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SYNOPSIS

Background information on design provisions for low-rise shear walls
is presented. Results of eight tests on approximately one-third scale walls
with boundary elements are briefly summarized. The findings indicate that
(1) severe reversals of loading reduce ultimate shear by about 10%, (2) ver-
tical wall ‘reinforcement is more effective than horizontal reinforcement in
resisting shear, (3) boundary elements enhance the post-ultimate load carry-
ing characteristics, and (4) simple repairs provide walls with adequate
strength and with improved capability for energy absorption.

BACKGROUND

The development of design provisions for shear walls in the United States
is discussed in companion papers.(l,2) These design provisions consider that
ultimate shear stress is made up of two parts. A portion of the shear is car-
ried by the concrete while the remainder is carried by reinforcement.

For low-rise shear walls, it is of interest to note that less shear was
attributed to the concrete in design by the 1971 ACI Building Code (5) than by
provisions in effect at that time in the Uniform Building Code.(4) The UBC
provisions were recently revised and will be available for use in 1973.

For walls with minimum reinforcement and with a height-to-horizontal
length ratio, hw/ﬂw’ of one or less, the UBC provisions_assumed that the ulti-
mate shear stress carried by the concrete was 5.7 /f! I They also did not
allow any additional contribution to shear streng hcfrom web reinforcement.

The ACT provisions limit the ultimate shear stress carried by the concrete to
3.3, /f', if it is considered that the effect of axial stress in low-rise walls
is negligible. However, they allow the ultimate shear stress to be increased
to 1cw%é by the addition of sufficient equal amounts of horizontal and vertical
web reinforcement.

There were several reasons for the changes in approach used in the ACI
provisions. Among these was concern that the contribution of the concrete to
shear resistance may be affected both by the manner in which the shear forces
are applied and by the effect of severe reversals of loading. The ACI pro-
visions also reflected evidence that web reinforcement was effective in deep
members, although the respective contribution of either the horizontal or
vertical bars was uncertain.
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Hhere f! is in psi. A/f—z English equals O.265A/f_:‘; Metric.
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OBJECTIVE AND SCOPE

To obtain experimental information on the strength and serviceability
of low-rise shear walls, the Portland Cement Association recently conducted
a series of eight tests on approximately one-third scale specimens.(5)

These specimens, with height-to-horizontal length ratios between l/h and

1, were constructed with boundary elements representing walls or columns at
each end, a floor or roof slab on top and a foundation at the base. The
amount of reinforcement in the end walls varied from 1.8 to 6.4% of its
areas., Both the horizontal and vertical reinforcement in the shear walls
were varied from O to 0.5% of the wall area. Six of the eight specimens
were subject to a continually increasing pattern of load and deflection re-
versals up to and far beyond their ultimate load. After this severe loading,
one of the specimens was repaired and retested. This paper briefly describes
the experimemtal investigation, summarizes the findings, and presents initial
recommendations for the design of low-rise walls.

EXPERTMENTAL INVESTIGATION

Test Specimen - Details of the test specimen are shown in Fig. 1. It
consists of a wall integral with vertical end boundary elements that repre-
sent either a cross wall or column. The concrete slab at the top represents
a floor or roof slab framing into the wall. The large, heavily reinforced
foundation base was prestressed to the laboratory test floor.

Design of each specimen was based on concrete having a compressive
strength of 3000 psi at 28 days and reinforcement with a yield stress of
60,000 psi. Dimensions and reinforcement of the eight specimens are listed
in Table 1. Measured properties of the concrete and reinforcement are sum-
marized in Table 2.

Method of ILoading - All but two specimens were subjected to reversals
of loading. Specimens Bl-1 and B2-1 were subjected to an unidirectional
loading. Loading on all specimens continued until a lateral deflection of
about 3 in. had been reached. The application of load reversals was in-
tended to represent a severe seismic loading. To make comparisons of
strength, a systematic pattern of increasing stress or deflection was fol-
lowed, as illustrated in Fig. 2. At each level, the load was cycled twice.

After reaching ultimate, the specimen was displaced until a desired de-
flection was obtained. At this deflection, and at each increasing increment
of deflection, the specimen was cycled twice in a manner that displaced it
to approximately equal displacements in each direction.

Principal Test Results - The principal test results are presented in Fig.
3. Shear stress, v, was calculated as V/hd, where V = the applied shear force,
h = the thickness of the web, and d = the effective depth, defined as the dis-
tance from extreme compression fiber to the centroid of the tension reinforce-
ment. Table 1 lists the effective depth for each specimen.

In most specimens the first observed cracking occurred in the lower
portion of the web, near the flange closest to the applied load. General-
ly one or two very short cracks inclined at about 40 degrees were found.
This cracking was probably influenced by residual tensile stresses in the
web. The cracking occurred at nominal shear stresses between 110 and 230
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psi. Its development did not noticeably change the deflection and strain
measurements.

At a higher stress, one or more long inclined cracks occurred sudden-
1y in previously uncracked concrete. Development of inclined cracks signif-
icantly affected the measurements. This occurrence is referred to as first
shear cracking.

Figure 3 shows the nominal value of v /vT' for each specimen. Except
for Specimen B3-2R, a retest of B3-2 afterit w%s repaired, the range of
VCD/J%T for the specimens with an h_/{;0of 1/2 was from 4.9 to 6.5. Values
of Aywihwranged from 0.00032 for B5-4 and B7-5 to 0.00072 for Bl-1.

At load levels near ultimate, the two specimens subjected to load in
one~direction exhibited a uniform pattern of parallel inclined cracks.
Except for B5-l4, specimens subjected to load reversals, exhibited a nearly
orthogonal pattern of cracks. The cracks caused by load in one-direction
had about the same spacing, width, and inclination as the cracks caused by
reversed load. The average crack inclinations for all of these specimens
ranged between 37 and 43 degrees.

A series of web struts were formed by the development of the parallel
cracks. Load reversals did not seem to adversely affect the behavior of
the struts or the transfer of shear from the top slab through the struts
to the base.

Specimen B5-4 contained no vertical web reinforcement. The crack
pattern for this specimen was irregular. At comparable loads, inclined
crack widths were larger for B5-4 than for any other specimen.

Specimen BL-3 contained no horizontal web reinforcement. The crack
pattern for this wall was not as regular as in the specimens containing
horizontal web reinforcement. Furthermore, at comparable loads, the in-
clined crack widths in BL4-3 were about twice as large as in a similar
specimen containing horizontal web reinforcement.

Figure 3 shows the nominal shear at ultimate, vh/vfé- The value of
Vy VET ranged from 8.3 to 15.8. The value of /hy, ranged rom 0.0053
to 0.6150. Except for B3-2R, the range of Aﬁ h for the specimens with
h.w/f(W of 1/2 ranged from 0.0053 to 0.0069. w

Figure 3 also shows the effect of principal variables on v.. and v
In Fig. 3(a) the effects of the amount of flange reinforcement Bnd the®
method of loading are shown. These three specimens contained 0.5% hori-
zontal and vertical web reinforcement. Their height-to-horizontal length
ratio was 1/2. In 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 re-
versals, simulating seismic loading, exhibited a shear strength about 10%

lower than that of comparable specimens subjected to loading in one-direc-
tion.

" The effect of the amount of horizontal web reinforcement is shown
in Fig. 3(b). The specimens compared contained 4.1% reinforcement in
the flanges, and 0.5% vertical web reinforcement. Their height-to-hori-
zontal length ratio was 1/2. As can be seen, the amount of horizontal
web -reinforcement had little effect on the shear strength.
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Figure 3(c) shows the effect of the vertical web reinforcement. The
specimens compared contained L4.1% reinforcement in the flanges, and 0.5%
horizontal reinforcement in the web. Their height-to-horizontal length
ratio was 1/2.~ It may be observed that the amount of vertical web rein-
forcement had a significant effect on the shear strength.

The effect of the height-to-horizontal length ratio is shown in Fig.
3(d). The specimens compared contained 4.1% reinforcement in the flanges.
In the web, 0.5% vertical and horizontal reinforcement was used. As shown
for the specimen with the largest hw/(/W ratio exhibited the lowest LA and

.

v

cr

In two specimens, Bl-1 and B8-5, the flexural reinforcement in the

flanges was just sufficient to develop the shear capacity before yielding
would have occurred. For these specimens, the measured tensile force in
the flange reinforcement at the base of the wall was approximately equal
to that calculated by assuming that strains in the reinforcement and con-
crete are proportional to the distance from the neutral axis.

In the remaining specimens, the stress in the flange reinforcement
remained considerably below yield even at the ultimate loads. For these
specimens, the tensile force was always greater than the computed force.

In the tests on B3-2 and B7-5, the measured force was 15% and 68% greater,
respectively, than the computed force at the ultimate load. Apparently

the high forces are caused by a shift that places the resultant compressive
force in the web. This shift is caused by the development of high com-
pressive forces in the web struts.

The tests were concluded after pushing the specimens to a maximum de-
flection of about 3 in. Corresponding values of nominal shear stress
at the end of the test, v /V%T‘ranged from 2.6 to 5.7. As anticipated,
the tallest specimen, BB-%, nad the smallest v /V§T. For the specimens
with b /{_ of 1/2, Vﬁ/v%z ranged from 3.0 to 5.5. ©

The analysis of the data verified that prior to ultimate, the shear
force was transmitted from the top slab to the base through compressive
struts in the web. At the top of the web, the compressive force was con-
centrated at the applied load side. At the base of the web, it was con-
centrated at the far side. Therefore, it appeared that the shear was
transmitted from the top to the base by truss or lattice type behavior.

At the ultimate load, fouwr specimens exhibited some form of distress
at the top construction joint. These specimens were Bl-1, B3-2R, B5-U4 and
B7-5. The distress was generally characterized by the development of very
short inclined cracks across the joint. This was followed by development
of interconnecting horizontal cracks. In some cases, horizontal movement
was observed during loading.

With Bl-1l, the first test specimen, the distress may have been due to
inadequate roughening of the joint during construction. However, this
specimen contained the smallest amount of flange reinforcement, a factor
that also may have contributed.

In the process of repairing B3-2R, concrete was packed by hand to
the underside of the top slab. Consequently, contact between the web and
the top slab was not as good as in other specimens. This caused a plane

of weakness at the joint.

— 875 —



Specimen B5-4 &id not contain any web reinforcement across the con-
struction joint. Therefore the joint was not expected to be as effective
as in the other specimens. Specimen B7-5 was the shortest specimen.

For the specimens in which distress was observed at the top construc-
tion joint, the load-carrying capacity beyond ultimate decreased more slow-
1y than for the other specimens. Beyond the ultimate load, web crushing
and spalling occurred in the vicinity of the construction joint near the
side where the load was applied. In general, the joint distress appeared
to provide additional energy absorption, a desirable situation for earth-
quake resistant walls.

With B2-1, B3-2, BL4-3, B6-L4 and B8-5, crushing and spalling started
in the web, generally at the location of a vertical bar. This crushing
was apparently due to the eccentric compressive forces that were trans-
mitted through the struts. Crushing and spalling extended in a horizontal
plane located within the middle one-third of the height of the specimen.
Little distress was observed at the top construction joint. For these
specimens, the load carrying capacity decreased more rapidly beyond the
ultimate load.

In all specimens, the top slab was observed to deflect upward during
application of loadings prior to and at ultimate. This upward movement
was associated with web cracking and subsequent yielding of the vertical
web bars. It was evident that the top boundary condition had a significant
effect on the behavior. Under loadings after ultimate, the top slab re-
gained its original undeflected shape.

FINDINGS

The shear strength of the specimens was not affected by differences
in the amount of flexural reinforcement.

A nearly orthogonal pattern of cracking developed in the specimens
subjected to load reversals. This cross-cracking did not detrimentally
affect the behavior of the specimens. A specimen subjected to load re-
versals had a shear strength about 10% less than a similar specimen sub-
jected to loading in one-direction.

For the specimens with a height-to-horizontal length ratio of 1/2
and less, the horizontal wall reinforcement did not contribute to the
shear strength. It was effective in producing a distributed crack pat-
tern and in controlling crack widths. For design, minimum horizontal
reinforcement should be provided in all walls.

The vertical wall reinforcement was more effective as shear rein-
forcement in the specimens with a height-to-horizontal length ratio of
1/2 and less than in the specimen with a height-to-horizontal length
ratio of 1. However, in both cases it appeard to contribute to the shear
strength. It was also effective in producing a distributed crack pattern
and in controlling crack widths. For design, minimum vertical reinforce-
ment should be provided in all walls.

The restraint of the upper boundary appeared to have a significant
effect on the shear strength of the specimens with a height-to-horizontal
length of 1/2 or less. This suggests that the behavior of piers and
spandrels would differ from low-rise walls.
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The shear strength of a specimen with a height-to-horizontal length ratio
of 1/h was not significantly higher than the shear strength of a comparable
specimen with a height-to-horizontal length ratio of 1/2.

The shear strength of a specimen with a height~to-horizontal length
ratio of 1 was about 20% lower than the shear strength of comparable speci-
mens with height-to-horizontal length ratios of 1/2 and 1/k.

Slip or distress at construction joints may have somewhat reduced the
strength of a few walls. This same behavior was observed for the repaired
test specimen. However, slip appeared to absorb energy and produced better
behavioral characteristics after ultimate.

The behavior of the specimens was found to be similar to that of deep
beams and corbels. Walls without shear reinforcement had a shear strength
above the stress associated with first shear cracking. Application of the
load through the top boundary element did not appear to influence the re-
sults.

Ioad carrying capacity beyond ultimate depends mainly on the ability
of the boundary elements to act as a frame. Undamaged wall concrete of-
fers restraint to the boundary elements. In these tests, the mode of
failure was gradual rather than sudden and catastrophic.

RECOMMENDATIONS FOR DESIGN AND REPATR

Design - For walls with a height-to-horizontal length ratio, hW/ L
of one or less, it is recommended that the shear stress carried by ~ the
concrete, Vs be not greater than

h
el - W
= 1 - [
v, = 8/ 2.5,/ L, ceeea(2)

The shear stress carried by the wall reinforcement Ve shall be computed

VS= pfy a----(s)
but not greater than v_ =6 _T; where p is the lesser of the amount of

wall reinforcement in either the vertical or horizontal direction, and
p shall not be less than 0.0025.

Repair - A shear wall damaged due to extreme deformation was effec-
tively repaired by removing and recasting loose and spalled concrete., In . -
this investigation, the shear strength of the repaired specimen was 20%
less than that of the new wall. However, its strength was still higher
than that implied for undamaged walls by current design procedures (3).
Similarly, the energy absorption of the repaired wall was higher.
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METRIC EQJIVALENTS

Pound -Foot ~Second Meter-Kilogram-Second
1 in. ) 2.54 cm
1000 psi 70.3 kg/cm®

N3 | 0.265, /£
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TABLE 1 - DIMENSIONS AND REINFORCEMENT OF SPECIMENS

Reinforcement
Height hw Effec -
h Z_ tive Flange Web Vertical Web Horizontal
Specimen " w | Depth . Reinf. Reinf. Reinf
d No. -Size ratio No.-Size ratio No. -Size ratio
in. in. 0 [ Pn
Bl-1 37.5 | 1/2 67.8 16-No.3 0.018 12-No.3 0.005 15 - 6mm | 0.005
B2-1 37.5 | 1/2 71.7 20-No.5 0.064 12-No.3 0.005 15 - 6mm | 0.005
B3 -2 37.5 | 1/2 70.7 20-No.l 0.041 | 12-No.3 0.005 15 - 6mm | 0.005
Bl -3 37.5 | 1/2 70.6 20-No.k4 0.041 | 12-No.3 0.005 None 0
BS54 37.5 | 1/2 73.0 | 20-No.k 0.041 None 0 15 - 6mm | 0.005
B6 -l 37.5 | 1/2 71.8 20-No.4 0.041 | 16 -6m| 0.0025| 15 - 6mm | 0.005
BT -5 18.75| 1/4 70.7 20-No.k4 0.041 12-No.3 0.005 7 - 6mm | 0.005
B8-5 75.0 1 70.7 20-No.L 0.041 | 12-No.3 0.005 33 - 6mm | 0.005
TABLE 2 - PROPERTIES OF CONCRETE AND REINFORCEMENT
Wall Reinforcement
1 L
Specimen A%gs:t ftl: fct fct Ec Flanges Web -
Vertical® Horizontal®
_ million Yield Ult, [Yield J1t. Yield Ult,
days psi psi JEL psi Stress Stress [Stress Stress Stress | Stress
¢ £ £ £ £ £ ?
Y u N u Y “u
ksl ksi ksi ksi ksl ksl
Bl-1 35 4200 510 7.9 3.4 76.22 118.72 | 78.8 123.1 7L.9 98.6
B2-1 29 2370 320 6.6 2.5 70.6° 119.0% | 80.0 126.5 72.4 97.0
B3-2 27 3920 k70 7.5 3.4 60.0 96.7 79.0 123.3 Th.4 97.5
B3 -2R* 7 3410 370 6.3 2.6 - - - - - -
Bl -3 29 2760 370 7.0 2.7 76.5 117.2 | 77.6 119.6 - -
BS -l 28 4190 530 8.2 3.4 6.4 117.0 - - 71.8 98.3
Bl 27 3080 410 T.b 3,1 76.7 116.3 | 72.0° oi.8° 72,0 9.8
B7-5 26 3730 k10 7.7 3.3 78.2 115.1 | 77.0 120.4 72.7 %.0
B8-5 26 3400 430 7.4 3.3 70.9 112.8 76.5 109.5 71.9 97.9
Average 3450 L30 7.3 3.1 73.2 11,1 7.3 116.7 T2.4 91.2
Notes:
INo, 4 bars unless otherwise noted
2No, 3 bars,
®No. 5 bars
“No. 3 bars unless otherwise noted
® 6mm bars

*Repaired Specimen B3-2
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