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SUMMARY

The shear failure test results of twenty-four reinforced concrete shear
wall specimens were reported. The specimens were grouped into the three
series. In A series, the shear plane was subjected to uniform normal stress.
In B series, the shear plane was subjected to bending moment and compressive
axial force. In C series, the longitudinal reinforcement ratio and uniform
compressive normal stress on the shear plane were selected as the experimental
parameters. The process to failure, the failure mode, the shear strength
and the contributions of internal shear transfer (IST) and dowel action of
longitudinal reinforcement were discussed.

INTRODUCTION

There are frequent occasions when shear forces are transferred across
existing cracks initiated by the shrinkage, thermal stress or seismic bending
moment and shear force. Umemura et al. reported that the sliding shear
failure occurred along flexural cracks or lateral reinforcement near the
boundary to the base of box-type shear wall specimens in the laboratory tests.
(Ref. 1) The sliding shear failure was observed also in the actual earthquake
damage. In Skopje a 5 to 8 cm displacement occurred at a wall. The box
structure of the Nethercutt Museum displaced about 10 mm at =a construction
joint in the wall of 200 mm thickness during the San Fernando earthquake.
(Ref. 2)

Previous studies on the sliding shear failure were carried out by Mattock
(Ref. 3), Gergely (Refs. 2 and 4), Paulay (Ref. 5) and Aoyagi (Ref. 6) by
the direct shear testing method. In this study, the model specimens of shear
walls were manufactured simulating real structures as far as possible. Shear
tests were carried out for the following three series: (A) with uniform normal
stress on the shear plane, (B) with strain gradient on the shear plane, and
(C) with two experimental parameters, longitudinal reinforcement ratio and
uniform compressive normal stress on the shear plane.
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SHEAR TRANSFER TEST SERIES A AND B

Specimens

In A and B series, the shear transfer strength across a crack and the
contributions of shear transfer components were mainly studied. Four specimens
in A series were subjected to uniform normal stress on the shear plane, and
four specimens in B series were subjected to strain gradient on the shear

plane. The detail of B series specimens was shown in Fig. 1. The gross
longitudinal reinforcement ratio across the shear plane was p_ = 1.0%. The
detail of A series specimens was the same as B series except tﬁat the lateral
reinforcement ratio was ps'= 1.0%, and there was no bent-up shear reinforce-
ment.

The shear failure plane was set at the center of the specimen by intro-
ducing notches . -of 20 cm depth from both sides of the specimens as shown in

Fig. 1. A crack was pre-formed by pure-tension on the shear plane of each
specimen except for AL. The variables among specimens were shown in Table
1. For specimen, A3, longitudinal reinforcing bars across the shear plane

were covered by flexible vinyl sleeves in order to eliminate the dowel action
of longitudinal reinforcement, and only the effect of interface shear transfer
(IST) across the crack was studied. For A4, the crack width was made 0.1 mm,
and the crack surface was made smooth using a thin greased copper plate at
the shear plane in order to eliminate shear transfer across the crack.

In B series specimens, bending moment and axial compressive force was
applied to produce the strain gradient on the shear plane. The value of
bending moment was chosen such that the strain gradient should be produced
as shown in Table 1 at the calculated ultimate shear stréngth. For specimens,
Bl and B2, the strain of the overall section was in compression. For B3 and
B4, there were both tensile and compressive strains along the shear plane.

The material properties of concrete and reinforcement were shown in Table

Testing Method

Loading arrangement was shown in Fig. 2. (Ref. 7) A couple of forces
for controlling the axial force and bending moment on the shear plane was
applied by four 35tf hydraulic jacks. The reversed cyclic lateral shear force
was applied one cycle each at 50%, 70%, 90% and 100% of the ultimate shear
strength calculated from Birkeland's equation (Ref. 8) provided that the
deflections of specimens, A3, A4 and B2 were equal to Al, Al, and Bl, respec-
tively. '

Process to Failure

The ultimate crack patterns for specimens Al and Bl were shown in Fig.
3. At failure in A series specimens longitudinal reinforcement across the
shear plane yilelded immediately, and followed by slip along the shear plane.
In B series specimens, the yielding of longitudinal reinforcement across the
shear plane was not observed except for specimen B4. At failure the extensive
compression spalling of concrete occurred in the zone surrounded by small
inclined cracks initiated at the fourth  loading cycle, as shown in Fig. 3.
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Load-slip relations along the shear plane were shown in Fig. 4. For
Al, the shape of loops showed the contrary S-type for the second and the sub-
sequent cycles. For A2, at the maximum load of the fourth cycle the slip
immediately took place and hereafter the load-slip curve showed the contrary
S-type. For the dowel specimen AL, the residual slip for each cycle came
to be nearly zero. In B series, the hysteresis loops were spindle-shaped
for all specimens. It may be explained by the following two reasons. The
compressive axial force was relatively large, and the effect of the inclined
crack opening near the tip of a notch on the measuring position of the slip
was significant, which was different from A series.

Strains in Longitudinal Reinforcement

In A series specimens, most of reinforcing bars yielded near the ultimate
strength, as shown in Fig. 5. In B series specimens, the yielding of rein-
forcement was not observed in Bl - B3 even near the ultimate strength except
for B4. Therefore, when a compressive axial stress was a level of 60 kgf/cm ,
the ultimate shear strength seemed to be dependent upon the compressive
failure of concrete.

Ultimate Shear Strength

Birkeland's original equation (Ref. 8) for the ultimate shear strength
was modified as follows for B series specimens. The concrete stress, ¢, and
reinforcement stress, g (tension in positive) were calculated for each rein-
forcement across the shear plane with Umemura's e-function method assuming
that the plane section remained plane. It could be assumed that at the
ultimate strength the reinforcement yielded and the additional compressive
stress term %fy was replaced with pv(fy- cs). Therefore,

2
= 8. - + k 1
sy 8.87 v pv(fy 085 9, (kgf/cm ) (1)
where ¢ = A /A (A _: cross sectional area of reinforcement, A : cross

sectlonéi area of thevshear plane), f was the yielding strength of rein-
forcement. Y

According to Mattock (Ref. 9), when the ultimate shear strength was
decided by the yielding of reinforcement, the strength was represented by
Eq.(2). When the strength was decided by the compressive failure of concrete,
the strength was represented by Eq.(3).

28.12 (kgf/cmz)

Vo =0.8{p (f. -0_) +0.} +
M pue o V(eY- :) +8 < 90. ) (2)
Wy = 0.143%0 {r o) +0y} + 80 (kgf/em’)

Y put pv(}‘y o )%+ 0, 990. (3)

As the linear approximation of Aoyagi's test data, the following equation
was adopted. (Ref. 6)

Av = /T—' [2 6 + 0.105 x 0.5 x{D ( I T ) +g }] (kgf/cmz)
Y anda®less than 6. 5/?— (%)

where o was the stress of reinforcement measured just before the shear
failure.

333



In Table 3, the comparisons between the ultimate shear strength calcu-
lated from Eq.(1) - Eqg.(4) and test results were shown. Fig. 6 showed the
relations between the ultimate shear strength calculated from Birkeland's
equation (1) and bending moment. Test results for specimens Bl and B3 showed
a good agreement with the calculated results. It could be pointed out from
Eq.(1) that the effect of bending moment on the ultimate shear strength was
fairly small, and this point corresponded to Mattock's qualitative test
results. (Ref. 10) The ultimate shear strength and the failure mode for
specimens Bl and B3 calculated from Mattock's equations (2) and (3) gave a
good agreement with the test results as shown in Table 3. 1In case of B4, the
calculated strength was decided by Mattock's equation (2) with the yielding
of all reinforcement, but gave a conservative estimate. The calculated
strength from Aoyagi's equation (4) gave a higher estimate for Bl and a lower
estimate for B3 as shown in Table 3. It was difficult to obtain the strain
in reinforcement correctly just before the failure load, and the upper limit,
Ay 6.5/?;” seemed to be uncertain because of lack of test data.

Contributions of IST and Dowel Action

The shear transfer mechanism of specimens A3 and A4 was IST and dowel
action respectively. The hysteresis loops of A3 + A4, which were obtained
from the superposition of load-slip curves of A3 and A4 at the same slip
considering the hysteresis characteristics, gave a fairly good agreement with
Al, as shown in Fig. 7. From Fig. 4 the contribution ratios of IST and dowel

action were as follows, IST: 75 - 83%, dowel action: 17 - 25%. From the
similar comparison of, Bl with B2 (IST only) subjected to compressive axial
stress (o. = 60kgf/cm ), IST was 86 - 88%, and dowel action was 12 - 14%., In

previous studies, IST and dowel action were 68 - 77% and 23 -~ 32% respectively,
by Mattock (Ref. 10), and 75 - 80% and 15 - 25% by White (Ref. 4). Therefore,
the test results gave a good agreement with those of Mattock and White under
tensile axial stress.

SHEAR TRANSFER TEST SERIES C

Specimens

In C series, the effect of the reinforcement ratio and uniform compres-
sive normal stress on the failure mode was mainly studied. Sixteen specimens
were grouped into two sub-series, CA and CB, composed of eight specimens each.
The variables among specimens were shown in Table 4. The reinforcement ratio
varied from Q.8% to 2.0% and the uniform compressive normal stresses were zero
and 20kgf/cm . The detail of specimens for CA sub-series was the same as A
series except for the existence of a bent-up shear reinforcement, and the
detail for CB sub-series was almost the same as B series. In this series,
a crack was not pre-formed on the ghear plane. The compressive strength of
concrete, f ' was 300 - 342_kgf/cm and the yielding strength of the rein-
forcement, 56 was 3780 kgf/cm™ .

Testing Method

Loading arrangement in CB sub-series was shown in Fig. 8. While the
lateral force was subjected from the one side of the loading beam in CA sub-
series, the uniformly distributed shear force was subjected in CB sub-series.
The reversed cyclic lateral shear force was applied one cycle each at 50%,
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70%, 90% and 100% of the ultimate shear strength calculated from Yamada's
equation as shown in Fig. 9. (Ref. 11)

Progress to Failure

The ultimate crack patterns were similar to ones for A and B series. For
specimens, CA 1 - 6, the shear-compression failure preceded the sliding shear
failure near the shear plane. But almost all reinforcing bars across the shear
plane yielded near the ultimate strength. Therefore, it could be considered
that the Jdifference between the strength in the test and the sliding shear
failure strength was small. For the other specimens, the process to failure
was almost similar to A series.

Ultimate Shear Strength

The test results of the ultimate shear strength, T were shown in Table
5, and the relations between T x//?—" and p O  were Shown in Fig. 9. The
yielding of all reinforcing bars across the shear plane was observed for
specimens, CA 1 ~ 5, CB 1 ~ 3 and CB 5 ~ 6. It was considered that the
strength of these specimens was due to the yielding of reinforcing bars across
the shear plane. Meanwhile, the yielding of all reinforcing bars across the
shear plane was not observed for CA 6 ~ 8, CB 4 and CB 7, 8. For these
specimens, the strength seemed to be decided by the compressive failure of
concrete.

For specimens, CA 7 ~ 8, CB 3 ~ 4 and CB 7 ~ 8, the strength reached the
upper limit. From these test results, it was considered that the critical
reinforcement ratio, crp of specimens of which failure mode changed from the
yielding of reinforceme&% to the compression failure of concrete were 1.6%,
1.6%, more than 1.2%, and 1.%% for CA (o, = 0), CB (00 = 0), CA (o, = 20kgf
/cm”), and CB (o _ = 20kgf/cm ) respectively. From Fig. 9, it was also shown
that the critical reinforcement ratio got smaller when the compressive normal
stress on the shear plane incresed. It seemed to be due to the differnce in
the loading method that the strength in CA sub-series was a little higher than
in CB sub-series.

The ultimate shear strength calculated from Birkeland's original equation
(o_ =0 in Eq.(1)), and Mattock's, Aoyagi's and Yamada's equations was plotted
in Fig. 9. Compared with ,test results, the shear strength for both cases,
c. = 0 and o = 20kgf/cm” in CA and CB sub-series was underestimated by
Birkeland's eguation. The increase of strength under axial compressive stress,
6, = 20kgf/cm” was overestimated. The upper limit of strength and the critical
reinforcement ratio could not represented. The strength was overestimated
by Mattock's equation in case of o, = 0 in CA sub-series except for the upper
limit. The increase of strength under axial compressive stress was also
overestimated. But the reinforcement ratio gave a good agreement with test
results. The shear strength calculated by Aoyagi's and Yamada's equations
showed a similar tendency to the strength calculated by Mattock's equation.
From these comparisons, it was pointed out that the ultimate shear strength
could not be predicted well by the previous equations. This tendency was more
remarkable under the axial compressive stress. This seems to be due to the
existence of cracks across the shear plane in the wall. It was considered
that there was still room for the further study in predicting the shear
transfer strength of shear walls without a pre-formed crack.
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CONCLUSIONS

The shear strength on the shear plane of shear walls with a pre-formed
crack subjected to bending moment and axial force could be estimated by
modifying previous equations. The effect of bending moment on the ultimate
shear strength was fairly small. The shear strength under large compressive
axial force seemed to be dependent upon the compressive failure of concrete.
The shear strength of shear walls without a pre-formed crack was overestimated
by almost previous equations. This seemed to be due to the existence of shear
cracks across the shear plane.
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Fig.4 Relations between Load and Slip along the Shear Plane
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