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Shear Strength of Low-Rise Walls with
Boundary Elements

By Felix Barda, John M. Hanson, and W. Gene Corley

Synopsis

Results of tests on eight specimens representing low-
rise shear walls with boundary elements are reported and
analyzed.

The principal variables included amount of flexural
reinforcement, amount of horizontal wall reinforcement,
amount of vertical wall reinforcement, and height-to-
horizontal length ratio. Flexural reinforcement was
varied from 1.8% to 6.4% of the boundary element area,
horizontal wall reinforcement and vertical wall rein-
forcement were varied from 0 to 0.5% of the wall area,
and height-to-horizontal length ratio was varied from

1/4 to 1.

The test program was designed to determine the ef-
fect of load reversals. Also, one specimen was repaired ’

and retested.

Results indicate that current design procedures
underestimate the strength of low-rise shear walls, even
when the walls are subjected to reversed load. Finally,
a suggested design procedure is presented
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HIGHLIGHTS

Introduction

Previous investigations have developed information
that describes the behavior of walls to resist lateral
loads in high-rise buildings. However, little inform-
ation is available concerning the behavior of walls for
low-rise buildings.

Previous work showed that walls with a low height-
to-horizontal length ratio have a higher unit shear
strength than taller walls. However, no methods are
available to predict this strength. Also, the relative
contribution to shear strength provided by vertical and
horizontal web reinforcement is not fully understood.

In the absence of definitive test data, many de-
signers have assumed that the effect of load reversals
is greater in low-rise walls, where shear strength may
be expected to govern in design than in taller walls,
where flexure usually governs. Similarly, little in-
formation is available concerning either reduction in
stiffness due to load reversals or the ability of low-
rise shear walls to absorb energy. Finally, the
strength of a shear wall that has been repaired after it
has been subjected to its ultimate load has not been
reported in the literature.

Scope of the Investigation

The objective of this test program was to obtain
data on the strength,energy absorption, performance
under reversed loads, and serviceability of low-rise
cast-in-place shear walls with boundary elements.

Dimensions of the test specimens are shown in Fig.
1. Each specimen was reinforced with Grade 60 deformed
bars and contained normal weight concrete having a com-
pressive strength of 3000 psi (211 kg per sg. cm).
Measured strength of the concrete at test ranged from
2400 to 4200 psi (169 to 295 kg per sg. cm).

The horizontal length of the test walls was 75 in.
(1.91 m) and the thickness was 4 in. (102 mm). Vertical
boundary elements 24-in. (610 mm) wide and 4-in. (102 mm)
thick were constructed at the extremities of the walls.
These elements simulated cross walls or columns in a
real structure and contained bars that acted as flexural
reinforcement. The amount of flexural reinforcement was
varied from 1.8 to 6.4% of the area of the vertical
boundary elements. Vertical and horizontal
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reinforcement used in the wall was varied from 0 to 0.5%
of the area of the wall.

Each specimen was topped with a slab 60-in. (1.52m)
wide and 6-in. (152mm)thick simulating a floor or roof
element. A large base simulating a heavy footing was
prestressed to the laboratory floor.

Six test specimens had a height~to-horizontal length
ratio of 1/2. Two specimens had height-to-horizontal
length ratios of 1/4 and 1. Two of the specimens with a
height-to-horizontal length ratio of 1/2 were subjected
to load reversals representing a severe seismic loading.
As illustrated in Fig. 1, the loads were applied to the
wall through the top slab. Loading was continued after
the ultimate shear was reached, until a deflection of 3
in. from center was attained.

Findings and Conclusions

1. Shear strength of the test specimens was
not affected by differences in the amount
of flexural reinforcement, so long as all
bars are properly anchored to the foun-
dation.

2. A nearly orthogonal pattern of cracking
developed in the specimens subjected to

load reversals. This cross-cracking did
not greatly affect the behavior of the
specimens.

3. Specimens subjected to load reversals
had a shear strength about 10% less than
similar specimens subjected to loading
in one-direction.

4. A shear wall that was damaged in one test
was effectively repaired by recasting
loose and spalled concrete. After being
repaired, its shear strength when it was
retested was reduced by 20%. However,
energy absorption of the repaired wall
was higher than that of the original wall.

5. For the specimens with a height-to-
horizontal length ratio of 1/2 and less,
it was found that horizontal wall rein-
forcement did not contribute to shear
strength. However, the horizontal bars
were effective in producing a more dis-
tributed cracking pattern and in reducing
crack widths. The observations
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led to the recommendation that minimum horizon-
tal reinforcement should be provided in all
walls.

6. Vertical wall reinforcement was effective
as shear reinforcement in the specimens
with a height-to-horizontal length ratio
of 1/2 and 1/4. However, it was less
effective in the specimen with a height-
to-horizontal length ratio of 1.
Vertical bars were also effective in
producing a distributed crack pattern
and in reducing crack widths. These
observations led to the recommendation
that minimum vertical reinforcement
should be provided in all walls.

7. The presence of the top slab appeared to
have a significant influence on the
shear strength of the specimens with a
height-to-horizontal length of 1/2 and
1/4. This suggests that the behavior
of piers and spandrels might differ from
that of low-rise walls.

8. Shear strength of a specimen with a
height-to-horizontal length ratio of
1/4 was not significantly higher than
the shear strength of a comparable
specimen with a height-to-horizontal
length ratio of 1/2.

9. Shear strength of a specimen with a
height-to-horizontal length ratio of 1
was about 20% lower than the shear
strength of comparable specimens with
height-to-horizontal length ratios of
1/2 and 1/4.

10. Slip or other distress at construction
joints at the bottom and top of some
walls may have slightly reduced their
strength. However, joint slip appeared
to have the beneficial effect of in-
creased energy absorption.

11. Shear force was observed to be trans-
mitted from the top slab to the base
through the formation of compressive
"struts” in the wall between cracks.

For the specimens with a height-to-
horizontal length ratio of 1/2, these
struts were inclined at about 38 degrees.
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12. The behavior of the specimens was
observed to be similar to that of
deep beams and corbels. A specimen
containing no shear reinforcement had
a shear strength above the stress
associated with first shear cracking.
Application of load through the top
slab rather than directly to the
wall as has been done in deep beam
and corbel tests did not appear to
influence the results.

13. Load-carrying capacity beyond maximum
load depends primarily on the ability
of the boundary elements to act as a
frame. 1In all cases, the frame action
provided a mode of failure that was
gradual rather than sudden and
catastrophic.

14. Shear strength of low-rise walls can
be evaluated in terms of current de-
sign practice that attributes part
of the strength to the concrete and
the rest to the wall reinforcement.
A revised equation for calculating
Ve for low-rise walls is presented.

BACKGROUND

In early studies of shear capacity of beams, it was
observed that shear reinforcement is not stressed until
diagonal tension cracks occur. Once cracks occurred,
force in the reinforcement accounted for less than the
total shear on a beam. This observation led to the con-
cept that shear capacity can be divided into two parts:
the shear carried by the concrete, and the shear carried
by web reinforcement. Background information on this
concept and on how it was incorporated into the 1963 and

1971 ACI Building codes (172 i reported elsewhere 3770,

Beginning in the 1960's, several experimental in-

vestigations(6_12)of deep beams were conducted. Deep
beams are defined as members with a span-to-depth ratio
of less than about 5. The results of these tests demon-
strated that diagonal cracking occurs in deep beams at
about the same nominal shear stress as in ordinary beams.
However, unlike ordinary beams that exhibit little post-
cracking strength, deep beams may be able to carry 3 to

4 times the shear that caused diagonal cracking.. It
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was also found that the addition of vertical reinforce-
ment or horizontal reinforcement or both in the web
region further increases shear capacity.

Shear walls differ from deep beams in several impor-
tant respects. First, they are generally very thin
members that may fall into the classification, based on
the length of "shear span", of either an ordinary beam
or a deep beam. The "shear span" is defined as the
ratio of moment to shear at a critical section. In most
laboratory tests, if dead load is neglected, the shear
span is the distance from a simple support to the clos-
est concentrated load. Second, loads are assumed to be
transmitted to deep beams at points on their top or
bottom surface by columns while loads applied to shear
walls are normally distributed along floor lines.

Tests of specimens that simulate details and load-
ings of shear walls was carried out in the 1950's at

Stanford University and at Mt 13719 pased on the

tests, equations for predicting the capacity of shear
walls subject to dynamic and static loads were develop-
ed. These equations are restricted to the range of
variables tested.

In 1967, the Portland Cement Association undertook

an extensive test program(zo—zl). A total of thirteen

large specimens representing shear walls with rectan-
gular cross-sections were tested.

Results of the PCA tests indicate that the flexural
strength of rectangular shear walls for high-rise build-
ings can be predicted from assumptions satisfying com-
patibility of strains across the cross-section.
Furthermore, it was found that the strength of tall
shear walls containing minimum horizontal reinforcement
will generally be controlled by flexure. For low-rise
walls, both horizontal and vertical reinforcement con-
tributed to the shear strength. The capacity of one
specimen subjected to load reversals was essentially
the same as a similar specimen subjected to load applied
in one direction.

Special provisions for shear walls, based on the

research carried out at the Portland Cement Association,
at MIT and at Stanford University were included in the

1971 ACI Building Code(2).

EXPERIMENTAL INVESTIGATION

Description of Test Specimens
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The test specimens, illustrated in Fig. 1, were
intended to represent shear walls for low-rise buildings.

The horizontal length, Zw, was 75 in. (1.91 m). This
is the same length used in earlier test programs carried
out at the Portland Cement Association(zo_Zl). The web

thickness, h, was 4 in. (102 mm). Vertical boundary
elements or flanges 24-in. (610 mm) wide and 4-in.

(102 mm) thick, were built-in at the ends of each wall.
These elements simulated cross walls or columns in a
real structure.

The top edge of each wall was built into a slab
60-in. (1.52 m) wide and 6-in. (152 mm) thick. This
slab was intended to represent a floor or roof. A large
monolithic base supported each wall. During testing,
the base was prestressed to the laboratory floor.

Load was applied to the top slab in the manner shown
in Fig. 1. This scheme was intended to simulate the
distribution of shear forces at the interface of a floor
slab and shear wall in a prototype structure.

The height, hw' to horizontal length, Qw, ratio was

a variable in this investigation. To obtain this varia-
tion, all dimensions except hw were kept constant in

all the specimens. Horizontal construction joints were
used at the junction of the base and the wall, and at
the junction of the top slab and the wall. The height
of each specimen and the amount of wall and flange rein-
forcement are listed in Table 1.

The test specimens were made with concrete having
a design compressive strength of 3000 psi (211 kg per
sg. cm) at 28 days. The maximum size of coarse aggre-
gate was 3/4 in. (19 mm). Although this maximum size
is larger than that required by consideration of scale,
it was selected because it is representative of aggre-
gate used in full-size buildings. With this size ag-
gregate and a web thickness of 4 in. (102 mm), it was
possible to place the wall reinforcement in two layers.
This is representative of common reinforcement details.
Properties of the concrete are summarized in Table 2.

Representative horizontal and vertical cross-
sections through the wall are shown in Figs. 2 and 3,
respectively. The horizontal and vertical wall rein-
forcement was anchored in the boundary elements.
Development lengths complied with the requirements of

the 1971 ACI Building Code(z). The design yield stress

of the reinforcement was 60,000 psi (4220 kg per sqg.cm).
Measured properties of the reinforcement are presented
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in Table 3.

The flanges contained sufficient flexural reinforce-
ment to provide a moment capacity larger than the shear
strength. They were detailed to meet requirements of
"Appendix A - Special Provisions for Seismic Design" of

the 1971 ACI Building Code (%),

Each specimen was cast in three operations. First

the base was cast, then the wall, and finally the top
slab. After placing and vibrating the base concrete,
a 3/8-in. (9.5 mm) diameter blunt-ended rod was used to
roughen the construction joint at the wall. A pattern
of small holes approximately 3/8-in. (9.5 mm) deep was
rodded into this and all other construction joints.

One batch of concrete was required to cast the wall
of Specimen B7-5, four batches were required for
Specimen B8-5. For all other specimens, two batches
were required. After placing and vibrating the wall
concrete, the top surface at the joint with the top
slab was roughened in the same way as the joint between
the base and the wall. After the top slab was cast, it
was covered with a polyethylene sheet for curing.

Three days after casting the slab, forms were removed.
Wall concrete was generally four to seven days old at
that time.

In preparation for testing, the specimens were paint-
ed with a thin coat of o0il base flat paint. The paint
was applied to make cracks more readily visible dur-
ing testing. The specimens were lifted off the wooden
platform and positioned in a large prestressed concrete
loading frame. A portland cement and sand grout pad
approximately 1/2-in (12.7 mm) thick was used to level
the specimens on the laboratory floor. After the grout
had set, the base was prestressed to the laboratory
floor at eight points.

Load was applied by two 100-ton hydraulic rams. The
rams transmitted their forces to the specimen through
a 2-in. (50.8 mm) thick steel bearing plate. The system
was designed to be both self-supporting and self-align-
ing during load reversals.

The loading system contained a valve in the hydraul-
ic line. When a desired load level was reached, the
valve was closed, thereby holding a constant volume of
0il in the loading system. This provided control of
lateral deflection at each load stage.

Wire filament electrical resistance strain gages
were attached at selected locations using procedures
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described elsewhere(23). One-quarter of the main

flexural reinforcing bars was gaged at the base, at mid-
height, and at the top of the wall. Six vertical web
bars were gaged at the base, at mid-height, and at the
top of the wall. This pattern gave both distribution of
vertical strains along the horizontal length of thewalls
and along the bars. Selected horizontal web bars were
each gaged at 5 locations. This pattern of gaging gave
the distribution of horizontal strains at five different
vertical sections, as well as the distribution along the
gaged bars.

All strain gages were connected to a VIDAR digital
data acquisition system. This system records measured
information on both printed and punched tape at the rate
of 10 channels per second.

Lateral deflection of the top of the specimens was
measured by two electrical resistance potentiometers, and
one direct current differential transformer (DCDT). One
of the potentiometers and the DCDT were connected to the
VIDAR system. The other potentiometer was connected to
an X-Y plotter. Additional deflection measurements were
obtained with a dial gage and a theodolite sighting on
a scale.

Three DCDT's and four potentiometers connected to
the VIDAR were used to measure the vertical and lateral
deformation of the underside of the top slab at the
flanges and at the mid-length of each specimen.

Two linear variable differential transformers (LVDT)
were connected between the underside of the top slab and
the base of each specimen at the boundary elements. The
LVDT's were directly connected to an X-Y plotter to
measure the rotation of the top slab.

Two load cells, each consisting of a metal tube with

strain gages attached(23—24), were used to measure the

applied force in each direction of loading. One of the
load cells was connected to the VIDAR system, the other
to two X-Y plotters. The plotters were used to contin-
uously record load versus lateral deflection at the top
of the wall, and moment versus rotation of the top slab.

Potentiometers were used to measure slip at the top
and bottom construction joints. At each joint, poten-
tiometers were placed at each flange, and at mid-length
of the wall. These potentiometers were also connected
to the VIDAR.

At selected load stages, crack widths were measured
by means of a 50 power micrbscope.
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Black and white prints and 35mm color slides were
used to obtain a record of the change in the crack pat-
terns as the specimens were loaded. Photographs were
generally taken at every significant change in the crack
pattern.

Test Program

The test program was divided into 5 phases as listed
in Table 4. 1In Phase 1, Specimens Bl-1 and B2-1 were
tested to determine the effect of varying the amount of
flexural reinforcement. These specimens, both with a
height-to-horizontal length ratio of 1/2, were subjected
to loads applied in one-direction only. All other walls
were subjected to load reversals.

The amount of flexural reinforcement used in Speci-
men Bl-1 was 1.8% of the area of the flanges. This
specimen was expected to have a flexural capacity
slightly greater than its shear capacity. A larger
amount of flexural reinforcement, equal to 6.4% of the
area of the flanges, was used in Specimen B2-1.

Specimens Bl-1 and B2-1 contained 0.5% vertical and
horizontal reinforcement in the wall. Based on the pro-
visions in Section 11.16 of the 1971 ACI Building Code

(2), this amount of reinforcement would resist a nominal
shear stress, v, of 5.5/fé psi. With an expected con-

crete contribution of about 3.3/fé psi, the predicted

shear strength of these specimens was 8.8/fé psi.

In Phase 2, Specimen B3-2 was tested under reversed
application of load. Its behavior was compared with
that of Specimens Bl-1 and B2-1 in Phase 1 to determine
the effect of repeated load reversals. Specimen B3-2
contained the same amount of wall reinforcement and had
the same height, hw’ as Specimens Bl-1 and B2-1. How-

ever it contained flexural reinforcement equal to 4.1%
of the area of the flange.

In Phase 3, Specimen B4-3 was identical to Specimen
B3-2, except that it contained no horizontal web rein-
forcement. Behavior of Specimen B4-3 was compared with
that of Specimen B3-2 to determine the effect of dif-
ferent amounts of horizontal web reinforcement.

In Phase 4, Specimens B5-4 and B6-4 were identical
to Specimen B3-2, except for the amount of vertical web
reinforcement. Behavior of Specimens B5-4 and B6-4 was
compared with that of Specimen B3-2, to determine the
effect of different amounts of vertical web reinforce-
ment.
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'} forcement and 0.25% vertical web reinforcement, respect-
I ively. Although Specimens B5-4 and B6-4 also contained
] 0.5% horizontal web reinforcement, they did not comply
§ vith the minimum requirement in the 1971 ACI Building

Wde(z) for vertical web reinforcement.

In Phase 5, the behavior of Specimens B7-5 and B8-5
were compared with that of Specimen B3-2, to determine
the effect of height-to-horizontal length ratio. Both
B7-5 and B8-5 had the same reinforcement percentages as
| B3-2. Their height-to-horizontal length ratios were

1/4 and 1, respectively.

‘iRepresentation of Seismic Loading

The application of load reversals was intended to

| represent forces that would occur during a severe earth-
quake. To make it possible to compare the behavior of
the specimens, a systematic pattern of increasing force
or deflection was followed, as illustrated in Fig. 4.

At load stages prior to maximum, force was applied
in increasing levels, as shown in Fig. 4. At each level,
the load was cycled twice. Increments in load levels
equivalent to a nominal shear stress of approximately

2/fé psi were used.

A load stage corresponds to the period during the
test when the deflection was held constant and data read-
ings were taken. During the application of force to
obtain a new higher level, a load stage was also includ-
ed at the previous load level. This procedure was
followed in both directions of loading.

In the stages after maximum, force was applied until
a desired value of deflection was reached. At each
deflection increment, the load was cycled twice, main-
taining approximately equal deflections in both direct-
ions of loading. The deflection was then increased
until a new maximum load was obtained. During the
application of force to obtain a new higher deflection,
a load stage was also included at the previous deflect-
ion. This procedure was followed in both directions of
loading.

TEST RESULTS

Principal Results

Principal test results are summarized in Table 5.
Included are the nominal shear stresses and deflections
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at first shear cracking and at ultimate load. The
nominal shear stress at the end of the test is also list-
ed.

Shear stress, v, was calculated from the following
relationship:
_ \Y%
v o= ha (1)

where
shear force
overall thickness of the web
distance from extreme compression

fiber to the centroid of the

tension reinforcement

Qo<
I

Calculations of the effective depth, d, are based on the
assumption that strains in the reinforcement and con-
crete are directly proportional to the distance from the
neutral axis. Both vertical web reinforcement and
flange reinforcement were considered in these calcula-
tions.

As listed in Table 1, the lowest value of d is 67.8
in. (1.72 m) for Bl-1, the specimen with the least
amount of flexural flange reinforcement.® The highest
value of 4 is 73.0 in. (1.82 m) for B5-4, a specimen
with no vertical web reinforcement.

In most specimens, the first observed cracking
occurred in the lower portion of the web near the flange
closest to the applied load. Usually, one or two very
short cracks inclined at about 40 degrees were found.
This cracking occurred at nominal shear stresses between
110 and 230 psi (7.7 and 16.2 kg. per sqg. cm). It may
have been influenced by residual tensile stresses in
the web. Development of the first observed cracks did
not noticeably affect the measured load-deflection re-
lationships and the reinforcement load-strain relation-
ships of the specimens.

At a higher stress, one or more long inclined cracks
occurred suddenly in a location away from the other
cracks. Development of long cracks usually coincided
with a change in slope in the load-deflection and load-
strain relationships. The occurrence of this cracking
is referred to as first shear cracking.

Table 5 lists the nominal shear stress at first
shear cracking, Vepr and the corresponding deflection,
A%. Except for B3-2R, which was repaired, specimens

1 '
with an hw/%w of 1/2 had a narrow range of Vcr/yfc’




Low-Rise Walls 161

varying from 4,9 to 6.5.

To obtain a comparison of A% at first shear cracking
between specimens of different heights, the value of
M/hw is also listed in Table 5. This value ranged from

0.00032 for B5-4 and B7-5, to 0.00072 for Bl.1l.

Equation (11-32) in Section 11.16 of the 1971 ACI

Building Code(Z)is based on the assumption that web-

cracking occurs when the principal tensile stress at the
centroidal axis of the cross section reaches approx-

imately 4/fé. The calculated nominal shear stress, v,
corresponding to a centroidal principal stress of 4/fé

a transformed cross section, including all vertical
reinforcement, was found to range from 3.4Vfé for B5-4

to 3.8¢fé for B2-1. Except for repaired Specimen B3-2R,

these values were all lower than the measufed values of
Vcr//fé as reported in Table 5. Although the assumed

critical principal tensile stress of 4Vfé is a con-

servative lower bound, a higher value would appear
justified by these results.

Table 5 also lists the nominal shear stress at ul-
timate, vy and the corresponding deflection, A%. The

value of vu//fz_ranged from 8.3 to 15.8, and the value
of Az/hw from 0.0053 to 0.0130. For the specimens with
hw/SLw of 1/2, except for Specimen B3-2R, Alw/hw had a
quite narrow range, from 0.0053 to 0.0069.

In Figure 5 the effect of the principal variables
on v, and v, are shown. Figure 5 (a) shows the rela-

tionship between the amount of flange reinforcement,
and the method of loading for three specimens that con-
tained 0.5% horizontal and vertical wall reinforcement.
The height-to-horizontal length ratio of each of the
three walls was 1/2. 1In comparing the two specimens
subjected to loading in one direction, it can be seen
that the amount of flange reinforcement had little
effect on the shear strength. The specimen subjected
to load reversals, simulating seismic loading, exhibit-
ed a shear strength about 10% lower than that of
specimens subjected to loading in one direction.

The effect of the amount of horizontal wall rein-
forcement is shown in Figure 5 (b). The two specimens

b
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compared contained 4.1% reinforcement in the flanges and
0.5% vertical wall reinforcement. Their height-to-
horizontal length ratio was 1/2. As can be seen, the
amount of horizontal wall reinforcement had little effect
on the shear strength.

Figure 5 (c) shows the effect of the vertical wall
reinforcement. The three specimens compared contained
4.1% reinforcement in the flanges, and 0.5% horizontal
reinforcement in the wall. The height-to-horizontal
length ratio of each wall was 1/2. It can be seen that
the shear strength increased significantly with added
vertical wall reinforcement.

The effect of the height-to-horizontal length ratio
is shown in Figure 5 (d). All three specimens compared
contained 4.1% reinforcement in the flanges. In thewall,
0.5% vertical and horizontal reinforcement was used.
Figure 5 (d) shows that for the specimen with the larg-
est hw/lw, both v and Ver were lower than for the spec-

imens with smaller h /% .
w Tw

Except for the specimen with an hw/SLw of 1, V. Was

not significantly affected by the different variables.
The values of vy and Ve calculated in accordance with

(2)

Section 11.16 of the 1971 ACI Building Code were
always lower than the measured values of Va and Ver?
respectively.

The tests were concluded after pushing the specimens
to a maximum deflection of about 3 in. The corresponding

values of nominal shear stress, Vo and vm//fg_arelisted
in Table 5. The value of vm//fg'ranged from 2.6 to 5.7.
The tallest specimen, B8-5, had the smallest vm//i: .
For the specimens with hw/Qw of 1/2, vm//§z_ranged from
3.0 to 5.5.

Description of Behavior

Behavior of each specimen is summarized in Figure 6.
The bar chart for a specimen notes the following stages
corresponding to the numbers on the chart:

1. First observed crack

2. First shear crack

3. First yield of a vertical wall bar
4, First yield of a horizontal wall bar




Low-Rise Walls 163

Cracking resulting from loading both from the left and
from the right of the specimens are shown.

Except for Specimen B7-5 first cracking occurred in
the lower corner of the wall nearest the applied loads.
These small inclined cracks occurred prior to any visible
cracking in the flanges. For B7-5, the shortest specimen,
the first cracking occurred in the central part of the
wall.

In Bl-1l, several flexural cracks developed in the
flange soon after first cracking in the wall was ob-
served. These flexural cracks were distributed from the
base up to the intersection of the flange with the first
observed inclined cracks. As the load was subsequently
increased, the next adjacent inclined shear cracks de-
veloped in the central region of the web. This was
followed by further cracking in the flange.

In all other specimens, first shear cracking occur-
red suddenly in the wall before any significant flexural
cracking was observed in the flanges. However, flexural
cracking was observed either immediately afterwards, at
the same load, or shortly thereafter at a load slightly
higher than that corresponding to first shear cracking.

Yielding of the web reinforcement was generally
observed to occur when the inclined cracking was at an
advanced stage of development. In B3-2, the horizontal
wall reinforcement was not observed to yield until after
the ultimate load was reached.

Photographs showing the cracking in all of the spec-
imens at ultimate load and after being subjected to addi-
tional load cycles that cause complete destruction are
shown in Figure 7 and 8, respectively.

There was substantial cracking in the upper fibers
of the top slab during the test. Also, upward movement
of the central portion of the top slab was observed dur-
ing later stages of loading.

Deflections

The measured deflections of Specimens Bl-1 and B2-1
are shown in Figure 9. Load on Specimen Bl-1 was rapid-
ly released after ultimate was attained. The load
versus deflection relationship for Bl-1 would probably
have been similar to that of B2-1 if this rapid unload-
ing had not occurred.

Representative load versus deflection curves for B3-
2, prior to and after ultimate, are shown in Figure 10.
These curves reflect three modes of response represent-
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ative of all specimens subject to load reversals. Near
zero deflection, the curves have a shallow slope, attrib-
uted to observed slippage at joint and inclined crack
interfaces. As deflection increases, the curves are
linear and have maximum slope. This corresponds to the
composite functioning of concrete and reinforcement.
Finally, as the load or deflection is further increased,
the response is non-linear. 1In this region, the spec-
imen usually developed new or extended cracking as well
as joint slippage between the wall and top slab.

The deflection curves in Figure 10 illustrate the
manner in which the deflection "envelope" was obtained
for a specimen subject to load reversals. In Figure 9,
the deflection envelope for B3-2 may be compared with the
measured deflection of Bl-1l and B2-1. Deflection en-
velopes for the remaining specimens that were subjected
to cyclic loads are compared in Figures 11, 12, and 13.

Strain Distribution

As previously discussed, the test results indicated
that vertical wall reinforcement was the most signif-
icant variable affecting the strength of the test spec-
imens. Information on vertical strain at three levels -
base, mid-height, and top of wall - are presented for
B3-2, B7-5, and B8-5 in Figures 14, 15, and 16, respec-
tively. Except at loads prior to cracking, these figures
show clearly that the strain distribution in the spec-
imens was non-linear and not indicative of beam behavior.

Except for B8-5, the measured strains in the horizon-
tal wall reinforcement were generally less than in the
vertical reinforcement. Averages of several horizon-
tal and vertical wall reinforcement strains in the
central part of these three specimens are plotted in
Figure 17. In B8-5, the vertical and horizontal strains
are approximately equal.

Repair and Re-test of B3-2

To determine the effectiveness of repairs of a shear
wall after it has been severely damaged, B3-2 was re-
paired, designated as B3-2R, and re-tested. At the end
of the test on B3-2, as shown in Fig. 8, the top of the
wall had a residual deflection of about 2 in. The hy-
draulic rams were used to push the top of the specimen
back to its non-deflected position.

Damaged cracked concrete was removed from the wall
with an electric hammer and a chisel. All surfaces were
cleaned by washing with water. The only sound concrete
left after removal was a portion that extended up from
the base approximately 8 in.
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¢ Plywood was used to form the sides of the wall. Prior
ko placing the concrete, two-component, epoxy-polysulfide
tesin was applied to the joint between the web and the
top slab. This resin is used to bond freshly mixed
plastic concrete or mortar to hardened concrete or other
structural materials.

Concrete was placed through a slot at the top of one
of the panels, and was hand packed against the underside
of the top slab. After packing, the top of the web was
approximately 1/2-in. (12.7 mm) thicker than other por-
tions for a distance of about 1l-in. (25.4 mm) beneath
the top slab. At test, the average compressive strength
of the new wall concrete was 3410 psi (240 kg per sg.cm).

After stripping, it was estimated that there was a
visible gap in about 5% of the horizontal length between
the recast wall and top slab. This gap was patched with
a cement mortar mix.

The loading used was the same as described in Fig.
4 with the exception that at each level, the load was
cycled only once. Figure 18 shows the envelope of all
the load versus deflection curves for B3-2R. For com-
parison, the envelope for B3-2 is also shown.

During the test on B3-2R, a short inclined crack in
the lower left portion of the wall and first shear crack-
ing in the central region of the web both occurred at a

nominal shear stress, Var? of 190 psi (13.4 kg per sqg.

em). First cracking was observed in the flanges at a
nominal shear stress of 260 psi (18.3 kg per sqg. cm).

By the time the maximum load was reached, inclined
cracking was distributed over the entire web in both
directions. The majority of these cracks were at an
angle of about 40 degrees. At maximum load, slipping
and spalling developed along the junction of the top slab
and the wall. This was followed by crushing in the upper
part of the wall near the left flange.

The shear strength, Vs of Specimen B3-2R was 680

psi (47.8 kg per sg. cm) in one direction. Subsequent-
ly, the maximum nominal shear stress due to loading in
the other direction was 595 psi (41.8 kg per sg. cm).
Figure 19 shows B3-2R at the ultimate load.

As shown in Figure 18, B3-2R exhibited a gradual
decrease in load-carrying capacity after maximum load
was reached. Beyond 1-1/2-in. (38 mm) lateral dis-
placement, no reduction in capacity was observed.
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As the load was being applied beyond ultimate, slip
was clearly visible at the junction of the wall and the
top slab. This slip was accompanied by the concrete
being pushed out by the vertical bars along the mid-
horizontal length of the wall. The wall concrete near
the junction with the flange was completely destroyed.

When a total lateral displacement of approximately
3-in. (76.2 mm) was reached, the nominal shear stress,
Vi was 230 psi (16.2 kg per sg. cm). Finally, the

specimen was unloaded and a recovery of 1l.2-in. (30.5
mm) deflection was observed. Figure 20 shows B3-2R
after the re-test was concluded.

The shear strength of 680 psi (47.8 kg per sg. cm)
for B3-2R was 23% lower than the 880 psi (61.9 kg per
sq. cm) measured for B3-2. However, the value of

vu/vfé for the repaired specimen was 11.5. This is
greater than the maximum of 10 permitted by Section
11.16 of the 1971 ACI Building Code(2).

ANALYSIS

Shear Cracking

In the previous description of behavior, it was
noted that the first observed cracking usually occurred
in the lower corners of the wall. These relatively
short inclined cracks probably occurred because of
residual shrinkage stresses in the corners of the wall.
Since they gave no indication of influencing the be-
havior of the specimens, this early cracking was not
considered to be significant.

Shear cracking usually occurred suddenly, when one
or more long inclined cracks developed in the wall.
It is believed that cracks frequently observed to occur
at the same time in the flanges formed as a result of
the shear cracking. Therefore, the development of
shear cracking should be related to stresses in the
web exceeding the tensile strength of the concrete.

Values of the principal tensile stress, fp

computed from the relationship £ = VQ/Ih, where V

pt

was the applied load at Vep? Q and I are properties

r
of the cross section computed using a transformed un-
cracked section, and h=4 in. (120 mm), the thickness of
the wall. Expressed in terms of the concrete strength of
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each specimen, fpt ranged from 5.5Vfé psi for B2-1 to

7ijé psi for Bl-1, except for B8-5 with a computed
value of 3.9/fg psi. The value of fpt for B7-5 was
&l/fé psi.

Equation (11-32) of the ACI Building Code(z)isbased

on the assumption that the shear carried by the concrete,
Vo is equal to that at shear cracking, and that shear

—_ 1 3 ]
pt = 4/fc psi (1.06»/fc kg per sqg.

cm). It is therefore evident that Equation (11-32)would
have underestimated the stress at shear cracking in all
test specimens, even when subjected to load reversals.

cracking occurs when f

In fact, these test results suggest that taking fpt=

&@z'would be appropriate for the specimens with height

to length ratio equal to or less than one-half.
Ultimate Load

Whether the load was applied to the specimens in one
direction or with reversals, the shear appeared to be
transferred from the top slab to the base by a lattice
system. This system consisted of the vertical wall and
flange reinforcement acting in tension and the concrete
struts in the wall between inclined cracks acting in com-
pression. Verification of this analogy was obtained by
an indirect computation of the magnitude and location of
the resultant compressive force at the base, mid-height,
and top of the wall. First, the resultant tensile force
was computed from measured strains in the vertical rein-
forcement in the wall and flanges. Measured strains in
the flange reinforcement on the opposite side of the
applied load were generally small, and as often in ten-
sion as in compression. The location of the resultant
compressive force, assuming it to be equal to the tensile
force, was determined by assuming it to be in equal-
ibrium with the known applied load.

A plot of the computed locations of the compressive
thrust for the specimens with hw/JLw = 0.5 is shown in

Figure 21. It may be seen that these locations are in a
sloping band that closely corresponds to the observed in-
clination of the shear cracks. For comparison, the cross
hatched band includes the locations of the compressive
thrust if the usual assumptions for beam behavior are
applied.

Even though the lattice analogy provided good con-
ceptual agreement with the observed behavior, it was
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found that the shear computed as the product of the
measured compressive thrust times the tangent of the
crack inclination, taken equal to 389, was in only fair
agreement with the applied shear. Ratios of the comput-
ed shear to the applied shear, for test specimens with
hw/Slw = 0.5, ranged from 1.06 to 1.76. However, if

B2-1 and B4-3 are excluded, the ratios ranged from 1.06
to 1.33.

The test program was arranged to permit a direct
evaluation of shear strength which conforms to the
current design practice of assuming

\Y% = Vv + v
u c s

where Ve and vy are the contribution to shear strength

provided by the concrete and by the shear reinforcement,
respectively. As may be seen from Table 5, comparison
of the strength of B4-3 with B3-2 shows that the horizon-
tal wall reinforcement was not effective. However, com-
parison of B5-4 and B6-4 with B3-2 clearly indicates
that the vertical shear reinforcement was highly effect-
ive. Assuming, then, that the horizontal shear rein-
forcement in B5-4 was not effective, the strength with-
out vertical or horizontal shear reinforcement is approx-

imately v = 8.3/fé psi.

The increase in strength obtained with the addition
of vertical wall reinforcement is plotted in Figure 22.
Since the contribution of Vg is assumed in design to be

independent of concrete strength, the values of vy in
Figure 22 are taken equal to Vo T 8.3¢fé psi. The solid

line fitted to the test points indicates that the con-
tribution of Vg is directly related to pnfy. The

strength of these specimens is, therefore, adequately

represented by v, = 8.3vVf' + p f .
u c n'y

The test results for B7-5 and B8-5, as shown in
Figure 5 (d), indicate that hw/llw has an influence on

shear strength. However, since the difference between
Vi and Ver is nearly constant, the differences in

strength appear due largely to differences in Ve It

was noted that joint distress was observed in the test
on B7-5. Therefore somewhat greater reliance is placed
on the difference in strength observed between B3-2 and

B8-5, indicating that v, may be taken equal to 8.3Vfé -




fThe following equation provides a close prediction
lﬂm shear strength of the test specimens and reflects
e variables found to be significant:

1

= JET - ./'_—_ i i
F vy = 8.3 f 3.4VfF <£w 2) + pnfy in psi

‘ ﬁus equation is expected to be applicable to walls
isinilar to the test specimens within the following
ranges:

2500 psi < fé < 4500 psi

(176.0 kg. per sq. cm < f£' < 316.0 kg. per sq. cm)

0< X<

0.25% < °n < 0.5% and somewhat higher

py > 0.25%

Post-Ultimate Load Behavior

Beyond ultimate load, gradual cracking and spalling
of the concrete in the wall occurred as the specimens
were subjected to continually increasing reversed de-
flections. As the wall was further damaged, shear re-
sistance was transferred from the wall to the flange
boundary elements. As can be seen from Figure 23 (a),
the lateral load is finally resisted by frame action of
the flanges and top slab. However, the part of the web
that remains offers substantial restraint to lateral
movement of the flanges.

An idealization of the observed frame action is
shown in Figure 23 (b). The maximum shear that can be
applied to this frame may be expressed in terms of the
moment capacity of the flanges, Muf’ as follows:

4aM
uf

Ym T h_ha
we

Using values of Muf computed in accord with Section 10.2

of the 1971 Building Code (2) and based on measured
material properties, and assuming hwe =1/3 Qw when hw/
Qw =1, 1/2 zw when hw/slw =1/2, and 7/12 Qw when hw/2w=

1/4, Vin is equal to 183, 167, 179, 300, and 142 psi for
B3-2, B4-3, B6-4, B7-5, and B8-5, respectively (100 psi=
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v %

!
L
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7.03 kg. per sq. cm). The ratios of the measured values
of Vi at the end of the test, given in Table 5, with the

computed values for these specimens are 1.04, 0.96, 1.06
1.02, and 1.06, respectively.

Comparisons are not made for the other three test
specimens because Bl-1 and B2-1 were not subjected to
load reversals. Also, the behavior of B5-4 differed
from that of others due to the absence of vertical wall
reinforcement.

Comparisons with Provisions in ACI 318-71

In Figure 5, the test results are compared with
values predicted by Section 11.16, "Special Provisions

For Walls," of the 1971 ACI Building Code(z). It is
noted that minimum requirements for Py and Ph preclude

comparisons with some of the specimens.

For the computation of Var Equation (11-32) gave a

value lower than that obtained from Equation (11-33)
since the maximum value of Mu/Vu in the latter equation

for any of the test specimens is KW/Z for B8-5. Since
N, = 0, Equation (11-32) indicates that v_ = 3.3/E] psi.

As may be seen from Figure 5, the observed values of Ver

are all substantially greater than Ve except for B8-5,
the specimen with h /% = 1, where v_ and v are nearly
w Tw c cr
equal.
The contribution of the horizontal reinforcement,

determined from Equation (11-13), may be expressed as

Vg =V, T Ve T phfy. Taking average values of fy equal

to 72.4 ksi (5089 kg. per sg. cm) and fé equal to 3450
psi (242.5 kg. per sqg. cm), vV = 6.4/'f_(': psi for p, =0.25%
and 9.5¢fé psi for Py = 0.5%. Where comparisons can be

made, as indicated by the dashed lines in Figure 5, it
is evident that the measured values are substantially in
excess of those calculated. It is also significant that
the maximum measured values of v, are as much as 50%

greater than the limiting value of Vo = lOVfé psi spec-
ified in Section 11.16.5.
The test results may also be compared with values

predicted by Section 11.9, "Special Provisions for Deep
Beams," and by Section 11.15, "Shear-Friction." The
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provisions for deep beams are limited to members loaded
directly on the extreme compressive fibers. This re-
striction implies that the shear carried by the concrete,
Vo may be taken greater than Ver? the value of shear

stress causing diagonal tension cracking. The evalu-
ation of shear strength of the test specimens clearly
indicated that for these specimens, v, was greater than
V..
cr

For deep beams, the value of Ve is computed from
Equation (11-22). However, Ve is limited to 6/fé psi

for all of the test specimens. The contribution of the
shear reinforcement is determined from Equation (11-24)
and may be expressed as

- v
v v, = d @
v = v - v = p £\~ )t p £ 12

1+ 2hy 11 - 2h )
s u c °h y 12 n'y

For B3-2, h /d was 0.53. Therefore, v = 6VEL + 0.17
%Fy + 0.83 pnfy. Evaluating the latter two terms and
expressing Vg in terms of the concrete strength in B3-2,
Ve = 12.2/fz-psi. Although this value exceeds the limit
of SJfZ-psi allowed by Section 11.9.4, the computed
value of 12.2/fzhpsi is in reasonable agreement with the

measured value of l4.l/fé psi.

h
Similarly for B7-5, —g was 0.26 and v = 6/EL + 0.13
phfy + 0.87 pnf = 12.2Vfé psi. For this specimen, the

measured value was l4.8¢fé psi. For B8-5, hw/d was 1.06

and v, = 6/f' + 0.26p, f + 0.74p_f = 12.4Y/f' psi. This
u c hy ny c

is in good agreement with the measured value of 12.1¢fé

psi. These compariscns indicate that the deep beam

provisions provide a reasonable prediction of the
strength of the test specimens if the upper limit on vy

is disregarded.

The provisions for shear-friction apply when it is
inappropriate to consider shear as a measure of diagonal
tension. They may, therefore, be used to provide an
estimate of the shear strength of the joint between the
wall and the top slab.
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They also may be considered to provide an estimate of
shear capacity of the specimen.

While it is difficult to assess the distribution of
shear in the joint between the flanges and the wall, it
is common practice to assume that most of the shear is
resisted by the wall. Applying Equation (11-30), the
ultimate shear may be expressed as

Vu = Avffyu = pnfyubw(lw— 8)

Therefore the nominal ultimate shear stress is

2 -8
Va T pnfy]J _Q%%_;l

Taking (Qw -8)/d = 0.95 for the test specimens, and tak-
ing y =1.0 and fy equal to the average value of 77.3 ksi
(5730 kg. per sg. cm), vy = 184 psi (12.9 kg. per sg.cm)
for Py = 0.25 and 367 psi (25.8 kg. per sq. cm) for o =

0.50%. Compared to the values of measured shear stress,
given in Table 5, it is evident that these stresses are
very conservative.

Design Suggestions

The observed strength of the test specimens was sub-
stantially greater than that expected from the provisions

of Section 11.16 of the 1971 ACI Building Code(z). Per-
haps the most important finding is that previous concern
over the applicability of Equation (11-32) to walls sub-
jected to load reversals is clearly unfounded. Based on
the results of the tests reported in this paper, it is
suggested that the following expression be substituted
for Equation (11-32):

N

u
4% h
w w

h
v, = 8/ - 2.5/F7 ¥ 4
o] c L

i i
c in ps

The first two terms of this equation are approximately
80% of the expression for Ve determined to best represent

the tests in this investigation.
While Section 11.16.4 places emphasis on the value

of the horizontal shear reinforcement, the provision re-
quires that (9 be at least equal to I% for walls with

hw/Qw of less than one. Therefore, the provision will

give conservative requirements for shear reinforcement.
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Figure 24 shows the relationship between observed
stress at maximum load, Va (test), and calculated

ultimate stress, v (calc). The comparison indicates

that the results of tests in this investigation are in
reasonable agreement with those predicted.
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NOTATION

AVf = area of shear-friction reinforcement.

d = distance from extreme compressive fiber to
centroid of tension reinforcement.

E, = modulus of elasticity of concrete.

fS = allowable stress in steel.

fpt = principal tensile stress.

fu = tensile strength of steel.

fy = yield stress of steel.

fé = compressive strength of concrete.

/fz' = square root of the compressive strength of
concrete, expressed in psi.

h = overall thickness of wall.

hw = height of wall from base to center of top slab.

we = effective height of flanges.

I = moment of inertia.

Qw = horizontal length of wall in inches.

Mu = ultimate moment.

Muf = moment capacity of flange.

Nu = axial force normal to the cross section.

Q = statical moment of transformed area above or

below the neutral axis.
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= nominal shear stress = V/hd.

= nominal shear stress carried by the concrete
section alone.

= nominal shear stress at first shear cracking.
= nominal shear stress at end of test.

= nominal shear stress carried by the web rein-
forcement.

= nominal shear stress at ultimate load.
v (calc) = calculated stress at ultimate load.
ﬁ#test) = stress at measured ultimate load.

= ultimate shear force.

= shear force.

= deflection at the top of the specimen in the
direction of loading.

= coefficient of friction.

= ratio of area of reinforcement in flange to
gross area of flange.

= ratio of area of horizontal wall reinforcement
to gross concrete area of the vertical section.

= ratio of area of vertical wall reinforcement
to gross concrete area of wall.

= reduction capacity factor.

PCA R/D Ser. No. 1534
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Low-Rise Walls 181

TABLE 4 - TEST PROGRAM

Test Specimens Load
Phase Compared Reversals | Purpose of Tests
1 B1-1, B2-1 No Vary amount of
main flexural
reinforcement
2 Bl-1, B2-1, Yes Assess reversals
B3-2 of loading
3 B3-2, B4-3 Yes Vary amount of
horizontal web
reinforcement
4 B3-2, B5-4, Yes Vary amount of
B6-4 vertical web
reinforcement
5 B3-2, B7-5, Yes vary hw/l
B8-5 w
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75"

.y
< ‘x emm @ 2"
KNo.:'>,No.4,orNo.5
D2 Cross -ties
4"
ol X
4 | Memm or No.3
] -g—“C|eor —-——-‘*;
%
4 MN—6mm
o "= 25.4 mm
2 l No.3,No.4,0rNo.5
o
|
o emm @ 2"

Fig. 2--Representative horizontal section
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60"
‘ 1" Clear
1, -

- ? T L4 : N 7 "
(@ L )
Construction Joint —| s QNo:s and No.5

[ 9 No.3
6mm\,,’_q
S I—— 6mm or No.3
Varies a
5 n° 1"=25.4 mm
No. X
No.4 = -—%"Clear
n,",/—Construcfion Joint
I8ll
r“-_—‘ (] Q o o
I" Clear
48"

Fig. 3--Representative vertical section
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J
000l  PHffe.0q
20
i REET et
800F  {3,F:168 ﬂ
r—423,1.29 L]
10 3 20
'123,F:4.0@ r—B3,131 —F:8.4 _f3=:
600 —a,F=3.7 e 29
J 3,4
v 10 1903 foq
(psi) —1 | 1a Frog O]
aoof [ = - o
IR,2R™ 120 *o*
=0 | {2R sel*  fof2R —:;155 L JoL
* Jo1* f 2R
— ™2 o IR Sy
200 L, i R ol IR L
o L1 IR
0
Specimen  BI-| B2-| B3-2 843 B5-4 B6-4 B-5 B8-5
1"225.4 mm

1000psi = 70.3 kg/sq. ¢m

Details of specimens are given in Table 1.

o

1
2
3
4

10,

First Observed Crack L
First Shear Crack R
Yield of Vertical wWall Bars

Yield of Horizontal Wall Bars

Loading from left
Loading from right

*Observed before cracking
in other direction

20, 30 = Nominal shear stress at cracks, widths of
0.01, 0.02, and 0.03 in.

Ratio of strain in vertical wall reinforcement to strain
in horizontal wall reinforcement

1.08 = Average stress in flange reinforcement = 29 ksi,
Ratio of measured to stress calculated by simple
beam theory = 1.08

Distress observed in middle 1/3 of height of the wall

Distress observed at top construction joint

Fig. 6--Summary of test results
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Fig.
Toad

7--Photographs of all test specimens at ultimate
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B8-5

Fig. 8--Test specimens at conclusion of loading
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"= 25.4 mm
— 1000 = 70.3 kg/sq.cm Bl-1
”‘~—-\
\
/'_—-\Q—\-—\
- o MB2-
x“" B3-2
Envelope
] ] ]
0 0.1 0.2 0.3
Deflection, in.
(a)Partial Plot
Unintended . fc P
rapid — Specimen psi %o
.. unloading
Bi-| 4200 1.8
B2-1 2370 6.4
0

Deflection,in.
(b)Full Piot

Fig. 9--Deflection of B1-1, B2-1, and B3-2
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Ultimate
1000 T + J
Envelope
\ ’
V' hd *_See note
psi /]
500 + p -1 ,
O.linch
N . = 1
1 ~ T [ T
Deflection
-500 + / 3
G 4 Note: Shape in this region
______ affected by loading procedure
-1000 + + T
a) v =567 psi b) v = 665 psi ¢) v =800psi and ot Ultimate
(a) Prior to Ultimate Load
"= 25.4mm
1000 psi = 70.3 kg/sq.cm 1000+ —Ulitimate
See note
Envelope
LY <
Y hd e

t
0.2
Deflection, in.

-5001 Note: Shape in this region

affected by loading procedure

-1000+

(b) Beyond Ulitimate Load

Fig. 10--Measured load versus deflection relationship
of B3-2
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1000 |-
f! Ph
H C
I«‘ Specimen psi o
H B3-2 |3920| 05
]
v i
vi— W
hd 500 I" = 25.4mm
ps! 1000psi = 70.3 kg/sq.cm
(o]
v Deflection,in.
Fig. 11--Deflection envelopes of B3-2 and B4-3
1009 Specimen fe Ao
P psi %
B3-2 3920 | 05
B5-4 4190 0
vy 500 B6-4 3080 | 0.25
. hd I"=25.4mm
psl 1000 psi = 70.3 kg/sq. cm
NS c=mraem—
. 2.0
| Defiection, in.
- Fig. 12--Deflection envelopes for B3-2, B5-4,
- and B6-4
; 1000 p
E //).'\ Specimen pgi ho/fw
[\ N B3-2 |3910 | L
4 B7-5 |3730 Y
ve 3400] |
hd
si
P 1"=25.4mm
1000psi = 70.3 kg/sq. cm
=
rd

Deflection, in.

B8-5

Fig. 13--Deflection envelopes of B3-2, B7-5, and
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2000} B3-2 670
B8-5
: 680—K
Vertical , /
Reinforcement ™ /
Strain /,
1550 /
millionths /
/
/
/
1000 /
/
/;1570
| aa0f "
-~ T v=440psi
X Yield in one or more
vertical wall bars
O 1 1 1 L
0 1000 2000
Horizontal Reinforcement Strain

millionths
1000 psi = 70.3 kg/sq. cm

Fig. 17--Comparison of wall strains for B3-2,
B7-5, and B8-5
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1000

B3-2R
_V
V'hd 500
si -
ps! ~-- B3-2
o) | | H L | |
0 0.1 0.2 0.3 0.4 0.5 06
Deflection, in.
{a) Partial Plot
1"=25.4 mm
1000 1000 psi = 70.3 kg/sg.cm
s . fr
/ “ Specimen psci
'/ \ B3-2 3920
v= v { B3- 2R | 3410
hd 500 |-
psi
B3-2R
-2
O ’
0 1.0 20
Deflection,in.
(b) Full Plot

Fig. 18--Deflection envelopes of B3-2 and B3-2R




Low-Rise Walls 199

Fig. 19--Specimen B3-2R at ultimate Toad

Fig. 20--Specimen B3-2R at end of test
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Locations caiculated Locatjons for
from measured strains beam  behavior.

|~

-~ ) | ]
N \‘\ $
~ \\\
\\n AN

/
/
/
/
YASAI A IITY.

/

A
/

&

Fig. 21--Location of resultant compressive force in

concrete
@ BI-i
400 B4-3
«B2-1
83-2
Ve B6-4e
osi 200 \Vu=8‘3\lfé +Ppfy
Shear Reinforcement
0 "
83[%B5-4 v
Concrete
5 1000 psi=70.3 kg/sq. cm
\ I~ 1 . - .
c \/fc English = 0.265 \f. Metric
Vi LU
w2
1 1
[o] 200 400

Fig. 22--Increase in strength with vertical wall
reinforcement
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Destroyed Concrete

| / |- —

(a) Specimen at End of Test

Mus

(1777777 777777777777777/7777

(b) ldealized Frame Action

Fig. 23--Frame action beyond ultimate
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1000+ *
)
e °
°
v *83-2R
Y (test) (Retest)
psi
™
500}
1 ]
(0] 500 1000

7 _JL Ny .
-8@ -2.5Vf, +4gh+Pfy,pm

Fig. 24--Tests calculated versus shear stress




