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EARTHQUAKE RESISTANCE STRUCTURAL WALLS -

COUPLED WALL TESTS

by
f K. N. Shiu, J. D. Aristizabal-Ochoa,
G. B. Barney, A. E. Fiorato, and W. G. Corley*

HIGHLIGHTS

Structural walls coupled by beams in multi-story buildings
are efficient systems for resisting lateral forces from earth-
quake motions. In a properly designed system, coupling-beam
élements provide additional lateral stiffnes; and energy dissi- .
pation capacity.

To determine effects of coupling beam strength-and stiffness
on overall}behavior of coupled wall systems, a combined experi-
mental and analytical investigation was undertaken by the Con-
struction Technology Laboratories, Effects of axial load
induced by coupling beams on behavior of individual walls were
evaluated. Interaction among individual structural elements,
and redistribution of moment and. shear between walls were
investigated.

In this report, two six-story cdupled wall spécimens were
tested under incremental cyclic lecadings. Specimens were about

one-third of prototype size. The two tests showed behavior of

a wall system with relatively weak coupling beams,

*Respectively, Structural Engineer, Former Structutal Engineer,
Structural Development Department; Manager, Building Construc-
.tion Section; Manager, Construction Methods Section; Divisional
Director, Engineering Development Division, Construction Tech-
nology Laboratories, a Division of Portland Cement Asscociation,
Skokie, Illinois 60077



and a repaired systgm with stiffer and stronger beams. Applied
loads, deflections, rotations, shear distértions, and reinforce-
ment strains were measured.

An analytical model was developed to simﬁlate experimental
results, - The analytical model was based on a structural system
idealized by an inelastic line model. The model accounted for
inelastic flexural and shear behavior. Interaction between
shear and flekure, as wéll as axial force ;nd flexure, waslalso
evaluated.

Thé analytical model was used to calculate behavior of wall
systems with weak beams and with strong beams. Calculated

results were compared with experimental data. Effects of
selected patameters on wall behavior were analyzed. Effects of

beam repair were also evaluated.

i3

OBJECTIVES

Objectives of this investigation were to evaluate behavior
and develcop design recommendations for earthquake-resistant
reinforced concrete coupled walls, Behavior of coupled wall
systems with weak coupling beams and with strong coupling beams
under static lateral in-plane reversing loads was investigated.
Specific obﬁectives of the tests were:

(1) To determine effects of beam-strength on the behavior

cf coupled wall systems.

(2) To evaluate effects of induced axial coupling beam

forces on the strength and ductility of individual

walls.

i P PR —




(3) To identify critical design parameters for coupled wall
systems with weak and strong coupling beams.

(4) To investigate the redistribution of shear and moment
between coupled walls.

(5) To evaluate procedures for repairing damaged
structural wall systems.

(6) To develop and verify procedures for analyzing
structural wall systems.

(7) To determine effects of selected parameters on the

behavior of coupled wall systems.

SCOPE
The research investigation for coupled walls was divided
into two prograﬁs:
(1) Experimental Program

(2) Analytical Program

Experimental Program

In the ekperimental program, two coupled wall tests were
per formed. Tests were conducted on é specimen which was approx-
imately 1/3 scale of a selected prototype structure. The speci-
men represented a coupled wall system in a six-story building.
To simulate site conditions, the specimen was built with common
construction practices. Lateral incremental reversiné loads
were applied to the specimen. Throughout tests, aeformations

and sequence of yielding of ihdividual elements were recorded.



The first test; CS5-1, was performed on a coupled wall system
with weak coupling beams. As reversing loads were applied, the
weak beams suffered heavy damage relatiyely early before the
walls yielded. Socn éfter the walls yielded, damage to various
structural elements was evaluated and the test was stopped. All
coupling beams were removed and replaced with stiffer, stronger
beams; Walls were not repaired. The resulting repaired system
was designated RCS-1.

System RCS-1 with the stiffer, stronger beams represented a
"heavily" coupled wall system. Testing 6f the repaired system
followed similar reversing load cycles as for CS-1. Test RCS-1
was stopped when the load éarrying capacity of the specimen
deteriorated substantially. Behavior of both test specimens

was recorded and compared.

Analytical Program

In the analytical program, a mathematical model of a coupled
‘wall system was developed. Inelastic behavior of individual
members was calculated by continually updating element stiff-
ness. Validity of the model was confirmed by comparing analyt-
ical and experimental results. . |

Three parameteré that‘affected behavior of wall systems were
considered in detail. These parameters are:

(1) Interaction bethen flexural and axial forces

(2) 1Inelastic shear effects in beams and walls

(3) Beam end rotations caused by bond slip.

[y iy N oy St e Smas — el




The significance of each parameter on overall response of wall
systems was evaluated. In addition, effects of beam strength

on behavior of coupled wall systems was investigated. Redistri-
bution of shear and moment between walls in the inelastic region
was célculated. Effects-of axial loads induced in walls by

coupling beams were also determined.

BACKGROUND

Structural wall systems can be divided into of three major
categories as illustrated in Fig. 1. These are wall systems
with openings (or pierced walls), coupled walls, and wall-frame .
systems. In this report, behavior of coupled walls is of par-
ticular interest. Coupled wall system§ consist ¢f structural
walls connected with coupling beams.

The effectiveness and efficiency ¢of coupled wall systems
have been demonstrated by their performance in recent earth

(1) (2,3,4)

Tests of coupling beam elements and isolated

(5,6,7)

quakes,
structural walls indicate that coupled walls are viable
structural systems in earthquake-prone regions. However, proper
understanding of design philosophy and details are required so
that sufficient strength and.ductility‘of individual elements
are available to withstand large inelastic déformationsi
Effects of interaction between individual structural members on
the overall behavior of wall systems must be considered.

In couﬁled wall systems there are two primary structural®

actions: flexural and shear resistance of individual walls, and

coupling resistance caused by axial forces in the walls.

/‘
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Accumulation of forces transmitted through coupling beams as
shear contributes to aiial forces in the walls. The amount of
coupling is directly related to flexural and shear capacity of
beams.

Even though substantial work has been done on evaluation of

(2 -7 experimental

inelastic behavior of individual elements,
data on cverall inelastic behavior of wall systems and effects
of interaction between elements are lacking. Information on
on deformation capacity of wéll systems in relation to possible
ductility demands under earthguake motions is limited.(s'g)

/

Limited data on behavior of éoupled structural wall systems
has been reported. Data have been ?btained from three kinds of
tests: i

(1) Stétic monotonic tests

(2) Static reversing load tests

(3) Dyﬁamic tests

Static Monotonic Tests

Three monotonic tests on coupled wall systems were performed
by Nguyen at McGill University(lo), Tenth scale micro-concrete
models of four-story coupled walls were tested. Variables
included couplihg beam proportions, coupling‘beam‘reinforcement,
and wall reinforcement.

Results of the tests indicated that adequate shear rein-
forcement was required in hinging regions of walls if flexural

capaclity was to be attained. Results also showed that coupling

beams with diagonal reinforcement performed better than beams

with conventional reinforcement.

-7 -



Static Reversing Load Tests

‘Paulay and Santhakumar performed two\l/4-scale coupled wall

tests(ll’lz)

. The two reinforced concrete models represented
twoﬂseven-story high structural walls connected by seven
coupling beams. Specimens were subjected to repeatéd cycles of
inelastic reversing loads.

Cdupling beams of both specimens had shear span-to-depth
ratio of 0.7. In one specimen, coupling beams were reinforced

with conventional horizontal bars. After several cycles of

inelastic loadings, sliding shear failure occurred in the beams.

In the other specimen, coupling beams were reinforced with full-

length diagonal reinforcement. The diagonally reinforced beams
were able to dissipate significant amounts of energy without
suffering excessive deterioration. The test was terminated when
capacity of the compression wall was reached.

Regardless of beam performance, both wall systems exhibited
substantial deformation capacities. Wall systems with conven-
tional reinforced beams lost lateral strength with the rapid
deteriofation of shear capacity in the tension wall. Wall
system with straight diagonals, on the otﬁer band, failed in
compression buckling of reinforcement‘inicompression wall.

Experimental results showed the effectiveness of using full-
length diagonal bars in short-span coupling beams. Further
discussion of the coupling beam reinforéement details is given
by Paulay and Binney(l3). Beams should also be selected‘in
lightléf the capacity of wall elements. Too strong the coupling

beams would result in excessive damage in wall elements.

'
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Thereby the capacity of the wall system was limited to that of
the walls.

The Portland Cement Association undertook similar approach

to investigate individual structural elements(z's). Eighteen

tests on isolated walls and eight tests on coupling beams were

performed. Different wall sections and reinforcement details

(3)

were investigated. Coupling beam specimens with shear-span

to depth ratios of 1.25 and 2.5 were tested. Full length diago-

nal bars were found to be very efficient in short-span beams.
However, the effectiveness of full-length diagonals decreased

with increasing shear span-to-depth ratio.

Dynamic Tests

Aristizabal and Sozen(l4) have reported results of dynamic
tests 4n four small-scale coupled wall systems. Specimens were
ten stories high with wall elements joided at each floor by
coupling beams. Span-to-depth ratio of the coupling beams was
approximately 2.7. Reinforcement details of wall elements for
all specimens were identical. The four specimens were designed
with different amounts of beam flexural reinforcement. “Speci-
mens were subjected to variations of either 1940 El Centro or
1952 Taf£ earthgquake motions,

Test results indicated that natural freguencies decreased as
specimens were subjected to base motions of increasing inten-
sities. It was also observed that for relatively strong base
motions, damage could be confined to the coupling beams.

Effects of coupling beam strength and stiffness on the



behavior of wall systems have also been reported by Lybas and

Sozen.(ls)

Dynamic and static tests of coupled walls have been reported

(16) However, dynamic tests were conducted

by Irwin and Young.
only in the elasfic range of very small specimens. A sine wave
function was used as the forced vibration, 1In static tests, the
model exhibited a ductility factor in excess of four. Lateral

load redistribution between structural wall elements was

reported.

EXPERIMENTAL PROGRAM

Two coupled wall tests are presented in this report. These
corresponded to tests on a system with weak beams (CS5-1) and a

system with strong repaired beams (RCS-1).

Test Specimens

Dimensions of the couplea wall specimen are shown in Fig. 2.
The 18 ft (5.5 m) high, 1/3 scale, six-story mddel consisted of
two rectangular walls coupled by six beams. Each wall had a
horizontal length of 6 ft 3 in. (1.9 m) and a uniform wall
thickness of 4 in. (102 mm). Cross section ¢f the wall elements
is shown in Fig. 3. The base of each wall was anchored ;igidly
to‘the test floor throuéh-a common base block. Soil-structure
interaction was not considered. ,

For CS-1, coupling beams‘spaced 3 ftl(0.9 m) on centers had
a ¢lear span of 16.7 in. (423 mm) correspcnding to a shear span-
to-depth ratio of 2.50. The cross section of coupling beams was

4 in. by 6.7 in. (102 mm by 169 mm) as shown in Fig. 3.

-10-
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Fig. 2 Dimensions of Coupled Wall Specimen
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Repaired beams in RCS-1 had a cross section of 10 in. by 8 in,
(254 mm by 203 mm) as shown in‘Fig. 3. Shear span-to-depth
ratio of the repair beam wasvl.b4. At each fioor level, slabs
were simulated by 2.5 in. (64 mm) by 1 £t (0.3 m) stubs with 2
ft (0.6 m) overhang on both sides of the walls. To prevent
out-of-plane wall movements during testing, restraining supports
were provided for slab overhangs in the first three floors.
Thickness of the top floor slab was increased to 5 in. (127 mm)
to accommodate apélied lateral forces introduced at that level.
Construction procedures for the specimen were similar to
those used in the field. The structure was cast vertically, one
story at a time, with construction joints at each flcor level.

Detailed descriptions of the specimen and construction proce-

dures are given in Appendix A.

Materials and Reinforcing Details

Design compressive strength of concrete was 3,000 psi (20.7
MPa) and Grade 60 reinforcing steel was used. Measured material
properties are summarized in Table 1. Specimen CS-1 was teste&
at the youngest concrete age of 105 days. Therefore, very
little change of concrete strength in wall elements were antici-
pated in RCS-1 tests.

General design of reinforcement details was based on the
1971 ACI Building Code;(l7) Reinforcing steel configuration for
wall elements is shown in Fig. 4. Primary flexural reinforce-

ment in the wall Wés provided by 12 No. 4 bars which formed the

boundary element at each end of the wall. Confinement at the

-13-



Table 1 - Material Properties

£ £

. _ v su
Reinforcement (ksi) (ksi)
No. 3 Bar 70 108
No. 4 Bar 653 101
6 mm Bar 77 103
D=3 Wire : 74 85
1000. psi = 1 ksi = 6.895 MPa
fy = yield strength of

reinforcement

fsu = wultimate strength of

reinforcement

~14-

of RCS-1

f! E
o C
Concrete (psi) (ksi)
First level 4430 3640
Second level 3390 3350
Third level 3740 3140
Fourth level 3630 3350
Fifth level 3040 2960
Sixth level 3750 3420
- Repaired Beams 3500 4070

compressive strength of

concrete

modulus of elasticity of

concrete
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boundary element was provided by closed hoops of D-3 deformed

wires spaced at 1.33 in. (34 mm) on centers cover the first two

stories. Hoop spacing in the upper stories was increased to 4 in.

(102 mm) . Vertical web reinforcement consisted of two layers of
6-mm bars spaced at 9 in. (229 mm). Horizontal shear reinforce-
ment was designed to resist shear forces corresponding to a
mechanism consisting of flexural yielding at endé of the
coupling beams and 1.25 times flexural yielding at the base of
the walls. The 1.25 factor considered in the walls was to
account for strain hardening of primary flexural reinforcement.
Horizontal reinforcement consisted of the two layers of 6-mm.
bars'spaced at 4 in;'(102 mm). No strain hardening was assumed
in the coupling beams. |

Reinforcement details for coupling beams of CS-1 are shown

in Fig. 5(a). Based on experimental results from beam element

f
tests, straight horizontal reinforcement was used.(2’3)

Closed
hoops of D-3 deformed wire spaced at 1.33 in. (34 mm) were pro-
vided in the beams for both shear and concrete confinement.
Based on flexural analysis of the coupled wall system, 13% of
the total moment capacity at yield was provided by the beams.
Reinforcement details for repaired coupling beams of RCS-1
are shown in Fig. 5 (b). Straight horizontal reinforcement was
used. Reinforcement formed two cages to permit anchorage of
horizontal reinforcement. Details of the repair procedure are

given in Appendix B. Closed hoops of D-3 deformed wire were

spaced at 0.83 in. (21 mm) in each cage. Based on the flexural

-16-
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analysis of the system, the repaired beams provided 30% of the

total moment capacity at yield.

Test Setup

The setup for coupled wall system tests is shown in Fig. 6.
The specimen, located between two reaction abutments, was loaded
laterally at the top as a fixed vertical cantilever.

Forces were applied and distributed equally by crossheads to
the top of each wall throughout testing. To monitor behavior,
coupled wall specimens were instrumented with both external and
internal gages. Applied loads, deflections, rotations, shear
distortions and reinforcement strains were measured at selected
locations. A detailed description of the tests is given in
A

Appendix A.

Incremental reversing load cycles, as shown in Fig. 7, were

. applied to the specimens. For CS-1, a total of six reversing

lcad cycles were applied. The weak coupling beams yielded early

and suffered severe damage. When wall reinforcement yielded,

deterioration of the coupling beams accelerated. At the end of
the sixth load cygle, the test was stopped. Although coupling
beams were severely damaged, the two walls were still in goocd
condition.

Damaged beams were removed and replaced with stiffer and
stronger beams. Wall elements were not repaired. This became
the repaired system RCS-1. The resulting wall system was
designated as RCS-1, Testing of the repaired system was con-

ducted with similar reversing load cycles as for CS-1. The load

-17-"



Fig., 6 Coupled Wall Test Setup lin.=25.4 mm

I kip = 4.448 kN
Test CS-| Test RCS-|
200
100 |-
Load, . /\ - /\/\ |
kips OV BT VY [T 0 3
00
200 ‘ Cycle Number

Fig. 7 @ Load Histories
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history for RCS-1 is shown in Fig. 7. The test of RCS5-1 was -
stopped when load carrying capacity of the specimen deteriorated
substant}ally. A total of fourteen load cycles were applied to

RCS— l .

SUMMARY OF EXPERIMENTAL RESULTS

Coupling beams selected for the wdll systems permitted two
ranges of response to be observed. These rangeé were distin-
gulshed by the magnitude of axial load and shear induced in the
walls. The changes in induced axial loadé; and the resulting
redistribution of shear forces, caused two different failure
mechanisms. In this section, observed behavior of CS-1 and
RCS-1 is presented and theif load versus deformation character-
istics are discussed. Principal results for both tests are

given in Table 2.

Observed Behavior

Load versus deflection relationships of CS-1 and RCS-1are
shown in Figs. 8 and 9, respectively. The load gnd deflection
indicated in the figures represent total applied locad and cor-
responding deflection at the top of the specimen, Yielding of
coupling beam elements is identified in Figs. 3 and 9 by shaded
areas. Yielding sequence for coupling beams in both tests is
listed in Table 3.

For CS-1, all coupling beams except the one at the first
level yielded at loads corresponding to 1/3 to 1/2 of the system
yield load. Early yielding of the coupling beams resulted in
excessively high ductility demands. As both wall elements
yielded, all coupling beams had already suffered severe damage.

-19-
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Fig. 9 Load versus Top Deflection for RCS-1
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TABLE 2 - PRINCIPAL TEST RESULTS

'll. | w == = lll‘ n e 'lll g BN W NN s S 0 N s =

Item Test CS-1 Test RCS~1
120% --
System Yield Load (534 kN)
System Yield Top Deflection 1.3 in. -
_ (33 mm)
Maximum Applied Load 143k 217k
' , (636 kN) (965 KkN)
Maximum Imposed Top Deflection 2.4 in. 4.0 in.
(61.7 mm) (101.6 mm)
Max. Nominal Shear Stress - 5.4 £ psi 6.7 £l psi
(0.45 fC MPa) (0.56 fc MPa)
TABLE 3 -~ YIELDING SEQUENCE OF COUPLING BEAMS
TEST OF Cs-1 TEST OF RCsS-1
Load  Coupling Beam Load . Coupling Beam"
kips (kN) Floor Level " kips (kn) Floor Level
42 (L86) 6th 122 (544) 4th
42 (186) | 3rd, 4th, S5th,| 133 (593) 3rd, 5th
59 (262) 2nd 157 (700) 6th
86 {383} 15t 182 (854) l 1st

In addition,

a separation of 0.5 in.

(13 mm)

between walls

at the top of the specimen was measured at the end of the fourth

1
load cycle.

Thus,

under subseguent inelastic reversals,

Wall separation imposed axial deformations in
~coupling beams which further reduced beam deformation capacity.

walls became uncou-

pled and the specimen behaved as two uncoupled walls in paral-

lel.

fourth cycle was

11%.

at full yield from the design analysis.

-2]1-

The amount of coupling estimated at vield locad during the

This compared well with the 13% expected




The extent of cracking in CS-1 at the end of the sixth load
cycle is shown in Fig. 10. Cracks in coupling beams were con;
centrated at both ends. - With repeated inelastic cycles hingés
formed in the coupling beams at the wall-beam interface. Even-
tual deterioration of hinge capacity reduced the coupling action
provided by the beams to a simple linkage mechanism. As shown
in Fig. 10; the observed cfacking pattern of the wall elements
was similar to that of an isolated wall under lateral load

reversals(ls)m

wWall eleménts of CS-1 were in good condition at
the end of the test as caﬁ be seen in Fig. 1ll. '

A total of fourteen load cycles were applied to RCS-1. Beam
yielding'occurfed at levels higher than 2/3 of the maximum load
as shown by shaded areas in Pig. 9. All coupling beams yielded
" before significant reduction of specimen sﬁiffness occurred.

Axial load in the walls generated by the coupling beams had
a significant effect on wall ductility and mode of failure. The
nominal axial stress for the compfession wall Qas estimated to
be 42% of the balanced flexural failure condition. This esti-
mate was based on calculated axial load versus moment interac-
tion diagram. For the tension wall, uplift represented 63% of
the yield capacity under pure axial tension. Because of effects
~of induced axial load, significant redistribution of shear and
moment between walls was expected.

fhe combinatibn of large axial and shear stresses in the
compression wall éf RCS-1 was sufficient to cause web crushing
at a lateral top deflection of 3.8 in. (97 mm). Deformation

capacity of the system was significantly lower than that
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measured in isolated wall tests(ls). Further details on. behav-

ior of the coupled wall spécimens are given in Appendix B.

The cracking pattern of RCS-1 is shown in Fig. 12. For
clarity, only cracks resulting from one direction of loading are
shown. Diagonal cracks were observed spreading evenly through-
out the height of the specimen. Cracks initiated in the tension
wall weré seen propagating through the coupling beams unto the
compression wall. This indicated that the specimen was behaving
very much like a singlé element in an "overturning" mode. A
photograph of RCS-1 after testing is shown in Fig. 13.

Load-deflection eﬁvelopes'for Cs-1 aﬁd RCS-1 are plotted in
Fig. 14. The broken line in the figure represents the load-
deflection envelope of two uncoupled walls in parallel(ls).

The init%al stiffness of CS-1 and RCS—l was observed to be
about three times the stiffness of two walls in parallel. How~-
ever, once coupling beams-yielded, stiffness éf the systems
decreased steadily. For CS-1, decregse of specimen stiffness
was quite rapid. As can be seen in Fig. 14, the load-deflection
envelope of CS-1 approached that of two uncoupled walls. The
test was stopped after the walls yielded. For ﬁCS-l, higher
load capacity was attained, than for two uncoupled walls acting
in parallel. However, the system.Qas less ductile,

Observed behavior of the test specimens can be summarized
as follows. ‘Coupling provided by the relatively Qeak beams in
CS-1 was too light. The coupling beams suffered severe damage

relatively early which resulted in a "linked" wall system, The
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advantage of dissipating energy through coupling beams was not
efficiently utilized. ©On the other hand, coupling beams in
RCS-1 were too strong relative to the walls. Inelastic behavior
of beams was not fully utilized to dissipa%e input energy.

Thus, wall elements became the critical element in the design.
In addition; strong coupling beams induced high axial lcads on
the walls which reduced deformation capacity of the system.

An efficient coupled system shouid provide the desired load
capacity without sacrifice of required deformation capacity.
Wall elements should be designed to maintain their integrity
while energy is dissipated in coupling beams. At the same time,
beams should be selected with sufficient deformation capacity to

sustain coupling actions beyond system yielding.

Deformation Characteristics

A maximum top deflection of 2.4 in. (61 mm) was measured in
CS5-1 when the test was terminated. This corresponds to about
1.1% of the-specimen-height. A deflection of 4.0 in. (102 mm),
1.9% of the specimen height, was applied to RCS-1. As a point
of reference, generally accepted maximum overall drift for
design is about 1 to 2%.

Lateral deflection profiles of the two systems at approxi-
mately the same top deflection are shown in Fig. 15. Curves on
the positive side of the x-axis represent the deflection profile
of the compression wall, while curves on the negative side of
the x-axis represent deflection profile of the tension wall.

The walls acquired different deflected shapes as they were sub-

jected to alternating axial tension and compression under load
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reversals. Walls in compression exhibited larger deflections
especially at the first two stories. This can be explained by

the fact that shear and moment were redistributed between the

‘tension and compression walls through the coupling beams.

In Fig. 16(a), total lateral load is plotted versus rotation
cf first story wall elements. Positive loads indicate that
compressive axial forces were induced into the wall element
being measured. Negative loads indicate tensile axial forces in
the wall element. For CS-1 load versus rotation curves under
positive loads were similar to those under negative loads. This
indicates that wall b;havior under different axial forces was
essentially the same. Axial forces induced through coupling
were not large enough to change wall behavior.

For RCS-1l, load versus rotation relationships in tension and
compression walls were quite different. Measured rotations for
the wall in compression were significantly larger than those of
the wall in tension. This indicated that moment resisted by the
compression wall was significantly higher than the tension wall.
Such redistribution of moment between two walls was attributed
tc the large induced axial loads. The axial loads induced
through coupling were large enough to change wall behavior .
significantly.

In Figr lé (b), load versus shear distortions measured in the
first story of wall elements are shown. Positive loads indicate
that compressive axial forceé were present in the wall element
while negative loads indicate the presence of tensile axial

forces. From Fig., 16(b), it can be seen that load versus shear
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distortion relationships for CS-~1 and RCS-1 were affected by

the direction of applied loads. This indicated that shear was
redistributed between wall elements in both tests. Shear forces
were transferred from the tension wall to the compression wall
through the coupling beams.‘

In comparing rotations and shear distortions for both tests,
shear distortions were found to be more predominant in RCS-1
than in C$-1. As shown in Fig. 16, at load cycles with the same
measured rotation, corresponding measured shear distortions in
RCS-1 were twice than those of CS-1. This indicated fhat the
amount of deflection made up by shear distortions was larger in
RCS-1 than in Cs-1.

Reotations in coupling beams were  also measured for both
tests. Applied load versus end rotation of the coupling beam
at the fourth story is shown in Fig. 17. Measured rotation of

the coupling beam in CS~1 was 0.0037 rad.(2'3)

at yield and
maximum rotation recorded was 9.3 times yield rotation. This
exceeded the rotational ductility capacity of the relatively
weak beams, Obser&ed separation of walls in CS-1 further .
reduced beam ductility.

Rotation of the repaired beams at yield was 0.0005. rad.
Maximum measured rotation was 17 times the yield rotation.
Although beams underwent many times of their yield rotation,
beam elements were still in good conditicons.

Fig. 18 shows the load versus shear distortion relationships

for the 4th story coupling beams of both tests, Shear distor-

tions measured in CS-1 were much larger than those measured in
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RCS-1. A more detail description of the data is given in

Appendix B.

~

ANALYSIS OF EXPERIMENTAL RESULTS

In this section, codpled wall systems are discussed in light
of the experimental data. Load resisting mechanisms of coupled
systems are reviewed with respect to the nature of coupling and
the redistribution of shear and moment in wails. Components of
deflection measufements_in wall systems are also presented in

this section.

Coupled Systems

In order to understand behavior of the coupled wall systems,
attention must be given to interactions of structural elements.
A free body diagram of a wall element under axial compression in

a coupled wall system is shown in Fig. 19. Shear and moment at

the base of the wall element can be expressed as follows:

% Po = Vy = 23, ()
M o=gRH=M +IM+V, D - zan (2)
c'c
where IPO = applied ioad
Vw = shear force at base of wall element
A, = axial force in coupling beams ,
H = height of‘wall system
Mc = moment in coupling beams

Mw = moment in wall element

Al
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shear force . in coupling beams

v =

c

h, = height of coupling beam above base
d = horizontal length of wall element

From Fig. 19, it can be seen that wall elements of a coupled
wall system must resist a complicated pattern of forces. Wall
elements were subjected to alternating axial tension and com-
pression within ¢ne complete load cycle., Shear, moment, and
axial stresses were induced into the wall elements through the
coupling beams.

It can be seen from Eg. (1) that applied loads were redis-
tributed through axial deformations of coupling beams. Lateral
loads were transmitted from tension wall to compréssion wall,
Similarly, moments were also redistributed between the tension

and compression walls through the coupling beams as shown in

Eq. (2). The last term in Eq. (2) represents the redistributed -
moments. Therefore, axial forces in coupling beams have to be
considered in evaluation of loéding conditiqnsiin wall elements,

The second term in Eg. (2) represents the coupling moment
provided by beams. It is obvious that coupling strength is
directly proportional to the strength characteristics of
coupling beams. | '

In order to ex?erimentally evaluate_ the coupling effects,
test results for CS-1 and RCS-1 were compared with isolated wall
test data(IS). First, rotation histories of individual walls
in CS-1 and RCS-1 were cbtained for a selected cycle. Using

these rotation histories, lateral lcads required to produce a

similar rotation nistory on an isolated wall specimen were
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estimated. This estimate was based solely on data from a test
of an isolated wall with the same design and details as walls

(18). Effects of load history and inelastic

in the system
shear characteristics were neglected. Lateral load calculations
were made for both tension and compression walls. Load.
histories obtained for the two walls were then added together
and compared with test results. Comparisons of measured and
estimated load-deflection relationships for CS-1 and RCS-1 are
shown in Figs. 20 and 21 respectivély,

As can be seen in Fig. 20, total estima?ed loads resisted
by botﬁ wall elements were found to be consistantly smaller
than the measured déta for CS-1. The discrepancy was attributed
to effects of beam coupling. At a top deflection of 1.5 in.

(38 mm), the sum of the two estimated wall loads accounted for
84% of the total measured load. This indicated that about 16%
of additional load capacity was provided by coupling action.
This agrees well with the design calculation which indicated
that lj% of full flexural capacity was provided by coupling.

For RCS-1, locads carried by tension and compression walls
accounted for about 58% of the total applied load at a top
deflection of 3.0 in, (76 mm). This is shown in Fig. 21. Based
on design calculations, 42% coupling was predicted. The higher
percentage obtained From the compariscn in Fig. 21 was due to

effects of shear and moment redistribution which were not con-

sidered in the design calculations.

—
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Deflection Components

Based on rotation and shear distortion measurements at the
first two story levels of wall eléments, flexural and shéar
deflections were calculated. Details of calculations are pre-
sented elsewhere.(ls) |

Deflection profiles for CS-1 in Load Cycle 5 ana RCS-1 in
Load Cycle 12 are shown in Figs. 22 and 23, respectively. Com-
ponents of measured deflections at the first two stories are
also indicated in the figures. It is observed that shear
deformation presented a larger portion of measured deflec-
tions in RCS-1 than in CS-1.

Since individual,wélls were subjecteé to different forces
as applied loéds were reversed, deflection components versué
load stages are plotted in Figs. 24 and 25 for CS-1 and RCS-1,
respectively. It was observed that as loads were reversed, the
rotation component of deflection did not reverse at the same
time as the total deflection. R;versal of deflections attrib-
uted to rotations always lagged behind corrésponding deflections
attributed to shear distortions. This phenonmon is especially
obvious for RCS-1. y

Relationships between first story deflections and top
deflections are shown in Figs. 26 and 27. 1In CS-1, deflections
attributed to shear a?counted for 52% of the total measured
deflecticon at the first story level. In RCS-1 deflections
attributed to shear accounted for over 65% of the first story

deflection. This indicated that inelastic shear behavior was

more significant in RCS-1 than in CS-1.

-30-



Story Level

Measured Deflection
Calculated Rotgtion and
Shear Component
Calculated Rotation

Component
Tension Campression
] 1. B} L J
-30 -20 -1.0 - - Q : 1.Q 2.0 3o
i . (a) Wall Element Wl
Deflection, in.
Story Level
WT» 6‘
lin.=25.4 mm
Tension Compression
[ 1 ] ] ! ]
-3.0 -2.0 -1.0 0 1.0~ 20 3.0
(b) Wall Element W2

Deflection, in.
Fig. 22 Deflection Profiles for CSe at Load Cycle 5

-40-



Fig.

Measured. Deflection

Calculated Rotation
Shear Component
Calculoted Rotation

Story Level.

and

Component

Tansion ‘ Compression

{ 1 1 1 )
-3.0 -2.0 -1.0 0 1.0, 2.0 3.0

Deflection, in.

Story Level
- 6

(a)

Wall Element Wl

lin.=25.4 mm

Tension Compression
L i | ! i !
-3.0 -2.0 -1.0 0 1.O 20 3.0
. . (o) wWall Element w2
Deflection, in. °
23

-4]-

Deflection Profiles for RCS1 at Load Cycle 12



| st Story (

Deflection,in. A A
0.25
8+7
- 8+Y Compression
9 6
o)

a 8 \/Locd

-
- " —/\ a -
) Tension
-0.25 - Cycle 4 | Cycle 5
Pig. 24 Deflection Components for CS-1
Ist Story
Deflection,in.
0.50 ~
© lin.=254 mm
0.25
Compression
° 7/ \/‘ j
| S ' Load Si
~0.25 —
— T ™~ -
Cycle i2 Cycle {3 . Tension

-0.50

Fig. 25 Deflection Components for RCS-1

-42-



|st Story
Deflection
0.50 —

0.25

lin.=25.4 mm

0
o] .O 2.0 3.0
Top Deflection,in.
(a)‘ Compression Wall
|5t -Story
Deflection
0.50 —~
A= Meosured Deflection
& = Rotational Component
Y = Sheor Distortion Component
0.2
FAN
Y +8
/9
0 | 1 |
0 .0 2.0 3.0
Top Deflection,in.
(b) Tension Wall
Fig. 26 Lateral Deflection Components for CS-1

-43-



|st Story

Deflection
0.50 A
, r+§8
lin.=25.4mm
0.25 ~
g
ﬂ—-—-—"‘""l——’f ] ]

o 1.0 20 30
Top Deflection ,in.
(a) Cdmpression Wall
Ist Story:

Deflection
0.50 -

Measured Deflection

Rotationai Component Y +8

A
g =
Y

= Shear Distertion Component

0.25

0 1.0 2.0 3.0
Top Deflection, in.
{b) Tension Wall

Fig. 27 Lateral Deflection Components for RCS-1 3
—44-




ANALYTICAL PROGRAM

In the analytical phase of the investigation, models of
coupled wall systems were developed(Zl). Three parameters
that affected behavior of wall systems were investigated, and
the significance of each parameter to the cverall response of
wall systems was evaluated. Validity of the ahalytical'models
was first confifmed by comparison of analytical and experimental
results. Then using the developed models, behavior of coupled
wall systems was investigated.

In this section, development and verification of the analy-

tical model are discussed.

Structural Model

The structural medel develcped in this investigation is
illustrated in Fig. 28. Structural membersIWere idealized by
massless line elements along the centroidallaxes of members.
All elements except coupling beams were considered to have flex-
ural, axial, and shear rigidity. Axial rigidity of beams was
assumed to be infinite because lateral displacement of both
walls was assumed to be equal, Separations between walls as
obser&ed in the test of CS-1 was not considered in the analysis.
At every wall-beam joint, horizontal displacements, vertical
displacements and rotations were calculated.

A cantilever beam model was used for simulating coupling
beams(lg). The beam model consisted of rigid:elements con-

nected to both ends of a flexible member by inelastic rotational 

springs. The inelastic springs simulated end rotations. In
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addition, inelastic shear behavior in the beams was considered.
Calculation of inelastic shear behaviorlwas based on the
experimental data.(z)
In wall elements, inelastic flexural behavior was assumed
to spread over the lower two stories. To model these inelastic
rotations, wall elements in the first two stories were divided
into finer line members as can be seen in Fig. 28. The fine
division of a story into more line elements allowed better simu-
lation of localized inelastic. action. Inelastic shear behavior
of the walls was also considered by using calculated shear-
versus—-shear distortion relationships based on wall tests.(5)
Using the proposed model, a stiffness matrix for the wallr

system was assembled. 1Inelastic behavior of the structure was

calculated on a step-by-step basis by applying locads in small
increments. rwithin each load increment, stiffness was assumed
to be constant. Whenever an element cracked-or yielded, the
stiffness matrix was updated. Geometric linearity was assumed
throughout the analysis.

Analyses were also extended to calCulgte behavior of wall
systems under load reversals. A modified Takeda model for

(20)

calculating lcoad reversals was used. Detailed development

of the analytical model is discussed elsewhere, (1)

Analyses of Systems

Inelastic response of coupled walls CS-1 and RCS-1 under

monotonic loads was calculated. Critical parameters pertinent

to the behavior of lightly and heavily coupled wall systems
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were identified. Comparisons were made between experimental and
analytiéal results.  Parameters bonsidered in the analysis were
(1) interaction between flexural and axial behavior, (2) inelas-
tic shear effects in beams and walls, and (3) beam end rotation
céused by bond slip. ' Interaction between flexural and axial
behavior was defined.as the influence of axial loads 6n~the
flexural properties of individual walls.

Comparisons of the calculated load versus top deflection
relationships for CS-1 and RCS-1 under monotoénic loadings were
made with measu:ed load versus diflection envelope. These are
shown in Figs. 29 and 30. Experimental data shown in the fi@—
ures represent the average measured load-deflection envelope of
the walls. Parameters included in the analysis are identified
in the legend on each figure.

From Fig. 29, inelastic shear behavior of the walls was
found to be the most important factor in calculating response of
CS-1. Other parameters considered had only a small influence in
comparison with the inelastic shéar effect. This indicated that
for lightly coupled wall systems, wall behavior is the governing
factor.. Axial and flexural interaction in the walls was not
critical because coupliﬁg provided by beams was small. &axial
lcads induced by the weak beams were nct large enough to affect
response. This agreed with test data which indicated that Cs-1
eventually behaved as two isolated walls in parallel.

For RCS-1, interaction between flexural ana axial forces was

the critical parameter. This can be seen in Fig. 30, 1Inelastic
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shear in the of walls wag included in the analysis. Other
parameters, such as effects of end rotation due to bond slip
.and inelastic shear deformation in the Béams, were much less
critical, This indicated that strong beams were effective in
coupling walls together and, that high axial forces were induced
in the wall elements. fhis observation was in agreement with
the experimental results which showed RCS-1 behaved as a single
element in its "overturning"” mode.

Load vérsus deflection relationships of CS-1 under load
reversals were also calculated. éomparison of load—defiection
hysteresis curves for the calculated and measured data are shown
in Fig. 31. It is evident from Fig. 31 that the model was able
to successfully simulate the test of CS-1. The estimated
sequence of coupling beam and wall yielding compared closely
with measured results. No correspdnding analysis was per formed
for RCS-1 because there was no established{procedure to account

for effects of pre-existing(damage in the wall elements.

ANALYTICAL RESULTS

Redistribution of base shear andumoment are discussed in
this section. Redistribution of shear and moment between walls
was evident in the experimental results. The analytical model

was used to quantify the extent of redistribution. Monotonic

static loads were used in the analysis.

Base Shear Distribution

Calculated distribution of shear for the tension walls of

C8-1 and RCS-1 is shown in Fig. 32. Percentages of total
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applied shear force resisted by the tension wall of CS-1 are
represented by‘the solid line in Fig. 32. At the beginning of
"loading", base shear was distributed egually between walls.
Once cracking occurred, shear resisted by the tension wall began
to decrease. This shift of shear forces from the tension wall
to the compression wall continued as loads increased. At a top
deflection of 2 in. (51 mm), 43§ of the total applied shear was
carried by thé tension wall. This indicated that relatively
small redistribution of shear was present in the lightly coupled
system.

Calculated percéntages of total applied shear resisted by
the tension wall in RCS-1 are represented by broken curve in
Fig. 32. Base shear distribution between walls was assumed to
be equal at the beginning of the analysis. As soon as wall
system deflected more than 0.5 in. (12 mm), shear redistribution
became evident.'iAt a top defleétion of 4 in. (102 mm), only 20%
of the total shear was calculated to be resisted by the tension
wall. Thus, shear was primarily resisted by the compression

wall in the heavily coupled system.

Base Moment Distribution

The overturning'moment at the first story level of the spec-
imen can be divided into three components: (1) coupling moment
due to axial forces in the walls (2) flexural moment provided by
the tension wall, and (3) flexural moment provided by the com-

pression wall. Ratios of each moment component to the total
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overturning moment at the base were used as parameters to evalu-
ate moment redistribution. Calculated variations of the moment
distribution for CS-1 and RCS-1 are illustrated in Figs. 33 and
34, respectively.

For CS-1, the percentage of qoupling moment to overturning
moment was about 30% at the beginning of loading. This is shown
in Fig. 33. As the lightly coa?led system went into post yield
region, the ratio of coupling moment decreased steadily to 12%
and then remained relatively constant. The calculated coupling
ratio of 12% is comparable to the measured coupling ratic of 11l%
at full yield of the system. Some redistribution of flexural
moment between tension and compression walls is also evident in
Fig. 33. At a top deflection of 2.3 in. (57 mm), moment resis-
ted by the tension wall represented about 42% of the total
moment. This indicated that little moment was_redistributed
between walls in the lightly coupled system.

Redistribution of base moment for RCS-1 is shown in Fig. 34.
Ratic of the coupling moment to the overturning moment started
at 85% and decreased steadily to 50% at a top deflection of
4 in. (102 mm). Significant redistribution of flexural moment
is also noted in Fig. 34. Flexural moment resisted by the ten-
sion wall accounted fér 10% of the total moment when the
repaired beams yielded. 1In contrast, the compression wall took
an increasing propoftion of the ' total moment. In the heavily
coupled system the moment resisting mechanism was primarily made
up of the coupling moment and the flexural moment of the com-

pression wall,
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SUMMARY 'AND CONCLUSIONS

Structural walls coupled by beams are efficient systems for
resisting lateral forces in ta;l,structures. A properly
designed coupled wall system will dissipate énergy\through cou-
pling beams without affecting stabilit? of the entire structure.

Two coupled wall tests were reported. Test results showed
two kinds of structural response. Initially, a lightly coupled
system, CS-1, was tested. The lightly re;nforced beams of CS-1
were damaged early under large imposed deformations with
repeated‘ldad cycles. Plastic hinges formed at the wall-beam
interfaces. Subsequently, responée of the lightly coupled sys-
tem was reduced to that of a system of two uncoupled isolated
walls in parallel.

Damaged coupling beamslin CS-1 were removed and replaced
with stiffer and stronger Seams. Structural walls in the system
were not strengthened or modified. The repaired system, RCS-1,
was tésted-under a load history similar to that for CS-1. The
heavy coupling beams between walls caused the system to behave
as a single isolated wall. Strong coupling between individual
structural elements was evident, Yielding of the coupling beams
occurred immediately before and after yielding of the walls.
Under repeéted reversing loads, the system lost its load carry-
ing capacity by concrete crushing in the web of wall elements.

An analytical model was developed to simulate experimental

results.(zl)

Three parameters that affected behavior of wall
systems were investigated. Static analyses were used and com-

parisons between analytical results and experimental data were
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made.

Using the same analytical model, redistribution of shear

and moment between walls.through coupling beams was evaluated.

Based on the experimental and analytical results reported

herein, the following conclusions were obtained.

(1)

The amount of axial lcad in walls created: by accumula-
tion of shear‘fqrces in coupling beams significantly
influences behavior and deformation capacity of the
individual walls.

In the lightly‘coupled system, CS-1, the measured
amount of coupling at full vield was 11%. Beams in
this system deteriorated rapidly with most of the
inelastic action occurring in the coupling beams before
the walls yielded. Aaxial lcad in this lightly coupled
system did not éignificantly affect wall performance,
In lightly coupledlwall systems, the critical parameter
is deformation capacity of coupling beams. Deformation
capacity must be sufficient to insure proper coupiing
action beyond yielding of the system,

Repair of CS-1 by replacing the coupling beams with
stronger elements was simple and effective. Repaired
system RCS-1 had a greater strength than the original
system CS-1.

Conventionally reinforced beams with a shear span-to-
depth ratios of 1.25 and 1.04 were effectively used to
couple walls. Assuming a shear capacity reduction fac-
tor of one (¢ = 1.0}, design nominal shear levels in

the beams at yield were 5.8 Vfé psi (0.48 Vfé MPa) and
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(6}

9.8 Jfg psi (0.81 sz MPa) for CS-1 and RCS-1,
respectively,

In the repaired coupled wall system RCS-1, measured
amount‘of coupling at ultimate was 30%. With repeated
inelastic load reversals, the specimen lost its load
carrying capacity by web c¢rushing of the compression
wall,

In the repaired ccupled wall system RCS-1, strong cou-
pling beams created larée axial stresses in the walls.

Presence of axial loads significantly affected perform-

ance of the walls, Wall elements of system RCS-1

showed less deformation capacity than obtained in
individual walls without axial load.

Based on measured deformation characteristics of the
wall systems, substantial redistribution of'shear and
moment between wali elements was indicated. Depending
on the effectiveness of the coupling mechanism, shear °
and moment were transmitted from the tension wall to
the compression wall through the coupling beams. The
heavier the coupling in the system, the larger the
amount of shear and moment redistributed,

Two distinct deflection profiles were observed in the
tests, The wall element under compressive axial loads
exhibited more deflection in the first two stories than
the wall subjected to tensile axial loads. 1In effect,
as loads were reversed, each wall element assumed two

distinct deflected shapes within one complete load cycle.
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(12)

(13)

In a heavily coubled wall systém,.critical parameters
are strength and deformation capacity of the walls.
Design of systems to obtain heavy coupling is not
recommended because the system does not maximize the
use of every structural element. Wall elements will be

damaged before energy dissipation capacity of the cou-

- pling beams is fully -utilized. Moreover, if strength

and deformation capécity‘of walls are exhausted,

damage to the structure may be beyond repair;

Design of coupled wall systems should relate the améunt
of coupling to strength and deformation capacity of
beams and walls. Deformation capacity of coupling
beams will be critical in a design requiring early

yielding of the beams. Strength and deformation capa-.

~city of walls will be critical in a design requiring

beam and wall yielding at approximately the same level,
An important characteristic in observed behavior of
each test specimen was lateral separation between the
walls. 1In lightly coupled system CS-1, separation
between‘walls occurred, This se?aration was related to
axial deformation in the coupling beams ana may have
caused a substantial reduction in the moment and shear

capacity of the beams. In heavily coupled system

~RCS-1, separation of walls was caused by lateral growth

of the walls resulting from the diagonal cracking
pattern. Little axial elongation of the beams was

observed in RCS-1.

-58-




i =u s S BN BN BN S G S NS BN B BS BN N W s A

(14)

(15)

(16)

(17)

:
An analytical model was developed in this investigaticn
and was successfully used to calculate the load versus
deflection relationship of the coupled wall systems.
Using the analytical model, behavior of a lightly cou-
pled wall system was found to be governed by individual
walls. Specifically, inelastic shear action in the
walls was a significant factor to consider in analysis
of the lightly coupled system.

The analysis alsc indicated that redistribution of
shear and moment between walls was significant in
heavily coupled systems} In RCS—l,.the compression
wall was estimated to be resisting 80% of the applied
shear forces and over 40% of the total overturning
moment.

The analytical investigation showed that interaction of
axial and flexural forces is the most important factor
to consider in calculating behavior of heavily ccupled

systems.
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APPENDIX A - EXPERIMENTAL PROGRAM

Two coupled wall specimens, one with weak and the other
with strong coupling beams, were tested. The lightly coupled
wall was designated CS-1 and the heavily coupled wall was
éesignated RCS-1. A detailed description of the test speci-
mens and test setup is presented in this Appendix. Construc-
tion procedures for specimens and repair methods used for

replacing coupling beams are also described.

Test Specimen

The coupled wall specimen was modeled after a prototype
structure. Dimensions of this prototype are shown in Fig., Al.
They are typical for common residential buildings. Each floor
is laid out in 20 ft (6.1lm) bays. Lateral rigidity was pro-
vided by coupled walls located at every third bay. Forces in
the other direction are resisted by other wall elements.

Overall horizontal length of the coupled walls in the pro-
totype structure is 41 ft 8 in. (12.7 m) with individual wally
lengths of 18 ft 9 in. (5.7 m). 1Individual walls are con-
nected by coupling beams as shown by dotted lines in Fig. Al.
Span length of coupling beams corresponds to a standard fire-
docr opening and size of coupling‘beams is typical for lintels
over doorway openings.

Becguse of the size limitation of the laboratory facilities,

the test specimen was built at approximately 1/3 scale.(zz)
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General Description

.Overall dimensions of the coupled wall specimen are shown in
Fig. A2. The specimen was an 18 £t (5.5 m) high six story
medel. It consisted of two rectangulaf walls in parallel cou-
pled by six beams. Each wall had a horizontal length of 6 ft
3 in., (1.9 m) and a uniform thickness of 4‘in. {102 mm). A
cross-section og the wall eleﬁent is shown in Fig. A3. At each
story, walls were jointed together by coupling beams. The clear
span length of coupling beams was 16.7 in. (423 mm). Cross-
sections of coupling beams in Test CS-1 and RCS-1 are shown in
Figs. A4 and A5, respectively. Coupling beams of CS-1 had a
beam width of 4 in. (102 mm) and a depth of 6.7 in. (169 mm).
Beams used in RCS-1 had a width of 10 in. (254 mm) and depth of
8 in. (203 mm}.

Floor slabs were simulated using 2.5;in. (64 mm) deep by
l1-ft (0.3 m) wide stubs running full length on both sides of the
walls. As shown in Fig. A2, the slabs had overhangs of 2 ft
(0.6 m) at both ends of the specimen, Thickness of the top slab
was to 5 in. (127 mm). The additional thickness of the top slab
was to facilitate evenldistribution of applied loads into the
walls.

The coupled wall specimen was anchored rigidly to the test
floor through a 2x4x17 ft (0.6x1.2x5.2 m) base block. 35Soil-
structure interaction was not considered and is outside the
scope of this investigation,

Overall views of the two specimens before testing are shown

in Fig. A6.
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Material Properties

Design concrete strength was 3,000 psi {(20.7 MPa) and steel
yield strength was 60,000 psi (414 MPa). Measured stress versus
strain relgtionships for concretefand steel used in the speci-
mens are s%own in Fig. A7. Measured material properties are

given in Table 1.

Reinforcement Details

Reinforcing steel details for the wall elements are shown in
Fig. A8. Primary flexural reinforcement at the extremities, or
boundary elementé, of each wall was provided by 12 No. & bars of
Grade 60 steel., The reinforcement percentage of these bars with
respect to surrounding concrete 1s approximately 6%. This per-
centage is the maximum allowed inthe 1971 ACI Building Code for

(17) Confinement

columns in earthquake resistant structures.
around the primary reinforcement was provided by closed hoops of
D-3 deformed wire. These hoopé were spaced at 1-1/3 in, (34 mm)
in the first stories in accordance with Appendix A of the 1971

ACI'Code.(l7)

Above the second story, spacing was increased
to 4 in. (l02 mﬁ) in aéco;dance with Chapter 7 of the ACI
Building Code.

Horizontal web reinfdrcegent was provided by two layers of
6 mm bars spaced at 4 in. {102 mm). Horizontal shear reinforce-
ment. in wall elements was also two layers of 6 mm bars at 6 in.
(152 mm), Reinfofcement was designed to resist shear forces
corresponding to flexural yielding conditions when yielding

occured at both ends of the. coupling beams and at 1.25 times

flexural yielding at the base of the wall. The factor 1.25
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considered in the walls accounted for strain hardening of the

primary reinforcement. However, based on experimental results
no strain hardening was assumed in the design of coupling beam
reinforcement. |

Coupling beam reinforcement was designed based'oh test
results for conventionally reinforéed coupling béams.(2’3)

Reinforcement details and dimensions éf coupling beams for
the two tests are shown in Figs. A-9 and A-10.

As shown in Fig. A-9, étraight horizontal bars were used as
flexural reinforcemeht for System CS-1. Two 6-mm bars were used
as top and bottom flexural reinforcement. Shear reinforcement
and concrete confinement were provided by closed D-3 deformed
wiFe hoops spaced at 1.33 in. (34 mm).
| Beams of RCS-1 were also reinforced with conventional
straight reinforcement. Six No. 3 bars were used as primary
flexural reinforcement. Closed D-3 deformed wire hoops spaced
at 1.33 in., (34 mm) were to provide concrete confinement. Cross
section of the beams was 10x8 in. (254x203mm) as shown in Fig.
A-10. Additional ties made of D-3 wires were provided to resist
shear stresses. Reinforcement détails for beams in RCS-1 are
shown in Fig. A-10.

Reinforcement details for flobr slabs are shown in Fig.
A-1l. Reinforcement parallel to walls was provided by four D-3
deformed wires located near the edge of the slabs. Reinforce-
ment perpendicular to the walls was selected based on slab
analysis of the.prototype‘structure using the "equivalent frame

(17)

method" as specified in 1971 ACI Building Code. The

Selected reinforcement consisted of 6 mm bars spaced at 4-in,
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(132 mm), and placed at the top and bottom of the slab. Addi-
tional heavier reinforcement was provided in the 2 ft (0.6 m)
slab overhang at both ends of the specimen. Thig extra rein-
forcement was designed to strengthen the slab section against
restrainihg forces induced by verﬁicél frames used £o prevent

possible out-of-plane movements.

Test Setup

The test setup for the coupled wall speciMen is shown in
Fig, A-12. The wall specimen, located between four reaction
abutments, was post-tensioned to the test floor. Lateral loads
were applied to the specimen through the top slab as a fixed
vertical cantilever., A.detailed schematic drawing of the
coupled wall test setup is élso shown in_Fig. A-12.

To ensure sufficient lateral restraint against out-of-plane
movement,‘extErnal vertical frames were &sed to guide the spec-
imen. Veftical frame§ consisted of steel tubings located at
both ends of the test specimen. The tubings were secdrely
fastened to the base block and to the top access platform. Ball
casters, mounted on the side of the tubing were used to guide
the floor slabs at the first three stories. Throughout testing;
ball casters were maintained in contact against steel plates
mounted on the 2 ft (0.6 m) slab overhangs. In this way out-of-
plane movement iﬂ'the walls during ioading reversals was
minimized.

Loading System

Test specimens were loaded laterally in the plane of the

structure. Concentrated reversing lcads were applied at the top
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of the specimen by four hydraulic rams. Each ram was a double
acting hydraulic load applicator with two-ton load capacity and
a maximum stoke of 36 in. (90 mm). Rams were located between
the reaction walls on both sides of the specimen as shown in
Fig. A-13. Rams on each side of the specimen were hydraulically
coupled together sé that applied loads were distributed equally
to both sides of the specimen., Loading pistons of both rams
were connected to a common crosshead and in turn to specially
designed loading assemblies.

The loading assemblies for applying forces to the specimen
are illustratéd in Fig. A-14. Each assembly consisted of a
steel box within a box. The outside box was fastened directly
to'thé top slab. The inside box was connected to the outside
boxlthrough a pin. Thus, the inside box was free to rotate
about its center. Forces applied by the ramé were transmitted
to vertical crossheadsrattached to the inside box. 1In this way
equal forces were applied to each wall.

Lateral loads were applied by pulling against the reaction
abutments. Pulling action was used because it provided natural
restraining forces against out-of-plane wall movements.

Instrumentation

Specimens were instrumented with both external and internal
measuring devices. These measured applied loads, deflections,
rotations, shear distortions, and reinforcement strains in walls
and coupling beams.

Locations of external gages are shown in Fig. A-13., Four

load cells were used to monitor loads applied to the specimen,
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They were positioned at the end of each ram piston. Lateral
deflections were recorded on both sides of the specimen by 36 in.
(914 mm) stroke potentiometers located at the first, second,
third, and sixth floor levels, In addition, lateral displace-
ments at 3 in. {76 mm) above the  base of the walls and movements
of the base block were also recorded by 4 in. (102 mm) stroke
potentiometers.

Rotations over a given section were measured by two 4 in.
(102 mm) potentiometers. Based on displacements measured by the
potentiometers, average rotations over a given section were
calculated. Procedures for determining rotations from the
potentiometer readings are given in Fig. A-15. Rotations of
wall elements at the first story, second story and over a 3-in.
{76 mm} section above the base block were measured., A photo-
graph of external instrumentation in the wall eleme;t is shown
in Fig. A-16. Rotations at the top of the specimens were also
recorded. However instead of using potentiometers rotational
meters developed at Construction Technoclogy Laboratories were
used.

Rotations at end regions of the coupling beams were also
m;asured; Insﬁrumentation was installed on coupling beams at
the second, fourth, and sixth floor. A photgraph of the rota-
tion instrumentation on coupling beams is shown in Fig. A-17.

Shear deformations were determined from measurements along
diagonals. Using measured displacements along diagonals, aver-
age shear strain of the instrumented section was calculated.

f .
The method used for calculating shearing strains from recorded
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readings is shown in Fig. A-18. Two 6-in. (152 mm) stroke
Direct Current Differential Tranducers (DCDT) were used to
measure the first and second story shear deformations. Details
of the instrumentation are shown in Fig. A-16. Similar instru-
mentation was used to measure shear deformation at the end
regions of coupling beams. . Shear strain measurements on cou-
pling beams were made at the second, fourth, and sixth floor
-levels.

Strains in steel reinforcement at selected locations were
measured by electrical resistance strain gages. Strain gages
were attached to the surface of the steel‘reinforcement before
casting.

Locations of strain gages on vertical and horizontal wall
reinforcement are shown in Fig. A-19. 1In addition, reinforce-
ment in floor 'slabs at the first, second, and third level was
instrumented strain gages at locations shown in Fig. A-20,
Reinforcement in coupling beams at the second, fourth, and sixth
floor was also instrumented. Strains in wall confinement hoops
in the first two sgories were also measured. Strain gage loca-
tions for the coupling beams and hoop reinforcement are shown
in Fig. A-21 and A-22, respectively. Over 300 electrical
resistance strain gages were used. This instrumentation pro-
vided a detailed record of the yielding segquence in each struc-
tural elemenﬁ during testing. It also indicated the strain
history at specific locations.

Throughout the test program three X-Y plotters were used to
obtain continuocus records of selected parametersjr
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Construction and Repair Procedures

Construction procedures for the specimens were common field

practices. In this section procedures for constructing specimen

CS=1 are presented. Methods used to replace damaged coupling
beams after CS-1 was tested are also described.

Construction Procedures

Construction of specimen CSQl began with casting of the
2x4x17-ft (O.6xl.2x5.2—m) base block. Prior to testing, the
specimeﬁ was post—tensioned to the laborétory floor throﬁgh the
base block. All vertical wall steel was anchd:ed'in the base
block aﬁd exteﬁded continucusly to higher stories as shown in
Fig. A-23.

The specimen was cast vertiéally, one story at a time, with
conétruétion joints at the top of every floor slab. Prior to
setting forms at each story, horizontal steel in the walls and
floor slabs wés tied in position.

A photograph of the specimen‘shbwing the base block, first
stofy, and second story formwork is shown in Fig. A-24,
Initially, formwofk was fastened to inserts in the base block
to maintain proper spacing. For stories agove‘the first floor
level, forms were secufed to the floor slab at the preceeding
floor level. Vertical alignment of the wall was maintained by
tying laterally to a,figid frame before and after casting.
Vertical and horizontal alignment was cheéked by a theodolite,

After casting, concrete was cured for four days before form-
work was stripped. During this.period reinforcement for the

next story was tied in place,
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Construction joints between lifts were prepared according

(17) Concrete

to specifications in the 1971 ACI Building Code.
surfaces were roughened with a chisel. Laitance and loose

particles were then removed prior to placing adiocining concrete.

Coupling Beam Repair Procedures

The following method was used to replace damaged beams with
new beams after the test of CS-1. Steps for removing démaged
beams are schematically iliustrated in Fig; A-25,

1. Slabs along the length of coupling beams wefe removed.
Longitudinal bars in slabs were left in place.

2. Coupling beams were removed. Longituainal teinforce-
ments in the coupling beams was cut close to the wall-
beam interface.

3. Wall elements were checked to be sure that they were
perpendicular to the floor. Residual displacement of
individual walls was corrected,

4. Concrete cover over boundary elements in wall eleménts
next to coupling beams was chipped off and cleaned.
Holes'were drilled in the web of the wall beyond the
boundary elements. The openings allowed flexural rein-
forcement for the repaired beam to be bent and anchored
around the boundary element.

5. Formwork was put in place. New coupling beams were cast,
After four days of concrete curing, forms were stripped.

A view of the specimen after removal of the coupling beams and

with the reinforcement cage for new beams in place is shown in
Fig. A-26. A view of the repaired beam after casting is shown in
Fig. A-27.
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APPENDIX B - EXPERIMENTAL RESULTS

In this appendix, recorded data from tests of CS-1 and RCS-1
are presented in detail. Observed behavior of both systems is
described. Data on strength and deformation characteristics are

discussed and compared.

Observed Behavior

Two kinas of response weée observed in the tests of CS8-1 and
RCS-1. These were distinguished primarily by the effectiveness
of coupling beams in connecting wall elements together. With
different amcunts of coupling, the amount of axial and shear
load induced by the coupling beams on the walls varied. This
changed the behavior pattern of the specimens and resulted in
two different modes of failure. Observed behavior of CS5-1 and
RCS-1 are discussed in this section.

Wwall Test CS-1

System CS-1 was-subjected to six load cycles. The first
three cycies corresponded to initial cracking of the specimen
and yielding of flexural reinforcement in the sixth floor cou-
pling beam. Loads applied during the last three cycles corre-
sponded to yielding of the wall elements.

The overall crack pattern of thé'specimen after the first
three locad cycles is shown in Fig. B-1l. Cracking in the beams
was first observed at an applied load of 25 kips (111.2 kN).
Cracks in all coupling beams were concentrated at the wall-beam
interface. Scattered diagonal cracks were found in coupling

beams at the top four stories. Photographs of coupling beams at

-B1-



B6

S

B5

iy —_—

Ve

B4

x T

~. |B3! st
S

[ v

W2 Wi

Fig. B-1L Initial Crack Pattern
for Cs-1

2~



the fourth and fifth story are shown in Fig. B-2. These were
taken during cycle 3.

Cracks in the walls started horizontally. With additioconal
load reversals, cracks propagated diagonally to the center of
the walls. No cracking was observed in the boundary elements of
the walls until the third load cycle.

Initial cracking in the tension wall was recorded at an
applied load of 15 kips (66.7 kN). ©No separation between wall
elements was observed at the end of the thigé load cycle.

As the test continued, the éompression and tension walls
vielded at approﬁimately the same load. The specimen was then
cycled at the yield level of the wall system. At this point,
all coupling beams were beyond yield. Deformation demands
imposed on coupling beams increased as the wall specimen soﬁte
ened under load reversals. Deformations imposed on coupling
beams at the upper stories were observed to be lérger than those
at lower stories.

Significant separation between walls was observed during the
fourth cycle. Measured wall separation versus applied load is
shown in Fig. B-3. A magimum wall separation of 0.5 in. (13 mm)
was recorded. Wall separation induced axial deformations, in
the coupling beams. The axial deformation in turn, reduced the
deformation capacity of the beams. Therefore, with additional
load cycles, the coupling mechanism between the walls deterior-
ated rapidly. By the end of the sixth cycle, the coupling
beams acted as connecting links between walls as illustrated in

rig. B-4,
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Fig. B2 Crack Patterns for Coupling Beams of System CS-1
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Applied loads were distributed equally at the top of both
walls throughout the test. Before thé breakdown of the coupling
mechanism, horizontal forces in the tension wallkwefe transmit-
ted to the compression wall through the coupling beams. As
hinges developed at the ends of the coupling beams, beam-wall
interaction changed. Coupling action was reduced to a linkage
systgm;

At lower story beams, concrete crushing was observed at the
beam-wall interface. However,\rotation measurements did not
indicate flexural crushing of béams. This indicated that as the
beams began toc deform shear forces were transmitted from the
tension wall to the compression wall.>_Although thislkind of
interaction was not of significant magniﬁude, it enhanced wall-
separation.

Figure B-5 shows the extent of cracking at the end of the
sixth load cycle. Cracks in webs of the walls widened and
'spread. However, cracks in the boundary'elements were smaller
than web cracks. The cracking pattern and observed behavior of
CS-1 indicated that, in the inelastic‘range, this specimen acted
very much like two isolated walls in parallel. Axial load
induced in the walls by beams was too small to make é measurable
difference in wall behavior.

A photograph of the specimen after the test was stopped 1is
shown in Fig. B-6. Despite the heavy damage'inflicted on the
coupling beams, the two structural walls were in excellent con-

dition. Cracks closed up as soon as applied load was released.
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Wall Test RCS-1

System RCS-1 was a heavily coupled repaired wall system that

was sdbjected to fourteen reversing load cycles. The first six
¢ycles were identical to the load history applied to CS-1. The
eight subsegquent cycles were alsc incremental load reversals.
Loads were applied until the system'lost its load carrying
capacity.

As the test proceeded, crackfpattefns in walis and beams
were found to be quite different from those in CS-1. Cracks in
coupling beans werérpredominantly.diagonal cracks as Shéwn in
Fig. 5—73' No distinct hinging regions were observed.l-Diagonal
cracks were evenly spaced throughout the beam lengths.‘

Diagonal cracks were scattered over both the tension and
compression walls. The cracking pattérn of RCS-1 afte; six load
cycles is shown in Fig. B-8. For clarity, only cracks resulting
from one direction of lqadiﬁg.are shown. From the observed
behavior and cracking pattérns, the specimen behaved very much
in the "overturning" mode as illustrated in FiguvB—Q. Cracks
initiated in the tension wall were seen propagating through the
- coupling beams into the compreéssion wall. |

Figure B-10 shows separation at the top level between the
two outside ends of the walls. Clear distance between walls
was checked and it was found that separation was not due to
beam elongation. Recorded separation represenﬁed the lateral
"growth" of the wall system caused by the accumulation of
inelastic strains at diagonal cracks. A maximum lateral wall

growth of 0.5 in. (13 mm) was observed.
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Fig. B-7 Cracking Patterns for Coupling Beams of RCS-1
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Since RCS-1 was a repair of CS-~1, RCS-1 was testéd with pre-
existing cracks in the wall elemenfs. With repeated load
reversalé, planes of weakness were formed along pre-existing
horizontal cracks. Sliding shear was observed as loads were
reversed. However, with increasing lateral loads, the shear
resisting mechanism changed into é compression-diagonal strut

system as indicated by'the cracking pattern in Fig. B-8. The
whole wall system then behaved as a single element in its over-
turning mode. Shear forces in the tension wall were transmitted
to the compression wall through the coupling beamsw',Hiéh axial
stresses were also induced in the walls by the coupling beams.

As additional inelastic load cycles were applied, concrete
crushing was observed in the compression zones of the coupling
beams at the beam-wall interfacé. A photograph of the first-
story coupling beam-Wéll interface after thirteeh load cycles is
shown in Fig,'B—ll. Imposed deformations on coupling beams were
not sufficientiy high to uncouple the wall system.

Shear stresses and akial loads induced in the walls by the
coupling béams had. a significant-effect on the éystem‘s deforma-
tion capacity and‘mode of failure. The combination of large
axial load and shear forces in the compression wall resulted in
a web-crushing mcde of failure, Damége was concentrated in the
first story as shown in FPig. B-1l2. Photographs of individual

walls after test are shown in Fig. B-13.
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(a) W1l Element W1

{(b) wWall Element W2

Fig. B-13 Close-up Views of Systems RCS-1 after Testing
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Strength and Deformation Characteristics

Applied load versus measured deformations of CS-1 and RCS-1
are presented in this section, Laéeral deflections, rotations,
and shear distortions were measured.

Lateral Deflections

Top lateral deflection was measured on both sides of the
specimen. Applied load versus top dé%lection was plotted in
Figs. B-14 to B-17 for CS-1 and RCS-1. 1In Figures B;l4vand B-16
the sequence of yielding of coupling beams for System CS-1 and
RCS-1 are identified.

For Test CS-1, first yielding of a coupling beam was
recorded at an applied load of 41.6 kips (185 kN) at a top
deflection of 0.2 in. (5.1 mm). Wall system yielding occured
at an applied load of 120k (534 kN) and a 1.3 in. (33 mm) top
lateral deflection. Maximum lateral load capacity for CS-1 was
143 kips (636 kN). Tﬁe test was stopped at the lateral top
deflection of 2.4 in. (61.7 mm} with a corresponding lateral
load of 135 kips (601 kN).

For RCS-1, first yielding of the coupling beams was measured
at lateral locad of 122.4 kips (544 kN) and a top deflection of
2.6 in. (66 mm). Maximum load capacityrof the specimen was 217
kips (965 kN) which occurred at a deflection of 2.7 in. (69 mm).
Maximum recorded deflection of the System was 4.0 in. (102 mm)
at which point the system was still carrying 95% of the maximum
load.

Lateral deflection profiles of threé load cycleé for CS-1

and RCS-1 are shewn in Fig. B-18. TLateral deflections of the
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.specimen/were measured at five locations: the base, 1lst floor,
2nd floor, 3rd floor, and the 6th floor. Straight lines were
used to connect measured points, giving the deflection profile
as shown in Fig. B-18. Curves on'the'positive side of the
x—-axis representlthe deflection profile of the compression wall
element while curves on the negativelside of the x-axis repre-
sent deflectioﬁ profiles of the tension wall.

It -is apparent from Fig. B-18 that wall elements acquired
different deflected shapes when subjected to either axial com-
pression or tension. This is true for both CS-1 and RCS-1.
Walls under axial compression exhibited larger displacement in
the first two stories. This indicated that shear deforﬁations
were larger in the compression wall than in the tension wall.
Shear was redistributed between the tension and compression
walls, and thié redistribution was significant. _

Also noted in Fig. B-18 is that deflectioh profiles of the
tension walls in CS-1 and RCS-1 are slightly different. The
percentage of lateral displacement at 1.5 £t above tﬁe base to
the top deflection for RCS-1 was slightly larger than CS-1.
This, together with the observed‘profiles shown in Fig. B-18,
indicéte that deformation gf the heavily coupled wall in the
first two stories was largef than a lightly coupled system.
Rotations

Applied lateral load versus overall rotation of the entire
wall system at the first stdry is given in Fig. B-19. Overall
rotation was calculated assuming the wall system_behaved as a

single element. Though maximum rotation measured for both CS-1
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and RCS8-1 was 0.005 rad, rotational stiffnesses of thé two sys-
tems were different. System RCS-1 was stiffer than system CS-1.

With the external instrumentation rotation of wall elements
Cbuld be calculated at 3" (76 mm) above the base, at the first
story, and at the second story. Lateral load versus rotations
at the base, first story, and second story for CS-1 and RCS-1
are shown in Figs. 5-20 to B-23 for each wall separately. From
the figures, it is noted that the compression wall element
experienced larger rotational deformation at the base than the
tension wall. This can be attributed to the fact that moment
was distribu;éd'from the tension wall to the compression wall
through the coupling beams. It is also noted that rotation at
wall base constituted a significant portion of the rotatiohv
measured at the first story level.

Rotaticnal deformations of coupling beams at the wall-beam
interface were giso meésured. Rotations of coupling beams at
the second, fourth and sixth story for CS-1 and RCS-1 are shown.
in Figs. B-24 and B-25. Rotational hysteresis loops for the
second story coupling beam of CS-1 were qﬁite different from the
rest. As the specimen became a "1inkage‘system“, plastic hinges
formed at the end of coupling beams resulted in permanent defof-
mations. These perménent deformations cause a shift of thet
rotational hysterégis loops to the right of the y-axis.

From Fig. B-24 and B-25, it wés observed that measured cou-
pling béam rotations in CS-1 were more than twice thoée in
RCS-1. This indiéated that, for a lightly coupled wall system,

the coupling beams underwent larger deformations. Therefore,

-B22-




Load

, Kips

[St a 2nd S?ory 200 -

lin.=25.4 mm
1kip=4.448 kN

- 200

ISt Story 200 -

4

Base 100 -

200

—
-0.008 -0.004

0.004 0.008

=N

[ _i00 Rotation, rad.

- -200

B

20 Load versus Rotaticon Relationships

for Wall Element W1l of CS-1

-B23-




Load, kips

1st g 2nd Story 549
lin. =25 .4mm
I kip=4.448 kN
+ =200
Ist Story 200 +
100 4
¢ / L
[ B R T
+-100
+ =200 -
Base 200 +
0008  -0.004 ( | 0004  0.008
Rotation, rad.
= = IOO :
<4+ ~-200

Fig. Be2l' Load versus Rotation Relationships
for Wall Element W2 of CS-1

-B24-




- S

Load , kips

Ist & 2nd Story 200 -

L

0.004 0.008

Rotation , rad.

Fig. B-22 Load versus Rotation Relationships
for Wall Element W1l of RCS-1

-B25-



Load, kips

Ist & 2Md Story 200 -

lin.=25.4 mm
[ kip=4.448 kN

Baose

Fig. B-23 Load versus Rotation Relationships
for Wall Element W2 of RCS-1

-B26-



200 -
Load, kips o
» e 14
g+ AT
A s "
T : e
-0.04 - 00277 NQ 0.02 204
s é—:/
g T Rotation, rad.
‘/‘I. e ;-—' IOO
(e ’ lin. = 25.4mm
{ I kip =4.448 kN
1_200

0.04

Rotation, rad.

| T
100 1 Py
: P
- 004  -002 o goe 0.04
| ' Rotation, rad.
-100.
-200

Fig. B24 Load Versus Rotation Relatiohships

- Coupling Beams of System CS-1

-B27-



_ 200~
Load , kips

-0.02 - Q.01 /4 0.0l 0.02

Rotation, rad.

lin.=25.4 mm
I kip=4.448 kN

Load, kips

- 0.02 - 0.0l 4 Y . 0.02

Rotation , rad.

Q.01 Q.02

R .
{100 otation, rad.

1-200

Fig. B25 Load Versus Rotation Relatiohships

Coupling Beams of System RCS-1

-B28-



for lightly coupled systems, available deformation capacity of
coupling beams isrone of the primary design.parameters. Also,
coupling beaﬁs at the fourth story experienced greater deforma-
tions than other instrﬁmentéd beams.

Shear Distortions

Shear distonéions were measured at the first and second
story of each wall element. Applied lcad versus sheér distor-
tions at -the. first and second story for CS-1 and RCS-~1 are shown
in Figs. B-26 to B-29. Both specimens exhibited steady degrada-
tion of the shear,resisting mechanism. Shear distortions
measured at the same location increased with repeated applied
loads. 1In addition, pinching was observed in the hysteresis
loops for both tests as shown in Figs. B-26 and B-29. The
pinching phenomenon waslespecially pronounced in the test of
RCS-1. Severe pinéhing in the.load versus shear distortion
hysteresis loops indicated that, as loading was reversed;
initial shear resistance of the walls was quite low. This
agreed with the observation that as loads were reversed, sliding
occurred along horizontal wall cracks. As additional lcad was
applied, the sliding shear resisfance mechanism changed to a
diagonal-strut mechanism. Also,‘walls under compression were
found to experience larger shear distgrtions than wall under
tension. - This can be ekplained by the fact that shear was
redistributed between the two walls through coupling beans.

Applied load versus shear distortions of coupling beams for
CS8-1 and RCS-1 are shown in Fig. B-30 and B-31. The maximum
shear distortions of the second story coupling beam measured in

/
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CS-1 was 0.4 rad. The larée shear deformation can be explained
as follows. In. the test of CS-1, a separation between walls
resulted from elongation of the coupl;hg beams. Thi§ reduced
the coﬁpling beam's shear resistance and resulted in larger
éhear\distortions in the beams,

A maximum shear distortion of 0.06 rad was recorded for
RCS-1. It was noted that the second and foﬁrth-story coupling
beams showed larger shear deformations that those in the sixth
floor beam. Significant pinching was observed in the hysteresis
locps.

Strain Measurements

Strains measured on vertical wall reinforcement in the
boundary.élement at 1.5 ft (457 mm) and 3:ft (314 mm} above the
base of wall system CS-1 are shown in Figs. B-32 and B-33. It

was noted that strains in both wall elements at a given location
were similar. This indicéted that the two walls were behaving
~as isolated walls in parallel with no coupling.

Strains in reinforcement at similar locations for RCS-1 is
shown in Figs. B-34 and B-35. Strain hysteresis of reinfdrce—
ment next to the coupling beams were smaller than those in out-

side boundary elements. This effect is attributed to the fact

that coupling beams were effective in joining the walls together.

Shear and moment were transmitted through coupling beams to wall
elements, The additional induced shear and moment changed the
behavior of the walls, This was reflected by the strains in

boundary element reinforcement,
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Applied load versus strains in flexural reinforcement of
coupling beams is shown in Figs. B—36‘and B-B?. Comparisons of
measured strains in both tests were made at every story level.
It was founé that beams in CS8-1 yielded half way through the
fourth cycle. However, measured strains for beams in RCS-1 were
quite different.

Load versus hoop strains in coupling beams are shown in
Fig. B-38.

Fig. B-39 gives the strain distribution in slab reinforce-
ment at different stories. Data shown in Fig. B-3% were
obtained in both tests. Similar strain data for RCS~1 are shown
in Fig./B-4G. Frocm the measured strains, it is evident that the
presence of slab stubs did have some effect 6n the behavior of
the wall systems.

Variations in confining hoop strains along the height of
CS-1 are shown in Fig. B-41. Hoop strains for RCS-1 are shown
in the Fig. B-42. Variations in vertical reinforcement strains
along the height of the specihens are shown in Figs. B-43 and
B-44. Horizontal strain distributions in vertical reinforcement
at 3 £t (457 mm) and 1.5 £t (914 mm) levels above the base are
shown in Figs. B-45 and B-46 for CS-1 and RCS-1. Distributions
of strainsvgn horizontal wall reinforcement along the length of

the walls are given in Figs. B-47 and B-48.
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