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ABSTRACT

This report presents the experimental results obtained in the third

phase of an ongoing investigation on the seismic behavior of reinforced

concrete walls. The ultimate objectives of this investigation are to

find ways of designing and constructing RIC walls with large energy

absorption and dissipation capacities under the effects of severe seismic

excitations and to develop practical methods for the seismic design of

combined wall-frame structural systems. Although the main objective of

the studies reported here was to investigate the effects of the amount

and arrangement of wall-panel reinforcement on the overall seismic

performance of the wa1ls~ additional objectives were to study (1) the

effectiveness of the epoxy-injection technique for repairing damaged

walls, (2) methods of strengthening walls after their local failure, and

(3) the effects of construction joints.

Two one-third scale models of the three bottom stories of the wall

of a ten-story frame-wall RIC building designed according to UBC/73

seismic code requirements were constructed and studied experimentally.

In one model equal amounts of horizontal and vertical reinforcement were

used in the wall panel, while in the other specimen the panel reinforce

ment was arranged diagonally at 45°.

Each specimen was subjected to three series of three tests. In the

first series, the specimen was loaded under generalized loading (cyclic

with full reversals) up to first yielding of all the reinforcing bars

at the edge member in tension. Then the specimen was repaired by injecting

epoxy in the cracks. In the second series, after being loaded with full

deformation reversal cycles up to first yielding, the specimen was loaded

with monotonically increasing deformations up to failure,which occurred

in the first story. After repairing and strengthening this first story,

the model was loaded under cyclic loading, inducing full deformation

reversals, up to failure.

The results obtained are presented, evaluated and discussed in

detail and then compared with the results from experiments carried out

on the six previous specimens studied in the first and second phases
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of the ongoing investigation. The conclusion drawn from the evalua

tion and comparison of these results is that the overall behavior of

the specimens tested in this third phase was satisfactory despite the

fact that the design of the wall panel against shear did not

satisfy present UBC seismic code requirements. The diagonal arrange

ment of the panel reinforcement resulted in better behavior than the

vertical and horizontal reinforcing bar arrangement. While the

epoxy injection technique could not completely restore the stiffness

of the virgin specimen, stiffness was sufficiently restored to produce

acceptable behavior under service as well as yielding load levels.

The repair and strengthening techniques used permitted the restored

specimen to develop a lateral resistance even larger than that

observed in the virgin specimen, but did not restore the ductility of

the latter. The construction joint behaved very well although the lap

splicing of the reinforcement did not satisfy minimum code require

ments.

The report concludes with some recommendations for improving

present seismic code provisions and for future research.
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1. INTRODUCTION

1.1 General Remarks

Due to uncertainties regarding the magnitude and characteristics

of future earthquakes~ it is seldom economically feasible to design

structures to resist major earthquake shaking elastically [1~2~3].

According to present design philosophy~ a building should be able to:

(a) Resist frequent minor earthquake ground shaking without

undergoing structural or nonstructural damage;

(b) Resist occasional moderate earthquake shaking with only

minor nonstructural damage;

(c) Resist rare major earthquake shaking without suffering

serious damage or collapse.

To be more speci.fic~ a structural system must be able to provide the

building with sufficient stiffness under service loading~ as well as

sufficient strength and energy absorption and dissipation capacities~

to withstand severe seismic excitations.

Many structures of low and medium height consist of ductile

moment-resistant frames. However~ as the height of the structure

increases--for example~ to more than 10 stories [4~5]--it is more

efficient to provide the building with the required lateral strength

and stiffness by means of a frame system interacting with structural

walls. Because they are designed to resist the total lateral shear

forces~ these walls are referred to as "shear walls." However, a wall

could be designed such that its failure mechanism will be controlled

by flexural behavior, thereoy providing a considerable amount of energy

absorption and dissipation capacities. Such a wall must have a large

length-to-depth ratio (greater than two for a cantilever wall loaded

in the top [6]) and can be referred to as a "flexural wall."

In order to study the behavior of structures using shear or

flexural walls as their main lateral force-resisting element under

major earthquake excitations, it is essential to have information on the

hysteretic behavior of such walls.

I
Preceding page blank



1.2 Review 6f Available Literature

Although wall systems have been used extensively in actual buildings,

information on their hysteretic behavior is sparse, especially for

medium- and high-rise walls. According to damage studies of past earth

quakes [7-11], some structures with wall elements performed very well.

Other structures with similar wall elements collapsed or suffered heavy

damage during severe earthquakes. Damage to the latter was primarily

due to poor design or poor construction and not due to the inadequacy

of the wall-frame system itself.

Various studies on the seismic behavior of shear walls and wall

frame systems have been performed, as well as studies on the damage to

existing structures from severe earthquakes [12-16]. In the past 25

years, most experimental data have been obtained from tests of one

and two-story reinforced concrete walls which were subjected to

simplified loading conditions. These "squat" walls had rectangular

cross-sections [17]. I-sections [18], or wall panels with boundary

elements [19-22].

Cardenas and Magura [17] tested several rectangular high-rise

walls under static loading conditions and found that, depending on the

percentage and distribution of the vertical reinforcement, the behavior

of this kind of wall is controlled by either shear or flexure. It was

also found that, to achieve large ductility, it is necessary to

concentrate the vertical reinforcement near the outer vertical edges

of the wall cross-section. It is also necessary to provide good

confinement for the concrete near the edges of the wall and to prevent

buckling of the vertical reinforcement at the same locations.

There is a lack of reliable data regarding the behavior of tall

slender (flexural) walls. These walls have the potential for providing

high strength, stiffness, and energy absorption and dissipation

capacities. In 1972, therefore, it was decided to conduct an

investigation of such walls at the University of California, Berkeley.

The study reported herein is part of this ongoing research. The aim

of the investigation begun at Berkeley was to determine the effects of

several parameters on the mechanical behavior of reinforced concrete
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walls. These parameters include: (a) loading history; (b) cross

section type (whether barbell or rectangular); (c) wall reinforcement

(amount and arrangement); (d) shear stress; (e) methods of concrete

confinement at edge members; and (f) flexibility of the foundation.

The investigation was broken down into several phases, starting

with analysis of available data, planning of the research program,

design and fabrication of test facilities, and analytical and

experimental studies. The experimental studies began with two framed

walls (of barbell cross-section) with spirally reinforced edge-columns

labeled specimens SWI and SW2. These walls were designed according to

the 1973 Uniform Building Code [23]. This part of the study was carried

out by Wang [24].

The second series of experiments dealt with four walls (specimens

SW3 through SW6), and were carried out by Vallenas [25]. Specimens

SW3 and SW4 were framed walls (barbell cross-section) with stirrups

providing the concrete confinement in the edge columns. The amount of

wall-panel reinforcement in specimens SW3 and SW4 was identical to that

of wall-panel reinforcement for specimens SWI and SW2.

Thus, the parameters studied in the first two series of

experiments were: the shape (cross-section) of the walls; the types of

edge-column confinement; the shear stress; and the effect of loading

history programs (whether cyclic or monotonic). In both series, special

emphasis was placed upon the effects of the above parameters on the

stiffness, strength, plastic hinge rotation, ductility, and energy

dissipation capacity of the walls,as well as on their modes of failure.

The variations in the critical damping ratio and in the frequency of

the wall with degree of damage induced in the walls were also studied

by measuring these values after the specimens were subjected to

different levels of loading and damage. The effectiveness of present

methods of repairing structures was a secondary objective.

The third series of experiments dealt with two framed walls with

spiral reinforcement at the edge columns (specimens SW7 and SW8), and

is theseraes reported herein~ Specimen SW7 differed from specimens SWI

and SW2 only in that its,wall·panel contained one-half the amount of
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reinforcement that existed in specimens SWI and SW2. Specimen SWS

contained the same amount of wall-panel reinforcement as that of

specimen SW7, but it was differently arranged (diagonallyat,45
0
). In

this series, emphasis was placed on the effect of the amount and

arrangement of the wall-panel reinforcement on the mechanical behavior

of the walls.

Further research is needed before knowledge about the behavior of

walls or wall-frame systems under seismic excitations is complete. The

ultimate objectives of the general investigation are: (a) to discover

whether it is possible to design and construct walls that allow ductile

behavior under severe seismic excitations; and, if so, (b) to use these

walls in complete wall-frame systems; and (c) to develop practical

methods for the seismic design of these combined wall-frame structural

systems. The objective and scope of the studies follow.

1.3 Objectives and Scope

The main objective of the research reported herein is to investi

gate the effects of the amount and arrangement of wall-panel rein

forcement on the behavior of walls when subjected to seismic loading

conditions. Three secondary objectives have been the study of the

effectiveness of the epoxy-injection technique for repairing damaged

walls, methods of strengthening the wall after failure, and the effects

of construction joints.

To attain the main objective, two'framed wall specimens (SW7 and

SW8) were designed, constructed, and tested (Figs. 1.1 to 1.4). Com

parison is made of their behavior and that of the previously tested

specimens (SWI through SW6). The effect of the amount of wall-panel

reinforcement was investigated by comparing the results of specimen SW7

with those of SWI and SW2 which were studied by Wang et al. [24]. The

effect of the diagonal arrangement of wall-panel reinforcement was

studied by comparing the results of specimen SW8 with specimen SW7.

In this report, special emphasis is placed on a discussion of the

overall performance of each of the specimens and of their strength and

deformation capacities, as well as on a comparison with predicted

values. A detailed comparison is made of the measured values of the
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lateral displacement at each story level, and the contribution of the

flexural deformation, the shear distortion, and the fixed-end rotation

to the total measured displacement in the two walls studied.with those

results obtained in previous studies. The different modes of failure

are also discussed in detail.

Finally, after drawing some conclusions, recommendations for

future research are offered.
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2. TEST SPECIMENS

2.1 Selection of Test Specimens

2.1.1 Prototype Building

A 10-story reinforced concrete building was designed with a lateral

force resisting system consisting of two framed walls running along the

E-W direction. The floor plan and elevation of the building are shown

in Fig. 1.1. The building is symmetric with respect to both directions,

minimizing the torsional force that could develop during an earthquake.

The N-S walls were selected for study [24,25]. Although the pres

ent study only utilizes two structural walls, it is usually desirable

to have a larger number. For example, the same prototype building

designed according to AIJ code specifications [26] would have a minimum

of four walls. (For a detailed discussion of the prototype building,

see Section 2.1 of Ref. 24.) A summary of the design criteria and pro

cedure follows.

The panels of the N-S walls are 12 inches thick, and those of the

E-W walls are 8 inches thick. The floor diaphragm consists of an 8

inch thick flat slab. The exterior columns of the prototype building,

including the boundary columns of the E-W walls, are all 20 inches by

20 inches. All the interior columns are 24 inches by 24 inches. The

exterior columns are further interconnected with l2-inch wide and 16

inch deep spandrel beams.

The prototype building was designed according to the third cate

gory specified in Table 23.1 of the 1973 Uniform Building Code (UBC)

[23J; that is, the horizontal force factor, k, of Eq. 14-1, Chapter 23

of the UBC, was selected to be 0.8. The building was assumed to be

located in Seismic Zone No. 3 (this corresponds to Zone 4 in the 1976

UBC). Therefore, the value of z in this equation was 1.0. The speci

fied yield strength of the reinforcement was 60 ksi, and the specified

concrete compressive strength was 4 ksi.

Using the TABS computer program, analyses were made of the pro

totype building's dynamic response to the N-S component of the 1940
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E1 Centro earthquake and to the S-16 -E component of the derived

Pacoima base rock motion from the 1971 San Fernando earthquake [24].

From these analyses, a critical induced shear-to-moment ratio was

obtained. Specimens SW1, SW2 [24]; SW3, SW4, SW5, sw6 [25]; SW7, and

SW8 were tested under different loading histories to study the effect

of this primary parameter on their behavior.

2.1.2 Selection of Test Specimens

In the selection of specimens SW1 through SW8, it was necessary to

determine, first, the basic subassemb1age for which a study could supply

the required information for the whole structure and, second, the model

scale for reproducing this subassemb1age.

The selection of the subassemb1age is discussed in Section 2.3.1

of Ref. 24. It was based upon determination of where the yield zone or

"critical region" would occur. This region was assumed to occur in the

first two stories. However, simulation of boundary conditions (force

applications) demanded the selection of at least a three-story assemblage.

The selection of the model scale is also discussed in Section 2.3.1 of

Ref. 24. The final specimen selected for the investigation was a three

story scale subassemb1age model shown in Fig. 1.2.

Except for the slab thickness, the dimensions of the specimen

correspond exactly to one-third the dimensions of the prototype. The

dimensions of specimens SW7 and SW8 ar~ shown in Figs. 1.2 through 1.4.

2.2 Review of Specimens Tested up to the Present

2.2.1 Phase I

A series of tests were conducted on two one-third scale component

models of the bottom three stories of the 10-story, frame-wall building.

The tests are reported in Ref. 24, and the specimens were labeled as

specimens SWI and SW2. The overall dimensions and reinforcement of the

edge columns of these specimens were the same as those indicated in

Fig. 1.2. The specimens were framed walls (barbell cross-section). The

wall panel was 4 inches thick with a reinforcement of No. 2 bars

placed 3 inches center-to-center at each face of the panel and in both

vertical and horizontal directions. The 10-inch, square-edge column
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reinforcement consisted of eight No.6 bars arranged in a circle with

a O.20S-inch diameter spiral at a O.833-inch pitch.

2.2.2 Phase II

The second stage of the investigation consisted of a series of

tests on four specimens SW3, SW4, SWS, and SW6. The results are reported

in Ref. 25. Specimens SW3 and SW4 were framed walls (barbell cross

section), and specimens SW5 and SW6 were rectangular. The arrangement

and amount of reinforcement in the wall panels, and the dimensions of

specimens SW3 and Sw4 were the same as those of specimens SWI and SW2.

The only differences between specimens SW3 and SW4 and specimens SWI and

SW2 were the type of confinement used and the arrangement of longitudinal

reinforcement in the edge columns. The longitudinal reinforcement in

each of the columns of SW3 and SW4 consisted of eight No. 6 bars

distributed equally on the four faces and confined by square ties.

2.2.3 Phase III

In the third phase of the investigation, a series of tests were

conducted on two additional specimens--SW7 and SW8. The design,

testing, and behavior of these two specimens are discussed in detail in

this report.

2.3 Design of Specimens SW7 and SW8

The same design criteria were used for specimens SW7 and SW8 as

for specimens SWI and SW2 [24]. However, the design of specimens SW7

and SW8 was based on the 1976 edition of the UBC [23] and the 1974

edition of the SEAOC [27].

2.3.1 Wall-Panel Reinforcement

In specimens SWI and SW2, the design of the wall-panel reinforcement

was based upon Section 26ll(q) of the 1973 edition of the UBC. Reference

24 shows that, using UBC Section 2611, Eq. 11-33, the horizontal wall

panel reinforcement could be spaced at 9 inches (p = 0.0082) in the
n

prototype building (corresponding to 3-inch spacing in the specimens).

The same amount of reinforcement was used in the vertical direction.
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It was decided that perhaps less wall-panel reinforcement could be

used in specimens SW7 and SW8 by designing their reinforcement according

to the UBC/76 and the SEAOC/74. The design for specimens SW7 and SW8

is presented in the following section. In this same section, SWI and

SW2 are investigated to determine if they satisfy the 1976 DBC and 1974

SEAOC recommendations.

2.3.1.1 Do Specimens SWI and SW2 Satisfy the UBC/76?

According to the UBC/76, walls acting independently of the ductile

moment-resisting portion of space frames should be capable of resisting

the total required lateral forces (Table 23-1, Item 3, of the UBC).

According to Section 23l2(d) of the UBC/76, Eqs. l2-3A, 12-2, and 12-1:

0.05 h
T = n=.

0.05 • 93
0.595 seconds

1C = ---- = 0.0864
ISlT

v = ZIKCSW = 1.0 • 1.0 • 0.8 •. 0864 • 1.0 • 19988 = 1382 kips

The estimation of the total weight of building W = 19988 kips is given

in Ref. 24, Appendix A.

Section 23l2(e), Item 5, of the UBC/76 requires that walls be able

to resist a minimum tors.ional moment equal to the story shear acting

with an eccentricity of 5 percent of the maximum building dimension at

that level. This is computed to be:

M
t

= 0.05 • 180 • 1382 = 12438.0 K-ft.

Thus, the total base shear per wall is 1382/2 + 12483/140 = 780 kips,

where 140 feet is the distance between the walls. This assumes that all

the torsional moments are resisted by the N-S walls of the building

alone which is a conservative assumption.

Section 2627(a) of the UBC/76 and Section 3(A) of the SEAOC/74

10



specify a load factor of 2.0 for calculating shear stresses in shear walls

of buildings without 100 percent moment-resisting space frames. For

shear, the ~ factor is equal to 0.85. Thus,

v
u-= 2.0(780) - 1835 kips

0.85 -

Using a 12-inch thick wall panel, h, and taking the effective depth, d,

of the wall as the code specified value of 0.8 ~ = 226 inches, the
w

nominal shear stress, v , is computed by Eq. 11-31 of UBC/76 Section
u

26ll(q), Le.,

v
v =_u_=

u qihd
1835 • 10 3

12 • 226 680 psi

According to Section 26ll(q) of the UBC/76, v shall be less than
u

10~ = 633 psi. However, the value of d taken as 0.8 ~w is conserva-

tive in this case since the framed wall is designed such that most of

its vertical reinforcement is concentrated at its edge columns. For

instance, if no vertical reinforcement is provided for the wall panel,

the value of d--being the distance between the extreme compression

fiber and the centroid of the tension column--becomes equal to 267

inches. In Ref. 24, when the d value of the specimen is the distance

from the extreme compression fiber to the centroid of the area of the

rebars in tension, d is equal to 78.3 inches for the specimen and 235

inches for the corresponding prototype. If this value is adopted,

v u = 650 psi 10.61fI which is still larger than lO~ = 633 psi;

therefore, a 12-inch thick wall does not meet the UBC/76 recommendations.

2.3.1.2 Wall Reinforcement for Specimens SW7 and SW8

According to the behavior of the specimens observed in the first

two phases of the investigation, i.e., specimens SWI through SW6, it

was felt that a vu = 10.6~ could be accepted for barbell cross

sections which were the sections used in this phase of the investiga

tion--i.e., specimens SW7 and SW8. Thus it was decided to estimate the

amount of wall-panel reinforcement required using h = 12 inches.

11



(a) Horizontal Wall-Panel Reinforcement.

Using Eq. 11-33 of Section 26l1(q) of the UBC/76,

~w 1.25~ + 0.2 /~)
V c = 0.6~ + M l w

u w
-y-- 2

u
where

Nu 195 kips =
l h = 282 • 12 58 (compression)

w

> 21i' = 127 psi
c

However, according to this same code section, for buildings located in

Seismic Zone No.4, N when in compression shall be taken as zero. Hence,
u

Thus, v can be taken as 21fT = 127 psi when N is in compression.
c c u

Using No.6 rebars in a double layer (in the prototype):

A f
s = -:---,-v_",,-y--:-~_

(v - V ) b
u c w

0.88 • 60,000
(680 - 127) • 12 7.96 inches ~ 8 inches

The spacing could be increased to 8.4 inches if the more realistic value

of d = 235 inches is used in computing v. If s = 8 inches is used,
u

0.88 = 0.00917
8 • 12

(b) Vertical Wall-Panel Reinforcement

According to Eq. 11-34, Section 2611 of the UBC/76, vertical shear

reinforcement shall not be less than

Pn 0.0025 + 0.5 (2.5 - ~:) (Ph - 0.0025) ~ 0.0023

or 0.0025, but need not be greater than Ph. According to the SEAOC rec

ommendation [27], however, the value of P should be the same as thatn
for Ph' Le., equal to 0.00917.

Although the above results indicate that the UBC/76 requires even
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more wall reinforcement than the UBC/73, in view of the excellent per~

formance of wall specimens SWI through SW4 it was decided to use less

reinforcement, increasing the spacing of the No. 2 bars to the maximum

acceptable by code.

According to the UBC/76, the ratio, Ph' of horizontal shear

reinforcement area to the gross concrete area of vertical sections shall

be at least 0.0025. The spacing of horizontal shear reinforcement shall

not exceed £ /5, 3h, nor 18 inches. According to the SEAOC/74, thew
minimum reinforcing ratio, P, for walls designed to resist seismic forces

acting parallel to the walls should be 0.0025 each way. The maximum

spacing of reinforcement shall not exceed d/3 nor 18 inches--whichever

is smaller--where d is the dimension of the wall element parallel to the

shear force. That portion of the wall reinforcement required to resist

design shears should be uniformly distributed.

Upon calculating the above values, it was found that i /5 = 56.5
w

inches in the prototype (18.8 inches in the model specimen), and that

3h = 36 inches in the prototype (12 inches in the model specimen), and

18 inches in the prototype (6 inches in the model specimen). Therefore,

the maximum spacing allowed by the UBC/76 and SEAOC/74 was 18 inches in

the prototype (6 inches in the model). Thus, the use of No.2 bars at

a 6-inch, center-to-center spacing in both the horizontal and vertical

directions was acceptable since the requirements for minimum Ph' Pn ,

and for spacing were, all met. The value of Ph becomes

P = 0.05 • 2 = 0.0041 > 0.0025
h 4· 6

where 0.05 is the area in square inches of a No. 2 bar~The same value

of Ph is found for the'prot<:>type, if No.'6 bars are used ats = 18

inches:
0.44 • 2

Ph = 12 • 18 = 0.0041 > 0.0025

It must be noted that, according to the previous computation, the re

quired s for a 12-inch thick wall to resist the total base shear per

wall computed according to the UBC/76 was about 8 inches. Thus, the

above values of spacing, s = 18 inches, do not satisfy Eq. 13-11, Section
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2611, of the UBC/76. If the space s

A would be:
v

18 inches is used, the required

A =
v

(v -v)b s
___u --=~c w__ = (680 - 127) • 12 • 18

f y 60,000 = 1. 99 in.
2

for the prototype, corresponding to 0.22 in~ in the specimen. This value

of A is greater than that
v

specimen. A provided = 2
v

and in view of the results

provided by two No. 2 bars for the model

• 0.05 = 0.10 < A specified. In spite of this,
v

obtained in the previous investigations of

specimens SWI to SW4, it was decided to check the behavior of walls with

wall-panel reinforcement that does not satisfy present code provisions.

(c) Specimen SW7 Reinforcement

The wall-panel reinforcement for specimen SW7 consisted of No. 2

bars spaced every 6 inches on both sides of the wall in both the vertical

and horizontal directions. This value corresponds to the maximum spacing

allowed by the UBC/76 and SEAOC/74. The dimensions of the wall and the

details of the reinforcement can be seen in Figs. 1.2 and 1.3.

A 9-inch splice was used for the vertical bars of the wall panel

of SW7 at the bottom of the second-story level in order to determine the

effect of the construction joint on the behavior of the wall and whether

the joint would create a "weak" zone in the panel. This is a more

realistic approach than that used for specimens SWI and SW2 where the

reinforcement ran all the way from the first- to the third-story levels

without any splicing. The length of the splice was calculated according

to Sections 26l2(f) and 2607(g) of the UBC/76.

According to Section 26l2(f) of the UBC/76, the development length,

ld' for a No. 6 bar in the prototype can be calculated as

= O. 04 A_ f / If'
-0 y c

0.04 • 0.44 • 60,000
=

14000
= 16.70 in.

but larger than 0.0004 db f y = 18 in. According to Section 2607(g)

of the UBC/76, the wall panel splice length for a class C splice can

be calculated as
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splice length = 1.7 £d = 1.7 • 18 30.6 in.

for the prototype. Although this corresponds to 10 inches in the

specimen~ a 9-inch length was adopted. Note that, if the specimen is

considered as a prototype rather than a model, the 9-inch length will

not satisfy the code provision 2607(g) which requires that the minimum

length of lap for tension lap splice be not less than 12 inches.

In the edge members (i.e., columns), the splice length was calcu

lated according to Sections 2607(h) and 26l2(g) of the UBC/76. It

should be noted that according to Sections 2627(c) and 2626(f), the lap

splices should be made within the center half of the column, and the

splice length should not be less than 30 bar diameters. According to

Section 2612(g), the development length for a No. 18 bar*(in the proto

type column) should be computed as £d = 0.02 f y db/~ but not less than

0.0003 f y db nor 8 inches. The first two values can be calculated as

42.9 and 40.7 inches. According to Section 2607(h) , however, the splice

length should not be less than 0.0005 f
y

db for f
y

of 60,000 or less.

This is calculated to be 67.80 inches for a No. 18 bar (in the proto

type) which corresponds to 22.6 inches in the model.**

If, on the other hand, the specimen is considered as a prototype

rather than a model, the development length for a No. 6 bar in compres

sion, according to Section 26l2(g) of the UBC/76, should be the greater

of 14.2 inches, 13.5 inches, and 8 inches. However, according to 2607

(h), the splice length is calculated to be 22.5 inches.**

From the above, it can be concluded that a splice length of 22.5

inches would satisfy the UBC/76 conditions for both the prototype and

the model, and thus it was used for the edge members (columns) for

specimen SW7. The splice location was at the bottom of the second-story

level.

The locations of both wall panel and column splicing are presented

in Fig. 1.2(~).

*According to the UBC!76, Section 2607(f), and the ACI-77, Section
12.15.2, lap splice$ should not be used for bars larger than No. 11.

**Because reinforcement is enclosed by spirals, the development length
could be reduced by 25 percent [UBC/76, Sections 26l2(g) and 2607(h)].
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(d) Specimen SW8 Reinforcement

The wall-panel reinforcement was placed diagonally at an angle of

450 along both directions (Fig. 1.4). The reason for this arrangement

was to study the behavior of walls with diagonal reinforcement and

compare it with that of regularly reinforced walls (i.e., to see

whether the diagonal reinforcement could create an effective shear

resisting mechanism).

The amount of reinforcement consisted of two layers of No. 2 bars

placed diagonally at a center-to-center spacing of 6 inches measured

perpendicular to the longitudinal. direction of the bars. This amount

of reinforcement. however, is not in accordance with Eq. 11-14, Section

2611, of the UBC/76. According to Section 11- 4, when inclined stirrups

are used the required area should not be less than

(v - v ) b s
A = _--=u:--_~c::-.-_w:.:.-__

v f (sin a + cos a )
y

(680 - 127) • 12 • 18
=-~:..=....::.:.-.,......:::.=..:...;..--==----=-=--::~

60,000 (sin 450 + cos 450 )
1.41 in.

2

1. 41 in. 2 is larger than the value of the shearThis value of A
v

reinforcement area provided by the inclined reinforcement, i.e., for the

prototype building

A = 0.44 • 2 = 0.88 in.
2

< A = 1.41 in. 2
v provided 'if specified

However, minimum spacing requirements of the UBC/76 and SEAOC/74 are met

as well as the minimum reinforcement ratio, Ph = 0.0025. The spacing

provided corresponds to a ratio, Ph = 0.0041, when calculated in a

direction perpendicular to the direction of the bars. This

value of P = 0.0041 is the same as that used for specimen SW7.

As in specimen SW7, a splice was used for wall-panel was well as

edge-member (column) reinforcement for specimen SW8. All bars were

spliced at the bottom of the second-story level. The splice length for

the wall-panel reinforcement was 9 inches measured along the bars, while

that of the column reinforcement was 22.5 inches. The splice poSitions as

well as their lengths are presented in Fig. 1. 4 (a).
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(e) Comparison of Volume of Steel, SW7 vs. SW8

The total volume of steel used in the wall panel of specimen SW7

calculated to be around 380 in3 The total volume of steel used inwas .
the wall panel of specimen SW8 was around 390 in. 3 which is very,
close to that of SW7. However, the cost of constructing diagonally

reinforced walls is higher because the bars must be cut at varying

lengths and because the placing and anchorage of these bars is more

difficult than that of vertical and horizontal bars. Therefore, in

general,construction of diagonally-reinforced walls is more complicated

and time-consuming than the construction of walls where reinforcement

bars are placed vertically and horizontally.

2.3.2 Edge Column of Walls

According to Section 2627(c) of the UBC/76, edge columns should be

designed to carryall vertical stresses resulting from wall loads in

addition to tributary dea.d and live loads and from the specified horizontal

earthquake forces. The design of the edge-column reinforcement was the

same as that for specimens SWI and SW2 and can be obtained from

Section 2.2.1, Ref. 24. In this case, the specified yield strength of

the reinforcement was also the same as in the case of specimens SWI and

SW2, i.e., 60 ksi, and the specified concrete compressive strength was

4 ksi.

The amount and arrangement of edge-column reinforcement were

identical for all four specimens, SWl, .SW2, SW7, and SW8, and consisted

of eight No. 6 bars arranged in a circular manner. The spiral was

No. 7 gauge wire with a diameter of 0.205 inches. The pitch used for

the spiral confinement was 0.83 inches. The details of the edge-column

reinforcement for both specimens SW7 and SW8 can be seen in Figs. 1.2

through 1.4.

2.4 Mechanical Characteristics of Model Materials

The prototype wall structure was designed on the basis of an

f' = 4 ksi and f = 60 ksi. Thus. similar design strengths were adopted
c y

for the model materials.
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2.4.1 Concrete

The specified 28-day strength of the concrete was 4000 psi. The

specimens were cast story by story. On the day of testing, the strength

reached 5910 psi for the first stories of both specimens SW7 and SW8.

The stress-strain curves for each individual story of the two specimens

are given in Figs. 2.1 to 2.3, and the mechanical characteristics are

given in Table lea).

The secant moduli of concrete E at 0.45 ff were calculated and
c c

compared to the values calculated according to ACI (UBC) empirical

equation, E = 57,000 1fT [23]. For the first stories of both
c c

specimens SW7 and SW8, the measured secant modulus at 0.45 ff is
c

equal to 3325 ksi. This value is considerably lower than the values

calculated according to the ACI empirical equation. The results are

compared in Table l(b).

2.4.2 Steel Reinforcing Bars

Each of the stress-strain curves for the different reinforcing bars

of specimens SW7 and SW8 are shown in Fig. 2.4 were obtained by

averaging the curves of two similar test specimens.

2.4.2.1 No. 6 Bars

The stress-strain diagram of the No.6 rebarsis shown in Fig. 2.4.

Although the specified yield strength of the reinforcement was 60 ksi,

the measured stress-strain relationships for the No. 6 rebars showed an

upper yield stress of 81.5 ksi and a lower yield stress of 75 ksi.Thus,

even the lower yield strength was 25 percent higher than the specified

one. The strain hardening of the rebars began when their strain reached

0.016. The initial strain hardening modulus was about 2000 ksi. The

tensile strength, i.e., the maximum nominal stress, was 109 ksi, reached

at a strain of 0.24.

Both No. 6 rebars were machined down from their original size for

the purpose of fitting them in the testing machine. The two machined

rebars that were tested had diameters of 0.4 inches each.

2.4.2.2 No.2 Bars

Figure 2.4 also shows the stress-strain diagram of the No. 2 rebars.

18



Their yield strength reached 70 ksi, and their strain hardening modulus

was about 700 ksi. The tensile strength, i.e., the maximum nominal

stress, was 95 ksi and was reached at a strain of 0.145.

2.4.2.3 Spiral Reinforcement

Number 7 gauge wire was used as spiral reinforcement. The stress

strain diagram for this reinforcement is shown in Fig. 2.4. No clear

plastic plateau can be seen on the stress-strain curve of the spiral.

Thus, the yield stress determined for this wire was 85 ksi, based on

ASTM standards to determine the yielding strength. However, the maximum

stress reached was 92.1 ski, and the ultimate strain of the spirals was

0.024.

It is clear that the wire used for the spiral was considerably less

ductile than the deformed No. 2 and No. 6 bars. In practice, it would

be desirable to use more ductile steel bars for the spiral.

2.5 Fabrication of Specimens

In order to simulate construction procedure in the field, the

specimens were cast story by story in their vertical position. The steel

cages for the edge columns and the wall panel up to the second story

were ready at the time that the footing was cast. Three days after each

casting, the formwork for the next story was placed. The period

between each casting was 13 days.

Following this procedure, the specimens had four construction joints-

a concrete construction joint at each story level, and a steel splice

construction joint at the bottom of the second-story level (Figs. 1.2

and 1.4). These construction joints, however, did not influence the

strength or failure mode of the specimens.

Specimens SW7 and SW8 were cast simultaneously to have a similar

quality of concrete to eliminate variation in this parameter when their

performance under similar loading programs is compared. During casting,

the concrete was compacted with a high-frequency vibrator and cured by

covering with wet sacks under a plastic cover for one week. The forms

of the lower stories were not removed until fabrication of the entire

specimen was completed.
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The forms were stripped 10 days after casting, and the specimen

was transferred from its cast position to its horizontal test position

by a pick-up frame. The specimen was then tied to reaction blocks by

means of twenty prestressing rods of 1-3/8 inch-diameter in the

longitudinal direction and by four similar rods in the horizontal

direction. Each of these rods was prestressed to 120 kips.
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3. EXPERIMENTAL SETUP AND TESTING PROCEDURE

3.1 Selection of Loading Conditions to be Imposed on the Specimen

The framed-wall prototype was designed for the UBC-specified

critical load combination of gravity loads and lateral forces. This

combination is shown in Fig. 3.1. Unfortunately, this loading combination

does not simulate the actual loading condition of the framed wall even

when subjected to seismic excitations of the intensity specified by the

UBC. The influence of the interacting frames and higher modes of

vibration is not accounted for properly by the adopted UBC distribution

of the total base shear. An attempt has been made to find a more

realistic and more critical loading condition (as far as the maximum

shear acting at the critical region of the wall is concerned) when the

whole building is subjected to severe seismic excitations. The results

are discussed in detail in Chapter 3 of Ref. 24 and summarized here.

According to the discussion in Chapter 3 of Ref. 24, the actual

shear force that can be developed in the wall could be considerably

higher than the unfactored UBC specified shear force. This is because

the amount of shear force that can be developed would be controlled by

the actual flexural strength of the wall and affected by the interaction

between the walls and the frames and by the higher modes of vibration.

The different loading conditions are shown in Figs. 3.2(1) to 3.2(5).

The most critical loading condition is shown in Fig. 3.2(4); this was the

condition selected for use in the tests. Using this loading condition,

the shear force of 2,187 kips--which is equal to 9 x 243 kips--that could

have developed in the prototype wall during ground accelerations of the

1940 El Centro earthquake is 4.08 times the unfactored UBC force of

536 kips [1.0 x (E + torsion), Section 2.2, Ref. 24]. Although the UBC/73

specifies a load factor of 2.8 in designing against shear and diagonal

tensions, this loadfactor--together with the code strength-reduction

factor, ¢--is apparently not large enough to give a realistic

estimation of the actual shear that could be induced in the wall when

the flexural strength of the wall is developed.

Except in research work where some advanced methods such as the

nonlinear finite element-analysis technique are used, the shear strength
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of reinforced concrete members is still most often estimated using

empirical formulas. These formulas, however, are not very reliable and

usually result in conservative values. More specifically, the actual

shear capacity of the wall may be larger than that estimated, and this

larger value of shear capacity might prevent brittle shear failure from

occurring. However,. because there is currently a lack of reliable

test data, there is no guarantee that walls designed according to UBC/76

specifications will not undergo brittle shear failure despite the higher

specified load factor of 2.0 for shear design. Therefore, a more

rational design method is necessary.

3.2 Experimental Setup

3.2.1 General Setup

The experimental setup, including the wall specimen and the testing

facility, is shown in Fig. 3.3. As indicated, the specimen is tested

in the horizontal position. The testing facility consists of reaction

blocks, loading devices, ancillary devices, and instrumentation using

a data-acquisition system. These are discussed in detail in Chapter 4

of Ref. 24.

3.3 Specimen Instrumentation and Data Acquisition System

3.3.1 External Instrumentation

The schematic plan for external instrumentation is shown in Fig. 3.4.

This instrumentation was designed to obtain data on lateral displacements,

curvature, story shear distortions, and steel and concrete strains using

electronic and mechanical transducers as well as photogrammetric readings.

3.3.1.1 Measurement of Lateral Displacement

The lateral displacement of the specimen was measured by four linear

potentiometers. The first three potentiometers were placed at each floor

level and are marked as 03' 02' and 01 in Fig. 3.4. The fourth potentio

meter was placed mid-depth at the first story and is marked as 04 in

Fig. 3.4. The measurements were based on the assumption that the slabs

and the walls between the edge columns cannot be extended laterally so

that the lateral displacement measured at the right and left sides of

the specimen has the same value.
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Although several cracks were found in the slabs during the tests,

these occurred after large deflections had been measured. Thus, it

appears that the amount of slab extension is very small compared with

the total value of lateral displacement. As shown in Fig. 3.5, another

source of error in the measurement of the lateral displacement was due

to the effect of axial deformation of the specimens. This error is also

negligible. For instance, at LP 310 for specimen SW7 R2, the total

extension of the right (south) column was 0.65 inches, which introduced

an error of 0.0094 inches in the measurement of 03' This error was

only 0.62 percent of the 03 value at that load point.

3.3.1.2 Measurement of Shear Distortion

The average shear distortion of the wall panel in each story was

measured by a pair of linear potentiometers placed diagonally across from

each other. The principle of relating the measurement of the relative

movement of two diagonally oriented points to the average shear distortion

is discussed in Ref. 28.

3.3.1.3 Photogrammetric Measurements

After the specimen was placed in position for testing, its. upper

surface was whitewashed and then marked with a rectangular grid as shown

in Fig. 3.6. This grid was used to obtain the deformation pattern of

the specimen's upper surface through a photogrammetric technique. Two

stretched wires running completely independently of the specimen

served as reference lines. Targets were attached at every intersection

of the grid lines and at several points along the reference lines to

assist with the subsequent data reduction~ Supported by a rigid

independent steel frame, two cameras were fixed 11 feet above the

specimen for taking photographs.

3.3.2 Internal Instrumentation

Several microdot strain gauges were welded on the first- and

second-story reinforcement and on the part of this reinforcement

embedded in the footing. This positioning was used because most of

the damage was expected in the first two stories. The exact location

of these gauges is shown in Figs. 3.7 and 3.8. These gauges permit:

(1) determination of the first yielding of the specimen; (2) recording
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of the strain history of the different reinforcements at some important

locations so that the stress history of the reinforcements at those

locations can be estimated and compared with the predicted values in

order to study the effectiveness of the different reinforcements;

(3) studying the anchorage effectiveness of the vertical reinforcement;

and (4) studying the possibility of a sliding shear failure in the

splicing at the construction joint.

3.3.3 Data Acquisition System

To have a clear idea of how the behavior of the specimen changed

as the test progressed and, therefore, to be able to control the test,

it would be ideal to continuously record the output from all transducers

by X-Y or X-Y-Y' recorders. However, only 16 to 18 Y and Y' channels

were available during the tests. These channels were used to record

the histories of the following: the two axial forces; the lateral

displacements, 03' 02' and 01; curvature; shear distortion, Yl and Y2;

and the steel reinforcement strain values at the most important

locations (Figs. 3.7 and 3.8). Each X channel of these recorders was

connected in series to the lateral load transducer to create plots of

each of the main parameters versus the lateral load. The output from

the rest of the transducers was read at selected stages of the test

directly through a high-speed, data-acquisition system which is based

on the use of a NOVA minicomputer.

3.4 Determination of Total Lateral Loqd

Due to the lateral movement of the specimen, the net axial force

provided by the hydraulic jacks, P, has a horizontal components, 6P,

acting on the specimen as shown in Fig. 3.9. The distance between the

hinge on the clevis-mounted jack and the hinge at the clevis attachment

at the tip of the column is 83 inches when the specimen does not undergo

axial deformation. When the specimen undergoes axial deformation, this

distance varies as a function of the angle a and the lateral displacement

03 (Fig. 3.9). Because this variation is small, the distance between

those two hinges is taken as constant, 83 inches, and the load correction,

6P, can be computed according to the following:
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liP = (IP) • sin a = (rP). °3... 83

where liP is in kips, and 03--the total lateral displacement of the

specimen at the level of the third floor--is in inches.

The total lateral force, PT' or the total shear of the specimen,

can be computed as follows:

P = P + liP
T

where P is the force applied by the lateral loading jack. The maximum

value of liP at LP 310 of specimen SW7 R2 was equal to 3.5 kips or

1.4 percent of the P value at that load point.

The vertical component of the lateral force P, due to the axial

deformation of the specimen, was always less than 2 percent of the net

axial force. Since the response of the specimen was not sensitive to

small variation of the net axial force, this vertical component of P was

neglected.
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4. TEST RESULTS AND THEJR EVALUATJON

4.1 Jntroductory Remarks

The series of tests conducted on specimens SW7 and SW8 were

divided into three phases for each specimen. These three phases were

denoted as: (a) virgin specimen; (b) epoxy-repaired specimen (Rl
specimen); and (c) twice-repaired specimen (R2 specimen). One of the

main reasons for carrying out all of the tests on each specimen was

economic~ i.e.~ because of the high cost of fabrication~ it was neces

sary to make the most use of each specimen.

The virgin specimen (SW7 Virgin or SW8 Virgin) was cyclically

lOaded up to the first yield of the column steel corresponding to a

ductility of 11 = 1. The test was then halted and all the flexural

cracks in the columns and the diagonal cracks in the wall panels that

could be injected with epoxy were repaired in this way. The reason for

the epoxy repair was to study (1) the effectiveness of epoxy injection

after mild seismic excitations, and (2) the behavior of the wall when

subsequently subjected to service lateral loading as well as to large

lateral inelastic deformations.

The epoxy-repaired specimen (Rl ) was then monotonically loaded~

with a few intermediate cycles, up to failure. Most of the damage was

concentrated in the first story. The specimen was then not only

repaired,but the first story was strengthened as well. This specimen,

denoted as R
2

, was tested again. The reason for this repairing and

strengthening was to study the effectiveness of the strengthening

techniques and also the behavior of the R2 specimen when subjected to

cyclic loadings at large ratios of V 1M. The twice-repaired specimen
u u

was cyclically loaded until failure, thus ending the series of tests

conducted on specimens SW7 and SWS. The details of the repairing and

strengthening techniques used for each specimen are discussed in

detail in Chapter 5 of this report.

The main parameters considered in evaluating the behavior of the

tested specimen in each of the three phases were:

(I) the loading history;

(2) the relationship between the total lateral force PT, i.e.,
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base shear, and the value of the lateral displacement at

each story level (presented in the form of PT - oR diagrams);

(3) the relationship between PT and the story shear distortion

at each story level (presented as PT - YR diagrams);

(4) the amount of flexural deformation (at each story level) at

each loading stage;

(5) the amount of fixed-end rotation at the foot of the columns in

each specimen at each loading stage;

(6) the maximum values of lateral displacement, ductility, total

base shear, and overturning moment in each of the three phases

of the testing;

(7) the mode of failure of the specimen in each phase of the testing.

4.1.1 Loading Histories

The experiments were conducted under controlled third-story lateral

displacement, 03R' as well as cycling under specific predetermined loads

such as a service or working load, P, of 90 kips. The loading histories

of each specimen are presented in the form of loading-history diagrams

which depict the amount of third-story lateral displacement, 03R; the

value of the lateral load;. and the number of cycles under the prescribed

conditions of loading and displacement. Figures 4.1 and 4.2 show the

loading history diagrams for specimen SW7. The loading history diagrams

for specimen SW8 are shown in Figs. 4.16 and 4.17.

4.1.2 Base Shear vs. Lateral Displacement (PT~R Diagrams)

The relative lateral displacements at the mid-depth of each floor

slab are denoted as 03R' 02R' 0lR corresponding to the third, second,

and first stories, respectively. These terms refer to the displacements

with respect to the footing of the specimen. Specifically, the lateral

displacements caused by the rigid body translation and rotation have been

excluded. The manner in which 03R' 02R' and 0IR are obtained is described

in Section 3.3.

The total lateral force (i.e., base shear) versus the individual

story lateral displacements is plotted for each of the three testing

phases. Plots for specimen SW7 are given in Figs. 4.3 to 4.9. Plots for
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specimen SW8 are given in Figs. 4.18 to 4.24. P
T

is given in KN and

ai's are in millimeters. The displacement ductility factor, ~o ' is

defined as 03R/o3Y where 03Y is the value of 03R at the first-yield

load. The stiffness of the specimen against lateral movements is

defined by the slope of the PT - 03R diagram.

4.1.3 Base Shear vs. Shear Distortions (PT~ Diagrams)

Angular distortions due to shear in each of the three-story wall

panels are denoted by Y3 , Y2' and Yl , and the displacements due to shear

by oy3 , oY2' and oYl , respectively, going from the third-story to the

first-story levels. The manner in which the shear distortions and

deformations are obtained is described in Section 3.3.

Plots of the total lateral load-shear distortion relationships

(i.e., base shear vs. shear displacement) are given in Figs. 4.10 to

4.15 for specimen SW7 and Figs. 4.25 to 4.30 for specimen SW8. PT is

given in KN, y. in radians, and oy. in millimeters.
1 1

4.1.4 Flexural Deformation and Fixed-End Rotation

The amount of flexural deformation and fixed-end rotation were

measured at each of the loading points throughout the testing of the

specimens. The contribution of these components to the total

lateral displacement depends on the slenderness of the specimen. The.

more slender the specimen, the more significant the flexural deformation

and the fixed-end rotation. Graphical information on the contribution of

these two components to the total lateral displacement, as well as the

contribution of the shear distortion, is given in Figs. 4.31 through 4.48,

and values are given in Tables 2 to 5.

4.1,5~ximumV~lues of Base Shear, Lateral Displacement, and Overturning
Moments

Maximum values were determined for base shear, lateral displacement,

and overturning mOment for each of the three phases (Virgin, R
l

, R2)

during the testing of specimens SW7 and SWS. Most of these values, as

well as the modes of failure, are given in Table 6.

4.2 Specimen SW7

In the first phase of the testing, specimen SW7 Virgin was subjected

to several working-load cycles, the maximum of which was 90 kips, and then
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displaced to first-yield ductility (~o = 1), corresponding to 03R

O. 72 inches.

The specimen was then epoxy-repaired. After a few cycles at

lateral loads smaller and/or equal to service load, the specimen was

loaded monotonically up to a certain level of deformation, then unloaded

and subjected to cycles at service loads. The specimen was loaded again

monotonically up to a new and larger predetermined deformation, and the

former process was repeated to a ductility of ~o = 6.4 where the first

story wall panel failed. The third-story lateral displacement at that

point was 03R = 4.61 inches (117 nun), and the maximum base shear was

PT = 227 kips (1010 KN). The specimen was then repaired and strengthened

at the first-story level and was cyclically loaded up to failure. The

maximum cyclic displacement ductility was ~o = 2.1, corresponding to a

positive displacement 03R = 1.5 inches (38 nun). The total base shear

reached at that point was PT = 278 kips (1231 ~~).

A more detailed discussion of each of the series of tests follows.

4.2 •.1 Results of Tests on Virgin Specimen

The load history graph for specimen SW7 Virgin is given in Fig. 4.1.

P - 0T graphs are given in Figs. 4.4 to 4.6. and V - y diagrams are given

in Figs. 4.10 to 4.12.

Specimen SW7 Virgin was initially loaded up to 10 kips (45 KN) at

LP 10 and cycled once. Then it was loaded up to 25 kips (111 KN) at

LP 16 and cycled once, then up to a working load of 90 kips (400 KN) and

subjected to four loading reversals from LP 37 to LP 263. The specimen

was then loaded up to 125 kips (556 KN) at LP 347, unloaded to zero,

brought up to 171.5 kips (763 KN) at LP 410, and cycled once at that load

to LP 470. The specimen was taken up to a ductility, ~o = 1,

corresponding to a 03R = 0.72 inches (18.3 nun) and a load PT = 197 kips

(877 KN) at LP 552. It was subjected to one load reversal at the

~o = 1 level. The test was then halted and the specimen was epoxy

repaired at LP 663.

4.2.1.1 Base Shear vs. Total Lateral Displacement: Specimen SW7 Virgin

In the first part of the test before LP 37, the amount of total

third-story lateral displacement, 03R' was very small. At LP 37, 03R

reached a value equal to 0.18 inches (4.5 nun) (Fig. 4.4a). No significant
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loss of stiffness can be seen during reversals at working load levels

(LP 37 and LP 263). At LP 347, 03R = 0.26 inches (6.73 rom), and at

LP 410, 03R = 0.50 inches (12.8 rom). At the point of first yield

(LP 552), the three measured lateral displacements were as follows:

03R = 0.72 inches (18.3 rom); 02R = 0.47 inches (12 rom); and 0lR = 0.20

inches (5.0 rom).

4.2.1.2 Base Shear vs. Shear Deformation

Up to LP 347, the amount of shear deformation in the specimen as

a whole contributed to about 32 percent of the total lateral displacement,

16 percent of which was due to the shear deformation in the first story

and about 8 percent to each of the other two stories (Figs. 4.10 - 4.12).

Between LP 347 and LP 410, there was an increase in the amount of

shear deformation. The amounts measured at LP 410 were: 0Y3 = 0.07 inches

(1.89 rom); 0Y2 = 0.06 inches (1.43 rom); and 0Yl = 0.10 inches (2.52 rom).

These amounts add up to 46 percent of the total lateral displacement, 03R'

The amount contributed by the third, second, and first stories was equal

to 14 percent, 12 percent, and 20 percent, respectively.

Between LP 410 and LP 552, further increase is observed in the

amount of shear deformation. At LP 552, the measured amounts of shear

deformation were as follows: 0Y3 = 0.11 inches (2.80 rom); 0Y2 = 0.08 inches

(2.0 rom); and 0Yl = 0.12 inches (2.9 rom). These amounts add up to a total

of 45 percent of the total lateral displacement, 03R' The amounts

contributed by the third, second, and first stories were equal to

12 percent, 16 percent, and 17 percent, respectively.

Comparison of the above values shows that the amount of displacement

contributed by shearing deformation is higher in the first story than

in the upper two stories. Furthermore, the rate of shear deformation

increased as the shear load was increased, indicating shear

deterioration, particularly at the first story.

4.2.1.3 Other Sources of Deformation

Other sources of deformation measured during the testing were the

fixed-end rotation and the deflection due to flexure. At LP 347, the

total amount of contribution of fixed-end rotation is very small, i.e.,
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less than 5 percent. At this loading stage, the total amount of

flexure deformation is about 60 percent of the total displacement, 03R.

The maximum contribution of the fixed-end rotation was at LP 552;

it amounted to 11 percent of the total lateral displacement, 03R' at

that point. The measured amount of flexural deformation at that point

was about 38 percent of the total deformation, and was mostly concentrated

at the first-story level (19 percent at the first-story level, 14.5

percent at the second-story level, and 4.5 percent at the third-story

level).

4.2.1.4 Concluding Remarks

The previous data show that, for specimen SW7 Virgin, the maximum

displacement, 03R' reached was 0.72 inches (18.3 rom). Of this displace

ment, 45 percent was due to shear distortion, 38 percent was due to

flexural deformation, 11 percent was due to fixed-end rotation, and the

rest was due to the deformation of the foundation and errors in

instrumentation. It was observed that most of the shear distortion was

concentrated in the first story (17 percent) and most of the flexural

deformation was also in the first story (19 percent). No major failure

mechanism was observed in the specimen at this phase of testing.

4.2.2 Results of Tests on Epoxy-Repaired Specimen, SW7 R
1

The load history diagram for Specimen SW7 Rl is given in Fig. 4.1.

PT - °graphs are given in Figs. 4.4 to 4.6. V - Y diagrams are given

in Figs. 4.10 to 4.12.

Specimen SW7 R
l

was initially at LP 663. It was first loaded to

10 kips (45 KN) and cycled once, then to 25 kips (111 KN) and cycled once,

and then to a working load of 90 kips (400 KN) and subjected to three

loading cycles from LP 685 to LP 736.

The specimen was taken up to a ductility, ~o= 1, corresponding to

03R = 0.72 inches (18.3 rom) and cycled three times from LP 762 to LP 868.

The maximum load carried during these cycles was 183 kips (815 KN).

Specimen SW7 Rl was then taken up to a ductility, ~o= 3, at LP 907

corresponding to 03R = 2.16 inches (54.9 rom). The load carried by the

specimen at that point was 208 kips (925 KN). The specimen was then
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unloaded to a zero load at LP 927. The recorded permanent deflection,

03R' at that point was 1.38 inches (35 rom) (Fig. 4.4b).

The specimen was loaded up to a working load of 90 kips (400 KN)

and subjected to four loading cycles from LP 942 to LP 1032. Next,

it was taken up to a ductility, ~o= 5, corresponding to 03R = 3.6 inches

(91.4 rom) at LP 1071, and brought back to a zero load at LP 1088. The

total load resisted by the specimen at LP 1071 was P
T

= 227 kips (1010 KN)

and the recorded permanent displacement at LP 1088 was 03R = 2.75 inches

(69.9 rom). The specimen was then subjected to two cycles at a load of

25 kips (Ill KN), from LP 1098 to LP 1119, and, subsequently, loaded up

to failure. Failure occurred at LP 1145 corresponding to a ductility

~o = 6.4 and 03R = 4.61 inches (117 rom). The maximum load observed was

227.5 kips (1010 KN).

Specimen SW7 Rl was then loaded and subjected to two cycles at a

load of 65 kips (289 KN) from LP 1175 to LP 1247. In the second cycle,

however, the specimen could not reach the 65-kip load and at the maximum

deflection imposed. LP 1233, the resistance was 25 kips (Ill KN). The

specimen was loaded with a 10-kip (45 KN) load at LP 1259 and then the

load was reversed. The maximum load that the failed specimen could

resist during this loading reversal was 117 kips (524 KN) at LP 1273.

The experiment was stopped at LP 1298 and the specimen removed for repairs.

4.2.2.1 Base Shear vs. Total Lateral Displacement: Specimen SW7 Rl

In the first part of the test before LP 685, the amount of total

third-story lateral displacement is very small. At LP 685, 03R reached

a value equal to 0.33 inch (8.38 rom) (Figs.4.4b, 4.5b and 4.6b). No sig

nificant loss of stiffness can be seen at the working load reversals be

tween LP 685 and LP 736. At the point of first yield, i.e., LP 762, the

three measured lateral displacements were as follows: 03R = 0.72 inches

(18.3 nun); 02R = 0.52 inches (13.21 nun); and 0lR = 0.27 inches (6.79 rom)

(Figs. 4.4b, 4.5b, and 4.6b). No significant loss of stiffness can be

observed in the specimen during the three cycles at first yield.

At LP 907 corresponding to ~o= 3, the measured lateral displacements

for the third-, second-, and first-story levels were 03R = 2.16 inches

(54.9 nun), 02R = 1.38 inches (35.0 rom), and 0lR = 0.72 inches (18.30 nun).
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The specimen was then unloaded to a zero load at LP 927. The permanent

displacements measured were as follows: 03R = 1.24 inches (31.5 mm);

02R = 0.87 inches (22.1 mm); 0lR;::; 0.41 inches (10.53 mm). At LP 942,

the measured deflections were 03R = 1.57 inches (40.0 mm), 02R = 1.09

inches (27.8 mm), and 0lR = 0.49 inches (12.4 mm).

Upon reversal of the 90-kip (400 KN) working load fromLP 942 to

LP 958, the specimen underwent a change of lateral displacement in the

third-story amounting to 1.33 inches (33.8 mm). At LP 958, the measured

lateral displacements for the third, second, and first stories were

03R = 0.24 inches (6.07 rom), 02R = 0.16 inches (4.02 rom), and 0lR = 0.07

inches (1.71 rom), respectively.

As can be seen from Fig. 4.4b, the three working load cycles from

LP 958 to LP 1032 show a maximum variation of lateral displacement in

the third story equal to 0.93 inches (23.53 mm) per load reversal

(i. e., between LP 1019 and LP 1032). This was 3.76 times the change in

displacement which occurred previously under the same working load cycles.

For example, the net change in 03R between LP 726 and LP 736 was 0.25

inches (6.25 rom). It can therefore be concluded that there has been

significant loss of stiffness and a significant amount of shear

deterioration due to the large displacement ductility to which the

specimen was subjected, po= 3.

The specimen was then loaded until it reached po= 5 at LP 1071

corresponding to 03R = 3.6 inches (91.44 rom) and, subsequently, brought

back to a zero load at LP 1088. At LP 1088, the recorded permanent

deflections for the third, second, and first stories were 03R = 2.7

inches (68.4 rom), 02R = 1.82 inches (46.2 rom), and 0IR = 1.39 inches

()5.2 rom), respectively.

The specimen was subjected to two 25-kip (Ill KN) loading cycles

and subsequently displaced until failure occurred in the first-story

panel at LP 1145, corresponding to Po= 6.4 and 03R = 4.61 inches (117 rom).

The second- and first-story deflections at that point were as follows:

02R;::; 3.15 inches (80.0 rom) and 0lR = 2.24 inches (57.0 mm). The above

values show that the amount of first-story displacement, 0lR'

contributed to about 50 percent of the total lateral displacement, 03R'
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After failure, the specimen continued to deflect laterally until 03R

reached a value of 4.72 inches (120.0 mm) at LP 1152. The load

carried by the specimen at that point was 87.9 kips (391 KN).

At the two 65-kip (289 KN) cycles, from LP 1175 to LP 1247, the

spe~imen displays an increasing loss of stiffness. This can be deduced

from the large increase in the value of lateral displacement from

LP 1198 to LP 1233. This increase was measured to be 0.30 inches

(7.60mm) for both the third and the first story. This shows that the

loss in stiffness (which caused increased lateral displacement under the

same 65-kip load) was concentrated in the first story due to the shear

damage at this story.

Under the 10-kip (45 KN) load at LP 1259, the third-story lateral

displacement, 03R' was 4.56 inches (115.7 mm). Under the negative 117

kip (524 ~~) load, the first-story lateral displacement at LP 1273 is

negative [olR = -0.60 inches (-15.27 mm)] even though the third-story

displacement is positive [o3R = 0.25 inch (6.25 mm)]. This is due to

the excessive damage in the first-story wall panel which caused the

specimen to lose much of its stiffness.

The experiment was stopped at LP 1298.

4.2.2.2 Base Shear vs. Shear Deformation: Specimen SW7 Rl

Up to LP 685, the total amount of shear deformation in the specimen

as a whole contributed to about 32 percent of the total lateral

displacement, 13 percent of which was due to the shear distortion in

the first story, 10 percent to the second, and 9 percent to the third

story shear distortion (Figs. 4.10b, 4.11b and 4.12b).

Between LP 685 and LP 762, there was an increase in shear

deformation in each of the three stories. At LP 762 the amount of shear

deformation contributed to about 46 percent of the total lateral displace

ment. The measured deformations for the third, second, and first stories

were 0Y3 = 0.106 inches (2.68 mm), 0Y2 = 0.090 inches (2.28 rom), and

0Yl = 0.138 inches (3.51 mm), respectively. The amount of deformation

contributed by each story was 14.6 percent, 12.5 percent, and 19 percent

for the third, second, and first stories, respectively. These data show

that, upon cycling at first yield, the contribution of shear distortion
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in the first story is 19 percent of the total lateral displacement.

Between LP 762 and LP 907, there is a decrease in the contribution

of shear deformation for the specimen as a whole. The amounts measured

at LP 907 (i.e., corresponding to ~o= 3) were 0Y3 = 0.127 inches (3.22 mm),

0Y2 = 0.113 inches (2.86 mm), and 0Yl = 0.465 inches (11.81 mm). These

amounts add up to 32.6 percent of the total lateral displacement, 03R.

The amounts contributed by the third-, second-, and first-story wall

panels were 5.9 percent, 5.2 percent, and 21.5 percent, respectively.

Even though the contribution of the specimen as a whole has decreased, the

first-story contribution of shear deformation has increased by 2.5 percent.

For the working load cycles between LP 927 and LP 1032, there is a

significant increase in first-story shear deformation, as can be seen by

the pinching effect of the hysteretic loops on the lateral displacement

and shear deformation graphs (Figs. 4.6b and 4.l2b). The measured

amount of first-story deformation was 0Yl = 0.261 inches (6.62 mm) or

about 24 percent of the total lateral displacement at LP 998. The

contributions of the second and third stories are much less, adding up

to 11 percent of the total displacement at that point.

At LP 1071, there is a slight decrease in the shear contribution

of the specimen as a whole. The measured amounts were 0Y3 = 0.161 inches

(4.10 mm), 0Y2 = 0.162 inches (4.11 mm), and (\1 = 0.729 inches

(18.52 mm) for the third, second, and first stories, respectively. -These

amounts add up to 30 percent of the total lateral displacement at that

point, 4.1 percent of which was contributed by the third story, 4.0

percent by the second, and 21. 9 percent by the first. For the first

story alone, the contribution of shear to the first-story lateral

displacement, 0lR' was about 42 percent.

Under the 25-kip (Ill KN) cycles, between LP 1098 and LP 1119,

there is a significant increase in the first-story shear deformation.

The largest measured amount was 0Yl = 0.602 inches (15.23 mm) or about

22 percent of the total displacement, 03R' under that load.

At LP 1145, the measured amounts of shear deformation were 0Y3 =
0.18 inches (4.6 mm), 0Y2 = 0.19 inches (4.8 mm), and 0Yl = 1.05 inches

(26.6 rom). These sum to 1. 42 inches (36.0 rom) or 30 percent of the total
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lateral displacement, 03R' Upon failure of the specimen at LP 1145,

there is a marked increase of shear deformation in the first-story wall

panel which continues until LP 1152. At LP 1152, 0Yl was equal to

1.47 inches (37.4 rom) or 32 percent of the total lateral displacement,

03R' at that point and 56 percent of the total first-story lateral

displacement, 0lR'

Under the 65-kip (289 KN) cycles, a large loss of stiffness is

apparent in the first-story wall panel between LP 1175 and LP 1247. This

can be seen from the hysteretic behavior and the increased shear

deformation between these load points (Fig. 4.l2b). This loss of

stiffness is much less for the second and third stories (Figs. 4.l0b

and 4.1lb), as no shear failure and no excessive shear damage (cracking)

had occurred in the upper two stories.

4.2.2.3 Other Sources of Deformation

The other displacement components measured during the testing were

those due to the fixed-end rotation and to flexural deformation. Exact

values of the contribution of these sources of deformation for each

story level and at certain important load points are given in Table 2.

Graphic interpretation of these sources is also given in Figs. 4.34 to

4.36.

Up to LP 685, the contribution of the fixed -end rotation is very

small (less than 8 percent) and the total amount of flexural deformation

is the largest during this testing phase. Its calculated value was

about 54 percent.

As the loading program is carried out, there is a gradual increase

in the contribution of the fixed-end rotation. However, the contribution

of the flexural deformation decreases. The greatest amount of dec~ease

is at the first-story level where there is the largest amount of shear

deformation due to the failure of the wall panel. The minimum value of

flexural deformation at the first story was about 30 percent, corresponding

to 47 percent shear deformation at LP 1145.

4.2.2.4 Failure Mechanism

During the testing of specimen SW7Rl , the failure mode was initiated
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by the crushing of the first-story wall panel. This crushing

practically eliminated one of the main sources of a shear-resisting

mechanism in the specimen. Buckling of the wall panel reinforcement

in both directions could also be observed when the loose concrete

pieces fell out. According to these observations, the first-story wall

panel could have failed in one of two mechanisms. The wall-panel

reinforcement could have buckled first and then damaged the concrete

cover of that panel (for the reinforcement to buckle first, wide cracks

must open up or the cover must split at that level of reinforcement),

or the wall-panel concrete could have crushed first, thereby reducing

the constraint of the wall-panel reinforcement and precipitating buckling.

Upon observing the failure sequence of the specimen, it was observed

that widening and propagation of cracks that had already been formed in

the virgin specimen (SW7 Virgin) occurred betweenLP 851 and LP 907

(see Fig. 4.49). As the specimen was displaced up to a ductility,

Po ~ 5, at LP 1071, wide cracks appeared at the base of the south column

(first-story level) and loose pieces of concrete came off the edge of

the column. As the cycling continued and the specimen displaced up to

a ductility, Po = 6.4, at LP 1145, there was buckling of the wall-panel

reinforcement and crushing of the concrete (see Fig. 4.50). The crack

at the base of the south column widened and propagated deeply into the

wall panel. Upon further cycling, there was excessive damage in the

wall panel as well as failure of both the longitudinal and transverse

column reinforcement.

The failure was thus a flexure-shear failure that originated in the

crushing of both column and wall panel concrete, reducing the constraint

of the reinforcement and precipitating buckling.

4.2.2.5 Concluding Remarks

The previous data show that, for the repaired specimen, SW7 ~, the

maximum lateral displacement, 03R' reached was 4.61 inches (117 rom),

corresponding to an overall ductility, Po = 6.4. The Po for the first

story was 8.4. Of the total 03R = 4.6 inches displacement, 30 percent

was due to shear deformation, 42 percent was due to flexural deformation,

and 25 percent was due to fixed-end rotation; the rest was due to the
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deformation of the foundation and errors in instrumentation. It was

observed that most of the shear distortion was concentrated in the

first story (23 of the total 30 percent).

4.2.3 Results of Tests on Repaired and Strengthened Specimen: SW7 R2

After the crushing of the first-story wall panel of SW7
~'

the

specimen was repaired. The wall panel and both edge members of the first-

story level were strengthened. Details of the repairing and strengthening

techniques are discussed in Chapter 5. The loading history graph for

SW7 R2 is given in Fig. 4.Z, PT - °graphs are given in Figs. 4.7 through

4.9, and V - Y diagrams are given in Figs. 4.13 through 4.15.

Specimen SW7 RZ was subjected to cyclic loading up to failure. It

was initially loaded up to 10 kips (45 KN) and cycled once, then loaded

up to 25 kips (111 KN) and cycled once, and finally loaded up to 50 kips

(222 KN) and subjected to three loading cycles from LP 20 to LP 47. The

specimen was next subjected to three 90-kip (400 KN) working load cycles

from LP 53 to LP 97, and then taken to a displacement corresponding to

03R ~ 1.0 inches (25.4 mm) and subjected to three loading cycles

between LP 125 and LP 274. The displacement was increased until the

specimen reached a ductility, ~o = 2.1, corresponding to a lateral

displacement, 03R' equal to 1.51 inches (38.4 mm) at LP 310. It was

subjected to three loading reversals at this displacement (from LP 310

to LP 450). The specimen was then unloaded and subjected to three 50

kip (222 KN) cycles from LP 465 to LP 505. It was cycled once at a

90-kip (400 KN) load cycle from LP 512 to LP 520 and, finally, it was

taken up to a lateral displacement, 03R = 2.53 inches (64.38 rom) and

cycled three times from LP 552 to LP 609. After this, the specimen was

unloaded and the experiment was halted.

4.2.3.1 Base Shear vs. Total Lateral Displacement: Specimen SW7 R2
(Figs. 4.7 - 4.9)

(1) In the initial part of the experiment before LP 20, the

deformations in the three stories were found to be very small [less than

0.17 inches (4.32 rom)]. No significant deterioration or loss of

stiffness can be observed in the specimen.

(2) Under the 90-kip (400 KN) working load cycles (from LP 53 to
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LP 97) the total observed lateral displacement was 0.30 inches (7.67 rom).

No significant deterioration can be observed since the hysteretic loops

are very stable at that load level.

(3) Under controlled displacement cycling, corresponding to

03R = 1.0 inches (25.4 rom) from LP 125 to LP 274, the maximum load

resisted was equal to PT = 257.4 kips (1145 KN). A drop in load

resistance capacity of 17 kips (75 KN) can be observed from the drop in

the maximum load at LP 125 to the maximum load at LP 193. This drop is

accompanied by a loss of stiffness which stabilized in the third cycle

at LP 252 where the total lateral load was only 3.1 kips (14 KN) less

than that at LP 193 •.

The above loss of stiffness was attributed to the formation of

significant cracks. One crack at the base of the south column at the

second-story level was estimated to be 0.1 inches (2.54 rom) wide. A

significant amount of cracking was also observed between LP 97 and

LP 125 in the first-story wall panel. At LP 125. the measured story

deflections were 03R = 1.03 inches (26.16 rom), 02R = 0.58 inches (14.57 rom);

and 0lR = 0.24 inches (6.2 rom) for the third. second, and first stories,

respectively.

(4) Under controlled lateral displacement cycling at a ductility

Po = 2.1, corresponding too3R = 1.51 inches (38.4 rom), from LP 310 to

LP 450, the maximum load carried by the specimen was PT = 278 kips

(l233 KN). The following large decreases in load capacity were observed:

31.7 kips (141 KN) between LP 310 andLP 388; 20.2 kips (89 KN) between

LP 388 and LP 414; and 72.8 kips (324 KN) between LP 414 and LP 450.

These decreases in the load-bearing capacity of the specimen were

accompanied by a considerable loss in stiffness and large amounts of

shear resistance and stiffness deterioration. This can be seen from

the pinching in the Pr - 0 diagrams.

This loss of stiffness and increased deterioration was caused by

excessive diagonal cracking in the wall panels as well as the buckling

of some of the longitudinal reinforcement in the columns at the base

of the second-story columns. The pinching effect is much more apparent

in the second- and third-story wall panels than it is in the first.
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which indicates that the shear deterioration is greater in the second

and third stories than it is in the first. The measured lateral

displacements at LP 310 were 03R = 1.51 inches (38.4 mm)t 02R = 0.89 inches

(22.7 mm), and 0lR = 0.37 inches (9.5 mm) for the third, second, and

first stories, respectively.

(5) Under the three 50-kip (222 KN) loading cycles from LP 465 to

LP 50S, more shear deterioration is observed from the pinching of the

PT - °curves. A considerable loss of stiffness is noticeable in the first

50-kip (222 KN) loading cycles between LP 20 and LP 47. The measured

amount of total lateral displacement t 03R' at LP 465 is 0.42 inches

(10.6 mm), which is 2.45 times the measured deflection at LP 20. The

measured lateral displacements at LP 476 were 03R = -0.42 inches (-10.63 mm)

02R ~ -0.39 inches (-9.85 mm), and 0lR = -0.10 inches (-2.65 mm).

(6) Under the 90-kip (400 KN) working load cycle fromLP 512 to

LP 520, more shear deterioration is observed. This deterioration is mainly

concentrated in the second and third stories of the specimen. The

measured lateral displacements at LP 512 were 03R = 0.76 inches (19.4 mm)t

02R = 0.54 inches (13.6 mm)t and 0IR = 0.15 inches (3.89 mm). The value

of total lateral displacement t 03R' was measured to be 2.53 times the

value measured under the same 90-kip (400 KN) working load at LP 53.

This result is consistent with the value obtained in item (5) of this

section when the behavior of the specimen under the 50-kip (222 KN)

loading cycles was studied.

(7) Under controlled lateral displacement cycling at 03R = 2.53 inches

(64.3 mm), between LP 520 and LP 609, a great reduction in stiffness is

observed in the specimen. This is mainly due to diagonal shear failure

of the third-story wall panel between LP 539 and LP 552. The loading

capacity decreases by 80 kips (352 KN) between LP 539 [where the maximum

load carried was 183 kips (815 KN)J and LP 552. This is accompanied by

an increase of lateral deformation, 03R' of 1.08 inches (27.5 mm).

As the cycling continues after LP 552, large pinching is observed in

the hysteretic loops of the third-story level. This behavior is not the

same for the lower two stories which are now much stiffer than the third

one. The loss of stiffness in the third story is accompanied by a
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decrease in load-resistance capacity of 46.3 kips (206 ~~) between

LP 552 and LP 600. The measured lateral displacements at LP 552 were

83R = 2.54 inches (64.5 rnrn), 82R = 0.84 inches (21.3 rom), and 0lR = 0.20

inches (5.1 rom) for the third, second, and first stories, respectively.

The specimen was then unloaded and the experiment was halted at

LP 618.

4.2.3.2 Base Shear.vs. Shear Deformation: Specimen SW7 R2
(Figs. 4.13 - 4.15)

(1) In the initial stage of the experiment before LP 20, the shear

deformations in the three stories were calculated to be very small. At

LP 20, the total amount of shear deformation for the three stories was

0.117 inches (2.97 rom). This value is about 68 percent of the total

displacement at that point.

(2) Under the 90-kip (400 KN) working load cycles, from LP 53 to

LP 97, the total measured shear deformation was 0.19 inches (4.89 rom)

which is about 64 percent of the total lateral displacement. The amounts

measured for each story separately were 0Y3 = 0.098 inches (2.50 mm),

0Y2 = 0.085 inches (2.15 rom), and 0Yl = 0.0094 inches (0.240 rom). The

amount contributed by the third story alone at LP 53 was 32 percent of

the total lateral displacement, 03R.

(3) Under controlled displacement cycling, corresponding to 03R =
1.0 inches (25.4 rom), from LP 125 to LP 274, significant pinching and

shear deterioration were visible on the shear deformation curves for the

second and third stories. The measured amounts for each story at LP 125

were 0Y3 = 0.22 inches (5.57 rnrn), 0Y2 = 0.237 inches (6.023 mm), and

0Yl = 0.099 inches (2.54 rom) for the third, second, and first stories,

respectively. These add up to 0.555 inches (14.10 rom) which is about

54 percent of the total displacement, 03R' at that point.

At LP 252, the measured shear deformations were 0Y3 = 0.235 inches

(5.97 rom), 0Y2 = 0.258 inches (6.56 rom), and 0Yl = 0.091 inches (2.32 rom),

for the third, second and first stories, respectively. These add up to

0.58 inches (14.85 rom) which is about 58 percent of the total lateral

displacement, 03R' at that point. A comparison of the results at LP 125

and LP 252 shows a 4 percent increase in the contribution of shear
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deformation to the total displacement between these two points.

(4) Under controlled displacement cycling at a ductility, ~o = 2.1,

from LP 310 to LP 450, the amount of shear deterioration in all three

stories increases. The measured deformations at LP 310 were 0Y3 =

0.284 inches (7.22 rom), 0Y2 = 0.343 inches (8.71 rom), and 0Yl = 0.169

inches (4.31 rom) for the third, second, and first stories, respectively.

These total 0.796 inches (20.21 rom) or about 51 percent of the total

lateral load at that point. The reasons for the slight decrease in the

contribution of the shear as a source of deformation (51 percent vs.

54 percent) were the buckling of the longitudinal reinforcement in the

columns and a flexural-type failure in the tension column just prior to

LP 310. This failure contributed to the flexural deformation, thus

decreasing the percentage of the shear deformation contribution.

In the negative parts of the hysteretic loops, the shear deformation

graphs show large deteriorations accompanied' by very little change in

loads. This is especially true for the second and third stories, at LP 354

and just prior to LP 450, respectively. The measured deformations at

LP 449 were 0Y3 = -0.67 inches (-17.15 ~), 0Y2 = -0.438 inches (-11.13 rom),

and 0Yl = -0.089 inches (-2.27 rom) for the third, second, and first stories,

respectively. These add up to -1.19 inches (-30.5 rom) which is about

95 percent of the total lateral displacement, 03R' at that point.

(5) Under the three 50-kip (222 KN) loading cycles from LP 465

to LP 505, more shear deterioration is observed from the pinching of the

shear deformation curves.

(6) Between LP 520 and LP 609, and under controlled lateral displace

ment cycling at 03R = 2.53 inches (64.3 rom). great shear deterioration

is observed in the third-story wall panel. This shear deterioration is

due to a shear failure in the third-story panel at LP 539. Similar

failure was observed in the second-story panel, although it was not as

extensive. The measured values for shear deformation at LP 539 were

0Y3 = 0.455 inches (11.56 rom), 0Y2 = 0.313 inches (7.94 rom), and 0Yl

0.110 inches (2.78 rom) for the third, second and first stories,

respectively. Together these total 0.878 inches (22.29 rom) or 60 percent

of the total lateral displacement, 03R' at that point. The amount

contributed by the third-story wall panel alone is about 31 percent of 03R·
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At LP 552~ after the excessive shear failure along the diagonal

of the third-story wall panel and the localized crushing of concrete in

the second-story wall panel, the measured shear deformation'values

were 0Y3 = 1.64 inches (41.81 rom)~ OYZ = 0.319 inches (8.09 rom), and

0Yl = 0.088 inches (2.Z3 rom) for the third, second, and first stories,

respectively. These total 2.08 inches (52.73 rom) or about 82 percent

of the total lateral displacement at that point.

Between LP 539 and LP 552, when the failure of the specimen had

occurred, there was a total shear deformation increase of 1.20 inches

(30.43 rom), corresponding to an increase of about 22 percent in the

contribution of shear to the total lateral deformation. Of this, the

contribution of the third story alone was 1.19 inches (30.18 rom) which

corresponds to almost all of the total increase in deformation; the rest

was contributed by the second-story wall panel. The specimen was then

unloaded and the experiment was halted at LP 618.

4.2.3.3 Other Sources of Deformation: Specimen SW7 RZ

The other displacements measured during the testing were due to the

fixed-end rotation and the deflection due to the flexural deformation.

Table 3 gives exact values of the contribution of these sources for each

story level and at certain important load points. Graphic interpretation

of these sources is given in Figs. 4.37 to 4.39.

At LP 53, the total contribution of fixed-end rotation amounted to

about 5 percent of the total lateral deformation. The total contribution

of flexural deformation was about 24 percent. At LP lZ5, there was a

decrease of fixed-end rotation~ and a large increase of flexural

deformation to about 40 percent of the total lateral displacement, 03R'

The maximum recorded fixed-end rotation was about 0.102 inches (2.58 rom),

or about 7 percent of the total lateral displacement, at LP 310. The

maximum of the total of the flexural deformations for the three stories

was about 40 percent of the lateral displacement, 03R' at LP 125. This

corresponded to a total of 0.41 inches (10.49 rom) for the three story levels.

4.2.3.4 Failure Mode: SW7 RZ

During the testing of SW7 RZ' the following observations were made in

relation to the mode of failure:
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(1) Before the 90-kip (400 KN) load cycles from LP 53 to LP 97,

only hairline cracks were observed in the second- and third-story wall

panels. The first-story wall panel was virtually uncracked.·

(2) As the specimen was displaced to 03R = 1.0 inches (25.4 rom) at

LP 125, more pronounced cracks could be observed. The largest cracks

were in the south column both at the middle and the base of the second

story (see Fig. 4.51). Many cracks running along the diagonal from the

upper south corners of the second- and third-story wall panels appeared

and widened (see Fig. 4.52).

As the load was reversed between LP 125 and LP 159, cracking and

localized crushing of concrete appeared along the other diagonal (from

the upper north corner of the third and second stories) (see Fig. 4.53).

Several cracks were also observed in the north column at the second

story level.

(3) As the specimen was subjected to further cycling and taken up

to ductility ~o = 2 at LP 310, the cracks in the second- and third-story

wall panels became wider and the crushed concrete zones became more

extensive. The cracks in the second-story column also became wider and

extended into the wall panel. A large crack was observed at the top of

the second story between the column and the second-floor slab (see Fig.

4.54).

As the cycling continued between LP 310 and LP 450, a major zone

of crushed concrete appeared in the upper north corner of the specimen

at the third-story level (see Fig. 4.55). Crushing was also observed

along the face of the crack running diagonally to the second-floor slab

and reaching the bottom third-story corner in the south side. Between

LP 449 and LP 450, the crushed concrete in the upper corner (see Fig.

4.56) was raised up by the buckling of the wall-panel reinforcement in

this zone.

(4) As the specimen was subjected to further loading reversals, huge

concrete pieces came loose and excessive wall-panel reinforcement buckling

was observed. The largest concentration of damage occurred between

LP 539 and LP 552, where the failure zone covered a large portion of the

third-story wall panel (see Fig. 4.57) .
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(5) As the cycling continued to LP 609, the loose concrete pieces

fell, exposing the heavily buckled wall-panel reinforcement (see Fig.

4.58).

4.2.3.5 Concluding Remarks

The previous data show that for the repaired specimen, SW7 R2 , the

maximum positive displacement, 03R' reached before failure was 1.51 inches

(38.35 rom) at LP 310, which corresponds to an overall nominal ductility

~o = 2.1. The maximum negative displacement was -1.55 inches (-39.26 rom),

corresponding to a ductility Po = 2.15. These total 3.06 inches (77.61 rom)

which corresponds to a cyclic ductility of 3.1.

Of the positive displacement, 53 percent was due to shear distortion

in the three wall panels, and 36 percent to the flexural deformation in

the three stories. Of the negative displacement, 69 percent was due to

shear distortion in the three wall panels, and 24 percent to the flexural

deformation in the three stories.

It was observed that most of the shear d~stort~on was concentrated

in the second- and third-story wall panels due to failure zones which

developed in those wall panels. The overall actual failure, however,

occurred in the third-story wall panel around LP 539 where crushing

of concrete and buckling of panel reinforcement was observed across

the whole panel.

The maximum load carried by the specimen before failure was 275

kips (1215 KN) which corresponds to a nominal shear stress

v = 12.2 If' (psi) or 1.01 If' (MFa)max c c

4.3 Specimen SW8

(a) Virgin phase. As illustrated in Fig. 4.16. in this first

phase of the testing, SW8 Virgin was subjected to several working load

cycles. the maximum of which was 90 kips (400 KN) and then displaced

to first yield (ductility ~o = 1), corresponding to 03R = 0.62 inches

(15.75 rom). It was also displaced to yield in the negative direction

and then subjected to a cycle of loading reversal. The specimen was

then subjected to several working load cycles.
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(b) Epoxy-repaired phase. As indicated in Fig. 4.16, the speci

men was epoxy repaired at LP 325 and, after several cycles of loading

reversals at yielding, it was loaded monotonically to failure with some

unloading and intermediate cycling. A displacement ductility of ~o =
9.75 was reached at the point of failure of the first-story wall panel.

The third-story lateral displacement at that point was 03R = 6.04 inches

(153.6 mm), and the maximum base shear was P
T

= 234 kips (1040 KN).

(c) Twice-repaired phase. The specimen was repaired and strength

ened at the first-story level, and cyclically loaded up to failure

(Fig. 4.17). The maximum shear resisted was 277 kips (1231 KN), and

the maximum positive ductility reached when failure started was ~ =
<5

2.3, corresponding to a positive displacement 03R = 1.65 inches (41.9

mm) .

Each of the above three phases is discussed in detail below.

4.3.1 Results of Tests on the Virgin Specimen: SW8 Virgin

The loading history for specimen SW8 Virgin is given in Fig. 4.16.

P
T

- °graphs are given in Figs. 4.18 through 4.21, and V - y diagrams

are given in Figs. 4.25 through 4.27.

As ind1cated in Fig. 4.16, specimen SW8 was initially loaded up to

10 kips (45 KN) and cycled once, then up to 25 kips (Ill KN) at LP 16,

cycled once, and then subjected to three cycles at a working load of

90 kips (400 KN) between LP 34 and LP 106. The specimen was displaced

until first yield, ~o = 1, corresponding to 03R = 0.62 inches (15.75 rom)

at LP 155. It was unloaded and subjected to two 25-kip (111 KN) cycles

from LP 170 to LP 184 before it was taken to first yield in the negative

direction, corresponding to 03R = 0.53 inches (13.46 rom) at LP 21£. It

was then unloaded and subjected to one 25-kip loading reversal between

LP 233 and LP 237, after which it was taken again to first yield and

subjected to one load cycle from LP 257 to LP 284. Finally, it was

subjected to two 25-kip cycles from LP 300 to LP 314. The test was

then halted, and the specimen was epoxy repaired.

4.3.1.1 Base Shear vs. Total Lateral Displacement: Specimen Sw8 Virgin
(Figs. 4.19 - 4.21)

(1) In the initial part of the experiment before LP 34, the

deformations in all three stories were found to be very small, i.e., less

than 0.14 inches (3.56 rom). No significant deterioration or loss of
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stiffness can be observed in the specimen.

(2) Under the 90-kip working load cycles, from LP 34 to LP 106,

the total observed lateral displacement was 0.15 inches (3.68 rom). No

significant deterioration can be observed, since the hysteretic loops

are very stable at that load level.

(3) Under controlled displacement loading at the point of first

yield corresponding to 03R = 0.62 inches (15.75 rom) at LP 155, the total

lateral load carried by the specimen was 196 kips (872 KN).

(4) Under the 25-kip (Ill KN) loading cycles from LP 170 to LP 184,

the maximum total lateral displacement measured was 0.16 inches (4.07 rom),

which is 6.4 times the displacement measured under the same load at LP 19.

The permanent displacement under zero load was measured as 03R = 0.13

inches (3.25 rom) at LP 182.

(5) Under controlled displacement to the point of first yield in the

negative direction corresponding to 03R = -0.53 inches (-13.46 rom) at

LP 218, the total lateral load resisted by the specimen was 199 kips

(887 KN).

(6) Under the 25-kip (111 KN) loading cycle from LP 233 to LP 237,

the maximum measured lateral displacement was 0.034 inches (0.86 rom).

(7) Under controlled displacement loading at ductility ~o = 1 from

LP 257 to LP 284, the maximum total lateral load measured was 183 kips

(816 KN) in the positive direction and. 196 kips (873 KN) in the negative

direction. Both values are lower than the previous ones at the same

displacement, which can be attributed to a loss of stiffness in the

specimen due to the cracking in the wall panels. The drop in load values

is no more than 7 percent.

(8) Under the two 25-kip (Ill KN) load cycles between LP 300 and

LP 314, the maximum measured lateral displacement was 0.063 inches

(1.60 rom), which is about 1.8 times the value measured under the same

load at LP 233. This was caused by the loss of stiffness in the specimen

when taken to first yield.

The specimen was then unloaded and epoxy repaired at LP 325.
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4.3.1.2 Base Shear vs. Shear Deformation: Specimen SW8 Virgin
(Figs. 4.25 - 4.27)

(1) In the initial part of the experiment, before LP 34, the shear

deformation in the three-story wall panels was calculated to be very

small. At LP 34, the total amount of shear deformation for the three

stories was 0.017 inches (0.43 rom), or about 12 percent of the total

deformation.

(2) Under the 90-kip working load cycles, from LP 34 to LP 106, the

maximum total measured shear deformation was 0.022 inches (0.57 mm), which

is about 15 percent of the total displacement at that point.

(3) At the point of first yield at LP 155, the measured amounts of

shear deformation were 0Y3 = 0.066 inches (1.68 rom), 0Y2 = 0.059 inches

(1.5 rom), and 0Yl = 0.092 inches (2.34 rom) for the third, second, and

first stories, respectively. These add up to a total of 0.217 inches

(5.52 rom) which is about 35 percent of the total lateral displacement,

03R' at that point.

(4) Under the 25-kip loading cycles from LP 170 to LP 184, the

largest measured shear deformations were 0Y3 = 0.013 inches (0.32 mm),

0Y2 = 0.017 inches (0.42 rom), and 0Yl = 0.024 inches (0.62 rom), for the

third, second, and first stories, respectively. These total 0.053 inches

(1.34 rom), or about 32 percent of the total lateral displacement 03R at

that point.

(5) Under controlled displacement" to the point of first yield in

the negative direction at LP 218, the measured shear deformations were

0Y3 -0.054 inches (-1.37 rom), 0Y2 = -0.056 inches (-1.48 rom), and

0Yl = - 0.095 inches (-2.42 rom) for the third, second, and first stories,

respectively. These add up to -0.207 inches (-5.27 rom) which is about

38 percent of the total lateral displacement at that point.

(6) Under controlled displacement loading at ductility ~o = 1 from

LP 257 to LP 284, the measured shear deformations were 0Y3 = 0.050 inches

(1.25 rom), 0Y2 = 0.058 inches (1.46 rom), and 0Yl = 0.096 inches (2.42 rom)

for the third, second, and first stories, respectively. These add up to

a total of 0.202 inches (5.13 rom) which is about 33 percent of the total

displacement at that point.
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4.3.1.3 Other Sources of Deformation: Specimen SW8 Virgin

The other displacements measured during the testing were those due

to fixed-end rotation and to the flexural deformation. Graphic inter

pretation of the contributions of these sources is given in Figs. 4.40

to 4.42. Exact values of the contribution of these sources for each

story level and at certain important points are given in Table 4.

(1) Before LP 34 the total amount of flexural deformation for the

three stories was 0.091 inches (2.3 rom) which is about 64 percent of the

total lateral displacement. The measured fixed-end rotation was 0.014

inches (0.35 rom) or about 10 percent of the total deformation.

(2) Under the 90-kip working load cycles from LP 34 to LP 106, the

total measured flexural deformation for the specimen was 0.095 inches

(2.4 rom), and the fixed-end rotation was 0.015 inches (0.389 rom). These

values correspond to 65 and 11 percent of the total deflection at that

point.

(3) At the point of first yield at LP 155, the measured flexural

deformation and fixed-end rotation were 0.33 inches (8.38 rom) and 0.056

inches (1. 42 rom), respectively. These values correspond to 53 and 9

percent of the total lateral displacement at that load point.

(4) Under the 25-kip loading cycles from LP 170 to LP 184, the

measured flexural deformation and fixed-end rotation were 0.088 inches

(2.24 nun) and 0.016 inches (0.407 rom), respectively. These values

correspond to about 55 and 10 percent of the total lateral displacement

at that point.

(5) At LP 218, corresponding to the point of first yield in the

negative direction, the measured flexural deformation and fixed-end

rotation were -0.25 inches (-6.37 rom) and -0.063 inches (-1.59 rom).

These amount to 47 and 12 percent of the total lateral displacement at

that point.

(6) Under controlled displacement loading at ductility ~o = 1 from

LP 257 to LP 284, the larges t .measuredflexural deformations and fixed

end rotation were 0.367 inches (9.32 rom) and 0.0275 inches (0.698 rom),

respectively. These values correspond to 59 and 4 percent of the total

lateral displacement at that point.
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4.3.1.4 Concluding Remarks

The previous data show that for the virgin specimen, SW8 Virgin,

the maximum displacement, 03R' reached was 0.62 inches (15.75 rom). Of

this displacement, 33 percent was due to shear distortion, 59 percent

to flexural deformation, 4 percent to the fixed-end rotation, and the

rest to the deformation of the foundation and the errors in

instrumentation. It was observed that most of the shear distortion

(15 percent of total 03R) and flexural deformation (23 percent of total

03R) were concentrated in the first story.

The maximum load carried by the specimen was 199 kips (887 KN) at

LP 218. No indication of a failure mechanism was observed in the specimen

at this phase of testing.

4.3.2 Results of Tests on Epoxy-Repaired Specimen: SW8 R
l

The loading history for specimen SW8 Epoxy-Repaired is given in

Fig. 4.16. PT - ° graphs are given in Figs. 4.18 through 4.21, and

V - Y diagrams are given in Figs. 4.26 and 4.27.

Epoxy-repaired specimen SW8 was initially loaded and cycled once

at 10 kips (45 KN) and 25 kips (111 KN). Then it was subjected to three

gO-kip working load cycles from LP 351 to LP 403. After this, it was

displaced up to the value at which the first yield was originally observed

in the virgin specimen SW8, i.e., to a 03R = 0.62 inches (15.75 rom). It

was cycled three times from LP 426 to LP 544 and was then displaced up

to a ductility, ~o = 3.0, corresponding to 03R = 2.16 inches (54.8 rom)

at LP 593. The specimen was unloaded to a zero load at LP 604 and

subjected to three 90-kip working load cycles from LP 612 to LP 668,

after which it was displaced up to a ductility, ~o = 5.93, at LP 702,

corresponding to a lateral displacement 03R = 3.68 inches (93.40 mm).

The specimen was unloaded to a zero load and cycled twice under a 25-

kip (111 KN) load from LP 710 ~o LP 727. It was then displaced up to

failure, which occurred at LP 755. The maximum lateral displacement

reached at LP 755 was 6.05 inches (153.62 rom), corresponding to a

ductility of Vo 9.75. _The specimen was then unloaded, repaired, and

strengthened at the first-story level.

51



4.3.2.1 Base Shear vs. Total Lateral Displacement: Specimen SW8 R
1(Figs. 4.18 - 4.21)

(1) In the initial part of the experiment, under the 90-kip (400 KN)

working load cycles between LP 351 and LP 403, the third~story lateral

displacement was 0.21 inches (5.31 rom). This value is about 1.4 times

that of the virgin specimen under the same load cycles.

(2) Under cycling at a displacement corresponding to first yield of

the virgin specimen, i.e., between LP 426 and LP 544, the maximum total

lateral load resisted by the specimen was 192.4 kips (856 KN), which

was about 3 percent less than that at which first yielding occurred in

the virgin specimen, 196 kips (872 KN). The measured lateral displace

ments at that point were 03R = 0.62 inches (15.75 rom), 02R = 0.41 inches

(10.31 rom), and 0lR = 0.23 inches (5.78 rom), for the third, second, and

first stories, respectively.

(3) At a displacement of 03R = 2.16 inches (54.86 rom) corresponding

to ~o = 3.5 at LP 593, the maximum load carried by the specimen was

PT = 216.3 kips (962 KN). The measured lateral displacements at that

point were 02R = 1.46 inches (37.10 rom) and 0 = 0.84 inches (21.25 rom)
lR

for the second and first stories, respectively.

(4) The specimen was then unloaded to a zero load at LP 604. The

The permanent deflection, 03R' at LP 604 was 1.35 inches (34.20 rom).

Under the 90-kip (400 KN) working load cycles, between LP 623 and LP 668,

the largest displacement, 03R' was 0.95 inches (24.02 rom), which is

about 4.5 times the value under the same load at LP 351.

(5) At a displacement, 03R = 3.68 inches (93.40 rom), corresponding

to a ductility ~o = 5.9 at LP 702, the maximum load, PT, carried by

the specimen was 231 kips (1026 KN). The second- and first-story

displacements measured at that point were 02R = 2.52 inches (63.98 rom)

and 0lR = 1.43 inches (36.34 rom), respectively.

(6) The specimen was then unloaded to a zero load at LP 710. The

permanent lateral displacements at that point were 03R = 2.82 inches

(71.61 rom), 02R ~ 1.98 inches (50.36 rom), and 0lR = 1.15 inches (29~28 rom)

for the third, second, and first stories, respectively.

(7) At a displacement, 03R = 6.05 inches (153.6 nun), corresponding
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to a ductility, ~o = 9.75, the maximum total lateral load carried by the

specimen was PT = 234 kips (1041 KN). The measured second-and first

story displacements at that point were 02R = 4.14 inches (105.08 mm)

and 0lR = 2.35 inches (59.71 mm), respectively.

(8) The specimen was then unloaded and removed for repairs.

4.3.2.2 Base Shear vs. Shear Deformation: Specimen SW8 ~l

(Figs. 4.26 and 4.27)

(1) Under the 90-kip (400 KN) working load cycles, between LP 351

and LP 403, the measured shear deformations for the three stories were

0Y3 0.023 inches (0.572 mm), 0Y2 = 0.027 inches (0.686 mm), and 0Yl =
0.035 inches (0.880 mm) for the third, second, and first stories,

respectively. These amounts total 0.084 inches (2.14 mm), or about

40 percent of the total lateral displacement at that loading level.

(2) Under cycling, at a displacement corresponding to first yield

in SW8 Virgin between LP 426 and LP 544, the measured shear deformations

were 0Y3 = 0.063 inches (1.60 mm), 0Y2 = 0.070 inches (1.78 mm), and

0Yl = 0.113 inches (2.88 mm) for the third, second, and first stories,

respectively. These values add up to 0.247 inches (6.26 mm), or about

40 percent of the total lateral displacement at that loading level. The

shear deformation is mostly concentrated at the first-story level, where

the contribution is about 18 percent of the total displacement.

(3) As the specimen is displaced to a ductility, ~o = 3.5 at LP 593,

the measured shear deformations were 0Y3 0.076 inches (1.94 mm), 0Y2 =
0.0806 inches (2.05 mm), and 0Yl = 0.445 inches (11.31 mm) for the third,

second and first stories, respectively, a total of 0.602 inches (15.28 rom)

or about 28 percent of the total lateral displacement at that point.

This value shows a decrease of about 12 percent in the contribution of

shear deformation from the value at LP 426. The contribution of first

story shear deformation has, however, increased by about 2 percent.

(4) Under zero load, at LP 604, the measured shear deformations were

0.018 inches (0.457 rom), 0Y2 = 0.023 inches (0.572 rom), and 0Yl =
inches (7.92 mm) for the third, second, and first stories,

respectively. These values total 0.352 inches (8.95 mm) which is about

26 percent of the total permanent displacement at that point.
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Under the 90-kip (400 KN) working load cycles between LP 623 and

LP 668, the largest measured shear deformations were 0Y3 = 0.027 inches

(0.686 rom), 0Y2 = 0.034 inches (0.857 rom), and 0Yl = 0.208 inches

(5.28 rom) for the third, second, and first stories, respectively, or

a total of 0.269 inches (6.82 rom) which is about 28 percent of the total

lateral displacement at that load level. This increased amount of

shear deformation is primarily due to an increase in the shear deterioration

in the first-story wall panel, as can be deduced from an analysis of the

hysteretic behavior of the load-shear deformation diagram for the first

story level between LP 630 and LP 647, as well as from the fact that the

contribution of the first~story wall panel is about 15 percent of the

total lateral displacement, 03R.

(5) As the specimen was displaced up to a ductility, ~o = 5.9 at

LP 702, the measured values of -shear deformation were 0Y3 = 0.090 inches

(2.28 rom), 0Y2 = 0.134 inches (3.41 rom), and 0Yl = 0.789 (20.04 rom) for

the third, second, and first stories, respectively. These values total

1.01 inches (25.73 rom) or about 27.5 percent of the total lateral

displacement at that point. The contribution of the first-story shear

deformation was about 21.5 percent of the total lateral displacement,

leaving only 6 percent for the second and third stories.

(6) Under zero load, at LP 710, the measured shear deformations were

0Y3 = 0.056 inches (1.42 rom), 0Y2 = 0.068 inches (1.75 rom), and 0Yl =
0.606 inches (15.40 rom) for the third, second, and first stories,

respectively. These values total 0.731 inches (18.57 rom) or about

26 percent of the total permanent lateral displacement, 03R.

Under 25-kip (111 KN) load cycling between LP 715 and LP 727, the

total contribution of shear deformation for the three stories was about

27 percent of the total lateral displacement, 03R.

(7) As the specimen is displaced up to a ductility, ~o = 9.75 (LP

755), the largest shear deformations were 0Y3 = 0.180 inches (4.57 rom),

0Y2 = 0.225 inches (5.72 rom), and 0Yl = 1.34 inches (33.94 rom) for the

third, second, and first stories, respectively. These values add up to

1.75 inches (44.33 rom) which is about 29 percent of the total lateral

displacement at that point. The first-story shear deformation
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contribution at the point of failure is about 22 percent of the total

lateral displacement, 03R.

4.3.2.3 Other Sources of Deformation: SW8 R
l

The other displacements measured during the testing were those due

to fixed-end rotation and the deflection due to the flexural deformation.

Graphic interpretation of the contributions of these sources is given

in Figs. 4.43 to 4.45. Exact values of the contribution of these sources

for each story level and at certain important load points are given in

Table 4.

(1) Under the 90-kip (400 KN) working load cycles, between LP 351

and LP 403, the total measured amount of flexural deformation was 0.11

inches (2.82 mm) which is about 53 percent of the total lateral displace

ment. The measured amount of fixed-end rotation was 0.014 inches (0.354

mm) which is about 7 percent of the total lateral deformation at that

point.

(2) Under cycling at first yield, between LP 426 and LP 544, the

total measured flexural deformation and fixed-end rotation were 0.341

inches (8.66 mm) and 0.0279 inches (0.709 mm), respectively. These

amounts are about 55 and 5 percent of the total lateral displacement,

respectively.

(3) At a ductility ~o = 3.5 at LP 593, the measured amounts of

total flexural deformation and fixed-end rotation were 1.23 inches

(31.30 mm) and 0.168 inches (4.25 mm), respectively. These values are

about 57 and 8 percent of the total lateral displacement at that point.

(4) Under zero load at LP 604, the measured amounts of total

flexural deformation and fixed-end rotation were 0.935 inches (23.75 mm)

and 0.098 inches (2.48 mm), respectively. These values are about 69 and

6 percent of the total lateral displacement.

Under the 90-kip (400 KN) working load cycles, between LP 623 and

LP 668, the measured total flexural deformation and fixed-end rotation

were 0.598 inches (15.20 mm) and 0.056 inches (1.42 mm), respectively.

These values are about 63 and 6 percent of the total lateral deformation,

°3R'
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(5) At a displacement corresponding to ~o = 5.9 at LP 702, the

measured amounts of total flexural deformation and fixed-end rotation

were 2.28 inches (58.05 rom) and 0.423 inches (10.74 rom), respectively.

These are about 62 and 11 percent of the total lateral displacement at

that point.

(6) Under zero load, at LP 710, the measured amounts of total

flexural deformation and fixed-end rotation were 1.86 inches (47.43 mm)

and 0.900 inches (2.29 mm). These values are about 66 and 3.2 percent

of the total lateral displacement, 03R'

(7) At a displacement 03R of 6.05 inches (153.6 rom) corresponding

to ~o = 9.75 at LP 755, the measured total flexural deformation and

fixed-end rotation were 3.93 inches (99.87 rom) and 0.139 inches (3.54 rom),*

respectively. These values are about 65 and 2 percent of the total

lateral displacement, 03R'

4.3.2.4 Failure Mode: SW8 Rl

During the testing of specimen SW8 R
l

, it was observed that the

failure mode was initiated by the considerable widening of horizontal

cracks which opened at the first-story south column (see Fig. 4.59).

These cracks then propagated into the first-story wall panel (see Fig.

4.60). Crushing of concrete and initiation of buckling of column

reinforcement in the lower north corner of the first-story colums were

also observed (see Fig. 4.61).

After failure, when the specimen was loaded to the south (i. e. ,

between LP 755 and LP 791), buckling of the first-story wall-panel

reinforcement as well as crushing of the concrete cover at the base of

the south column could be seen (Fig. 4.62). A large number of ties

were broken. In the edge column, the region where the concrete crushed

extended from the base of the south column to about 20 inches above

(508 nun).

4.3.2.5 Concluding Remarks

The previous data show that for the epoxy-repaired specimen, SW8 RI ,

the failure mode was that of a combined flexure-shear type. The maxi

mum displacement, 03R' reached before the failure of the specimen, was

6.05 inches (153.6 rom), corresponding to a displacement ductility of 9.75

at LP 755. Of this maximum displacement, 29 percent was due to the effect

*It is suspected that this value has been incorrectly measured.
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of shear deterioration in the three wall panels, 65 percent to flexural

deformation, 2 percent to fixed-end rotation, and the rest to the

deformation of the foundation and the errors in the instrumentation at

large values of ductility.

It was observed that most of the flexural and shear deformations

were concentrated at the first-story levels, and thus the failure zone

was at that level. The contributions of shear and flexural deformations

in the first story were 22 and 24 percent of the total lateral displace

ment, 03R' respectively.

The maximum load carried by the specimen before failure was 234 kips

(1041 KN) at LP 755.

4.3.3 Results of Tests on Repaired and Strengthened Specimen: SW8 R
2

The loading history for specimen SW8 R
2

is given in Fig. 4.17.

PT - 0 graphs are given in Figs. 4.22 through 4.24, and V - y diagrams

are given in Figs. 4.28 through 4.30.

Specimen SW8, twice repaired and with its first story strengthened,

was initially loaded and cycled once at 10 kips (45 KN) and once at

25 kips (Ill KN). Then it was subjected to three 50-kip (222~KN) cycles

between LP 31 and LP 57, and to three gO-kip (400 KN) cycles between

LP 64 and LP 92 before it was subjected to a load of 185 kips (823 KN)

at LP 105. After these series of tests, the specimen was subjected to

three loading cycles between LP 132 and LP 170 at a ductility ~o = 1

(based on the first yield observed in this specimen). Then it was

displaced to a ductility ~o = 2 and subjected to three loading cycles

between LP 193 and LP 292, after which it was subjected to three 50-kip

load cycles between LP 302 and 328 and to one cycle at a load of 90 kips

(LP 337 and LP 343). Finally, the. specimen was displaced up to a

ductility ~ 0 = 2.3 and subjected to four cycles between LP 367 and LP 587

during which failure occurred. The specimen was then unloaded and the

experiment was halted.

4.3.3.1 Base Shear vs. Total Lateral Displacement: Specimen SW8 R2
(Figs. 4.22 - 4.24)

(1) In the initial part of the experiment before the 50-kip (222 KN)

load cycles, i.e., before LP 31, the largest measured lateral displacements
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were 83R = 0.112 inches (2.84 rom) and 02R = 0.048 (1.23 rom) for the third

and second stories, respectively. The first-story displacement was

negligible.

(2) Under the 90-kip (400 KN) loading cycles between LP 64 and LP 92,

the measured largest lateral displacements were 03R = 0.214 inches (5.44 rom)

and 02R= 0.105 inches (2.66 rom) for the third and second stories,

respectively. The first-story lateral displacement was also negligible

i. as, less than 0.039 inches (1.0 rom).

(3) Under the l85-kip (823 KN) load at LP 105, the measured lateral

displacements were 03R = 0.554 inches (14.08 rom) and 02R = 0.301 inches

(7.64 rom) for the third and second stories. The first-story lateral

displacement was still negligible Io.07 inches (1.77 rom)].

(4) As the specimen was di?placed up to a first yield, ~o = 1,

corresponding to 03R = 0.72 inches (18.29 rom) and subjected to three

cycles between LP 132 and LP 170, the largest measured lateral displace

ments were 03R = 0.75 inches (19.13 rom), 02R = 0.422 inches (10.71 rom),

and 0lR = 0.121 inches (3.08 rom) for the third-, second-, and first-floor

levels, respectively. The maximum load, PT, resisted by the specimen

was 241 kips (1073 KN) at LP 132.

(5) As the specimen was displaced up to a ductility ~o = 2,

corresponding to 03R = 1.44 inches (36.58 rom), and subjected to three

loading cycles between LP 193 and LP 292, the maximum measured lateral

displacements were 03R = 1.52 inches (38.53 rom), 02R = 0.901 inches

(22.81 rom), and 0lR = 0.324 inches (8.23 rom) for the third, second and

first stories, respectively. The maximum load resisted by the specimen

was 277 kips (1231 KN) at LP 209. The maximum negative load was 256

kips (1138 KN) at LP 193.

(6) Under the three 50-kip (222 KN) load cycles from LP 302 to

LP 328, the largest measured lateral displacements were 03R = -0.679 inches

(-17.19 rom) and 02R = -0.353 inches (-8.97 rom) for the third and second

stories. The positive first-story displacement under these loading cycles

was 0.027 inches (0.7mm), and the negative one was 0.14 inches (3.5 rom).

(7) Under the 90-kip (400 KN) working load cycle, from LP 337 to

LP 343, the largest measured lateral displacements were 03R = -0.714 inches

(-18.39 rom), 02R = -0.375 inches (-9.52 rom), and 0lR = -0.16 inches
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(-4 rom) for the third, second and first stories, respectively. These

values were measured at LP 343. The largest positive values measured

were 03R = 0.293 inches (7.44 rom), 02R = 0.223 inches (5.66 rom) and

0lR = 0.072 inches (1.81 rom) at LP 337.

(8) As the specimen was displaced up to a ductility ~o = 2.3,

corresponding to 03R = 1.65 inches (41.88 rom) and subjected to four

loading cycles between LP 367 and LP 587, the maximum positive load

resisted by the specimen was 257 kips (1145 KN) at LP 367. At this LP,

02R = 1.02 inches (25.82 rom) and 0lR = 0.278 inches (6.95 rom) for the

second and first stories, respectively. The maximum negative load

resisted by the specimen was 236 kips (1051 KN) at LP 417. The measured

lateral displacements at that point were 03R = -2.15 inches (-54.66 rom),

02R = -1.32 inches (-33.41 rom) and 0lR = -0.454 inches (-11.52 rom) for

the third, second and first stories, respectively.

The maximum positive ductility reached during the testing was

~o = 2.3. The maximum negative ductility reached was ~o = 3.0. The total

cyclic ductility was 4.3.

(9) The specimen was then unloaded and the experiment was halted.

4.3.3.2 Base Shear vs. Shear Deformation: Specimen SW8 R2(Figs. 4.28 - 4.30)

(1) In the initial part of the experiment before the 50-kip (222 KN)

load cycles, i.e., before LP 54, the largest measured shear deformations

were 0Y3 = 0.050 inches (1.27 rom) and 0Y2 = 0.014 inches (0.354 rom) for the

third and second stories, respectively. The first-story shear distortion

was negligible.

(2) Under the 90-kip (400 KN) loading cycles between LP 64 and LP 92,

the largest measured values of shear deformation were 0Y3 = 0.0707 inches

(1.79 rom), 0Y2 = 0.033 inches (0.846 rom) and 0Yl = 0.002 inches (0.050 rom)

for the third, second and first stories, respectively.

(3) Under the l8S-kip (823 KN) load at LP 105, the measured values of

shear deformation were 0Y3 = 0.132 inches (3.36 rom), 0Y2 = 0.089 inches

(2.26 rom) and 0Yl = 0.0346 inches (0.879 rom) for the third, second and first

stories, respectively.

59



(4) As the specimen was displaced up to a ductility ~o = 1,

corresponding to 03R = 0.72 inches (18.29 rom), and subjected to three

loading cycles between LP 132 and LP 170, the largest measured values

of shear deformation were 0Y3 = 0.180 inches (4.57 rom), 0Y2 = 0.162

inches (4.11 rom), and 0Yl = 0.0396 inches (1.01 mm), for the third,

second and first stories, respectively.

(5) As the specimen was displaced up to a ductility ~o = 2, corre

sponding to 03R = 1.44 inches (36.58 rom), and subjected to three loading

cycles between LP 193 and LP 292, the largest measured values of shear

deformation were 0Y3 = 0.212 inches (5.37 rom), 0Y2 = 0.279 inches (7.09 rom)

and 0Yl = 0.164 inches (4.17 rom), for the third, second and first stories,

respectively.

(6) Under the 50-kip (222 KN) load cycles between LP 302 and LP 328,

the largest measured values of shear deformation were 0Y3 = -0.156 inches

(-4.00 rom), 0Y2 = -0.212 inches (-5.38 rom) and 0Yl = -0.0297 inches (0.75

rom) for the third, second and first stories, respectively.

(7) Under the 90-kip (400 KN) working load cycle, from LP 337 to LP

343, the largest measured shear deformations were 0Y3 = -0.163 inches

(-4.15 rom), 0Y2 = -0.205 inches (-5.21 rom) and 0Yl = -0.058 inches (-1.48 rom)

for the third, second and first stories, respectively. These values were

measured at LP 343. The largest positive values were 0Y3 = 0.052 inches

(1.33 rom), 0Y2 = 0.066 inches (1.67 rom) and 0Yl = 0.050 inches (1.28 rom) at

LP 337.

(8) As the specimen was displaced up to a ductility ~o = 2.3 and

subjected to four cycles between LP 367 and LP 587, the largest measured

positive shear deformations before failure were 0Y3 = 0.212 inches (5.37 rom),

0Y2 = 0.366 inches (9.29 rom) and 0Yl = 0.168 inches (4.27 rom) for the third,

second and first stories, respectively.

4.3.3.3 Other Sources of Deformation: Specimen SW8 R2

The other displacements that were measured during the testing were those

due to the fixed-end rotation and the deflection due to flexural deformation.

Exact values of the contribution of these sources of deformations for each

story level and at certain important load points are given in Table 5.

Graphic interpretation of these sources is given in Figs. 4.46 to 4.48.
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(1) In the initial part of the experiment, before the 50-kip (222 KN)

loading cycles (i.e., before LP 54), the largest measured total flexural

deformation and fixed-end rotation were 0.043 inches (1.01 illm) and 0.004

inches (0.114 rom), respectively. These values correspond to 38 and 4

percent of the total lateral displacement at that point.

(2) Under the 90-kip (400 KN) loading cycles, between LP 64 and LP 92,

the largest measured total flexural deformation and fixed-end rotation

were 0.098 inches (2.48 rom) and 0.011 inches (0.272 rom), respectively, or

about 46 and 5 percent of the total lateral displacement at that point.

(3) At LP 105, under the ISS-kip (823 KN) load, the measured values

for total flexural deformation and fixed-end rotation were 0.249 inches

(6.32 rom) and 0.0499 inches (1.26 rom), respectively, or about 45 and 9

percent of the total lateral displacement at that point.

(4) At LP 143, corresponding to ~o ~ 1, the measured total flexural

deformation and fixed-end rotation were 0.282 inches (7.17 rom) and 0.086

inches (2.18 rom), respectively, or about 38 and 11 percent of the total

lateral displacement at that point.

(5) At LP 209, corresponding to ~o ~ 2, the measured values for

total flexural deformation and fixed-end rotation were 0.695 inches

(17.65 mm) and 0.090 inches (2.28 mm), respectively, or about 46 and 6

percent of the total lateral displacement at that point.

(6) Under the three 50-kip (222 KN) load cycles from LP 302 to LP

328, the largest measured total flexural deformation and fixed-end

rotation were -0.274 inches (-6.95 rom) and -0.004 inches (-0.106 rom),

respectively, or about 40 and 1 percent of the total relative displace

ment at LP 328.

(7) Under the 90-kip working load cycle from LP 337 to LP 343, the

largest positive measured total flexural deformation and fixed-end

rotation were 0.125 inches (3.18 rom) and 0.010 inches (0.248 rom),

respectively, or about 43 and 3 percent of the total lateral displacement

at that point.

(8) When the specimen was displaced up to a ductility ~o = 2.3 and

subjected to four cycles between LP 367 and LP 587, the total measured
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values of flexural deformation and fixed-end rotation at LP 367 were

0.855 inches (21.72 rom) and 0.032 inches (0.815 rom), respectively. These

values are about 52 and 2 percent of the total lateral displacement at

that point.

Between LP 367 and LP 386, there was a marked increase in the

contribution of the fixed-end rotation. This was attributed to the failure

of the south column at the base of the first-story level. A large crack

at the base of the column exposed the reinforcement which had apparently

ruptured. The crack propagated into the wall panel along the footing.

The largest value for the fixed-end rotation measured at that point was

SF = 0.0033 radians which amounts to a third-story deformation of about

0.460 inches (11.69 rom). This value is 21 percent of the total lateral

displacement at LP 386. The total amount of flexural deformation at that

point was 1.39 inches (35.34 rom) or about 64 percent of the total lateral

displacement.

At LP 417, as the largest negative load (to the south) was reached,

the fixed-end rotation decreased to SF = 0.0014 radians. This amounts to

a third-story deformation of 0.195 inches (4.9 rom) in the positive

direction. The measured total flexural deformation at that point was

-1.17 inches (-29.66 mm). The flexural deformation amounted to 53 percent

of the total lateral displacement. The remaining deformation was attri

buted to the contribution of the buckling of some of the wall panel

reinforcement at both the third- and second-story levels, thus adding to

the shear deformation.

As the maximum displacement to the north was reached at LP 459 (see

Fig. 4.22), there was a failure in the reinforcement in the south column

at the base of the second-story level, thus decreasing the effect of

fixed-end rotation. The value reached at LP 459 was SF = 0.0025 radians,

which amounts to a third-story deformation of 0.349 inches (8.86 mm).

This value is 16 percent of the total lateral displacement at that point.

The drop in load resistance at this LP 459 was attributed to the failure

of the column reinforcement at the base of the second-story level.

As the cycling continued. the effect of both the flexural deformation

and the fixed-end rotation was decreased as the main source of deformation
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became the opening of the crack due to reinforcement failure in the

south column at the base of the second-story level.

4.3.3.4 Failure Mode: SW8 R
2

During the testing of specimen SW8 R
2

, the following observations

were made in relation to the mode of failure:

(1) The first major cracks appeared in the south column at the

second-story level around LP 142 which was closed to LP 143 corresponding

to ~o = 1 (see Fig. 4.63). The widest crack developed at the base of the

second-story level and extended to about the middle of the column. Some

wide diagonal cracks were also observed in the third- and second-story

wall panels (see Fig. 4.64).

(2) Around LP 209, corresponding to ~o = 2, there was a widening of

these cracks, as well as more cracks in both third- and second-story wall

panels. A wide crack also opened at the base of the south column at the

first-story level.

(3) As the specimen was cycled at a ductility of 2, some local buckling,

together with crushing of the concrete, was observed in the third-story

wall-panel reinforcement. This, however, was observed to have occurred at

one or two bars only (see Fig. 4.65).

(4) As the ductility of the specimen was increased to a value of 2.3

at LP 367, the concrete cover at the top of the first-story south column

spalled (Fig. 4.66). At the same time, a crack in the first-story column

developed at the foundation and propagated into the wall panel. This

crack became widest at LP 383, where the fixed-end rotation reached a

value of 6
F

= 0.0033 radians. This was due to the failure of the column

longitudinal reinforcement at that level (see Fig. 4.67a and b).

~fure extensive cracking was observed in the third-story wall panel,

as well as increased localized buckling of the panel reinforcement (see

Fig. 4.68).

(5) As the cycling continued at a maximum displacement corresponding

to a ductility ~o = 2.3, there was a great drop in the load resistance

between LP 367 and LP 558. This was attributed to the failure of the

south column reinforcement at the base (see Fig. 6.69). As the load was
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reversed (i.e., as the specimen was loaded to the south), similar

behavior was observed in the north column at the base of the second

story level. This, however, was not nearly as extensive as that of the

south column, and the drop in load resistance when the specimen was

loaded to the south was much less (see Fig. 4.22).

4.3.3.5 Concluding Remarks

The previous data show that, for the twice-repaired specimen SW8 R
2

,

the failure mode was mainly of a flexural type which took place in the

south column at the base of the first-story level, as well as at the

base of the second-story level, though to a smaller extent. Although

initiation of crushing of the concrete at the wall panel was detected,

there was no extensive buckling of wall-panel reinforcement and thus

no excessive shear failure in either of the three wall panels. This

can also be seen from the hysteretic loops of both the lateral dis

placement and shear-distortion graphs where the pinching effects are

not as excessive as those of specimen SW7 RZ' (Compare Figs. 4.13 to

4.15 with Figs. 4.28 to 4.30.)

The maximum positive displacement, 03R' obtained before the failure

of the specimen was 1.65 inches (41.88 rom), corresponding to a ductility

of ~o = 2.3. Of this displacement, 52 percent was due to flexural

deformation, 45 percent was due to shear distortion, and about 2 percent

was due to fixed-end rotation.

The maximum load resisted by the specimen was 277 kips at ~o

just before failure, at ~o = 2.3, it was 257 kips (1145 KN).

4.4 Lateral Displacement Components: Comments on the Variation of
Displacement Components with Ductility Graphs

4.4.1 Introductory Remarks

2, and

The sources for the lateral displacement can be grouped into three

categories of components: those resulting from (1) flexural deformation,

(2) shear distortion, and (3) fixed-end rotation. The amounts of contri

bution of each of these components to the total lateral displacement

depends on the slenderness of the specimen. The more slender the specimen,

the more significant the flexural deformation and the fixed-end rotation.

Graphic information of the variation of the three components of lateral
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displacements at the three floor levels for each of the specimens prior

to failure is given in Figs. 4.31 to 4.48. Exact values of the contri

bution of each of the components are given in Tables Z to 5.

The flexural deformation and shear distribution of specimens SW7

Virgin, SW7 Rl , SW7 R
Z

' SW8 Virgin, SW8 R
l

, and SW8 RZ were measured

over the entire length of the specimens. If no errors were committed

in calibrating the instrumentation, and if the assumptions used in

reducing these data are realistic (such as assuming linear strain vari

ations along a section and uniformly distributed curvature'over a

region)~ then the lateral displacement measured by the linear potenti

ometers mounted at the mid-depth of each floor slab should be equal to

the sum of its three components. Since the errors shown in the graphs

are minor for most of the load points, the experimental data appear

excellent.

From the above data and for each of the specimens tested, some

significant observations can be made. These are discussed in the

following sections.

4.4.Z Specimen SW7

(1) SW7 Virgin: The graphs depicting the variation of the dis

placement components for SI1l7 Virgin are given in Figs. 4.31 to 4.33.

Except for ~o ~ 1, the component contributed by the shear distortion

is dominant for the lateral displacement at the level of the three

stories throughout the test.

(Z) SW7 R
l

: Graphic interpretation of the variation of the dis

placement components for SW7 Rl is given in Figs. 4.3L} to 4.36. Ex

cept for ~o ~ 1, the component contributed by the shear distortion is

dominant for the lateral displacement at each of the three floor levels

throughout the test. However, a marked increase of the component con

tributed from the fixed-end rotation can be observed.

(3) SW7 R
Z

: Graphic interpretation of the variation of the dis

placement components for SW7 RZ is given in Figs. 4.37 to 4.39. The

component contributed from the shear is also dominant for the lateral

displacement at each of the three floor levels. However, at the third-
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story level, while the shear contribution when maximum resistance was

reached was of the order of 50 percent, after failure it reached a

value of 81 percent of the total displacement (Table 3). This is in

agreement with the fact that the failure mode of the specimen SW7 RZ was

a shear failure in the wall panel at the third story.

It is observed that the error in the first story is relatively

la~ge (up to 9 percent). This error is believed to be caused by a mal

function of the instrumentation.

4.4.3 Specimen SW8

(1) SW8 Virgin: Graphic interpretation of the variation of the

displacement components of SW8 Virgin is given in Figs. 4.40 to 4.42.

The components contributed from the two sources of lateral displacement,

shear and flexure, are almost equally dominant, with a slight dominance

of flexure over shear.

(2) SW8 Rl : The component contributed from the flexural deforma

tion is dominant for the lateral displacement at the level of the second

and third stories. However, the component contributed from the shear

distortion is dominant at the first-story level (Figs. 4.43 to 4.45).

(3) SW8 R2 : The components contributed from the two sources of

lateral displacement, shear and flexure, are almost equally dominant for

the three-story levels. At the first- and second-story levels, the

shear component is the larger of the two, the difference being slight in

both cases. At the third-story level, the two components are almost

equal (Figs. 4.46 to 4.48).

For all three floor levels, the contribution of fixed-end rotation

to the lateral displacement, although significant, was considerably less

than the contributions of the shear and flexural deformations.
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5. REPAIRING AND STRENGTHENING TECHNIQUES

5.1 Introductory Remarks

As noted previously, the series of tests conducted on specimens

SW7 and SW8 were divided into three phases for each specimen which

required the repair of the specimen after each series of tests. This

extensive testing of the same specimens was done in order to study

economically the effectiveness of available repairing and strengthening

techniques. A brief description of the damages and the repair techniques

follows.

5.2 Damage to Virgin Specimens

Both specimens SW7 and SW8 were tested in the virgin states up to

a ductility ~o = I, corresponding to first yield in the column steel. No

excessive damage was observed, except for narrow cracks in the columns

and the wall panels. Most of the flexural cracks in the columns and the

diagonal cracks in the wall panels were injected with epoxy. After

epoxy repair the specimens were denoted as specimens R
l

or epoxy-repaired.

5.3 Damage to Epoxy-Repaired Specimens

The epoxy specimens were loaded up to failure by subjecting them to

large inelastic deformations. Most of the damage was concentrated in the

first story of each specimen. The specimens were repaired and strengthened

as follows.

5.3.1 Specimen SW7 R
I

Excessive damage was observed in the first-story wall panel and the

first-story columns. Crushing of the first-story wall panel and buckling

of the first-story wall reinforcement occurred, in addition to spalling

of the concrete cover and buckling of the reinforcement at the base of

both first-story columns. Some of the concrete inside the confined core

of the first-story columns was also crushed.

After removing all the concrete in the first-story wall panel and the

crushed concrete in the confined core of each of the first-story columns,

all the buckled reinforcement was repaired. In the wall panel the buckled

reinforcement which had become elongated was cut, strengthened, and butt

welded.
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A new outer mat of steel was placed on each side of the wall.

This was done by welding the new reinforcement to #2 dowels that had

originally been placed in the columns and the footing when the speci

men was constructed (Figs. 5.1 and 5.2). Thus, the reinforcement in

the first-story wall panel was doubled. Fresh concrete was poured over

both steel mats, doubling the original thickness of the wall panel at

the first-story level as \vell. The concrete compressive strength

averaged 7.45 ksi.

In the columns, the buckled reinforcement was cut, and the crushed

concrete core was removed. The reinforcement was straightened and lap

welded (Fig. 5.3). Two #9 bars were butt welded on the outer side of

each column extending from the edge of the footing to the first-story

floor slab. The spiral was repaired where broken, and, in addition,

1/4" non-deformed wire. lap-welded ties were placed around the column

core and the #9 bars @ 6" O.c. (Fig. 5.3). Fresh concrete with an

average compressive strength of 7.45 ksi was then poured (the concrete

stress-strain diagram is given in Fig. 5.4).

5.3.2 Specimen SW8 RI

As in shear wall SW7, excessive damage was observed in the first

story wall panel and the first-story columns. However, there was no

crushing of the confined concrete core in the north column. The

re.pairs were similar to those of shear wall SW7 (Fig. 5.5) except that

the fresh concrete had a compressive strength of 7.20 ksi (Fig. 5.6).

Photographs showing important stages of the repairing and

strengthening techniques used on the failed specimens SW7 Rl and SW8 RI
are given in Figs. 5.7 through 5.10.
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6. COMPARISON OF BEHAVIOR OF SPECIMENS SW7 AND SW8

6.1 General

Specimens SW7 and SW8 were subjected to similar loading patterns.

The loading histories are discussed in Chapter 4 of this report. Load

deflection and load-shear distortion diagrams were plotted, and a

comparison of the mechanical behavior of the specimens is discussed in

this chapter. The main reason for the comparison is to determine the

effect of the arrangement of the wall-panel reinforcement on the behavior

of the specimens under both monotonic and cyclic loading programs and

particularly on the failure mode of the specimens.

The wall-panel reinforcement of specimen SW7 consisted of two layers

of #2 bars spaced at 6 inches and placed in both the vertical and the

horizontal directions, near each of the two faces of the wall. In specimen

SW8. the wall-panel reinforcement was similar to that of specimen SW7 except

that it was arranged diagonally at angles of 450
• The column reinforcement

was identical in both specimens (Figs. 1.2 - 1.4).

The comparison of the behavior of the two specimens is made considering

each of the three different tests to which they were subjected: (1) virgin

specimen; (2) epoxy-repaired; and (3) twice-repaired and strengthened.

6.2 Virgin Specimens

At the initial loading stages of the virgin specimens, SW7 and SW8

displayed very similar behavior (even though SW7 deflected slightly more

than SW8). Under cycling at the 90-kip working load, they have almost the

same lateral displacement, 03R [specimen SW7 averaged 0.144 inches (3.67

rom) while that of SW8 averaged 0.139 inches (3.53 mm)]. Neither specimen

showed any significant loss of strength or increased shear deterioration

in this phase of the experiment. At the point of first yield, corresponding

to a ductility, ~o = 1, the load carried by specimen SW8 was practically

the same as that carried by specimen SW7. The average value of the total

lateral load at ~o = 1 was 197 kips (877 KN) for specimen SW7 and 196 kips

(872 KN) for specimen SW8. The above comparisons are illustrated in Figs.

6.1 and 6.2. In Fig. 6.2, which combines the results presented in Figs.

4.l2a and 4.25, it is apparent that the amount of shear distortion in the
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first-story wall panel of specimen SW7 at the point of first yield is

about 0.12 inches (3.0 rom) which is 30 percent higher than the amount

of shear distortion observed in the first-story wall panel of specimen

SW8 at the same loading stage of 03R = 0.09 inches (2.3 rom). In both

specimens, the only damage was narrow flexural cracks through the columns

and flexural-shear cracks at the panels. The widest cracks occurred at

the first story.

6.3 Epoxy-Repaired Specimens (Rll

The epoxy-repaired specimens, SW7 R
l

and SW8 R
l

, were both subjected

to similar loading programs consisting of a general monotonic loading

pattern with intermediate cycling at various stages. At the initial

loading stages of this phase of the experiment, the behavior of the two

specimens is similar. However, as the deflection, 03R' or the load is

increased, specimen SW8 shows somewhat higher strength and less shear

distortion than specimen SW7 (especially in the first-story wall panel).

This is evident in Fig. 6.3 where the first-story wall panel shear

distortions are compared.

In the initial phase of the testing, i.e., before a ductility, ~o = 1,

the behavior of the specimens was very similar. At the point of first

yield, the following comparisons can be made. The lateral displacement,

03R' for specimen SW7 Rl was 0.72 inches (18.3 rom), while that for

specimen SW8 Rl was 0.62 inches (15.75 rom). The total lateral load

resisted at first yield by specimen SW7 Rl was 183 kips (815 KN), while

that resisted by specimen SW8 R
l

was 192 kips (856 KN). Thus it can be

concluded that SW8 R
l

yielded at a lower displacement and resisted a higher

load than specimen SW7 Rl •

At a ductility ~o = 3 for specimen SW7 ~ and ~o = 3.5 for specimen

SW8 R
l

, the third-story lateral displacements were equal to 2.16 inches

(54.9 rom) each. The first-story displacements were also very similar

[0.72 inches (18.3 rom) for SW7 RI and 0.83 inches (21.2 rom) for SW8 RIJ.

The amount of first-story shear deformation was also similar for the two

specimens. The measured values of 0Yl were 0.46 inches (11.8 rom) for

SW7 R
l

and 0.44 inches (11.3 rom) for SW8 Rl • Thus it can be deduced that

the contribution of first-story shear distortion at the first-story level

is slightly higher for SW7 RI • The load resisted by SW7 Rl at ~o = 3 was
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208 kips (925 KN), while that resisted by specimen SW8 ~ at ~8 3.5

was 216 kips (962 KN).

At a ductility ~o = 5 for specimen SW7 R
l

and ~o = 5.9 for specimen

SW8 Rl , the third-story lateral displacements were very similar (Fig. 6.1).

From Tables 2 and 4 it can be seen that the total contribution of shear

deformation is higher for specimen SW7 Rl , that of flexural deformation is

higher for SW8 Rl , and that for fixed-end rotation is considerably higher

for SW7 Rl • The total lateral load, PT, resisted by SW7 Rr at ~o = 5 was

227 kips (1010 KN), while that resisted by SW8 Rl at ~o = 5.9 was 231 kips

(1026 KN).

As the specimens were taken up to higher values of ductility, specimen

SW7 Rl reached a displacement, 03R' equal to 4.61 inches (117 rom) before

failure corresponding to a ductility, ~o = 6.4. However, specimen SW8 R
l

reached a lateral displacement, 03R' equal to 6.04 inches (153.6 mm) before

failure. This corresponds to a ductility of 9.75. When the total contri

bution (i.e., the sum of the contribution of the three stories) from all

the sources of deformation is taken into account, it was observed that

the percentage contribution of shear was greater for SW7 Rl , while that

for flexure was greater for SW8 Rl • The percentage of contribution of

the fixed-end rotation in specimen SW7 R
l

was considerably higher than that

in specimen SW8 R
l

• (Although the value recorded for SW7 R
1

is eight times

that of SW8 R
l

, it is believed that the value for SW8 R
l

has not been

correctly measured.) In specimen SW8 Rl , the contribution of each of the

sources of displacement were: (a) flexural, 65 percent; (b) shear, 29

percent; and (c) fixed-end rotation, 2 percent.* In specimen SW7 Rl the

similar contributions were: (a) flexural, 42 precent; (b) shear, 31 percent;

and (c) fixed-end rotation, 25 percent.

When the first story of each specimen is taken separately, it is seen

that the largest contribution, in both specimens, is that of shear

deformation (up to 64 percent for SW7 Rl and 57 percent for SW8 Rr)' This

shows that, at the first-story level where most of the damage occurred, the

contribution of shear deformation was the largest. This was caused by the

*It is believed that this value has not been correctly measured.
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subjected to

ratio of M Iv ,
u u

The reason

shearing forces in the wall panel. In the upper two stories, the

effect of flexure increases in importance.

The maximum total lateral load resisted by specimen SW7 Rl before

failure was PT = ZZ7.5 kips (1010 KN). That resisted by SW8 ~ was

P
T

= Z34 kips (1041 KN), i.e., 3 percent larger than that of SW7 Rl .

6.4 Twice-Repaired Specimens (Rzl

The twice-repaired specimens, SW7 R
2

and SW8 RZ' were

similar loading programs consisting of cyclic loading at a

smaller than 173 inches (Z.3 d or 1.84 l )(Figs. 3.2.4d).
w

for this was to study the effectiveness of the repairing and strength-

ening techniques as well as to study the behavior of the specimen under

that ratio of M Iv .
u u

At the initial loading stages of this phase, the behavior of the

specimens is similar. However, as the deflection, 03R' or the load is

increased, specimen SW8 R
Z

shows higher strength and less shear deteriora

tion than specimen SW7 R
Z

' Under the 90-kip (400 KN) working load, the

total lateral displacement for SW7 RZ is slightly higher than that for

SW8 RZ [0.30 inches (7.67 rom) vs. O.Zl inches (5.44 rom)].

At a ductility ~8 = Z.l, the maximum load resisted by specimen SW8 R
Z

was Z77 kips (lZ3l ~~), while that resisted by SW7 RZ was Z75 kips (lZZl KN).

The major difference between the two specimens, however, lies in the amount

of shear distortion, shear resistant deterioration with cyclic loading, and

loss of stiffness in each of them. From Fig. 6.4, it can be observed that

specimen SW8 RZ is somewhat stiffer than specimen SW7 RZ' and thus has

deteriorated less under cyclic loading. This is specifically true for the

third-story wall panel of specimen SW7 RZ where the amount of shear

distortion is about 1.4 times that of SW8 RZ [0.Z84 inches (7.ZZ rom) vs.

0.Z06 inches (5.Z3 mm)]. This can be seen in Fig. 6.5.

At higher values of ductility, there is a larger increase in the

difference of shear deformation between the two specimens. This difference

manifests itself in the failure mode of each of the specimens. In SW7 RZ'

where the failure was caused by excessive shear damage and therefore shear

distortion of the third-story wall panel, the percentage of contribution

of shear was about 60 percent prior to failure and 81 percent just after
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failure. In SW8 R
Z

' the maximum shear contribution reached was about

45 percent and that of flexural deformation about 52 percent (see Tables

3 and 5). This difference in shear distortion is also obvious from

Fig. 6.5. At the second-story level, specimen SW7 RZ displays more

shear stiffness and shear resistance deterioration than SW8 RZ. This

can be observed from the pinching effect of the V-YZ diagram presented

in Fig. 6.6. The difference in the maximum amount of deterioration at

this second story, however, is far less than that at the third-story level.

The failure mode of the specimens can be inferred from analysis of

the contribution of each of the different sources of displacement. These

different contributions were influenced by the arrangement of the wall

panel reinforcement. The smaller contribution of shear to the failure mode

of SWB RZ can only be attributed to the diagonally arranged reinforcement,

which formed 45
0 compression and tension diagonals that were effective in

resisting the shear stresses.

The maximum positive ductility, ~o' attained by SW8 R2 before failure

was 2.3; that reached by SW8 R2 was equal to 2.0. The cyclic ductility

reached by SW8 R2 was 4.3, while that for SW7 RZ was 3.1.

6.5 Concluding Remarks

In general, the mechanical behavior of specimen SWB is slightly better

than that of SW7. In terms of the maximum lateral load resisted by each

specimen, the difference is very small. The major difference, however, was

in the failure mode of each specimen as well as in the ductility value

reached before failure. The previous comparisons are summarized in Table 6.

The values of the maximum nominal shear stress, vmax ' are also given in

Table 6. They were computed using the formula:

vmax

Vmax
0.8 I d

w

For example, for specimen SW7 Virgin,

vmax
=

197 • 1000
0.8 • 94 • 4
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Because for this specimen f' = 5682 psi,c

v 654.9 psi If' = 8.68 If' in psi = 0.72 IfT{MPa)max
15682

c c c

From Table 6 it can be seen that for specimens SW7 RZ and SW8 R2
the maximum v they could resist were 12.2 If'{psi) and 12.97 l:E'{psi) ,

max c c
respectivel~, These are considerably larger than the maximum value allowed

by present ACT and UBC codes \..hich is

v
v = u < 10 {f'(psi) = 0.83I:f'c'(MPa)

u ~. 0.8 l d c
w

Including the ~ factor which is 0.85, the values obtained for the SW7 RZ
and SW8 R2 are 14.4 If'{psi) and 15.3 If'(psi), i.e., about 50 percent

c c
larger than the ultimate value accepted by code. In evaluating the

implications of this observed overstrength, it should be kept in mind that

neither one of the wall-panel reinforcements used in these two specimens

satisfied minimum code requirements, i.e., they were smaller than the

minimum reinforcements required by the code-computed design shear forces

(see Section Z.3.l). For example, it can be shown that, according to the

UBC/76 code, the maximum nominal shear stress that the second and third

stories of specimen SW7 could have resisted was

v = ~ [vc+A~)] = ep [Z15682 + 0.10 • 60000 ]u 12 • 18

or v = ep[5.69~(PSi)Ju

which, when considering the code-recommended ~ of 0.85, becomes v =
u

4.8~(psi) = 0.4~(MPa) which is only 39 percent of the nominal shear

stress resisted by the SW7 specimen.
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7. COMPARISON OF BEHAVIOR OF SPECIMENS SW7 AND SW8
WITH BEHAVIOR OF PREVIOUSLY TESTED SPECIMENS

7.1 Introductory Remarks

In this chapter the mechanical behavior of specimens SW7 and SW8

is compared with the behavior of previously tested specimens, i.e.,

specimens SWI through SW6.

As was discussed in Sections 1.2 and 1.3 of this report, the

ongoing investigation at Berkeley was broken down into three phases.

The first phase dealt with two framed walls (specimens SWI and SW2)

with spirally reinforced edge columns. Details concerning the amount

and arrangement of the reinforcement are given in Section 2.2.1 of this

report. This first phase is discussed in detail in Ref. 24.

The second phase of the investigation dealt with four specimens

(SvlJ, SW4, SW5, SW6). Details of the investigation are given in Ref. 25.

Specific information regarding the type of reinforcement used is given in

Section 2.2.2 of this report.

The main results obtained in the experiments conducted on specimens

SWI through SW8 are summarized in Table 6.

7.2 Comparison of Specimens SW7 and SW8 with Specimens SWI and SW2

In specimens SWI and SW2, the design of the wall-panel reinforcement

was based upon Section 2611(q) of the 1973 edition of the UBC. The

horizontal wall-panel reinforcement was spaced at three inches (corre

sponding to p = 0.0082). The same amount of reinforcement was used in

the vertical direction.

In specimen SW7, the horizontal and vertical reinforcement was

spaced at six inches (corresponding to p 0.0042). This reinforcement

was not enough to resist the code-designed shear force.

In specimen SW8, the reinforcement was diagonally arranged with a

spacing of six inches along both diagonals (corresponding to p = 0.0042).

As in the case of SW7, the wall reinforcement did not satisfy code

requirements.

The columns of specimens SWl, SW2, SW7 and SW8 were identically

reinforced.
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7.2.1 Monotonically-Loaded Specimens

The largest of the maximum values of lateral load resisted by the

monotonically-loaded specimens (namely SWI Virgin, SW2 R, SW7 R
I

, SW8 R
I

)

was that of SWl Virgin. This value of 248 kips (1104 KN), however, is only

about 6 percent larger than the value reached by SW8 R
l

and about 9 percent

larger than that reached by SW7 Rl • It should be noted that the specimen

SWI Virgin was actually subjected to some loading with partial reversals

of deformations beyond the working load level. It is possible that these

deformation reversals could affect the maximum deformation capacity of SWI

[24,25].

7.2.2 .Cyclically-Loaded Specimens

The largest maximum value of lateral load resisted by the cyclically

loaded specimens (SWI R, SW2, SW7 R2, SW8 R2) was that of SW8 R
2

[277 kips

(1231 KN)]. This was due to the diagonally-arranged reinforcement that

could resist the shear stress effectively, as well as to the strengthening

of the first-story level where the value of Mu{Vu is largest.

The largest maximum displacement reached by specimen SW2 before

failure was 2.95 inches (75 rom). This value is about double that of SW7 R2
and 1.6 times that of SW8 RZ' However, the comparison is not fair because

specimen SW2 was a virgin specimen while specimens SW7 R2 and SW8 R
2

were re

paired after being loaded up to a significant decrease in strength (failure).

7.3 Comparison of Specimens SW7 and SW8 with Specimens SW3 and SW4

7.3.1 Comparison of Specimen SW3 with SW7 R1 (Monotonic Loading)

As previously noted, the displacement component contributed by the

shear distortion to the deformation of the first story is dominant for

SW7 RI . For SW3 (virgin specimen) under monotonic loading, the component

contributed by flexural deformation is dominant (being about 60 percent

of the total lateral displacement). Noting the difference in the amount

of wall-panel reinforcement as well as in the type of column confinement

used (ties for SW3 vs. spirals for SW7 and SW8), the results appear logical.

Although specimen SW3 displayed somewhat larger load resistance

capacity, 245 kips vs. 227 kips (1090 KN vs. 1010 KN), it showed a consi

derably larger lateral deformation capacity, 7.3 inches vs. 4.6 inches
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(185 rom vs. 117 rom), than SW7 RI (see Table 6). However, it should be

noted that specimen SW7 RI was subjected to cyclic loading with reversals

up to yielding before it was repaired. From these results, it can be

concluded that, while doubling the amount of reinforcement in the wall

panel did not result in any significant increase in strength, it in

creased significantly the deformation capacity (ductility of the speci

men under monotonic loading).

7.3.2 SH4 R vs. SW7 R
1

(Monotonic Loading)

The amount and arrangement of the reinforcement used in SW4 R is

identical to that of SW3. The difference between them is that SW4 R had

already been tested under cyclic conditions (SW4) , repaired (SW4 R), and

subjected to a monotonic loading program. In SW4 R, the displacement

component contributed from the shear distortion under failure load is

about 55 percent. This value is significantly larger than that of SW7 R
l

,

even though the maximum displacements at that point are almost the same.

Specimen SW4 R displayed a larger lateral resistance capacity, 292 kips

vs. 227 kips (1297 ~~ vs. 1010 KN), as well as a larger maximum lateral

displacement than SW7 RI , 5.0 inches vs. 4.6 inches (128 rom vs. 117 rom).

7.3.3 SW3 vs. SW8 R
1

The total contribution of flexure for SW8 RI under the failure load

was about 65 percent and that of shear about 29 percent. The values

obtained for SW3 at the same story level were about 60 percent for flexure

and 30 percent for shear. When the results obtained for specimens SW3,

SW7 R
I

and SW8 Rl are compared, it can be concluded that the arrangement

of the wall-panel reinforcement has a significant effect on the behavior

of the specimen, mainly that the 45
0

arrangement is the desirable one.

The total contribution of shear deformation in specimen SW3 was

about 2.19 inches (55.5 rom) and in SW8 Rl about 1.75 inches (44.33 mm).

The maximum displacement for SW3 under failure load was 7.28 inches

(185 rom); for SW8 Rl it was 6.05 inches (153.6 rom). The maximum load

resisted by SW3 was 245 kips (1090 ~~), and that resisted by SW8 R1 was

234 kips (1040 KN). This shows that SW8 Rl , which had about half the

volume of wall panel steel as SW3, was almost as strong and only slightly

less ductile than SW3, despite the fact that SW8 R1 was subjected to

cyclic loading with reversals up to yielding before being repaired.
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7.3.4 SW3 R vs. SW7 R
2

(Cyclic Loading)

In comparing these two specimens) it should be kept in mind that

both were repaired and strengthened at the first-story level. SW3 R

resisted a slightly higher load just prior to failure, 293 kips vs. 275

kips (1300 KN vs. lZ2l y~)) i.e.) about 6.5 percent higher. SW3 R

had a significantly higher lateral displacement capacity and thus a larger

ductility under failure load. Due to the high nominal shear stress

(13.4 ~(PSi) for SW3 R and 12.2~(pSi) for SW7 RZ)' the failure mode

was controlled by shear and consisted of the crushing of the second-

story wall panel in SW3 R and the third-story wall panel in SW7 RZ.

7.3.5 SW3 R vs. SW8 RZ (Cyclic Loading)

The comparison of SW3 R to SW8 R2 under cyclic loading is similar

to the comparison of SW3 R with SW7 R2 with the behavior of SW8 RZ
being better than that of SW7 RZ and therefore closer to that of SW3 R.

The behavior of SW3 R is slightly better (both in maximum lateral load

and displacement) than the behavior of SW8 RZ. The failure modes are

different in that there was no excessive crushing of the wall panel of

SW8 RZ at the point of failure. Specific values of maximum load and

displacement as well as the mode of failure are compared in Table 6.

7.3.6 SW4 vs. SW7 R
2

and SW8 RZ

The mechanical behavior of SW4 was better than that of specimens

S1>J7 R
2

and SW8 R
2

• particularly because SW4 dissipated more energy

through larger deformation. This result is logical since SW4 was a

virgin specimen while the other t~lO were repaired specimens. Further

more, SW4 had more wall-panel reinforcement than the other two specimens)

and was subjected to less shear force.

7.4 SW5 and SW6 vs. SW7 and SW8

Specimens SW5 and SW6 had rectangular cross-sections [25]. The wall

panel reinforcement consisted of No. Z bars at a spacing of 4 inches both

horizontally and vertically.

When SW5 and SW6 are compared with specimens SW7 and SW8 under both

monotonic and cyclic loading conditions) certain general observations

can be made. Specimens SW7 and SW8 are generally stronger and more
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ductile than SWS and SW6. This was attributed to the cross-section

of the specimens.

The barbell cross-section can be considered to be a better

section for strength and displacement ductility than a rectangular

cross-section of equal and even larger (to a certain extent) amount of

reinforcement. Exact values of maximum loads and maximum displacements,

as well as the modes of failure, are compared in Table 6.

7.5 Concluding Remarks

From the evidence presented in this chapter, it can be concluded

that specimens SW7 and SW8 were generally very similar in their

mechanical behavior to the previously tested specimens SWl, SW2, SW3

and SW4. The values of maximum loads resisted just prior to failure

differed at most by 9 percent. This difference is not enough to

justify the use of more reinforcement than that of SW7 and SW8. It

must also be noted that, although the previously tested specimens were

generally more ductile than specimens SW7 and SW8, the difference again

was not very large. Comparing the strength and deformation capacity

as well as the modes of failure of each of the specimens, it appears

that in the range of panel reinforcement used (0.0042 to 0.0082)

the most important detail seems to be the use of barbell cross-section

with well-confined edge members rather than the amount of wall-panel

reinforcement.

Analysis and comparison of the results obtained also show that the

shear resistance and deformation capacities of walls are significantly

affected by the loading conditions and that, for a given wall, they are

inversely related, i.e., the larger the shear resistance developed, the

smaller the deformation capacity (ductility). Regarding the effect of

loading conditions, it should be noted that it involves not only the

type of time history, i.e., cyclic vs. monotonic, but also the distri

bution of forces through the height of the wall, that is, the M Iv. u u
ratio. The smaller the value of this ratio, the larger the ductility.

Present code provisions do not include the above effects; thus there is

a need for improving these provisions.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

From the experimental results and their evaluation, the following

conclusions have been drawn regarding the overall behavior of the

specimens studied, the effects of the amount and arrangement of the

~vall-panel reinforcement on such behavior, the effectiveness of the

repair and strengthening techniques used, and the effectiveness of the

construction joints.

8.1.1 Overall Behavior

1.-- The overall behavior of the specimens tested has been excellent

despite the fact that the design of the wall panel against shear did

not satisfy present UBC seismic code requirements. This conclusion is

based on the following results:

Behavior under service loading. Specimens S~J7 arid SW8 resisted

several cycles at the maximum working load (90 kips = 400 KN), showing

a stable behavior and offering a stiffness higher than that required by

present codes. (The maximum story drift index was 0.0015 which is

smaller than that specified by present codes--0.0025.)

Behavior at first yielding. The experimentally obtained first

yielding strengths for both specimens--197 kips (877 KN) and 196 kips

(872 ~{) for SW7 and SW8, respectively--are in good agreement with the

analytically predicted values, 184 kips (818 KN). The lateral yielding

strength is more than twice the maximum lateral working load. The

maximum lateral displacement recorded at first yielding was 0.72 inches

(18.3 mm) for a drift index of 0.006 which is acceptable by present

codes.

}fuximum lateral strength. The maximum strengths recorded--227 kips

(1010 KN) and 234 kips (1040 KN) for specimens SW7 R1 and SW8 Rl ,

respectively--are in good agreement with analytically predicted values,

227 kips (1010 KN) and 213 kips (946 KN). Note that the maximum

recorded strengths are equivalent to a nominal shear strength v of
max
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10. a If' and 11. a If' , respectively (note that no </l factor was usedc c .
in evaluating these values), and are larger than the acceptable code

maximum value of </l(10 1fT).
c

Maximum lateral deformation capacity and ductility ratio.

(a) Under monotonic loading. The maximum recorded lateral deformations

under monotonically increasing lateral load were 4.6 inches (117 rom)

and 6.0 inches (154 rom) for SW7 R
l

and SW8 Rl , respectively, which

corresponded to lateral displacement ductility ratios of 6.4 and 9.75,

respectively. Considering these two specimens were subjected to cyclic

loading with full reversals at yielding level before monotonically

increasing the loading, the results clearly show that both specimens,

but particularly SW8 R
I

, had excellent ductile behavior under this kind

of loading.

(b) Under cyclic loading. No test on a virgin specimen has been con

ducted under this type of loading, but, based on the difference

between the results obtained under monotonic and cyclic loading (e.g.,

Wang and Vallenas [24,25]), it appears that specimens like SW7 and SW8

can have good hysteretic behavior even under cyclic load'ing with full

reversals of deformation. This conclusion is supported by the results

obtained in the experiments conducted on the SW7 R2 and SW8 R2 specimens.

Although the second and third stories of these specimens were damaged

during the monotonic loading up to failure conducted on specimens SW7 Rl
and SW8 R

1
, they were able to resist several cycles of full deformation

reversals at a ductility larger than 2 under a lateral load producing a

v of 12.2 lfT(psi) and 13.0 If'(psi) which, when one considers themax c c
shear strength reduction factor </l = 0.85, is considerably higher than

the UBC and ACT code maximum acceptable value of </l(10 1fT).
c

The maximum cyclic ductility ratio obtained was 4.3 (specimen

SW8 RZ) which is excellent because this was obtained after cycling the

specimen with 3 cycles at ~o = iI, 3 cycles at ~o = i2, and I cycle

to a ~o = +2.3 and ~o = -3.

8.1.2 Effects of Amount and Arrangement of the Wall-Panel Reinforcement

2.--For the same type of wall reinforcement arrangement, the larger the

amount, and particularly the closer the spacing, of the wall-panel

reinforcement, the better the behavior of the whole wall. However, the
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degree of improvement is not in direct proportion to the amount of

panel reinforcement, but is smaller.

3.-- The diagonal arrangement of the reinforcement (i.e., inclined at

45
0

) resulted in better behavior than the vertical and horizontal

reinforcing bar arrangement.

These two conclusions are supported by the following results.

Conclusion 2 is based on comparing results obtained on the following

experiments.

Under monotonic loading: SW7 Rl vs. SW3. The behavior of these

two specimens were very similar, with the exception of the lateral

deformation capacity (lateral displacement ductility); while the

maximum strength of SW3 was 245 kips (1090 KN), that of SW7 R
l

was

227 kips (1010 KN), i.e., less that 8 percent difference. The maximum

lateral displacement of SW3 was 7.2 inches (185 rom) with a ~o = 10,

while that of SW7 Rl was 4.6 inches (117 rom) with a ~o = 6.4. This means

a decrease in ductility of 36 percent for a decrease in wall reinforce

ment of 50 percent (0.0082 vs. 0.0041).

Under cyclic loading: SW7 RZ vs. SW3 Rand SW2. From comparison

of the behavior of SW7 R2 and SW3 R, it becomes evident that the only

significant difference was that of maximum lateral displacement ductility

or energy dissipation capacity. While SW7 R2 was able to deform up to

1.54 inches (39 rom) (which corresponds to a ~o = 2.1), specimen SW3 R

deformed up to 3.2 inches (83 rom) with a ~o = 4.4. However, the cyclic

displacement ductility ratios were closer--~8cy 3.1 for SW7 R2 vs.

5.6 for SW3 R. Although these results are not a real representation of

what we can expect from virgin specimens, it appears that the amount of

reinforcement has more effect on the ductility of cyclically loaded

specimens than on the monotonically loaded ones. The crack pattern in

the wall panel seems to be affected by the larger spacing of the wall

panel reinforcement. The cracks in SW7 were few in number but wider than

in SW2 and SW3.

Conclusion 3 is based on the results obtained in the following

experiments.
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Under monotonic loading: SW7 R
l

vs. SW8 R
I

• The behavior of

these two specimens was very similar except that the lateral deforma

tion capacity of the specimen with wall-panel reinforcement arranged at
o

45 (SW8 Rl ) was 33 percent larger than that of the specimen with hori-

zontal and vertical arrangement (SW7 Rl ). While specimen SW8 R
l

was

capable of supporting a lateral load of about Z34 kips (1040 KN) up to

a lateral displacement of 6.1 inches (154 mm)t specimen SW7 R
l

resisted

a maximum lateral load of about Z27 kips (1010 KN) up to a lateral

displacement of 4.6 inches (117 mm).

Under cyclic loading: SW7 RZ vs. SW8 RZ• Specimen SW8 R
Z

shows

better hysteretic behavior than SW7 RZ• Although the strength of

SW8 R2 was slightly larger--277 kips (lZ3l KN) vs. 275 kips (lZZl KN)-

the maximum lateral displacement cyclic ductility of SW8 R
Z

was higher t

4.3 vs. 3.l t and the amount of dissipation of energy of SW8 R2 was

higher (see Fig. 6.4).

The results obtained indicated that the 450 arrangement of the

wall reinforcing bars is more effective in resisting the effect of

shear reversals, i.e., there is less stiffness deterioration with

displacement reversals. It is also noted that, even though both

specimens had practically the same reinforcement volumes, the failure

modes and cracking patterns were significantly different. In SW7 RZt
most of the failure was due to diagonal cracking at the third-story

wall panel. In SW8 R2t the failure was largely flexural (i.e., wide
o

cracks in the columns). This can be attributed to the 45 arrangement

of the wall-panel reinforcement in SW8 RZ which formed a more effective

shear resisting mechanism.

8.1.3 Effectiveness of Repair and Strengthening Techniques

4.-- If a wall is loaded up to first yielding of its steel reinforcing

bars, although the epoxy injection technique will not completely

restore the stiffness of the virgin specimen, it will be sufficiently

restored to give an acceptable behavior under service as well as

yielding load levels.

5.-- The repair and strengthening technique applied to the specimens
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loaded monotonically to failure, while permitting them to develop a

lateral load resistance even larger than that observed in the virgin

specimen, did not restore the ductility of the specimen. Significantly

more brittle failure was observed.

Conclusion 4 was drawn from a comparison of the results obtained

in the experiments carried out on SW7 vs. SW7 Rl and SW8 vs. SW8 R
l

under the following load levels.

Service loads. While the tests carried out on SW7 and SW8 under

a lateral load of 90 kips (400 KN) showed maximum lateral displacements

of 0.18 inches (4.5 rom) and 0.15 inches (3.7 rom), respectively, the

similar tests conducted on SW7 Rl and SW8 R
l

revealed maximum lateral

displacements of 0.33 inches (8.4 rom) and 0.21 inches (5.3 mm),

respectively. While the observed stiffness of SW7 R
l

was only 55

percent of the virgin specimen SW7, the larger of the drift indices,

i.e., 0.33/120 = 0.0027, can be considered as acceptable. The main

reasons for the incomplete recovery of the stiffness was that it was

not possible to inject very small narrow cracks, and that bond was not

restored.

First yielding loads. For all practical purposes, the loads

required for specimens SW7 Rl and SW8 R
l

to induce a lateral displacement

equal to that at which first yielding of the steel was observed in the

virgin specimens SW7 and SW8 were the same, as was expected. It should

be noted that, although some of the cracks that were present in the

virgin specimen reopened, in most of the cases the cracks in the repaired

walls formed in new places.

Conclusion 5 is supported by the following observations. The removal

of the first-story panel and recast of a thicker panel with practically a

double amount of reinforcement, and the addition of reinforcing bars at the

edges of the first story, led to the switch of the critical region to the

second or third story. As this new region was subjected to relatively

greater shear stresses (because of a larger V /M ratio), its stiffness andu u
strength had to deteriorate at a higher rate. Also, the welding of high

strength reinforcing bars, rather than helping, made these bars brittle.

Thus, caution should be exercised in trying to strengthen a damaged wall by
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simply increasing the strength of the damaged story and/or using welding

for connecting additional reinforcing bars.

8.1.4 Effectiveness of Construction Joints

6.--The construction joint behaved very well in spite of the fact that

the lap splicing of the wall reinforcement did not satisfy minimum code

requirements. It should be noted that the splice lengths used were

those corresponding to the bars used in the model and not those corre

ponding to the prototype. No significant movement at this joint was

observed. It is believed that the care with which this construction

joint was cast and the fact that the splicing of the bars of the edge

members was done in well-confined concrete were the main reasons for the

excellent behavior of this joint. Very few narrow cracks were observed

along the length of the edge columns where the lap splicing was made.

8.2 Recommendations

During the review of previous work in this area as well as during

the studies reported herein, it becomes evident that the soundness of

some present code provisions regarding the analysis and design of shear

walls against seismic excitations is questionable and should be reviewed

and improved, and that there are gaps in present knowledge about the

real behavior of such structural elements. Some recommendations for

improving this situation have already been offered in Refs. 24 and 25.

Following are some recommendations pertinent to the problems encountered

in the investigation reported herein.

8.2.1 Recommendations for Improving Present Seismic Code Provisions

1.-- Present UBC/76 requirements that the total nominal design shear

V
stress Vu = ~ h (0~8 l ) at any section shall not exceed 10 ~ appear

w
to be conservative for barbell cross-section walls. All available data

on the seismic behavior of this type of shear wall should be analyzed,

and further experiments should be conducted to determine (1) the

soundness of the present equation for estimating v ,and (2) the
u

validity of the upper bound 10 If', and its relationship with the
c

values of the ratio M /V and of the expected or required ductility.u u .
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Meanwhile, it is suggested that for barbell cross-section walls this

upper limit of V
u

be increased to 12 IE,f .

2.--The present UBC/76 code requirements regarding tension lap splices

of wall reinforcement appear to be conservative when applied to barbell

cross-section walls, particularly when the reinforcing bars are of small

size. Therefore, studies should be conducted to find out whether it is

possible to relax the present minimum length of lap for tension splices

in walls.

3.-- Seismic code provisions should emphasize the desirability (in the

case of seismic shear wall construction) of using small-sized rein

forcing bars closely spaced rather than larger-sized bars at the largest

spacing presently permitted.

8.2.2 Recommendations for Future Research

Besides the studies indicated above for improving present seismic

codes, further studies in the following areas are suggested.

1. Experimental. To investigate (1) the contributions of the con

fined edge members to the shear resistance of barbell cross-section

walls; (2) the optimum thickness of the wall panel (to avoid early

crushing of concrete); (3) the optimum amount (size and spacing) of panel

steel; (4) the optimum arrangement of steel (vertical and horizontal,

450
, use of special bands of steel bars located along the diagonals of the

panels); (5) the effect of different values of axial force on the

behavior (strength and deformation capacity) of the walls (tests where

the compressive as well as tensile axial force remain constant through

out as well as fluctuation between tension and compression should be

considered); and (6) techniques for improving the repair and retro

fitting of walls.

2. Analytical. To develop mechanical models that will enable more

reliable predictions of the overall behavior (with emphasis on the pre

diction of deformations) as well as of local behavior, i.e., the mechan

isms of stiffness and strength degradation and of the final failure of

R/C walls under cyclic combinations of flexural, shear and axial forces.

To develop procedures (computer programs) that will enable prediction of

the effect that the observed large concentrated shear deformations

occurring at the critical regions of the walls would have on the overall

seismic response of frame-wall structural systems.
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TABLE 1(a) MECHANICAL CHARACTERISTICS OF MATERIALS
SPECIMENS SW7 AND SW8

I IAVEP.AGE STRENGTH AT TUfE OF TESTING

I
}fEcafu~ICAL CHARACTERISTICS

II Specimen SW7 Specimen SWB

!
i

,
IConcrete Compressive ' 1st story: 40.75, (5910) 40.75, (5910)
I Strength, f~, 2nd story: 39.20, (5690) 39.41, (5720)

MPa, (psi) 3rd story 39.20, (5690) 38.58, (5600)
I !I

I"all '<001
f 1482.70, (70,000) 482.70, (70,000)

(1/2 Bars)
y

i
HI'a, (psi) f max 1655.20, (95,000) 655.20, (95,000)

!

Icol. Long.

I
I

Steel I f y upper !562.10, (81,500) 562.10, (81,500)

I (1/6 Bars)
!

HI'a, (psi) I f y lower :510.30, (74,000) 510.30, (74,000)

I
, I f 1751. 70, (109,000) 751. 70, (109,000)

max i
I i

ICol. Transverse i f 1586.20, (85,000) i 586.20, (85,000)
I YI Steel Ii (iP = 0.205") I f !635.30, (92,120) 635.30, (92,120)

max iI J:IPa, (psi) i
I

TABLE l(b) COHPARISON OF EXPERIMENTALLY DETERMINED VALUES OF MODULUS
OF ELASTICITY E

c
VS. THOSE CALCULATED BY ACI EMPIRICAL EQUATION

Specimen SW7 Specimen SW8
Story Level

Secant Hod. ACI modulus Secant r1od. ACI modulus
at 0.45 f'. HPa, (ksi) at 0.45 f~. MPa, (ksi)
MPa, (ksi9 HI's, (ksi)

I

1st story 22909, (3325) 30378, (4409) 22909, (3325) 30378, (4409)

I
2nd story 22875, (3320) 29861, (4334) 24597, (3570) 29696, (4310~1
3rd story 22875, (3320) 29861, (4334) 24597, (3570) 29691, (4310)
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TABLE 2 DISPLACEMENT COMPONENTS--SW7 R1

1 1 2 2 3 3 4 5 6 7
5 5 5 Relative Error \1 ,~ =

Fixed End I) =
Lateral 5-4

I)

I)F1exure I)Shear
T

°iRLoad Rotation E 1,2,3 Displacement -5-
Point in, (rum) % in (nun) % in (rum) OJ in (nun) in (nun) % I)iyI.

.... 685 0.026, (0.666) 8.0 0.177, (4.49) 54 0.105, (2.67) 32 0.308, (7.82) 0.33, (8.38) 6.7 0.46 I0
~

.... 0 851 0.072, (1.83) 10.0 0.280, (7.10) 38.8 0.333, (8.47) 46 0.685, (17.40) 0.72, (18.30) 4.9 1.0c:: 0
<IIrl
I'll>< 907 0.390, (9.88) 18.0 1.04, (26.35) 48 0.704, (17.89) 33 2.13, (54.14) 2.16, (54.9) 1.4 3.0<II
tJ'"O'" ~ 1071 0.792, (20.12) 22.1 1.68, (42.67) 46.7 1.05, (26.73) 30 3.52, (89.52) 3.60, (91.44) 1.0 5.0rl .,..j

P<.c:
00 .... 1145 1.150, (29.25) 24.9 1.92, (48.75) 41.6 1.42, (35.97) 31 4.49, (113.9) 4.61, (117.02) 2.6 6.4.,..j

0

.... 685 0.009, (0.219) 4.8 0.090, (2.28) 50 0.075, (1.91) 42 0.174, (4.41) O. 180, (4. 56) 3.3 0.35o l-o
0

.... 0 851 0.047, (1.19) 9.0 0.208, (5.28) 40 0.228, (5.79) 44 0.480, (12.27) 0.520, (13.21) 7.2 1.0C::rl
~I><

907 0.289, (7.35) 21.1 0.427, (10.85) 31.1 0.577, (14.67) 42 1. 29, (32.87) 1.38, (35.01) 6.3 2.65<11'"0
tJ c::
'" 0 1071 0.536, (13.62) 21.0 1.02, (26.01) 40.1 0.891, (22.63) 35 2.18, (62.29) 2.55, (64.88) 4.0 4.91rl tJ
P<<II
OO<r.l 1145 0.671, (16.94) 21. 2 1.11, (28.08) 35.1 1. 24, (31.40) 39 3.02, (76.58) 3.15, (80.04) 4.4 6.06.,..j

0

.... 685 0.008, (0.198) 5.2 0.088, (2.26) 59.4 0.043, (1.09) 29 0.138, (3.53) 0.150, (3.80) 7.1 0.560
~

.... 0 851 0.028, (0.706) 10.4 0.087, (2.24) 32.2 0.138, (3.51) 52 0.253, (6.44) 0.270, (6.79) 5.2 1.0c:: 0
<IIrl
I'll>< 907 0.139, (3.52) 19.2 0.079, (2.01) 11.1 0.465, (11.81) 64 0.683, (17.35) 0.720, (18.29) 5.2 2.69<II
tJ ....

'" 00 1071 0.281, (7.14) 16.6 0.675, (17.16) 39.9 0.729, (18.52) 43 1.68, (42.80) 1. 69, (43.11) 0.7 6.35rl ~
P< .,..j
001>< 1145 0.409, (10.38) 18.2 0.685, (17.40) 30.5 1.05, (26.60) 47 2.14, (54.39) 2.24, (57.02) 4.7 8.4

liS I

*~ese values are based on the values of I)iy at which first yielding was observed in the virgin specimen SW7.
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TABLE 3 DISPLACEMENT COMPONENTS--SW7 R2

I
1 1 2 2 3 3 4 ! 5 6 7,

5 5 5
° =

Relative Error ~o* =
Fixed End

°F1exure °Shear
T Lateral 5-4

°iRlLoad Rotation 1: 1,2,3 Displacement -5-
I 6i;Point in, (mm) % in, (nun) % in, (nun) % in, (mm) in, (mm) %--

..... 53 0.0147,(0.374) 4.9 0.083, (2.11) 23.5 0.192, (4.89) 63.8 0.290, (7.37) 0.302, (7.67) 3.9 0.420
I-<

4J 0 125 0.007, (0.189) 0.72 0.413, (10.49) 40.1 0.557, (14.15) 53.9 0.978, (24.83) 1.03, (26.16) 5.1 1.43r.: 0
<II..-i
S'" 310 0.102, (2.58) 6.7 0.544, (13.81) 36.0 0.796, (20.23) 52.8 1.44, (36.60) 1. 51, (38.35) 4.5 2.09
<IIu""til I-< 539 0.087, (2.22) 5.9 0.404, (10.27) 27.7 0.878, (22.29) 60.1 1.36, (34.78) 1.46, (37.08) 6.1 2.03..-i ...

[;t::
552 0.069, (1. 76) 2.7 0.233, (5.92) 9.17 2.05, (52.13) 80.8 2.35, (59.81) 2.54, (64.51) 7.3 3.53...

p

I
..... 53 0.0096, (0.246) 6.2 0.034, (0.876) 121.1 0.095, (2.40) 60.3 0.153, (3.88) 0.156, (3.97) 2.3 0.30o I-<

0
4J 0 125 0.0051, (1.25) 0.86 0.337, (8.56) 58.5 0.541, (13.75) 0.575, (14.57) 5.7 1.10
r.:..-i 0.200, (5.09) 34.9
<II ...

iii"" 310 0.068, (1. 75) 7.74 0.258, (6.55) 28.9 0.513, (13.02) 57.4 0.839, (21.32) 0.894, (22.70) 6.1 1.72

~ § 539 0.059, (1.50) 7.3 0.273, (6.93) 33.8 0.423, (10.73) 52.1 0.754, (19.16) 0.811, (20.59) 6.9 1.56
[;~ 552 0.047, (1.19) 5.6 0.328, (8.35) 39.2 0.406, (10.32) 48.4 0.781, (19.84) 0.839, (21. 31) 6.8 1.61...
p

..... 53 0.0046,(0.119) 11.0 0.025, (0.639) 54.2 0.009, (0.240) 22.2 0.039, (0.998) 0.043, (1.08) 7.6 0.17: ~
ffi~

125 0.0026,(0.066) 1.1 0.121, (3.08) 49.7 0.099, (2.54) 41.0 0.228, (5.65) 0.244, (6.20) 8.9 1.01

~ 310 0.036, (0.918) 9.6 0.192, (4.88) 32.5 0.169, (4.31) 45.3 0.348, (8.84) 0.374, (9.51) 7.0 1.5

~~ 539 0.031, (0.786) 11.8 0.101, (2.56) 38.6 0.110, (2.78) 42.0 0.241, (6.V.) 0.261, (6.62) 7.3 1.07
[;;;:

552 0.024, (0.623) 12.2 0.073, (1.86) 36.5 0.088, (2.23) 43.7 0.186, (4.72) 0.201, (5.10) 7.4 0.82...
p

*These values are based on the values of 0iY at which first yielding was observed in the specimen SW7 R2 ·
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TABLE 4 DISPLACEMENT COMPONENTS--SW8 AND SW8 R
1

1 1 2 2 3 3 4 5 6 7
5 5" S- o =

Relative Error IJ/)* =Fixed End
°F1exure

T Lateral 5-4
°iRLoad Rotation °Shear 1: 1,2,3 Displacement -5-

Point in, (mm) I~ in, (mm) % in, (mm) % in, (mm) in (mm) % °iy

""' 0.0275,(0.698)0 257 4.4 0.367, (9.32) 59.2 0.202, (5.13) 32.6 0.596, (15.15) 0.620, (15.75) 3.8 1.0l-<
+J 0

426 0.028, (0.709) 4.5 0.341, (8.66) 0.247, (6.26) 0.615, (15.62) 0.620, (15.75)I:: 0 55.0 39.8 0.8 1.0<liM
S~

0.168, (4.25) 7.8 1. 23, (31. 30) 57.1 0.602, (15.28) 27.8 2.00, (50.83) 2.16, (54.86) 7.3 3.5<lI 593cJ'"d
OJ l-<

MOM 702 0.423, (10.74) 1l.5 2.28, (58.05) 62.2 1.013, (25.73) 27.6 3.72, (94.52) 3.68, (93.40) -1. 2 5.9p..r::
UlE-<

0.139, (3.54) 2.3+ (99.87) (44.33)OM 755 3.93, 65.0 1. 75, 28.9 5.5 (147.74) 6.05, (153.60) 3.8 9.75r::l

-

""'o l-< 257 0.018, (0.473) 4.7 0.210, (5.33) 53.1 0.152, (3.88) 38.7 0.381, (9.68) 0.395, (10.03) 3.6 0.970
+J 0
I::M 426 0.019, (0.480) 4.7 0.192, (4.88) 47.3 0.183, (4.65) 45.1 0.395, (10.01) 0.4ll, (10.31) 2.9 1.0<lI~

~'"d 593 0.1l3, (2.88) 7.8 0.714, (18.12) 48.8 0.526, (13.35) 36.0 1. 35, (34.35) 1. 46, (37.10) 7.4 3.6cJ I::
OJ 0

M cJ 702 0.286, (7.27) 11.4 1.361, (34.57) 54.0 0.923, (23.44) 36.6 2.57, (65.28) 2.52, (63.98) -2.0 6.2p.lJ)
Ulen

2.3+ (58.90) (39.75)OM 755 0.094, (2.40) 2.32, 56.1 1. 56, 37.8 3.98, (101.04) 4.14, (105.08) 3.8 10.2r::l

""'0 257 0.010, (0.248) 4.7 0.093, (2.37) 45.1 0.096, (2.42) 46.1 0.198, (5.04) 0.207, (5.25) 4.0 .91l-<
+J 0
I:: 0 426 0.010, (0.252) 4.4 0.080, (2.04) 35.3 0.1l3, (2.88) 49.8 0.204, (5.17) 0.228, (5.78) 10.6 1.0lJ)M
s~

0.059, (1.51) O. 269, (6. 84 ) 0.445, (11.31) 0.837, (21. 25)
lJ) 593 7.1 32.2 53.2 0.774, (19.66) 7.5 3.7cJ +J
OJ (/)

M l-< 702 0.150, (3.81) 10.5 0.533, (13.54) 37.3 0.789, (20.04) 55.2 1. 47, (37.39) 1. 43, (36.34) -2.9 6.3p. oM
Ul '" 2.1+OM 755 0.049, (1. 26) 0.875, (22.21) 37.2 1.34, (33.94) 56.8 2.26, (57.41) 2.35, (59.71) 3.8 10.3r::l

------ . -J

*These values are computed on the basis of the values of ~i at which first yielding was ohse~ed in the
virgin specimen SW8. y

+It is believed that this value is not correct.
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TABLE 6 (CONT.) COMPARISON OF SPECIMEN RESULTS

-Specimen, SW Max.+ve Max.-ve Max.+ve Max.-ve Max. Nominal
-Arrangement of Wall Load-- Load-- Disp. Disp. Shear Stress

Reinforcement Loading Kips Kips in in psi
-Cross Section Type Program (KN) (KN) (mm) (mm) (MFa) Failure Mode

4 Virgin Cyclic 227 -222 2.83 -2.87 10.55/f;; Flexural-shear cracking and

11II (l008) (-987) (72) (-73) (0. R761f') crushing of concrete at first-

C :=J
c story wall panel.

4 R Repaired and Nonotonic 292 -205 5.04 3.02 13.43~ Rupture of tension reinforcement
Strengthened

(1297) (-914) (128) (-76.7) (1.12/f') at base of second-story column,
c buckling of compression reinforce-.. ment at same level, and crushing

of third-story panel. Failure at
C ~ third-floor slab.

5
Virgin Monotonic 206 -190 3.18 -2.25 8.54~ Local buckling at base of north

11II (916) (-847) (80.7) (-57.1)
(0. 7l1~)

edge with rupture of ties and
buckling of main reinforrtng bars., I

5 R
Repaired and

Cyclic 239 -231 1. 99 -1.98 8. 51If' Rupture of tension reinforcementStrengthened
(1065) (-1027) (50.6) (-50.2)

c
at south edge member at top of- (0. 707~)
first story.

C=:_====::J
--

-_.

6 Virgin Cyclic 192 -196 1. 98 -2.06 8.11~ Buckling at base of south.. (856) (-870) (50.2) (-52.2)
(0.670~

edge member, including part of
panel.

t=:= J

-'

l6 R Repaired Monotonic 261 -260 2.50 -2.44 9.43~ Rupture of tension reinforcement- (1162) (-1158) (634) (-62.0)
(0. 783~

at ftrst- and second-story wall
c:=:::: ..., panel.

---- -_."----------------_._-----
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TABLE 6 (CONT. ) COMPARISON OF SPECIMEN RESULTS

-Specimen, SW Max.+ve Max.-ve Max.+ve Max.-ve Max. Nominal
-Arrangement of Wall Load-- Load-- Disp. Disp. Shear Stress

Reinforcement Loading Kips Kips in in psi
-Cross Section Type Program (KN) (KN) (mm) (rom) (MPa) Failure Mode

7
Virgin

Cyclic up to 197.3 8. 681fT.- -197.0 0.72 -0.68 Loaded up to a ductility ~o = 1,
fi rs t yielding (877) (-876) (18.29) (-17.2)

r.

(0. 720~)
cracks in wall panels and columns

C :J (mainly first story). No failure.

Epoxy-
10. o1fT Crushing of first-story wall panel7 Rl Repaired Monotonic 227 196 4.61 -0.63 c

(1010) (-872) (117.0) (-16.0)
(0.83l~)

and buckling of first-story panel- and column reinforcement. Failure
of south column at base of first

C ~
story.

Twice
7 R2 Repaired and Cyclic 275 -277 1.46 -1.54 l2.2~ Crushing of concrete and buckling

Strengthened (1221) (-1233) (37.1) (-39.1)
(1.0l~)

of reinforcement in third-story.. wall panel • Shear failure of
third-story wall panel.

C ::::J

Virgin
196 -199 0.62 -0.61 9.34/f;;8 Cyclic up to Loaded up to a ductility IJ 0 = I,

~
first yielding (872) (-887) (15.75) (-15.49)

(0. 775~)
cracks in wall panels and columns
(concentrated at first-story

C ::::J level). No failure.

Epoxy-
234 6.05 -0.57 10.96~8 R

l Repaired Monotonic -212 Widening of horizontal cracks in
(1040) (-942) (153.6) (-14.39) (0. 911 1fT) first-story south column, propa-

~
c gation of cracks into wall panel.

Crushing of north column concrete

C ::::J at base and initiation of buckling
of north column reinforcement base.

8 R
2

Twice- Cyclic 277 256 1.65 -2.25 l2.97~ Some crushing of concrete and buck
Repaired (1231) (-1138) (41.88) (-57.2) (l.08H;:)

ling at second- and third-story
and wall-panel reinforcement. Failure
Strength- of south column reinforcement at
ened - base of first story.

-"-_.- ...-- .. -.._- --- ..._---- ----- ---- ---- - --------------- ---- -- ------ ------ --------
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FIG. 4.16 LOADING PROGRAM--SPECIMEN SW8 VIRGIN
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FIG. 4.17 LOADING PROGRAM--SPECI11EN SW8 RZ
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FIG. 4.18 TOTAL LATERAL LOAD, V, VS. THIRD-FLOOR RELATIVE
DISPLACfl1ENT ENVELOPE, 03R--SPECIMEN SW8: VIRGIN, EPOXY
REPAIRED, TWICE-REPAIRED
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FIG. 4.19 TOTAL LATERAL LOAD, V, VS. THIRD-FLOOR RELATIVE
DISPLACE11ENT, 03R--SPEClMEN SW8: VIRGIN + EPOXY-REPAIRED*
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FIG. 4.20 TOTAL LATERAL LOAD, V, VS. SECOND
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SW8: VIRGIN + EPOXY-REPAIRED*
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FIG. 4.21 TOTAL LATERAL LOAD, V, VS. FIRST
FLOOR RELATIVE DISPLACEMENT, 0lR--SPEClMEN
SW8: VIRGIN + EPOXY-REPAlRED*
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FIG. 4.22 TOTAL LATERAL LOAD, V, VS. THIRD-FLOOR
RELATIVE DISPLACEMENT, 83R--SPECIt1EN SW8 R2
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FIG. 4.23 TOTAL LATERAL LOAD, V. VS. SECOND
STORY RELATIVE DISPLACEMENT, 82R.,.-SPECD1EN
SW8 R2
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FIG. 4.24 TOTAL LATERAL LOAD, V, VS. FIRST
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SW8 R2
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YI--SPECII1EN sw8 VIRGIN
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FIG. 4.26 TOTAL LATERAL LOAD, V, VS.
SECOND-STORY SHEAR DISTORTION, 12-
SPECIMEN SW8: VIRGIN + EPOXY REPAIRED*

NG.DISTOR.
YI (RAD)

8y, (mm)

SHEAR DEFL.
727 ~20

604 719
71

~--Y'\i593

125 BASE SHEAR,V(KN)

218,544
-1000

34
233

(EPOXY
REPAIRED)-

-0.01 325

-10

FIG. 4.27 TOTAL LATERAL LOAD, V, VS. FIRST-STORY SHEAR
DISTORTION, 11--SPECllfEN SW8: VIRGIN + EPOXY-REPAtRED*
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FIG. 4.28 TOTAL LATERAL LOAD, V, VS. THIRD
STORY SHEAR DISTORTION, Y3--SPECIMEN SW8 R2
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FIG. 4.29 TOTAL LATERAL LOAD, V, VS. SECOND
STORY SHEAR DISTORTION, y2--SPECIMEN SW8 R2
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FIG. 4.30 TOTAL LATERAL LOAD, V, VS. FIRST
STORY SHEAR DISTORTION, y1--SPECIMEN SW8 RZ
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FIG. 4.31 VARIATION OF DISPLACEMENT COMPONENTS
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FIG. 4.32 VARIATION OF DISPLACEMENT COMPONENTS
WITH DUCTILITY (SECOND STORY)--SPECIMEN SW7
VIRGIN
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FIG. 4.33 VARIATION OF DISPLACEMENT COMPONENTS
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FIG. 4.34 VARIATION OF DISPLACEMENT COt~ONENTS WITH DUCTILITY
(THIRD STORY)--SW7 VIRGIN AND SW7 EPOXY-REPAIRED
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FIG. 4.37 VARIATION OF DISPLACEMENT COMPONENTS
WITH DUCTILITY (THIRD STORY)--SPECIMEN SW7 R
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FIG. 4.39 VARIATION OF DISPLACEMENT COMPONENTS
WITH DUCTILITY (FIRST STORY)--SPEClMEN SW7 R
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FIG. 4.38 VARIATION OF DISPLACEMENT COMPONENTS WITH
DUCTILITY (SECOND STORY)--SPECIlffiN SW7 R
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FIG. 4.40 VARIATION OF DISPLACEMENT COMPONENTS
WITH DUCTILITY (THIRD STORy)--SPECIMEN SW8 VIRGIN
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FIG. 4.43 VARIATION OF DISPLACEMENT COMPONENTS WITH DUCTILITY
(THIRD STORY)--SPECIMEN SW8 VIRGIN + EPOXY-REPAIRED

100 4

3

50 2

5
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3rd FL. DISPL.

(mm)03RON)
150 6

139



2nd FL. DISPL.

(mm)82R(JN)
100 4

3

50 2

o 2 4 6 8

LP755J 8
2R1:-ERROR 'PT =V

8FLEX

8SHEAR I82y=10.31 "I
- 8FIXED END 82R_/-L

10 82y- 82

FIG. 4.44 VARIATION OF DISPLACEMENT COMPONENTS WITH DUCTILITY
(SECOND STORY)--SPECI~mN SW8 VIRGIN + EPOXY-REPAIRED
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FIG. 4.45 VARIATION OF DISPLACEMENT COMPONENTS WITH DUCTILITY
(FIRST STORY)--SPECIMEN SW8 VIRGIN + EPOXY-REPAIRED
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FIG. 4.47 VARIATION OF DISPLACEMENT COMPONENTS WITH DUCTILITY (SECOND
STORY)--SPECIMEN SW8 RZ
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FIG. 4.48 VARIATION OF DISPLACEMENT COMPONENTS WITH
DUCTILITY (FIRST STORY)--SPECIMEN SW8 RZ

FIG. 4.49 EXCESSIVE CRACKING AT FIRST
STORY LEVEL OF SPECIMEN SW7 EPOXY
REPAIRED. LP 904, ~8 = 3
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N

North
Column-

FIG. 4.50 CRUSHING OF CONCRETE IN THE
NORTH CORNER OF FIRST-STORY WALL PANEL OF
SPECIMEN SW7 EPOXY-REPAIRED. LP 1145,
~o = 6.4

FIG. 4.52 DIAGONAL CRACKS IN SECOND
STORY WALL PANEL OF SPECIMEN SW7 R2.
LP 125, 03R = 1"

<IN

South
Column

FIG. 4.51 CRACK AT BASE OF SECOND-STORY
SOUTH COLUMN OF SPECIMEN SW7 R2. LP 125,
03R = 1"

FIG. 4.53 DIAGONAL CRACKING AND LOCALIZED
CONCRETE CRUSHING OF THIRD-STORY WALL PANEL
OF SPECIMEN SW7 R2. LP 159, 03R = 1"



~

+:
w

FIG. 4.54 DIAGONAL CRACKING AND LOCALIZED
CONCRETE CRUSHInG OF SECOND-STORY WALL
PANEL OF SPECIMEN SW7 RZ. LP 310, 03R =
1 1/2", 11

0
= 2.

FIG. 4.56 SPALLING OF CRUSHED CONCRETE IN
UPPER NORTH CORNER OF THIRD-STORY WALL
PANEL OF SPECIMEN SW7 RZ' LP 450.

<1N

FIG. 4.55 CRACKS EXTENDING FROM UPPER NORTH
CORNER OF THIRD-STORY WALL PANEL TO FACE OF
SECOND-STORY SLAB OF SPECIMEN SW7 RZ'
LP 450.

FIG. 4.57 FAILURE ZONE: THIRD-STORY WALL
PANEL OF SPECIMEN SW7 R. EXCESSIVE
CRUSHING OF CONCRETE ANb BUCKLING OF PANEL
REINFORCEMENT. LP 547, 11 0 = 3.
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+:-

FIG. 4.58 FAILURE ZONE: THIRD-STORY WALL
PANEL OF SPECI}illN SW7 R?, EXPOSED AND
BUCKLED PANEL REINFORCEMENT. END OF TEST.

FIG. 4.60 FURTHER WIDENING OF CRACKS IN
FIRST-STORY LEVEL OF SOUTH COLUMN OF SPECI
MEN SW8 Rl. PROPAGATION OF CRACKS INTO
WALL PANEL. LP 766, Q3R = 6", ]1<5 = 9.75.

<IN

FIG. 4.59 WIDE CRACKS IN THE FIRST-STORY
LEVEL OF THE SOUTH COLilllli OF SPECIMEN SW8 R1 •
LP 701, <5 3R = 3.7", ]1<5 = 5.9.

FIG. 4.61 CRUSHING OF CONCRETE AT BASE OF
FIRST-STORY NORTH COLUMN OF SPECIMEN SW8 Rl.
LP 766, <5 = 6", ]18 = 9.75.



South

FIG. 4.62 LOADING TO THE SOUTH AFTER FAILURE OF SPECIMEN
SW8 Rl' CRUSHING OF CONCRETE COVER AT BASE OF FIRST-STORY
SOUTH COLUMN. BUCKLING OF WALL-PM~EL REINFORCEMENT AND
FRACTURE OF SPIRAL. LP 800. END OF EXPERIMENT.

FIG. 4.63 APPEARANCE OF FIRST ~UWOR CRACKS AT SECOND
STORY LEVEL OF SOUTH COLUMN OF SPECIMEN SW8 R2' LP 142,
118 = 1.

FIG. 4.64 DIAGONAL CRACKING IN SECOND-STORY WALL PANEL
OF SPECIMEN SW8 R2' LP 142, ~8 = 1.
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South

FIG. 4.65 LOCALIZED CRUSHING OF
CONCRETE AND BUCKLING OF REIN
FORCEMENT IN THIRD-STORY WALL
PM~EL OF SPECIMEN SW8 R2' LP 247,
118 = 2.

FIG. 4.66 FAILURE OF CONCRETE COVER AT
TOP OF FIRST-STORY SOUTH COLUMN OF SPECI
MEN SW8 R2. LP 361.
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(a) Wide Crack Initiated at Base of South
Column due to Tension Failure of Longitudinal
Reinforcement

(b) Propagation of Crack into First-Story Wall
Panel Adjacent to Foundation

FIG. 4.67 SPECIMEN SW8 RZ• LP 383, Po

147
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{r----Second
Floor
Slab

FIG. 4.68 INCREASED LOCALIZED CRUSIIING
OF CONCRETE IN THIRD-STORY WALL PANEL.
ACCOMPANIED BY BUCKLING OF WALL-PANEL
REINFORCEMENT OF SPECIMEN SW8 RZ'
LP 383, ~o = Z.18.

FIG. 4.69 SPECIMEN SW8 RZ AFTER FAILURE,
LP 558. FAILURE OF LONGITUDINAL REINFORCE
MENT AT BASE OF FIRST-STORY SOUTH COLUMN AS
WELL AS FAILURE OF FIRST-STORY WALL-PANEL
REINFORCEMENT.
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FIG. 5.1 DOWELS ORIGINALLY PLACED AT FIRST
STORY LEVEL TO FACILITATE STRENGTHENING OF
SPECIMEN SW7
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FIG. 5.2 FIRST-STORY REPAIRS ON SPECIMEN SW7 AFTER FAILURE OF
SPECIMEN SW7 EPOXY-REPAIRED.
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FIRST FLOOR SLAB
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0.003 (IN/IN)

SW8 R2SPECIMENS
CAST 11/23/78

TESTED 2/2/78
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5

4r II
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(KSI)TSTRESS fb=7.25KSI MAXLD.=205K
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SYMMETRICAL
ABOUT

CENTER-LINE

DOWELS HOOKED
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COLUMN

I' /I
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#9 BAR 1\ /
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II
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II
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/ I
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FIG. 5.5 VIEW SHOWING PLACEMENT OF REPAIR STEEL
AT FIRST-STORY LEVEL--SPECIMEN SW8 VIRGIN

FIG. 5.6 STRESS-STRAIN DIAGRAMS FOR CONCRETE SPECI
MENS--SPEClMEN SW8 RZ (REPAIRED)
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(a)

(b)

FIG. 5.8 REPAIRING AND STRENGTHENING
TECHNIQUES FOR SPECIMENS SW7 AND SW8.
(WELDED SPLICE OF LONGITUDINAL REIN
FORCEMENT IN FIRST-STORY COLUMNS)

FIG. 5.7 REPAIRING AND STRENGTHENING TECH
NIQUES FOR FIRST STORIES OF SPECIMENS
SW7 R1 M~D SW8 R1.*

*NOTE: REMOVAL OF CONCRETE IN FIRST-STORY \'JALL PANELS AS WELL AS CRUSHED CONCRETE IN COLUMN CORES;
PLACING OF NEW OUTER ~ATS OF WALL-PANEL STEEL; STRENGTHENING OF COLUMNS BY ADDITIONAL LONGITUDINAL
REINFORCEMENT ON OUTER EDGES AS WELL AS ADDITIONAL LATERAL REINFORCEMENT; ALL BUCKLED OR BROKEN PARTS
OF REINFORCEMENT WERE STRAIGHTENED OR REMOVED BEFORE REINFORCEMENT WAS ADDED.



FIG. 5.10 REPAIRING AND STRENGTHENING TECHNIQUES FOR SPECIMENS
SW7 AND SW8. NOTE: ADDED OUTER MATS OF WALL":'PANEL REINFORCE
MENT; WELDED STIRRUPS AT 6" D.C. AROUND NO. 9 BARS AND QRIGINAL
COLUMNS.

I-'
\Jl
W

FIG. 5.9 REPAIRING AND
STRENGTHENING TECHNIQUES
FOR SPECIMENS SW7 AND SW8.
(TWO NO. 9 BARS BUTT WELDED
ON OUTER EDGES AT BASE OF
FIRST-STORY COLUMNS; BARS
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