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High-Strength Concrete Elements Subjected to Shear

by Frank J. Vecchio, M. P. Collins, and Jim Aspiotis

Orthogonally reinforced panels, constructed of high-strength concrete,
were tested under conditions of in-plane shear and normal loads. The rein-
forcement and loading conditions were such as to result in a concrete shear
failure after yielding of the transverse reinforcement, but prior to yielding
of the longitudinal reinforcement. The crack-associated damage effects
observed in the compression response of the concrete, in these elements,
was significant. Modifications to previously developed constitutive rela-
tions, reflecting increased deterioration in the strength and stiffness of
high-strength concrete, were determined and incorporated into finite ele-
ment analysis procedures. The revised constitutive models and analysis
procedures were found to simulate accurately the behavior of the high-
strength concrete panels.

Keywords: compression; finite element method; high-strength con-
cretes; shear tests.

In the nonlinear finite element analysis of reinforced con-
crete structures, it is common to use constitutive models for
concrete that are based on a smeared, rotating crack idealiza-
tion. Moreover, it is often recognized that the compression
response of the concrete in a cracked element is substantially
different than that of plain concrete in uniaxial compression.
The presence of large transverse strains in cracked, biaxially
stressed concrete serves to decrease the strength and stiffness
of the concrete in the direction of principal compression (in
the ascending portion of the stress-strain response). A num-
ber of constitutive models reflecting this influence have been
proposed ! and adopted in finite element codes. These mod-
els were largely formulated on the basis of data derived from
test specimens constructed of normal strength concrete.

It is generally acknowledged that the pattern of crack for-
mation in high-strength concrete is significantly different
from that seen with normal strength concrete. High-strength
concrete tends to be more brittle, with cracks forming
through the aggregates rather than around them. The result
could be a smoother fracture plane with subsequently less
aggregate interlock. It is believed that, as a result, the crack-
related damage effect is more pronounced in higher strength
concrete. Data from preliminary tests performed on panels
tended to support this view, and modifications to the consti-
tutive models were proposed accordingly.>® Neglecting a
more pronounced softening in cracked high-strength con-
crete, if indeed present, would result in unconservative esti-
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mates of structural response as determined by finite element
codes using current models.

Given that the test data in this area was sparse, further ex-
perimental investigation was undertaken. Reinforced con-
crete panels constructed using high-strength concrete were
tested under various conditions of in-plane stress. Thus, the
objectives were two-fold: 1) to provide a check on the accu-
racy of currently available constitutive models and finite el-
ement procedures in simulating high-strength concrete
response; and 2) provide data for formulating improved
models, if necessary. The details and results of the test pro-
gram are discussed herein.

RESEARCH SIGNIFICANCE
This paper provides new test data pertaining to the behav-
ior of high-strength reinforced concrete elements. The data is
useful for developing constitutive models for compression
response, and for corroborating analytical procedures.

EXPERIMENTAL PROGRAM

The experimental program involved the testing of 12 or-
thogonally reinforced panels constructed of high-strength
concrete. The panels were subjected to monotonic, propor-
tional loads with various combinations of in-plane shear and
biaxial stress.

The test panels were 890 x 890 mm (35 in.) in plan dimen-
sion, with a thickness of 70 mm (2.75 in.). Typically, the
panels were orthogonally reinforced with one or two layers
of deformed bars in each direction. The reinforcement in the
longitudinal direction (i.e., x-direction) was generally heavi-
er than that in the transverse direction (i.e., y-direction). To
insure adequate load transfer in the transverse direction, ad-
ditional anchorage reinforcement was provided at the load-
ing keys. No out-of-plane reinforcement was used. Details
pertaining to the panels' construction are shown in Fig. 1(a);
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specimen test parameters are given in Table 1. Note that the
primary variables were percentage of transverse reinforce-
ment and loading conditions.

The nominal compressive strength of the concrete used to
construct the panels was 55 MPa (8.0 ksi); actually, strengths
ranged from 43 to 72 MPa (6.2 to 10.4 ksi). The concrete for
each panel was hand-batched using Type 10 portland cement
and 10-mm (¥g-in.) crushed limestone. A superplasticizer
was also used to improve the workability of the mix. The
panels and test cylinders were sealed and cured for 5 to 7
days, and tested at approximately 14 to 21 days of age.

The properties of the concrete, determined from cylinders
tested at the time of the panel tests, are listed in Table 1. A
typical compressive stress-strain curve, determined using a
stiff deformation-controlled universal test machine, is given
in Fig. 2(a).

The deformed reinforcement bars were heat-treated [typi-
cally 2 hr at 675 C (1250 F)] to produce a flat yield plateau.
The mechanical properties of the reinforcing steel, deter-
mined from coupon tests, are listed in Table 1. Typical ten-
sion stress-strain response curves are shown in Fig. 2(b).

During testing, specimen deformations were continuously
monitored using LVDTs placed on both faces of the panel.
They were arranged to measure average strains in the x- and
y-reinforcement directions, and in the two diagonal direc-
tions. Also, mechanical strain gage measurements were
made in the longitudinal, transverse, and diagonal directions,
on both sides, using 200-mm base-length 16-point grids [see
Fig. 1(b)]. Applied loads were determined from the hydrau-
lic pressures fed to the previously calibrated loading jacks.
Several of the jacks were equipped with load cells to provide
a check on the calculated loads.

Uniform in-plane forces were applied to the panels using
the shear rig test facility [see Fig. 1(c) and (d)]. The facility
is comprised of a self-reacting frame containing 40 double-
acting 210-kN- (47-kip)-capacity hydraulic jacks, controlled
by a six-channel pressure-proportioning/maintaining device.
The applied loads in each test, in the proportions given in Ta-
ble 1, were monotonically increased until the specimen
failed. At several discrete load stages, loading was momen-
tarily halted while the various measurements were taken.
Typically, 12 to 15 load stages were employed over the
course of a test.
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Fig. 1—Test specimen details: (a) reinforcement; (b) instru-
mentation, (c) loading; (d) test rig (25.4 mm = [ in.)
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Table 1—Specimen details and loading conditions

Concrete Reinforcement Loading
f'c.MPa | g, X 107 f’t+MPa |p_, percent| f , MPa py,percent fyy-MPa | f/V, MPa
PHST 7232 268 711 3723 606 0.00 521 0.00
PHS2 66.1 -2.48 2.39 323 606 0.41 521 0.00
PHS3 58.4 -2.44 2.63 3.23 606 0.82 521 0.00
PHS4 68.5 -2.60 2.82 3.23 606 0.82 521 +0.25
PHSS 52.1 -2.58 1.99 323 606 0.41 521 0.25
PHS6 49.7 -2.25 2.06 3.23 606 0.41 521 -0.25
PHS7 53.6 -2.10 2.61 3.23 606 0.82 521 -0.25
PHS8 55.9 -2.17 2.59 3.23 606 1.24 521 0.00
PHS9 56.0 -2.68 2.42 323 606 0.41 521 -0.25
PHS10 514 -2.45 3.01 3.23 606 1.24 521 +0.25
PA1 499 -2.09 3.09 1.65 522 0.82 522 0.00
PA2 43.0 -1.99 291 1.65 522 0.82 522 0.00
6.90 MPa = 1 ksi
_ TEST RESULTS . 80
The amount of reinforcement and the proportion of normal
to shear load were factors found to significantly influence 70— Panel PHS1
the panels' ultimate strength, failure mode, cracking, and 60k J;=T22WPa I
ductility. These observations will be discussed herein. A T ,/‘("
summary of pertinent test results is given in Table 2. Shear g 50— /" Panel PHS3
load-deformation responses are given in Fig. 3. ﬁ a0 // fe=58.4 MPa
Six of the panels were tested in pure shear (PHS1, PHS2, E a0l ~
PHS3, PHSS, PA1, and PA2). In each of the two series (PHS
and PA), the concrete strength and percentage of longitudi- 20~
nal reinforcement were relatively constant while the amount 10 ,/
of transverse reinforcement was varied. The amount of lon- 0 4 | [ | | |
gitudinal reinforcement provided in the PA-series elements 0.5 1.0 15 20 25 3.0
was approximately half that provided in the PHS-series pan- STRAIN (x10°)
els. (a) Typical Concrete Cylinder Stress-Strain Curves
In all pure shear tests, the initial cracks in the elements de- 800
veloped at an angle of slightly less than 45 deg to the trans- 200 8.00 mm dia. reinforcing bars
verse reinforcement direction. First cracking occurred at
shear stresses of about 0.3 «/f_c’ MPa (4 A/]? psi). In the more 8001~ f
heavily reinforced panels, the cracks that developed subse- T soo-
quently were generally finer in width and more closely i— 00l
spaced. After yielding of the transverse reinforcement, a no- @ 5.72 mm dia. reinforcing bars
ticeable reorientation of the crack direction was seen as the E 300+
cracks became more acute to the longitudinal reinforcement 200
direction (i.e., x-direction). The rotation of cracks was most
apparent in the elements with light transverse reinforcement 100
(i.e., Panels PHS2 and PHS3). of !l_’ 1I0 115 210 215 20
The mode of failure observed in the pure shear tests was STRAIN (x10%)

one involving a sliding shear failure of the concrete after
yielding of the transverse reinforcement. The plane of failure
was always parallel to the longitudinal reinforcement, and
was accompanied by severe crushing and spalling of the con-
crete. In no case did the longitudinal reinforcement yield.
Typically, the load-deformation responses were very ductile
[see Fig. 3(a) and (b)]. As would be expected, the elements
more heavily reinforced in the transverse direction exhibited
greater stiffness and ultimate shear strength.

The PA-series panels with less longitudinal reinforcement
were somewhat less ductile than the PHS-series elements.
The failure mode was unchanged, however, with the con-
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(b) Typical Reinforcement Stress-Strain Curves

Fig. 2—Material properties: (a) typical cylinder compres-
sion response; (b) typical reinforcement tension response
(6.90 MPa = 1 ksi; 254 mm = 1 in.)

crete shear failure occurring almost immediately after yield-
ing of the transverse reinforcement. Localized yielding of
the longitudinal reinforcement may have accompanied the
concrete failure, however. Crack reorientation was not as no-
ticeable in these tests.
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Fig. 3—Measured shear deformation responses: (a) PHS panels in pure shear; (b) PA panels in pure shear; (c) panels in biax-
ial tension and shear; (d) panels in biaxial compression and shear (6.90 MPa = 1 ksi)

Table 2—Test results

fy[V.MPa | V., ,MPa | V,, ,MPa | V,,MPa | e, x10°|e x107 |y  x10%|e  x107|¢e) x107] f,, MPa |Failure mode
PHSI 0.00 2.54 — 395 0.09 0.11 0.34 027 007 331 CSS
PHS2 0.00 1.94 4.84 6.66 2.16 16.28 8.51 10.06 -0.70 -17.85 CST
PHS3 0.00 2.28 6.98 8.19 1.57 5.53 9.13 8.53 0.73 -16.65 CST
PHS4 +0.25 2.39 5.76 6.91 1.82 11.07 9.42 13.04 043 -14.85 CST
PHS5 +0.25 1.62 353 431 1.41 1393 1074 15.91 0 -10.93 CST
PHS6 -0.25 225 7.30 9.89 1.76 9.64 10.78 12.37 -1.41 -21.08 CST
PHS7 -0.25 2.25 9.56 10.26 137 3.10 6.93 5.79 0.77 -19.92 CST
PHSS 0.00 2.15 8.87 10.84 2.39 9.88 13.15 13.70 -1.43 -23.55 CST
PHSS 025 222 657 937 .73 947 11.16 12.39 119 72019 CST
PHSIO| +0.25 2.13 6.93 8.58 2.08 7.93 11.34 11.02 -1.34 -17.83 CST
PAl 0.00 2.19 6.29 6.34 2.23 4.13 712 6.87 -0.51 -11.83 CST
PA2 0.00 1.88 5.97 6.22 2.16 4.68 762" 743" -0.59" -11.79 CST

* Strain measurements determined from last Zurich load stage.

Note: CST = concrete shear crushing failure after transverse reinforcement has yielded; CSS = concrete shear-sliding failure.

6.90 MPa = 1 ksi.
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Specimen PHS1. with no transverse reinforcement, failed
almost immediately after first cracking. Cracking was more
concentrated, and rotation of cracks was not apparent.

Three of the panels were subjected to biaxial tension and
shear loads (PHS4, PHS35, and PHS10). The ratio of normal
to shear stresses £, /v remained fixed at 0.25 while the loads
were increased monotonically. The behavior of these ele-
ments was similar, in many respects, to that of the pure shear
elements. Cracks initially developed at slightly less than 45
deg to the transverse direction [see Fig. 4 (a)], and became
more acute to the longitudinal direction after the transverse
reinforcement yielded [see Fig. 4 (b)]. Cracking was more
pronounced, however, compared to the pure shear elements;
the average crack widths were larger, and the average crack
spacings were smaller. Again, the failure mode involved a
brittle shear/crushing failure of the concrete after the rein-
forcement in the transverse direction had yielded [see Fig. 4
(c)]. The presence of the biaxial tension reduced the shear
stiffness of the panels, and caused a lowering of the ultimate
shear strength by an average of 22 percent [see Fig. 3(c)].

Three of the panels (PHS6, PHS7, and PHS9) were tested
under biaxial compression and shear, at a fixed f, /v-ratio of
-0.25. Relative to the pure shear specimens, the presence of
the biaxial compressive stresses resulted in an elevated
cracking stress, fewer visible cracks prior to failure, smaller
crack widths, and a stiffer load-deformation response [see
Fig. 3(d)]. Most significantly, the ultimate shear capacity of
the panels was increased by an average of 38 percent. All
three panels were characterized by an explosive concrete
crushing failure, parallel to the longitudinal reinforcement,
occurring after yield of the transverse reinforcement. Crack
reorientations were not noticeable prior to failure.

To test the repeatability of results, Panels PHS6 and PHS9
were designed as duplicate specimens. The reinforcement
properties and loading conditions were identical, and the
concrete strengths were fairly similar [50 MPa (7.25 ksi) in
PHS6; 56 MPa (8.12 ksi) in PHS9]. The cracking patterns,
load-deformation responses, and failure modes observed for
the two panels were very much alike (see Fig. 5). The aver-
age measured shear stress at maximum load for panels of
PHS6 was 9.89 MPa (1.43 ksi); that for PHS9 was 5 percent
lower at 9.37 MPa (1.36 ksi). [It should be mentioned that
the test cylinders cast for PHS6 contained many voids (the
panel itself did not). Thus, the strength of the concrete in
PHS6 was likely higher than measured.]

MODIFICATION TO SOFTENING MODELS

Cracked reinforced concrete in compression has been ob-
served to exhibit lower strength and stiffness than uniaxially
compressed concrete. This degradation is primarily related
to the degree of transverse straining and cracking present in
the concrete. The softening effect may be more pronounced
in high-strength concrete.

Analytical models for describing the softening effect were
derived from test data,'? and were recently updalcd.* Gener-
ally, two variations in the softening model exist: one where
the compression base curve is modified in terms of both the
peak stress attainable and the strain at which the peak stress

*Vecchio, F 1., and Collins, M. P, “Compression Response of Cracked Reinforced
Concrete,” Journal of Structural Engineering, ASCE, in press.
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Fig. 4—Photos of Panel PHSIO during testing: (a) after
cracking; (b) after yielding of transverse reinforcement; (c)
after shear failure of concrete
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Fig. 5—Comparison of companion specimens PHS6 and PHS9 (6.90 MPa = I ksi)

occurs [see Fig. 6(a)]; and one where the base curve is mod-
ified in terms of the peak stress only [see Fig. 6(b)]. In both
cases, the modification factor takes the form

_ 1
b= 1+K.K; @

where K represents the effect of the transverse cracking and
straining, and K represents the dependence on the strength
of the concrete £’ .. In both cases, the base curve used is that
originally suggested by Thorenfeldt, Tomaszewicz, and Jen-
sen,’ and later calibrated by Collins and Porasz.’

In the strength and strain-softened model [Model A, Fig.
6(a)], the influence of the transverse strain is represented by

K.=035(-¢, /¢, - 0.28)0% @)

where €, is the average principal tensile strain and €, is the
average principal compressive strain.” In the strength-only
softened model [Model B, Fig. 6(b)], the modification factor
is

*Vecchio, F. J., and Collins, M. P., “Compression Response of Cracked Reinforced
Concrete,” Journal of Structural Engineering, ASCE, V. 119, No. 12, Dec. 1993, pp.
3590-3610.
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K.=027(g,/€, - 0.37) 3)

where g is the strain at peak cylinder stress. The strength
and strain-softened model is somewhat more complex, but
gives appreciably more accurate predictions. Full details are
discussed elsewhere.

Two prime objectives in undertaking the test program pre-
viously described were to confirm the validity of the soften-
ing models for high-strength concrete, and determine the
strength-influence factor K. The test data derived from this,
and previous, series of panel tests were thus examined for
dependence on concrete strength. Plotted in Fig. 7 are the ex-
perimentally determined principal compressive stresses

Jeo-exp against the concrete cylinder strengths (f’,). The ex-

perimental compressive stresses were normalized relative to
stresses calculated from the base curve [Fig. 7(a)], and rela-
tive to stresses calculated from Model A [Fig. 7(b)] and
Model B [Fig. 7(c)]. A slight dependence on f”’,. can be seen
in these plots, although the correlation is weak and the scat-
ter is large.

*Vecchio, E. 1., and Collins, M. P., “Compression Response of Cracked Reinforced

Concrete,” Journal of Structural Engineering, ASCE, V. 119, No. 12, Dec. 1993, pp.
3590-3610
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Table 3—Correlation of principal compressive
stresses

£ c2-experimental 1 c2-theoretical
All panel test series PHS and PA series
Model
Coefficient of Coefficient of
Standard | variation, Standard | variation,
Mean|deviation| percent |Mean|deviation| percent
Model A,
without K4 0.97 |  0.19 19.57 090 | 0.11 12.58
Model A,
withK; | 1.00] 0.19 18.85 098 | O0.15 15.69
Model B,
without K4 1.02 | 0.22 21.11 114 | 0.15 12.78
Model B,
with K, 1100 022 22.25 1.01| 0.12 11.76

For Model A [Fig. 6(a); Eq. (1) and (2)], a statistical exam-
ination of the data produced the following expression for the

Kf factor

K;=0.1825 [f,(MPa) 210

“)

For Model B [Fig. 6(b); Eq. (1) and (3)], the K factor was
determined as
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ing model A; c) using softening model B (6.90 MPa = 1 ksi)

Ky=255-0.2629 )f.'(MPa) <1.11 5)

From Table 3, it can be seen that the inclusion of the K factor
results in a small but definite improvement in the accuracy
of the analytical models.

FINITE ELEMENT ANALYSIS
The modifications to the compression models were incor-
porated into the nonlinear finite element program TRIX.®
Analyses were then undertaken to determine the theoretical
behavior of each of the test panels.
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Table 4—Finite element analysis results

Vu—experimemal/ Vu-theoretical

Model A Model B Model A, without K¢|  No softening
PHSI1 0.95 0.99 0.95 0.95
PHS2 1.01 0.99 0.98 0.98
PHS3 0.91 0.88 0.88 0.88
PHS4 0.99 0.99 0.99 0.99
PHS5 1.09 1.06 1.07 1.02
PHS6 1.13 1.08 1.07 0.95
PHS7 0.89 0.84 0.84 0.77
PHSS8 1.00 0.96 0.96 0.96
PHS9 1.03 1.04 0.95 0.90
PHS10 1.00 0.98 0.98 0.98
PA1 1.02 1.02 1.02 1.03
PA2 1.00 1.00 1.00 1.00
Mean 1.00 0.99 0.98 0.95
Coefficient of variation, 6.55 7.00 6.90 7.40
percent

The test panels were of homogeneous construction, with
evenly distributed reinforcement, and subjected to uniform
loads. Hence, a finite element mesh consisting of a single
rectangular element was sufficient in modeling the panels.
The concrete and reinforcement material properties used
were as determined from the test cylinders and coupons (see
Table 1). Poisson's ratio for concrete was assumed to be
0.15. Small increments in load were applied until the ulti-
mate load capacities of the panels were achieved.

Table 4 compares the predicted and observed failure loads
for each of the panels. Excellent correlation was attained
with each of the theoretical models. Using the model in
which both the peak compressive stress and peak strain are
modified (Model A), the ratio of the experimental to theoret-
ical shear strength had a mean of 1.00 and a coefficient of
variation of 6.55 percent. With the model in which the peak
strength only is modified (Model B), the correlation was al-
most equally good (mean, 0.99; coefficient of variation, 7.00
percent). Both models predicted that all PHS-series panels
would experience a shear failure of the concrete after yield-
ing of the transverse reinforcement, but prior to yielding of
the longitudinal reinforcement. For the PA-series panels, the
analyses suggested that the concrete failure would be accom-
panied by local yielding of the longitudinal reinforcement at
the crack locations. These predictions were consistent with
the experimentally observed behavior. (Recall that the test
cylinders for Panel PHS6 were poorly cast, likely producing
a low estimate of the strength of the concrete in that panel
and thus leading to the low theoretical shear strength predict-
ed.)

The load-deformation responses of the test panels were
also simulated with very good accuracy. Shown in Fig. 8 are
the shear deformation responses for three representative pan-
els: PHSS, loaded in pure shear; PHS9, loaded in combined
biaxial compression and shear; and PHS 10, loaded in com-
bined biaxial tension and shear. In general, there was close
agreement between predicted and observed response at all
stages of loading. However, there was a tendency to slightly
overestimate ductility after yielding of the reinforcement.
Equally good correlation was achieved with respect to
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strains in the longitudinal and transverse reinforcement di-
rections.

Shown in Fig. 9 are the concrete principal compressive
stress-strain responses, determined using the two models, for
the three representative panels. Also shown are the experi-
mentally determined responses. In general, the correlation of
the predicted responses to the test data was at a satisfactory
level. Note, however, that Model B tended to underestimate
stiffness initially, and then overestimate stiffness near ulti-
mate load. Model A provided generally more accurate corre-
lation with the test data at all stages of loading.

To get an indication of the significance of including the
concrete strength-dependent modification factor Kf [Eq. (4],
the panels were reanalyzed with the factor omitted. The in-
fluence on the computed ultimate shear strength of the pan-
els was slight, with the ratio of experimental to theoretical
shear strength changing to a mean value of 0.98 and a coef-
ficient of variation of 6.90 percent (see Table 4). The influ-
ence on the overall shear deformation response was, in
general, also slight [see Fig. 10(a)]. The effect of the re-
sponse in the principal compressive direction was somewhat
more substantial, however, with the concrete exhibiting
greater strength and stiffness [see Fig. 10(b)].

Finally, to investigate the importance of including a com-
pression-softening model, the panels were reanalyzed with
the stress- and strain-reduction factor B[Eq. (1) and (2)]
omitted. The predicted strength of the panels rose by an av-
erage of 5.0 percent, with a slight deterioration in the coeffi-
cient of variation (see Table 4). More importantly, however,
the predicted failure mode changed, in all panels, to one in-
volving a ductile yielding of both the longitudinal and trans-
verse reinforcement with no crushing of the concrete. Also,
the stiffness of the shear deformation response, and of the
concrete compressive stress-strain response, were signifi-
cantly overestimated (see Fig. 10). Thus, ignoring the com-
pression-softening effect resulted in a significant mis-
judgment of the behavior of the panels despite not changing
the failure load much.
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Fig. 8—Comparison of experimental and theoretical shear
deformation response: (a) Panel PHS8; (b) Panel PHS9,
(c) Panel PHS10 (6.90 MPa = 1 ksi)

CONCLUSIONS

Twelve orthogonally reinforced high-strength concrete
panels were tested under combinations of in-plane shear and
normal stress. The nominal strength of the concrete used was
55 MPa (8.0 ksi).

The panels exhibited ductile load-deformation responses.
The failure model at ultimate load typically involved crush-
ing of the concrete, occurring after yielding of the transverse
reinforcement but prior to yielding of the longitudinal rein-
forcement. After yielding of the transverse reinforcement, a
gradual reorientation of cracks was observed. Cracking, and
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Fig. 9—Comparison of experimental and theoretical con-
crete principal compressive stress-strain response: (a)
Panel PHS8; (b) Panel PHS9; (c) Panel PHS10

ultimate load capacity, were highly influenced by the pres-
ence of normal stresses.

The principal compressive stress response of the concrete
in the panels, and the crack-associated degradation effects,
were examined. The constitutive models previously devel-
oped for normal strength concrete were found to simulate ac-
curately the responses observed in this test series. The
constitutive model in which both the peak stress and peak
strain parameters are modified gave somewhat better corre-
lation to the test data than did the model in which only the
peak stress is modified. A slightly increased degree of soft-
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strain response of Panel PHS10; (b) principal compression response of

Panel PHS10

ening was found to develop in high-strength concrete. For-
mulations describing this effect were found and incorporated
into the constitutive models.

Finite element analyses, when including the compression-
softening models and the concrete strength-dependent mod-
ification factors, gave theoretical responses that correlated
well with the experimentally observed behavior. The panels'
strength, failure mode, and deformation responses were
modeled accurately. The strength and strain-softened model
again gave slightly better results than the strength-only soft-
ening model. Ignoring the concrete strength-dependent fac-
tor, K produced a slight deterioration in the accuracy of the
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theoretical responses. Ignoring the softening factor B result-
ed in incorrectly predicted failure modes and significantly
overestimated panel strengths and stiffnesses.

In general, the compression-softening formulations and
analysis procedures previously developed for normal
strength concrete elements were found to apply equally well
to high-strength concrete elements.
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NOTATION

principal compressive stress in concrete
normal stress applied to panel in x- and y-directions
normal stress applied to panel in x-direction
normal stress applied to panel in y-direction
yield stress of x-direction reinforcement
yield stress of y-direction reinforcement
nominal compressive strength of concrete
tensile strength of concrete

transverse strain-related modification factor
concrete strength-related modification factor
shear stress applied to panels

shear stress at first cracking

shear stress at first yielding of transverse reinforcement

ultimate shear capacity of panel
compression-softening factor

average principal tensile strain

average principal compressive strain

strain at peak compressive stress in cylinder
average strain in x-direction

average strain in y-direction

average shear strain relative to x- and y-axes
x-direction reinforcement ratio

y-direction reinforcement ratio
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