forced. This led to significantly higher predictions of
ultimate strength, and altered the crack formation and
distribution of stresses. The indication is that, in struc-
tures where behavior is highly influenced by conditions
at a well-defined shear plane, careful modeling of the
reinforcement in adjoining regions is essential.

CONCLUSIONS

Reinforced concrete panels were tested to investigate
the applicability of the modified compression field the-
ory to situations deviating from the normally assumed
conditions. The tests panels contained a shear plane re-
gion that was uniaxially reinforced and transversely
precracked. The uniform load conditions applied in-
cluded various combinations of shear and normal
stress.

The preexisting transverse cracks showed little influ-
ence on the behavior of the panels. Little evidence of
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slippage was visible, although initial shear stiffnesses
were somewhat reduced and local crushing of concrete
along diagonal crack interfaces was observed. In all
cases, a diagonal crack system formed and the longitu-
dinal reinforcement yielded prior to ultimate load.
Shear forces across the plane were resisted primarily
through strut action, with failure being dictated by ei-
ther rupturing of the reinforcement or crushing of the
concrete struts. Externally applied stresses, acting nor-
mal to the shear plane, were found to significantly af-
fect strength and load-deformation response.

The modified compression field theory, incorporated
into a nonlinear finite element procedure, was used to
model the test panels. It was found to predict accu-
rately both the strength and load-deformation response
of the panels. Initially uncracked pushoff specimens
were also modeled, and their strengths were also well-
predicted. However, in this case, the strength predic-
tions were found to be sensitive to the modeling of the
conditions in the shear-plane region. Thus, application
of the analysis procedure to situations where a single
large crack exists, or is likely to form, is not recom-
mended unless the crack and reinforcement conditions
are discretely modeled. In general, however, the modi-
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fied compression field theory seems reasonably capable
of predicting response in cases which deviate somewhat
from the assumed conditions of smeared cracks and
distributed reinforcement.

The shear-friction specifications of ACI 318 and
CSA A23.3 were found to be generally conservative in
predicting strengths for the test panels. However, in
cases of compression and shear, where failure can be
governed by a crushing of concrete, the code provi-
sions of ACI 318 became less conservative and those of
CSA A23.3 became unconservative.

The test panels demonstrated strengths substantially
higher than did previously tested corresponding panels
uniaxially reinforced throughout. This indicated that
the nonlinear response of reinforced concrete can result
in significant internal stress redistributions. The com-
mon design-checking procedure of examining local be-
havior on the basis of stresses determined from a linear
elastic global analysis will not provide a proper ac-
count.
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NOTATION
E, = modulus of elasticity of reinforcements
f! = compressive strength of concrete cylinder
f, = concrete cracking stress (split-cylinder)
Jf. = normal stress applied on panel edges, x-direction
J, = normal stress applied on panel edges, y-direction
f,. = reinforcement yield stress
v = shear stress applied on panel edges
v, = ultimate shear stress
¢, = strain in concrete cylinder at press stress f!
p, = steel reinforcement ratio in longitudinal direction
p, = steel reinforcement ratio in transverse direction
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