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EARTHQUAKE RESISTANCE STRUCTURAL WALLS -

COUPLED WALL TESTS

by

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
!

elements provide additional lateral stiffness 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 und~rt~ken by the Con­

struction Technology Laboratories. Effects of axial load

induced by coupling beams on behavior of individual walls were

evaluated. Intexaction among, individual structural elements,

and redistribution of moment and shear, between walls were

investigated.

In this report, two six-story coupled wall specimens were

tested under incremental cyclic loadings. 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 Association,
Skokie, Illinois 60077
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and a repaired system with stiffer. and stronger beams. Applied

loads, deflections, rotations, shear distortions, and reinforce­

ment strains were measured.

An analytical model was developed to simulate 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 flexure, as well as axial fo~ce and flexure, was also

evaluated:

The 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 parameters on wall behavior were analyzed. Effects of

beam repair were also evaluated.

OBJECTIVES

Objectives of this investigation were to evaluate behavior

and develop 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 objectives of the tests were:

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

of coupled wall systems.

(2) To evaluate effects of induced axial coupling beam

forces on the strength and ductility of individual

walls.

-2-
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(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 programs:

(1) Experimental Program

(2) Analytical Program

Experimental Program

In the experimental program, two coupled wall tests were

performed. Tests were conducted on a 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 reversing loads

were applied to the specimen. Throughout tests, deformations

and sequence of yielding of ihdividual elements were recorded.

-3-



The first test, CS-l, was performed on a coupled wall system

with weak coupli.ng beams. As reversing loads were applied, the

weak beams suffered heavy damage relatively early before the

walls yielded. Soon after t.he walls yielded, damage to var ious

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.-l.

System RCS-I with the stiffer, stronger beams represented a

"heavily" coupled wall system. Testing of the repaired system

followed similar reversing load cycles as for CS-l. Test RCS-I

was stopped when the load carrying 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 parameters that affected behavior of wall systems were

considered in detail. These parameters are:

(1) Interaction between flexural and axial forces

(2) Inelastic shear effects in. beams and walls

(3) Beam end rotations caused by bond slip.

-4"':
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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 calculated. 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 systems consist of structural

walls connected with coupling beams.

The effectiveness and efficiency of coupled wall systems

have been demonstrated by their performance in recent earth

quakes. (1) Tests of coupling beam elements(2,3,4) and isolated

structural walls (5,6,7) indicate that ,coupled walls are via'ble

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 deformations:

Effects of interaction between individual structural members on

the overall behavior of wall systems must be considered.

In coupled 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.

-5-



c
OJ
0.
o
..C-

00000 0 L ;

11).

o
3=
'"0

DDDDDO= ;o
U

II)

0"
C

-
o

3=
'7""
U-

...-
o---

-6-

1

J

J

I
I
I

~ ~ I
~ s

DDDODO= ~ ~ I
DDDDDO= i j I

U r-i

o ~ J
3: t

;:::l

~ ....~.. I
~ I
00
.~

~ I

I
1
I
I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I,
I
I
I
I

Accumulation of forces transmitted through coupling beams as

shear contributes to axial forces in the walls. The amount of

coupling is directly related to flexural and sheai capacity of

beams.

Even though substantial work has been done on evaluation of

inelastic behavior of individual elements, (2 - 7) experimental

data on overall inelastic behavior of wall systems and effects

of interaction between elements are lacking. Information on

on deformation capacity of wall systems in relation to possible

ductility demands under earthquake motions is limited. (8,9)
j

Limited data on behavior of coupled structural wall systems

has been reported. Data have been obtained from three kinds of

test.s:

(1) Static monotonic tests

(2) Static reversing load tests

(3) Dynamic tests

Static Monotonic Tests

Three monotonic tests on coupled wall systems were performed

b M G'll . 't (10) T th l' tY Nguyen at Cl Unlversl y . en sca e mlcro-concre e

models of four-story coupled walls were tested. Variables

included coupling 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

capacity 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 1/4-scale coupled wall

(11 12) .tests ' . The two relnforced concrete models represented

two seven-story high structural walls connected by seven

coupling beams. Specimens were subjected to repeated cycles of

inelastic reversing loads.

Coupling 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, ~oth wall systems exhibited

substantial deformation capacities. Wall systems with conven-

tional reinforced beams lost lateral strength with the rapid

deterioration of shear capacity in the tension wall. Wall

system with straight diagonals, on the other hand, failed in

compression buckling of reinforcement in compression wall.

Experimental results showed the effectiveness of using full-

length diagonal bars in short-span coupling beams. Further

discussion of the coupling beam reinforcement details is given

by Paulay and Binney(13). Beams should also be selected in

light of the capacity of wall elements. Too strong the coupling
i

beams would result in excessive damage in wall elements.

-8-
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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(2,5). Eighteen

tests on isolat~d walls and eight tests on coupling beams were

performed. Different wall sections and reinforcement details

were investigated. Coupling beam specimens (3) 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(14) have reported results of dynamic

tests 6n four small-scale coupled wall systems. Specimens were

ten stories high with wall elements joined 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 EI Centro or

1952 Taft earthquake motions.

Test results indicated that natural frequencies 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

-9-



behavior of wall systems have also been reported by Lybas and

Sozen. (15)

Dynamic and static tests of coupled walls have been reported

by Irwin and Young. (16) However, dynamic tests were conducted

only in the elastic range of very small specimens. A sine wave

function was used as the forced vibration. In static tests, the

model exhibited a ductility factor in excess of four. Lateral

load redisttibution 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 (CS-l) and a

system with strong repaired·beams (RCS-l).

Test Specimens

Dimensions of the coupled wall specimen are shown in Fig. 2.

The 18 ft (5.5 m) high, 1/3 sca,le, six-story model 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

th ickness of 4 in. (102 mm). Cross sect ion of the wall elements

is shown in Fig. 3. The base of each wall was anchored rigidly

to the test floor through a common base block. Soil-structure

interaction was not considered.

For CS-l, coupling beams spaced 3 ft (0.9 m) on centers had

a clear span of 16.7 in. (423mm) corresponding 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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(b) Coupling Beam in CS-l
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(c) Coupling Beam in RCS-l
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Fig. 3 Cross-Sectional Dimensions of
Walls and Coupling Beams
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Repaired beams in RCS-l had a cross section of rlO in. by 8 in.

(254 rnrn by 203 rnrn) as shown in Fig. 3. Shear span-to-depth

ratio of the repair beam was 1.04. At each floor level, slabs

were simulated by 2.5 in. (64 rnrn) by 1 ft (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.

Th ickness of the top floor slab was ihcreased to 5 in. (127 rnm)

to accommodate applied 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 floor 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-l was tested

at the youngest concrete age of 105 days. Therefore, very

little change of concrete strength in wall elements were antici­

pated in RCS-l tests.

General design of reinforcement details was based on the

1971 ACI Building Code. (17) Reinforcing steel configuration for

wall elements is shown in Fig. 4. Primary flexural reinforce­

ment in the wall was 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

1000 psi = 1 ksi = 6.895 MPa

f = yield streng th of f' = compressive strength ofy c

reinforcement concrete

f = ul t ima te strength of E = modulus of elasticity ofsu c
reinforcement concrete

f f
Reinforcement y su

(k si) (k si)

No. 3 Bar 70 108

No. 4 Bar 63 101

6 mm Bar 77 103

D-3 Wire 74 85

I

-14-

f I EcConcrete c
(psi) (ks i)

First level 4430 3640
Second level 3390 3350
Third level 3740 3140
Fourth level 3630 3350
Fifth level 3040 .2960
Sixth level 3750 3420
Repa ired Beams 3500 4070
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I in. =25.4 mm
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System CS-l

System ~CS-l

( a)

IO"~ (b)
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I I
~ 4"--1

~----
28" -----I---i
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Fig. 4 Reinforcement Details of
Wall Element
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boundary element was provided by closed hoops of D-3 deformed

wires spaced at 1.33 in. (34 rnrn) on centers over the first two

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

(102 rnrn). Vertical web reinforcement consisted of two layers of

6-mrn 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 ends 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-mrn

bars spaced at 4 in~ (102 rnrn). No strain hardening was assumed

in the coupling beams.

Reinforcement details for coupling beams of CS-l are shown

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

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

hoops of D-3 deformed wire spaced at 1.33 in. (34 rnrn) 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 capac i ty at yield was prov ided 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 flexu ral

-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
1

Appendix A.

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

applied to the specimens. For CS~l, a total of six reversing

~oad 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 cycle, the test was stopped. Although coupling

beams were severely damaged, the two walls were. still in good

condition.

Damaged beams were removed and replaced with stiffer and

stronger beams. Wall elements were not repaired. This became

the repaired system RCS-I. The resulting wall system was

designated as RCS-l. Testing of the repaired system was con­

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

-17-'
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Fig. 6 Coupled Wall Test Setup I in. =25.4 mm

I kip =4.448 kN

Test CS-I Test RCS.;.I
200

100

Load,
kips 0

100

200

f- -

~

IAAA IAA/\vv 5 oV V 5 10 15

f-

~ Cycle Number

Fig. 7 Load Histories
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history for RCS-l is shown in Fig. 7. The test of RCS-l was

stopped when load carrying capacity of the specimen deteriorated

substantially. A total of fourteen load cycles were applied to
I

RCS-l.

SUMMARY OF EXPERIMENTAL RESULTS

Coupling beams selected for the wall systems permitted two

ranges of response to be observed. These ranges were distin­

guished by the magnitude of axial load and shear induced in the

walls. The changes in induced axial loads, and the resulting

redistribution of shear forces, caused two different failure

mechanisms. In this section, observed behavior of CS-l and

RCS-l is presented and their 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-l and RCS-l are

shown in Figs. 8 and 9, respectively. The load and deflection

indicated in the figures represent total applied load 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-l, 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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TABLE 2 - PRINCIPAL TEST RESULTS

I tern Test CS-l Test RCS-l

Yield 120 k --System Load (534 kN)

System Yield Top Deflection , 1.3 in. --
(33 rom)

Maximum Applied Load 143 k 217 k

(636 kN) (965 kN)

Maximum Imposed Top Deflection 2.4 in. 4.0 in.
(61. 7 rom) , (101. 6 rom)

Max. Nominal Shear S t re ss -' 5.4 f~ psi 6.7 f~ psi

(0.45 f I MPa) (0.56 f I MPa)
c c

/

TABLE 3 - YIELDING SEQUENCE OF COUPLING BEAMS

TEST OF CS-l TEST OF RCS-l

Load Coup Ii ng Beam Load Coupling.Beam
kips (kN) Floor Level kips ( kn) Floor Level

42 (186 ) 6th 122 (544) 4 th
42 (186) 3rd, 4 th, 5th, 133 (593) 3rd, 5th
59 (262) 2nd 157 (700) 6th
86 (383) 1st 192 (854 ) 1st

In addition, a separation of 0.5 in. (13 rom) between walls

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

load cycle. Wall separation imposed axial deformations in

coupling beams which further reduced beam deformation capacity.

Thus, under subsequent inelastic reversals, walls became uncou-

pled and the specimen benaved as two uncoupled walls in paral­

lel. The amount cif coupling estimated at yield load during the

fourth cycle was 11%. This compared well with the 13% expected

at full yield from the design analysis.
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The extent of cracking in C5-l 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 hinges

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 cracking pattern of the wall elements

was similar to that of an isolated wall under lateral load

reversals (15) . Wall elements of C5-l were in good condition at

the end of the test as can be seen in Fig. 11.

A total of fourteen load cycles were applied to RCS-l. Beam

yielding occurred at levels higher than 2/3 of the maximum load

as shown by shaded areas in Fig. 9. All coupling beams yielded

before significant reduction of specimen stiffness 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 compression wall was 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.

The combination of large axial and shear stresses in the

compression wall of RCS-l 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

-22-
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Fig. 10 Crack Pattern in CS-1

Fig. 11 System CS-1 after Testing
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measured in isolated wall tests(18). Further details on behav-

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

The cracking pattern of RCS-l 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. Cr~cks initiated in the tension

wall were seen propagating through the coupling beams unto the

compression wall. This indicated that the specimen was behaving

very much like a single element in an ~overturning~ mode. A

photograph of RCS-l after testing is shown in Fig. 13.

Load-deflection envelopes for CS-l and RCS-l are plotted in

Fig. 14. The broken line in the figure represents the load­

deflection envelope of two uncoupled walls in parallel(18).

The initi:al stiffness of CS-l and RCS-l was observed to be

about three times the stiffness of two walls in parallel. How-

ever, once coupling beams yielded, stiffness of the systems

decreased steadily. For CS-l, decre~se of specimen stiffness

was quite rapid. As can be seen in Fig. 14, the load~deflection

envelope of CS-l approached that of two uncouple~ walls. The

test was stopped after the walls yielded. For RCS-l, higher

load capacity was attained~ than for two unco~pled walls acting

in parallel. However, the system was less ductile.

Observed behavior of the test specimens can be summarized
I

as follows. Coupling provided by the relatively weak bea~s in

CS-l was too light. The coupling beams suffered severe damage

relatively early which resulted in a ~linked~ wall system. The

-24-
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Fig. 13 System RCS-1 after Testing
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advantage of dissipating energy through coupling beams was not

efficiently utilized. On the other hand, coupling beams in

RCS-I were too strong relative to the walls. Inelastic behavior

of beams was not fully utilized to dissipate input energy.

Thus, wall elements became the critical element in the design.

In addition, strong coupling beams induced high axial loads on

the walls which reduced deformation capacity of the system.

An efficient coupled system should 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 ~eams. At the same time,

beams should be selected with sufficient deformation capacity to

sustain coupling actions beyond system ~ielding.

Deformation Characteristics

A maximum top deflection of 2.4 in. (61 mm) was measured in

CS-l when the test was terminated. This corresponds to about

1.1% of the specimen height. A deflection of 4.0 in. (102 rom),

1.9% of the specimen height, was applied to RCS-l. As a point

of reference, generally accepted maximum overall drift for

design is about 1 to 2%.

Lateral deflection profile~ 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 deflectiqn profile of the tension wall.

The walls acquired different deflected shapes as they were sub­

jected to alternating axial tension and compression under load

-27-
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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

of first story wail 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-I load versus rotation curves under

positive loads were similar to those under negative loads. This
J

indicates that wall behavior under different axial forces was

essentially the same. Axial forces induced through coupling

were not large enough to change wall behavior.

For ReS-I, 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

to the large induced axial loads. The axial loads induced

through coupling were large enough to change wall behavior

significantly.

In Fig. 16(b), load versus shear distortions measured in the

first story of wall elements are shown. Positive loads indicate

that compressive axial forces 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

-29-
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distortion relationships for CS-l and RCS-l 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-l

than in CS-l. As shown in Fig. 16, at load cycles with the same

measured rotation, corresponding measured shear distortions in

RCS-l were twice than. those of CS-l. This indicated that the

amount of deflection made up by shear distortions was larger in

RCS-l than in CS-l.

Rotations in coupling beams were also measured for both

tests. Applied load Jersus end rotation of the coupling beam

at the fourth story is shown in Fig. 17. Measured rotation of

the coupling beam in CS-l 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. Observed separation of walls in CS-l further

reduced beam ductility.

Rotation of the repaired beams at yield was 0.Oq05 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 conditions.

Fig. 18 shows the load versus shear distortion relationships

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

tions measured in CS-l were much larger than those measured in

-31-



Load.kips

System CS-I 200

System RCS-I

-0.04

-0.04 -0.02

100

100

-100

-200

-200

0.02

Rotation, rod.

I in.: 25.4 mm

I kip =4.448 kN

0.0

0.0

Fig. 17 Load Versus Rotation Relationships
of Coupling Beams at the 4th Story Level

-32-



Fig. 18 Load Versus Shear Distortion Relationships
of Coupling Beam at the 4th Story Level
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RCS-l. A more detail descriptio'n of the data is given in

Appendix B.

ANALYSIS OF EXPERIMENTAL RESULTS

In this section, coupled 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 walls. Components of

deflection measurements 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:

1 P V ~A (1)2 =0 w c

M 1 P H M 1:(M + Vc
£) 1: A h ( 2)= "2 = +

0 w c 2 c c

where Po = applied load

V = shear force at base of wall elementw

A = axial force in coupling beamsc

H = height of wall system

Me = moment in coupling beams

M = moment in wall elementw
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Fig. 19 Free Body Diagram of a Wall Element
in a Coupled Wall System
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v = shear force in coupling beamsc

h = height of coupling beam above basec

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 one complete load cycle. Shear, moment, and

axial stresses were induced into the wall elements through the

coupling beams.

It can be seen from Eq. (1) that applied loads were redis­

tributed through axial deformations of coupling beams. Lateral

loads were transmitted from tension wall to compression wall.

Similarly, moments were also redistributed between the tension

and compression walls through the coupling beams as shown in

Eq. (2). The last t-erm in Eq. (2) represents the redistributed

moments. Therefore, axial forces in coupling beams have to be

considered in evaluation of loading conditions lin wall elements.

The second term in Eq. (2) repr esents the coupl ing moment

provided by beams. It is obvious that coupling strength is

directly proportional to the strength characteristics of

coupling beams.

In order to experimentally evaluate_the coupling effects,

test results for CS-l and RCS-l were compared with isolated wall

test data(18). First, rotation histories of individual walls

in CS-l and RCS-l were obtained for a selected cycle. Using

these rotation histories, lateral loads required to produce a

similar rotation history 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

in the system(18). Effects of load hisfory and inelastic

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-l and RCS-l are

shown in Figs. 20 and 21 respectively ..

As can be seen in Fig. 20, total estimated loads resisted
J

by both wall elements were found to be consistantly smaller

than the measured data for CS-l. 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 13% of full flexural capacity was provided by coupling.

For RCS-l, loads carried by tension and compression walls

accounted for about 58% of the total applied load at a top

deflection of 3.0 in. (76 rom). This is shown in Fig. 21. Based

on design calculations, 42% coupling was predicted. The higher

percentage obtained from the comparison in Fig. 21 was due to
I

effects of shear and moment redistribution which were not con-

sidered in the design calculations.
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D~flection Components

Based on rotation and shear distortion measurements at the,
,

first two story levels of wall elements, flexural and shear

deflections were calculated. Details of calculations are pre­

sented elsewhere. (18)

Deflection profiles for CS-l in Load Cycle 5 and RCS-l 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-l than in CS-l.

Since individual, walls were subjected to different forces

as applied loads were reversed, deflection components versus

load stages are plotted in Figs. 24 and 25 for CS-l and ReS-I,

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. Reversal of deflections attrib­

uted to rotations always lagged behind corresponding deflections

attributed to shear distortions. This phenonmon is especially

obvious for RCS-l.

Relationships between first story deflections and top

deflections are shown in Figs. 26 and 27. In CS-l, deflections

attributed to shear accounted for 52% of the total measured
\

deflection at the first story level. In RCS-l deflections

attributed to shear accounted for over 65% of the first story

deflection. This indicated that inelastic shear behavior was

more significant in RCS-l than in CS-l .
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ANALYTICAL PROGRAM

In the analytical phase of the investigation, models of

coupled wall systems were developed (21) . Three parameters

that affected behavior of wall systems were investigated, and

the significance of each parameter to the overall response of

wall systems was evaluated. Validity of the analytical models

was first confirmed 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 model developed in this investigation is

illustrated in Fig. 28. Structural members were idealized by

massless line elements along the centroidal axes 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

observed in the test of CS-I 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(19). 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 behavior was based on the

experimental data. (2)

In wall elements., inelastic flexural behavior was ass~med

to spread over the lower two stories. To model these inelastic

rotati6ns, wall elements in the first two stories were divided

into finer line members as can be seen in Fig. 2~. 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 wall

sy s tern was assembled. Inelast ic behav ior of the s true ture was

calculated on a step-by-step basis by applying loads in small

increments. Within 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 calculate behavior of wall

systems under load reversals. A modified Takeda model for

calculating load reversals was used. (20) Detailed development

of the analytical model is discussed elsewhere. (21)
./

Analyses of Systems

Inelastic response of coupled walls CS-l and RCS-l 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

analytical results. Parameters considered 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

caused by bond slip. Interaction between flexural and axial

behavior was defined as the influence of axial loads on-the

flexural properties of individual walls.

Comparisons of the calculated load versus top deflection

relationships for CS-l and RCS-l unger monotonic loadings were

made with measured 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-l. Other parameters considered had only a small influence in

comparison with the inelastic shear 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 coupling provided by beams was small. Axial

loads induced by the weak beams were not large enough to affect

response. This agreed with test data which indicated that CS-l

eventually behaved as two isolated walls in parallel.

For RCS-I, interaction between flexural and axial forces was

the critical parameter. This can be seen in Fig. 30. Inelastic
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Fig. 29 Effects of Inelastic Shear on
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shear in the of walls was included in the analysis. Other

parameters, such as effects of end rotation due to bond slip

,and inelastic shear deformation in the beams, 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. This observation was in agreement with

the experimental results which showed RCS-I behaved as a single

element in its "overturning" mode.

Load versus deflection relationships of CS-l u~der load

reversals were also calculated. Comparison of load-deflection

hysteresis curves for the calculated and measured data are shown

in Fig. 31. It is.ev.ident from Fig. 31 that the model was able

to successfully simulate the test of CS-l. The estimated

sequence of coupling beam and wall yielding compared closely

with measured results. No corresponding an~lysis was performed

for RCS-l because there was no established procedure to account

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

ANALYTICAL RESULTS

Redistribution of base shear and'moment 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

CS-I and RCS-l is shown in Fig. 32. Percentages of total
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Fig.32 Redistribution of Shear Stresses for CS-l and RCS-l
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applied shear force resisted by the tension wall of CS-l are

represented by the solid line in Fig. 32. At the beginning of

"loading", base shear was distributed equally 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 the tension wall. This indicated that relatively

small redistribution of shear was present in the lightly coupled

system.

Calculated percentages of total applied shear resisted by

the tension wall in RCS-l 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. (13 rom), shear red i str ibu t ion

became evident. At a top deflection 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 heav ily 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-l and RCS-l are illustrated in Figs. 33 and

34, respectively.

For CS-l, the percentage of coupling moment to overturning

moment was about 30% at the beginning of loading. This is shown

in Fig. 33. As the lightly coupled system went into post yield

region, the ratio of coupling moment de~reased steadily to 12%

and then remained relatively constant. The calculated coupling

ratio of 12% is comparable to the measured coupling ratio of 11%

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 rom), momentresis­

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-l is shown in Fig. 34.

Ratio 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 for 10% of the total moment when the

repaired beams yielded. In contrast, the compression wall took

an increasing proportion 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 tall structures. A properly

designed coupled wall system will dissipate energy through cou­

pling beams without affecting stability of the entire structure.

Two coupled wall tests were reported. Test results showed

two kinds of structural response. Initially, a lightly coupled

system, CS-I, was tested. The lightly reinforced beams of CS-l

were damaged early under large imposed deformations with

repeated load cycles. Plastic hinges formed at the wall-beam

interfaces. Subsequently, response of the lightly coupled sys­

tem was reduced to that of a system of two uncoupled isolated

walls in parallel.

Damaged coupling beams in CS-l were removed and replaced

with stiffer and stronger beams. Structural wall.s in the system

were not strengthened or modified. The repaired system, RCS-l,

was tested under a load history similar to that for CS-l. The

heavy coupling beams between walls caused the system to behave

as a single isolated wall. Stiong coupling between individual

structural elements was evident. Yielding of the coupling beams

occurred immediately before and after yielding of the walls.

Under repeated 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. (21) 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 load in walls created\by accumula-

tion of shear forces in coupling beams significantly

influences behavior and deformation capacity of the

individual walls.

(2) In the 1 igh tly coupled system, CS-l, the mea.sured

amount of coupling at full yield was 11%. Beams in

this system deteriorated rapidly with most of the

inelastic action occurring in the coupling beams before

the walls yielded~ Axial load in this lightly coupled

system did not significantly affect wall performance.

(3) In lightly coupled wall systems, the critical parameter

is deformation capacity of coupling beams. Deformation

capacity must be sufficient to insure proper coupling

action beyond yielding of the system.

(4) Repair of CS-l by replacing the coupling beams with

stronger elements was simple and effective. Repaired

system RCS-l had a greater strength than the original

system CS-l.

(5) 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 ~ psi (0.48 ~ MPa) andc c
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( 6 )

(7 )

( 8 )

(9 )

9.8 ~ psi (0.81 Jf~ MPa) for CS-l and RCS-l,

respec ti ve ly.

In the repaired coupled wall system RCS-l, measured

amount of coupling at ultimate was 30%. With repeated

inelastic load reversals, the soecimen lost its load
L ~ .

carrying capacity by web crushing of the compression

wall.

In the repaired coupled wall system RCS-l, strong cou-

pIing beams created large axial stresses in the walls.

Presence of axial loads significantly affected perform-

ance of the walls. Wall elements of system RCS-l

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 wall 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. In effect,

as loads were reversed, each wall element assumed two

distinct deflected shapes within one complete load cycle.
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(10) In a heavily coupled wall system, critical parameters

are strength and deformation capacity of the walls.

(11) 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 capacity, of walls are exhausted,

damage to the structure may be beyond repair.

(12) Design of coupled wall systems should relate the amount

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 d€sign requiring

beam and wall yielding at approximately the same level.

(13) An important characteristic in observed behavior of

each test specimen was lateral separation between the

walls. In lightly coupled system CS-l, separation

between walls occurred. This separation was related to

axial deformation in the coupling beams and may have

caused a substantial reduction in the moment and shear

capacity of the beams. In heavily coupled system

RCS-l, 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-I.
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(14) An analytical model was developed in this investigation

and was successfully used to calculate the load versus

deflection relationship of the coupled wall systems.

(15) 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.

(16) The analysis also indicated that redistribution of

shear and moment between walls was significant in

heavily coupled systems. In ReS-I, the compression

wall was estimated to be resisting 80% of the applied

shear forces and over 40% of the total overturning

momen t.

(17) The analytical investigation showed that interaction of

axial and flexural forces is the most important factor

to consider in calculating behavior of heavily coupled

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-l and the heavily coupled wall was

designated RCS-l. 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. AI.

They are typical for common residential buildings. Each floor

is laid out in 20 ft (6.1m)- 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 walll

lengths of 18 ft 9 in. (5.7 m). Individual walls are con­

nected by coupling beams as shown by dotted lines in Fig. AI.

Span length of coupling beams corresponds to a standard fire­

door opening and size of coupling beams is typical for lintels

over doorway openings.

Because of the size limitation of the laboratory facilities,
v

the test specimen was built at approximately 1/3 scale. (22)
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General Description

Overall dimensions of the coupled wall specimen are shown in

Fig. A2. The specimen was an 18 ft (5.5 m) high six story

model. It consisted of two rectangular 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 rom). A

cross-section o~ the wall element 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 rom). Cross­

sections of coupling beams in Test CS-l and RCS-l are shown in

Figs. A4 and AS, respectively. Coupling beams of CS-l had a
~

beam width of 4 in. (102 mm) and a depth of 6.7 in. (169 rom).

Beams used in RCS-l had a width of 10 in. (254 mm) and depth of

8 in. (203 mm).

Floor slabs were simulated us i ng 2.5 - in. (64 rom) deep by

l-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 even distribution of applied loads into the

walls.

The coupled wall specimen was anchored rigidly to the test

floor through a 2x4x17 ft (0.6xl.2x5.2 m) base block. Soil­

structure interaction was not considered and is outside the

scope of this investigatiori.

Overall views of the two specimens before testing are shown

in Fig. A6.
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Fig. A6 Specimens ·before Testing

(a) CS-l

(b) RCS-l
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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 relationships for concrete and steel used in the speci-
/

mens are shown in Fig. A7. Measured material prop~rties are

given in Table 1.

Reinforcement Details

R~inforcing steel details for the wall elements are shown in

Fig. AB. frimary flexural reinforcement at the extremities, or

boundary elements, of each wa~l was provided by 12 No.4 bars of

Grade 60 steel. The reinforcement percentage of these bars with

respect to surrounding concrete is approximately 6%. This per­

centage is the maximum allowed inthe 1971 Acr Building Code for

columns in earthquake resistant structures. (17) Confinement

around the primary reinforcement was provided by closed hoops of

D-3 deformed wire. These hoops were spaced at 1-1/3 in. (34 mm)

in the first stories in accordance with Appendix A of the 1971

ACr- Code. (17) Above the second story, spacing was increased

to 4 in. (102 rom) in accordance with Chapter 7 of the Acr

Building Cbde.

Horizontal web reinforcement 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). Reinforcement 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

-A7-
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considered in the walls accounted for strain hardening of the

primary reinforcement. However, based on experimental results

no strain hardening wa& assumed in the design of coupling beam

reinforcement.

Coupling beam reinforcement was designed based on test

results for conventionally reinforced coupling beams. (2,3)

Reinforcement details and dimensions of coupling beams fqr

the two tests are shown in Figs. A-9 and A-lO.

As shown in Fig. A-9, straight horizontal bars· were used as

flexural reinforcement for System CS-l. Two 6-mm bars were used

as top and bottom flexural reinforcement. Shear reinforcement

and concrete confinement were provided by closed D-3 deformed

wire hoops spaced at 1. 33 in. (34 mm).
!

Beams of RCS-l 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 rom) were to provide concrete confinement. Cross

section of the beams was lOx8 in. (254x203rnrn) as shown in Fig.

A-lO. Additional ties made of D-3 wires were provided to resist

shear stresses. Reinforcement details for beams in RCS-l are

shown in Fig .. A-lO.

Reinforcement details for floor slabs are shown in Fig.

A-II. Reinforcement parallel to walls was provided by four D-3

deformed wires located near the edge of the slabs. Reinforce-

rnent perpendicular to the walls was selected based on slab

analysis of the. prototype structure using the "equivalent frame

method" as specified in 1971 ACI Building Code. (17) The

selected reinforcement consisted of 6 rom bars spaced at 4-in.

-'AIO-
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Fig. A9 Coupling Beam Reinforcement Details for CS-l
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Fig. All Slab Reinforcement Details

3J 114.....1-- ---:5..::...2-=-@_4_"=_17_'-_4"__~_A__~_BJb"

B

~

6mm bar

03 wire

I in. =25.4 mm

A

I03 wires

i-wall

28"

Section 88

W
Section AA

0-3 wire

I"

2
1
/2" C l.!!:::::=::!==:#};==~

6 mm bars

6 mmbars~

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
• -AI3-



(132 mrn), 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. This extra rein­

forcement was designed to strengthen the slab section against

restraining forces induced by vertical frames used to 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 d~awing of the

coupled wall test setup is also shown in Fig. A-12.

To ensure sufficient lateral restraint against out-of-plane

movement, external vertical frames were used to guide the spec­

imen. Vertical frames consisted of steel tubings located at

both ends of the test specimen. The tubings were securely

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 in the walls during loading reversals was

minimized.

Loading System

Test specimens were loaded laterally in the plane of the

structure. Concentrated reversing loads were applied at the top

-A14-
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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 rom) stroke potentiometers located at the first, second,

third, and sixth floor levels. In addition, lateral displace­

ments at 3 in. (76 rom) abo~e 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 mrn) potentiometers. Based on displacements measured by the

potentiometers, average rotations over a given section were

calculated. Procedures for determining rotations from the

poteAtiometer readings are given in Fig. A-IS. Rotations of

wall elements at the first story, second story and over a 3-in.

(76 rom) section above the base block were measured. A photo-
(

graph of external instrumentation in the wall element 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 Technology Laboratories were

used.

Rotations at end regions of the coupling beams were also

measured. Instrumentation 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.
I .

The method used for calculating shearing strains from recorded

-A19-



Fig. A-IS Rotation Calculation

"F'ig. A-16 External ~'1all Instrumentation
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readings is shown in Fig. A-lB. 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 hor.izontal wall

reinforcement are shown in Fig. A-19. In 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
j

in the first two stories were also measured. Strain gage loca-

tions for tha 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 sequence in each struc­

tural element during testing. It also indicated the strain

history at specific locations.

Throughout the test program three X-Y plotters were used to

obtain continuous records of selected parameters.

-A21-



j

-

Fig. A17 External Coupling Beam Instrumentation
/

I
J

1

I

o

I... h ~I

VI + v2 JJ I2- 0
2 - Jll- 0

2

y= 20 = 20

F " AlB Shear Distortion Calculation19.

-A22-



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
•

i
f--
f--

I

I
'---
.---

,

I
II .---

f--

,

- - -
.---

I

I

I - - -
.---
f--

I

I - - -
I

I - - -
.--
~

I - - - I•
,

I - -I

I

Fig. A19 Location of Internal Strain
Gages in Wall Element

-A23-



Strain G

/ /
I""" ~ - """

1/_" II II , I' ""-It "3~..... 52 @ 4 = 17'-4' ~ ~2

lio.=254mm
Plan

A-,
v-0-3wire

I

Il

11

16 2/;'

-IT Strain Gages

---

v~ ~~

r

2-
mm bars

0-3 wire

Fig. A-20 Locations of Strain Gages on Slab Reinforcement
A

A A-,-y

.IT Strain Gages 1/
I

"
1,1

\~~"0-- I

~~

- 16%"
-- -

A Ar -y

I
:P
I'V

"'"I

A, A
-J'

Specimen CS -I Specimen RCS-I

Fig. A-20 Locations of Strain Gages for Coupling Beams

_ ...... _------------- - -



Fig. A22 Strain Gages on Wall Hoop Reinforcement
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Construction and Repair Procedures

Construction procedures for the specimens were cornmon field

practices. In this section procedures for constructing specimen

CS-l.are presented. Methods used to replace damag~d coupling

beams after CS-l was tested are also described.

Construction Procedures

Construction of specimen CS-l began with casting of the

2x4x17-ft(O.6xl.2xS.2-m) base block. Prior to testing, the

specimen was post-tensioned to the l~boratory floor through the

base block. All vertical wall steel was anchored in the base

bl~k and extended continuously to higher stories as shown in

Fig. A-23.

The specimen was cast vertically, one story at a time, with

construction joints at the top of every floor slab. Prior to

setting forms at each story, horizontal steel in the walls and

floor slabs was tied in position.

A photograph of the specimen showing the base block, first

story, and second story formwork is shown in Fig. A-24.

Initially, formwork was fastened to inserts in the base block

to maintain proper spacing. For stories above the first flooi

level, forms were secured to the floor slab at the preceeding

floor level. Vertical alignment of the wall was maintained by

tying laterally to a rigid frame before and after casting.

Vertical and horizontal alignment was checked by a theodolite.

After casting, concrete was cured for four days before form­

work was ~tripped. During this period reinforcement for the

next story was tied in place.

-A26-.
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Fig .. A-23 Base Block of Coupled Wall Specimen.

Fig. A-24 Specimen During Construction
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Construction joints between lifts were prepared according

to specifications in the 1971 ACI Building Code. (17) Concrete

surfaces were roughened with a chisel. Laitance and loose

particles were then removed prior to placing adjoining concrete.

Coupling Beam Repair Procedures

The following method was used to replace damaged beams with

new beams after the test 'of CS-l. Steps for removing damaged

beams are schematically illustrated in Fig. A-25.

1.. Slabs along the length of coupling beams were removed.

Longitudinal bars in slabs ~ere left in place.

2. Coupling beams were removed. Longitudinal 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. Coricrete cover over boundary elements in wall elements

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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Fig. A26 Reinforcement Cages for Repaired Beams
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Fig. A27 Beam After Repair
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APPENDIX B - EXPERIMENTAL RESULTS

In this appendix, recorded data from tests of CS-l and RCS-l

are presented in detail. Observed behavior of both systems is

described. Data on strength and deformation characteristics are

discussed and compared.

Observed Behavior

Two kinds of response were observed in the tests of CS-l and

RCS-l. These were distinguished primarily by the effectiveness

of coupling beams in connecting wall elements together. With

different amounts 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 CS-l and

RCS-l are discussed in this section.

Wall Test CS-l

System CS71 was sUbjected to six load cycles. The first

three cycles corresponded to initial crackin~ 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 th~ specimen after the first

three load cycles is shown in Fig. B-1. 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
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the fourth and fifth story are shown in Fig. B-2. These were

taken during cycle 3.

Cracks in the walls started horizontally. With additional

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 third load cycle.

As the test continued, t~e compression and tension walls
\

yielded at approximately the same load. The specimen was then

cycled at ~he 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 soft~

ened under load reversals. Deformations imposed on coupling

beams at the upper stories were observed to be larger 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 maximum wall separation of 0.5 in. (13 mrn)

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

Fig. B-4 .
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Applied loads were distributed equally at the top of both

walls throughout the test. Before the breakdown of the coupling

mechanism, horizontal forces in the tension wall were 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

system.

At lower story beams, concrete crushing was observed at the

beam-wall interface. However, rotation measurements did not

indicate flexural crushing of beams. This indicated that as the

beams began to deform shear forces were transmitted from the

tension wall to the compression wall. Although this kind of

interaction was not of significant magnitude, 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-I 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 a measurable

difference in wall behavior.

A photograph of the specimen after the test was stopped is

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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Fig. B-6 Syste~ CS-l after Testing
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Wall Test RCS-I

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

was subjected to fourteen reversing load cy6les. The first six

cycles were identical to the load history applied to CS-I. The

eight subsequent cycles were also incremental load reversals.

Loads were applied until the system lost its load carrying

capacity.

As the test proceeded, crack patterns in walls and beams

were found to be quite different from those in CS-l. Cracks in

coupling beams were predominantly diagonal cracks as ~hown in

Fig. B-7: No distinct hinging regions were observed. Diagonal

cr~cks were evenly spac~d throughout the beam length~.

Diagonal cracks were scattered over both the tension and

compression walls. The cracking pattern of RCS-l after six load

cycles is shown in Fig. B-8. For clarity, only cracks resulting

from one direction of loading are shown. From the observed

behavior and cracking patterns, the specimen behaved very much

in the "overturning" mode as illustrated in Fig.-B-9. Cracks

initiated in the tension wall were seen propagating through the

coupling beams into the compression wall.

Figure B-IO 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 represented 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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(a) Fifty Story Beam
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(b) Fourth Story Beam

Fig. B-7 Cracking Patterns for Coupling Beams of RCS-l
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Fig. B9 Overturnihg Mode

Cracking Pattern of RCS-l After Six Load Cycles
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Fig. Bll Cracking Pattern at Wall-Beam
Interface at the First Story

After Thirteen Load Reversals
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Since RCS-l was a repair of CS-l, RCS-l was tested with pre­

existing cracks in the wall elements. With repeated load

reversals, 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 a 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. Shea~ forces in the tension wall were transmitted

to the compression wall through the coupling beams ... High axial

stresses were also induced in the walls by the coupling beams.

As additi6nal inelastic load cycles were applied, concrete

crushing was observed in the compression zones of the coupling

beams at the beam-wall interface. A photograph of the first­

story coupling beam-wall interface after thirteen load cycles is

shown in Fig. B-ll. Imposed deformations on coupling beams were

not sufficiently high to uncouple the wall system.

Shear stresses and axial loads induced i~ the walls by the

coupling beams had a significant·effect oh the system's deforma­

tion capacity and mode of failure. The combination of large

axial load and shear forces in the compression wall re~ulted in

a web-crushing mode of failure. Damage was concentrated in the

first story as shown in Fig. B-12. Photographs of individual

walls after test are shown in Fig. B-13.
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Fig. B12 System RCS-l After Testing
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Fig. B-13 Close-up Views of Systems RCS-l after Testing
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Strength and Deformation Characteristics

Applied load versus measured deformations of CS-l and RCS-l

are presented in this section. Lateral deflections, rotations,

and shear distortions were measured.

Lateral Deflections

Top lateral deflection was measured on both sides of the
)

specimen. Applied load versus top deflection was plotted in

Figs. B-14 to B-17 for CS-l and RCS-l. In Figures B-14 and B-16

the sequence of yielding of coupling beams for System CS-l and

RCS-l are identified.

For Test CS-l, first yielding of a coupling beam was

recorded at ~n applied load of 41.6 kips (185 kN) at a top

de flec tion of 0.2 in. (5.1 rom). Wall system yield ing 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-l was

143 kips (636 kN). The test was stopped at the lateral top

deflection of 2.4 in. (61.7 rom) with a corresponding lateral

load of 135 kips (601 kN).

For RCS-I, first yielding of the coupling beams was measured

at lateral load of 122.4 kips (544 kN) and a top deflection of

2.6 in. (66 rom). Max imum load capac i ty of the specimen was 217

kips (965 kN) which occurred at a deflection of 2.7 in. (69 mm).

Max imum recorded deflect.ion of the System was 4.0 in. (102 rom)

at which point the system was still carrying 95% of the maximum

load.

Lateral deflection profiles of three load cycles for CS-l

and RCS-l are shown in Fig. B-18. Lateral deflections of the

-B15 -
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specimen were measured at five locations: the. base, 1st 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 represent the deflection profile of the compression wall

element while curves on the negative side of the x~axis repre­

sent deflection profiles of the tension wall.

Itis 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-l and RCS-I.

Walls under axial compression exhibited larger displacement in

the first two stories. This indicated that shear deformations

were larger in the compression wall than in the tension wall.

Shear was redistributed between the tension and compression

walls, and this redistribution was significant.

Also noted in Fig. B-18 is that deflection profiles of the

tension walls in CS-l and RCS-l are slightly different. The

percentage of lateral displacement at 1.5 ft above the base to

the top deflection for RCS-l was slightly larger than CS-l.

This, together with the observed profiles shown in Fig. B-18,

indicate that deformation 9f the heavily coupled wall in the

first two stories was larger than a lightly coupled system.

Rotations

Applied lateral load versus overall rotation of the entire

wall system at the first story 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-l

-B20 -
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and RCS-l was 0.005 rad, rotational stiffnesses of the two sys­

tems were different. System RCS-l was stiffer than system CS-l.

With the external instrumentation rotation of wall elements

could be calculated at 3" (76 rom) 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-l and RCS-l
1

are shown in Figs. B-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 distributed 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 rotation

measured at the first story level.

Rotational deformations of coupling beams at the wall-beam

interface were also measured. Rotations of coupling beams at

the second, fourth and sixth story for CS-l and RCS-l are shown

in Figs. B-24 and B-25. Rotational hysteresis loops for the

second story coupling beam of CS-l were quite different from the

rest~ As the specimen became a "linkage system", plastic hinges

formed at the end of coupling beams resulted in permanent defor­

mations. These permanent deformations cause a shift of the (

rotational hysteresis loops to the right of the y-axis.

From Fig. B-24 and B-25, it was observed that measured cou­

pling beam rotations in CS-l were more than twice those in

RCS-l. This indicated that, for a lightly coupled wall system,

the coupling beams underwent larger deformations. Therefore,
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Fig. B-20 Load versus Rotation Relationships
for Wall Element WI of CS-I
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Fig. 8-22 Load versus Rotation Relationships
for Wall Element Wl of RCS-l
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Coupling Beams of System CS-l
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for lightly coupled systems, available deformation capacity of

coupling beams is one of the primary design parameters. Also,

coupling beams at the fourth story experienced greater deforma­

tions than other instrumented beams.

Shear Distortions
J

Shear distortions were measured at the first and second

story of each wall element. Applied load versus shear distor­

tions at the first and second story for CS-l and RCS-l are shown

in Figs. B-26 to B-29. Both specimens exhibited steady degrada­

tion of the shear resistin9 mechanism. Shear distortions

measured at the same location increased with repeated applied

loads. In addition, pinching ~as observed in the hysteresis

loops for both tests as shown in Figs. B-26 and B-29. The

pinching phenomenon was especially pronounced in the test of

RCS-I. Severe pinching 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 load was

applied, the sliding shear resistance mechanism changed to a

diagonal-strut mechanism. Also, walls under compression were

found to experience larger shear distortions than wall und~r

tension. This can be explained by the fact that shear was

redistributed between the two walls through coupling beams.

Applied load versus shear distortions of coupling beams for

CS-l- and RCS-l are shown in Fig. B-30 and B-31. The max imum

shear distortions of the second story coupling beam measured in

-B29-
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Fig. B-29 Load versus Shear Distortion Relationship
"for Wall Element W2 of RCS-I

0.010

I in. =25.4 mm
I k.ip =4.448 kN

Shear Distribution I rod.

Shear Distribution, rod.

0.005

-100

-200

-100

-200

200

200

-B33-

(b) At First Story Level

(a) At Second Story Level

Load, kips

Load I kips

-0.010

-0.010

•

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



200 ..

- 200
Load versus Shear Distortion· Relationship
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Fig. B-3l Load versus Shear Distortion Relationship
for Coupling Beams of RCS-l
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CS-l was 0.4 rad. The large shear deformation can be explained

as follows. In, the test of CS-l, a separation between walls
,

resulted from elongation of the coupling beams. Thi~ reduced

the coupling beam's shear resistance and resulted in larger

shear,distortions in the beams.

A maximum shear distortion of 0.06 rad was recorded for

RCS-l. It was noted that the second and fourth story coupling

beams showed larger shear deformations that those in the sixth

floor beam. Significant pinching was observed in the hysteresis

loops.

Strain Measurements

Strains measured on vertical wall reinforcement in the

boundary element at 1,.5 ft (457 mm) and 3 ft (914 rom) above the

base of wall system CS-l 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 indicated that the two walls were behaving

as isolated walls in parallel with no coupling.

Strains in reinforcement at similar locations for RCS-l is

shown in Figs. B-34 and B-35. Strain hysteresis of reinforce­

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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Fig. B-32 Load versus Vertical Steel Strains at
1.5 ft above Base for CS-l
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Applied load versus strains in flexural reinforcement of

coupling beams is shown in Figs. B-36 and B-37. Comparisons of

measured strains in both tests were made yt every story level.

It was foun~ that beams in CS-l yielded half way "through the

fourth cycle. However, measured strains for beams in RCS-l were

quite different.

Load versus hoop strains in coupling beams are shown in

Fig. B-38.

Fig. B-39 gives the strain distribJtion in slab reinforce­

ment at different stories. Data shown in Fig~ B-39 were

obtained in both tests. Similar strain data for RCS-l are shown

in Fig. B-40. From the measured strains, it is evident that the

presence of slab stubs did have some effect on the behavior of

the wall systems.

Variations in confining hoop strains along the height of

CS-l are shown in Fig. B-41. Hoop strains for RCS-l are shown

in the'Fig. B-42. Variations in vertical reinforcement strains

along the height of the specimens are shown in Figs. B-43 and

B-44. Horizontal strain distributions in vertical reinforcement

at 3 ft (457 rom) and 1.5 ft (914 rom) levels above the base are

shown in Figs. B-45 and B-46 for CS-l and RCS-I. Distributi6ns

of strains in horizontal wall reinforcement along the length of

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