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ABSTRACT

This report is written with the objective of conducting a compre
hensive evaluation of the states of the art and practice in seismic design
and analysis of RIC frame-coupled wall structural systems. The findings
and observations during the course of continuing research at the Univer
sityof California, Berkeley, for the past decade on liThe Seismic
Behavior of Structural Components--PJC Frame-Wall Systems, II and the
existing relevant literature, constitute the basis for the evaluations
reported here. However, the major source of evaluations was based on
the integrated analytical and experimental investigations of the seismic
responses of a l5-story RIC frame-coupled wall struct~ral system, used
as the example in these evaluations.

The step-by-step design of the IS-story structure, beginning with
the selection of its structural system, to the detailing of the reinforce
ment of its components, was carried out by considering each pertaining
provision of the 1973 UBC, 1979 UBC, and ATC 3-06, which had been con
sidered to represent the state of the practice.

Analytical models of the 1973 USC designed version of the structure
were utilized for elastic and inelastic seismic response analyses, while
a 1/3-scale, 4-1/2 story-subassemblage of one of the structure's coupled
wall systems was constructed and subjected to numerous experiments.
Observations from these studies led to evaluations of the state of the
practice in the seismic resistant design and the state of the art in
the analytical seismic response prediction of RIC frame-coupled wall
structures.

The state of the practice was assessed to lead to a design which
had response characteristics considerably different from those depicted
by the UBC, and which exhibited collapse limit state response character
istics that may be considered undesirable.

The state of the art of the seismic response predicti~~ of RIC
frame-wall structures was assessed to be inadequate in predicting the
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axial-flexural and shear capacities of structural components as well
as the measured distributions of force and distortion over the
structure, at all the 1imit states of response.

Comprehensive integrated analytical and experimental investi
gations are needed to advance the states of the art and practice in
optimum seismic design and analysis of RIC frame-wall structures.
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1. INTRODUCTION

1.1 General

Structures designed in accordance with the state of the practice
are expected to resist "frequent minor earthquakes" without damage,
"occasional moderate earthquakes" without structural but with some non
structural damage, and "rare but probabl e major earthquakes" without
collapse [18]. These performance criteria are in some way considered
in present code design procedure [21]. The unfactored USC seismic
forces could be related to the "minor earthquake" and represent the
service load level. In the case of RIC structures, the factored code
design demands could relate to the initiation of the damageability
limit state and hence would relate to the concept of the "moderate
earthquake." During the design process, the displacements and drifts
caused by the service level loads (gravity and wind or minor earthquake)
are used to check whether the structure has adequate stiffness for this
limit state. The damage level demands are subsequently used to perform
the final proportioning of the members.

The displacement and drift limitations at the service and damage
levels, imposed by the code in accordance with performance criteria,
have made the utilizatlon of structural wall systems desirable in
medium-to-tall buildings [8].

Finally, the minimum sizes and amount of reinforcement and particu
larly special reinforcement detailing required by the code to achieve
what is called ductile behavior, is expected to provide the structural
system with adequate reserves of energy absorption and dissipation
capacity to resist "major earthquakes" without collapse [18]. The
designer, however, is not explicitly required to investigate the supply
and demand relations of the structure at this ultimate limit state of
collapse. Even if this were required it is doubtful that the state of
the art is adequate to conduct such a supply and demand investigation in
a realistic manner, particularly when the structural system incorporated

1



structural walls. These doubts have motivated this report.

1.2 Objectives and Scope

The main objectives of this report are to assess: (1) Whether the
design of RIC frame-wall structural systems, in conformance with the
1973 UBC, 1979 UBC, or ATC 3-06 provisions (which are assumed to rep
resent the state of the practice), would inherently possess desirable
ultimate limit state responses; and, (2) Whether the state of the art
is adequate to carry out a realistic assessment of the supply vs. demand

relations of a ~C structure at all the limit states, particularly at
collapse when subjected to the probable extreme earthquake ground motion.

To attain these objectives, analyses are conducted of the results
obtained in an integrated analytical and experimental research program
which is still under progress, and which has the ultimate objective of
formulating optimum seismic design provisions for RIC frame-wall struc
tural systems. A 15-story building with a frame-coupled wall structural
system (Fig. 1) was selected as one of the subjects of the analytical
and experimental research [2J. This building was used to exemplify
the demands and design provisions prescribed by the 1973 UBC, 1979 UBC,
and the recommendations of ATC 3-06. The 1973 UBC designed version
was observed to possess relatively more favorable ultimate limit state

response characteristics and was, therefore, selected for the assess

ment of the states of practice and art.
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2. SEISMIC RESISTANT DESIGN OF RiC FRAME-WALL
SYSTEM: STATES OF THE PRACTICE AND ART

2.1 Selection and Initial Proportioning of the Structural System

The selection of the structural system is considered to be the
most consequential step in the design process. The main problems asso
ciated with this phase are discussed below.

2.1.1 The Types of Wall Systems To Be Used and the Amount and
Distribution (in Plan and Elevation) of the Walls

Code provisions do not provide assistance to the designer in
decisions concerning the selection of either isolated (single), pierced~

or coupled wall systems. These might have considerably different
response characteristics and, therefore, require proper identification.

The need for a classification of different wall systems is also

obs.erved for the state of the art. Comparisons were made of previous
researchers· published experimental investigations of typical coupled
wall system conceptions {see Fig. 2), and considerable differences in
the overall aspect ratios, member proportions and, therefore, response
characteristics, were observed [2,5,6,13,16J. This comparison points
out a need to develop a system identification for wall systems before
specific and rational design provisions for wall s can be establ ished.
For the optimum selection of the type of wall system, significant
advantages of properly designed coupled wall systems over others were
discussed in the literature [8J. Guidelines should be developed re
garding the optimum relative span of the coupl ing girders based on
the height of the system, as well as other parameters which will be

SUbsequently discussed.

Guidelines exist predicated on previous earthquake induced damage
studies regarding the distribution of walls in plan and in the elevation

Qf the structure. The literature has ample reference to the detrimental

results of terminating structural walls before the foundation level,
inducing a soft story. Many examples of extensive earthquake damage
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of RIC frame-wall structural systems were associated with significant

discontinuities in the stiffness or mass along the elevation of the

structure or eccentric layouts of the walls within the plan [2]. The

UBC provisions, however, do not effectively safeguard against the

selection of such systems. The Japanese Building Standard Law [10]

contains provisions which increase the required ultimate shear strength
of stories exhibiting stiffness discontinuities.

Regarding the amount of walls to be used in a building, an explicit

minimum requirement does not exist in UBC. ATC 3-06 provisions recom
mend a minimum of four planes incorporating walls in each direction.

Of course, the code drift restrictions at service level may be considered

to provide a guide regarding the minimum amount of wall in a certain

direction. However, present USC provisions regarding the empirical esti
mation of the fundamental period of frame-wall structures does not in
corporate the amount of walls and, therefore, can actually mislead the
designer in the selection of the structural system. Furthermore, selec

tion of an optimum structural layout would require the assessment of
the response at all the limit states, rather than just the service level.

To consider the damageability and collapse limit state responses in

design, the code provisions should require the analysis of structural
response under the rare but probable extreme ground motion. Unfortunately,

the states of the practice and even of the art need improvement in defin

ing the characteristics of this extreme design earthquake, and of the

dynamic characteristics of. the different types of frame-wall structures
in the inelastic range. At present there is no agreement on the best

index to measure damage, and for commonly used indeces such as the inter
story drift or the tangential interstory drift, no reliable tolerable
values have been formulated for different types of structural and non

structural components.

2.1.2 The Initial Proportioning of the Walls and Their Coupling Elements,
Frame Elements and the Diaphragm System

For frame-coupled wall systems there are no code guidelines to aid
the designer in the selection of the relative stiffnesses of the walls
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and coupling elements, and of the diaphragm system for optimum
structural response. The UBC and ATC 3-06 provisions require a ductile

frame system capable of resisting at least 25 percent of the lateral

forces to complement the wall system for structures over 160 ft tall.
There is no provision, however, regarding the desirable (optimum)
relative stiffness of this frame. Although the decision regarding the
stiffness of the frame system relative to the wall system plays an
important role at all limit states of response, it is of particular
importance in defining the stage of response at which the energy dis
sipating mechanisms of these frames will be activated. If the frame
system is too flexible, its contribution to the energy dissipation of
the structure, as well as its effectiveness as a restraint, may become
relevant only after significant wall resistance deterioration resulting
from extensive damage. However, if the frame system is too stiff, the
seismic force (strength) demands from the complete frame-wall structural

system may increase to an undesirabl e magnitude.

The relative stiffness of the coupling elements and the walls affect
the response of coupled wall structures significantly [2J. As suggested
by previous researchers [7,11J. it appears to be advantageous to propor
tion the coupl ing elements (in conjunction with architectural constraints)
so that the stiffness of the structural system becomes insensitive to any
further increase in the stiffness of the coupling elements. For the
building in Fig. 1, this approach led to the indicated girder dimensions.

and the stiffness of the coupled wall system was obtained from elastic
theory as 80 percent of the stiffness of a solid wall without the open
ings [2J. It should be emphasized, however. that a parameter affecting
the response of the structure more significantly than the coupling element
stiffness was observed to be the coupling element strength. Code design
procedure is based on elastic analysis, which results in flexural design
demands in proportion with the relative stiffnesses. This does not neces
sarily lead to optimum coupling element strengths when these elements are
proportioned for maximum stiffness. The designer should have a clear

understanding that for any selected stiffness of a structural component,
different yield and maximum strengths can be assigned to this component
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by the proper selection of the grade, amount, and detailing of the
reinforcement.

The selected cross sectional shape for the walls was barbell, as
shown in Fig. 1, as this shape was observed to be more efficient than
rectangular for the same weight of concrete [8J. Therefore, from this

point of view, it is convenient to select the minimum acceptable thick
ness for the wall panel. The thickness of the panel at present is con
trolled by the code requirements (nominal shear stress Vu S 10~
and instability). Inadequate thickness was observed to lead to premature
brittle type of failure due to crushing and splitting of the concrete in
the case of high axial and shear stress demands. The thickness selected
for the wall in Fig. 1 was based on the minimum requirements of the UBC
to guarantee its out-of-plane stability. The relative thickness of the
panel to the edge member requires particular consideration as this
parameter affects the relative shear capacities of the panel and the edge
member. If the panel thickness is inadequate, a shear-compressive failure
of the panel may occur at early stages of the ultimate limit state response.
To utilize the redundancy provided by the edge members during the ultimate
limit state, these members should be capable of resisting the shear that
would be released after a panel compressive-shear failure. This is recog
nized by the current Japanese AIJ standards [lJ which require an assess
ment of the design based on the damage level at the failure limit state
as well.

The selection of the panel and edge member dimensions for optimum
response is a problem which requires urgent investigation. To properly
select these variables for optimum ultimate limit state response, devel
opment of methods for accurate computation of the state of stress at the
critical regions of the panel, as well as establishment of a realistic
failure criterion for reinforced concrete under these possible states of

stress, are required.

The proportioning of the diaphragm system is another critical step
affecting the response of the structure, as the distribution of seismic
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demands between different lateral force resisting components (i.e., the
frame-wall interactions) are particularly affected by the actual axial,
shear, and flexural stiffnesses of the diaphragm system. The code require

ment to incorporate a ductile moment resisting frame system for buildings
over 160 ft tall, and the dimensional requirements for the flexural mem
bers of such frames, guide the designer toward the selection of a beam
slab system rather than a flat plate, as the minimum strength require
ments of the frame may not be easily supplied by the portion of flat
slab meeting the maximum width-to-height ratio permitted for flexural
members by the USC (Sect. 2626(e)1).

A particularly important aspect of the diaphragm system regards the
interface of the diaphragm and the wall. The AIJ provisions [lJ require
a frame to bound the wall panel, guiding the designer to incorporate a
beam along the wall-diaphragm interface. This was observed to improve
the stiffness of the diaphragm system and to provide an effective re
stra i nt to the edge col umns of the wa11 at the ul tima te 1imit state in
the co.se of a panel failure, i.e., the beams donot permit propagation
of panel failure from one story to the adjacent one, allowing the beam
and column to work as moment resisting frame. Such beams, however, are
not required by code and are usually neglected in U.S. practice because
of the complexity they cause in formwork.

2.2 Analysis and Design

2.2.1 General

The last decade has witnessed many advances in seismic response
analysis of analytical models of buildings, but similar advances have not
been achieved in seismic resistant design. Sophisticated computer codes

have been developed to carry out linear andnoA1inear dynamic analyses
of three-dimensional analytical models of buildings. The preliminary
design of a building, however, should be available before these analyses

are conducted. Although an optimal nonlinear seismic design procedure

has been formulated for RIC ductile moment resistant frame [9,23J, to
the best of the author's knowledge, no similar procedure has been
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developed for preliminary design of frame-wall structures. Present

rigorous linear and nonlinear dynamic analysis procedures cannot be directly
applied for preliminary design. Code equivalent lateral force procedures,
computations of which are based on an estimation of the fundamental peri-
od of the structure through simple empirical expressions, are suited for
preliminary design. The reliability of present code expressions to:
(1) Estimate the fundamental period of frame-wall structural systems;
(2) Estimate the level of the seismic force; and, (3) Obtain the
distribution of the seismic force, are questionable. The designer should,
therefore, conduct analyses of the preliminary design of the structure
using more reliable methods for estimating its supplies and actual de
mands.

2.2.2 Lateral Force Requirements and Analysis

After a preliminary design is available, it is necessary to estab
lish the gravity and seismic demands. First the provisions regarding
the design lateral forces are reviewed .. The total seismic force required
for the short direction of the building in Fig. 1 was 3.84, 4.96, and
5.47 percent of the building weight, according to the 1973 UBC, 1979

UBC, and ATC 3-06. Incorporating the shears arising from a minimum tor
sional eccentricity required by these provisions, the seismic forces be
came 4.53, 5.85, and 5.99 percent of the building weight, respectively.
It should be noted that while UBC defines the loads at service level,
the ATC 3-06 defines the seismic forces at the first significant yield
ing of the structure. These forces were computed assuming the zone of
highest seismicity and neglecting soil amplification. The expression
to estimate the building period was the same for all the codes, resulting
in 1.15 sec. A modal analysis of the preliminary design, neglecting any
effect of non-structural elements, indicated the fundamental period to be
0.99 sec.

The lateral force demands of 1973 UBC and 1979 UBC are higher for

wall systems than frame systems with the same period. For structures
over 160 ft tall, if walls are used, it is compulsory to utilize a dual

8



system with a force factor of 0.80. The force factor for a comparable

frame system ;s 0.67, which ;s 20 percent less. The ATC 3-06, however,
require response modification factors of 8 and 7 for the dual and frame
systems respectively, as a result of which the dual system is desi.gned
for 14 percent less force.

The provisions for the distribution of the lateral forces led to
the base overturning moment to shear rations of 0.68 H, 0.71 H, and 0.72
H for 1973 UBC, 1979 UBC, and ATC 3-06, respectively (Fig. 3). The

code provisions for the distribution of lateral force are the same for
all types of structural systems, despite the considerable differences
in the observed mode shapes and displacement patterns of frames and
different types of wall-frame systems [8J. This is particularly conse
quential in the ultimate limit state response of wall systems, as both
axial-flexural and shear designs are based on the same lateral force
di stri bution.

In the design of frame systems, the shear design of their components

is based on their flexural capacities, while only the axial-flexural
design is based on the lateral forces. For walls, both axial-flexural
and shear design are based on the code lateral forces. The consequences
of this inconsistency will be discussed subsequently.

Linear analysis of the frame-coupled wall system with the specified

later~l forces indicated that the maximum interstory drift indexes ob
tained for the ATC 3-06, 1979 UBC and· the 1973 UBC lateral force provi

sions were 0.065, 0.058, and 0.046 percent of the story height, respec
tively. ATC 3-06 requires this drift, modified in accordance with the
displacement modification factor of 6.5 for dual systems to be less than

1 percent of the story height. 1979 UBC and 1973 UBC require a modifica
tion of 1.25 for dual systems and specify the resulting drift to be less
than 0.5 percent of the story height. The analyses results indicate that
the structure possessed 2.37, 6.90, and 8.69 times larger stiffness than
required by the ATC 3-06, 1979 UBC and 1973 UBC provisions, respectively.
The substantial stiffness provided by the coupled wall system, several times

9



superceeding the regulations, is the basic reason that these systems
are considered effective in providing damage control during minor and
moderate earthquakes.

The ATC 3-06 requires the walls and frames to resist the total
lateral forces in accordance with their relative rigidities. UBC pro
visions also require that the walls be capable of resisting the total
lateral forces acting independently of the frames. Elastic analyses
of the complete structure, as well as only the coupled wall system with

the prescribed seismic loading, indicated that the individual demands
from the wall system were larger for the latter case, while the ratio
of the overturning moment to shear at the base of the wall system was

smaller when the total structure was considered. The UBC provision
requiring the walls to resist all the lateral force, therefore, led to
higher axial-flexural strength requirement.

The distribution of the maximum seismic force demands from one

coupled wall system, as a result of the required analysis procedure and
modified to incorporate the shears arising from the minimum 5 percent
torsional eccentricity requirements of the UBC and ATC 3-06, are shown
in Fig. 3. The total seismic force requirement is maximum for 1979 UBC,
followed by ATC 3-06 and 1973 UBC, as 5.85, 5.02, and 4.53 percent of
one-half the total building weight, respectively. The base overturning
moment-to-shear ratio of these seismic force requirements were 0.71 H,
0.60 H, and 0.68 H, respectively, indicating the ratio obtained for the
ATC 3-06 demands being the smallest, as a result of considering the
interaction between the frames and coupled walls.

2.2.3 De~~Requirements

2.3.3.1 Axial-Flexural Design of Walls

The axial-flexural and shear design of walls are carried out using

different load and capacity reduction factors. The load factor required
for the axial-flexural design of a wall section with respect to the 1973
or 1979 UBC provision is 1.4 for the seismic force, while ATC 3-06 pre
scribes a factor of unity. Both UBC and ATC 3-06 provisions require
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specially confined boundary members for walls of dual systems, required to
be capable of resisting all axial-flexural effects. These boundary mem-
bers are designed as axial load members, for which strength reduction
factors of 0.7 (0.75 for spiral) in compression and 0.9 for tension are
specified. This procedure results in a wall cross section which has a con
siderably larger axial-flexural capacity than required as the strength provided

by the total wall cross section,incorporating the wall steel is underesti-

mated. In the design of interior boundary members of the coupled walls,
the demands are computed to be substantially smaller than those for the
exterior boundary members, according to the code procedure in establish-
ing these demands. In the ultimate limit state response, however, upon
either the loss of the resistance of the coupling girders, or a panel
failure, the axial-flexural and shear demands from the interior boundary
members would be approximately equal (because of the direct effects of the
coupling girders, the shear demands can be larger) to the corresponding
demands from the exterior boundary members. It is advisable, therefore,
to detail the interior boundary members similar to the exterior boundary
members. The distribution of seismic shears required for the factored
shear and axial-flexural design demands for the coupled wall, as required
by UBC and ATC 3-06 provisions, are shown in Fig. 4.

2.2.3.2 Shear Design of Walls

Because the shear stresses developed in the walls are usually very

important, the shear design provisions of the 1973 UBC, 1979 UBC, and

ATC 3-06 require particular attention. Since the same seismic force dis
tribution is used to establish both the axial-flexural and shear strength
demands, the load capacity reduction factors used for shear design should
be expected to provide a higher degree of safety against shear failure as
compared to flexural yield. The shear failure of the walls should be
avoided or postponed until sufficient flexural yielding takes place to
provide the system with adequate energy dissipation, in order to ,attain

the code performance criterion for ultimate limit state response.

The 1973 UBC provisions try to guard against shear failure by using
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a load factor of 2.8 to establish the shear strength demand as compared
to 1.4 for axial-flexural design. The load factor for shear design was

decreased to 2 in 1976 and 1979 UBCs. The same load factor, i.e., 1.0,
is required for both axial-flexural and shear designs by ATC 3-06.
However, a relatively lower capacity reduction factor of 0.6, instead of
0.85 as used by UBC, is prescribed in ATC 3-06 for shear design when
shear strength governs the response of a member. Consequently, the
shear strength demands along the coupled wall system, including the
capacity reduction factors, were obtained for 1973 UBC, 1979 UBC, and
ATC 3-06, as shown and compared with the axial-flexural design demands
in Fig. 4. The demands from each wall of the coupled wall system are

identical as a result of the elastic analysis specified by the codes and
the usual assumption of using constant stiffness. The demands for the

coupled wall system at the base are 14.92, 13.76, and 8.37 percent of
one-half of the building weight for the 1973 UBC, 1979 UBC, and ATC 3-06
provisions, respectively.

In assessing the expected ultimate limit state response character
istics of different walls, designed by different sets of shear demands
for axial-flexural and shear strength design, the criterion considered
was the ratio of the required shear strength demand at the base of the
wall system. These ratios are evaluated in Table 1, indicating that the
1973 UBC provisions demand the largest shear strength as well as the
highest ratio of shear strength to the base overturning moment strength.

The base overturning moment and shear strength demands, individually,
do not reflect the actual capacities that would be attained by the wall
system. Due to a large number of factors, which will be discussed sub
sequently, the actual axial-flexural capacities of the coupling girders
and walls would be significantly higher than the demands required by the
code, leading to a substantial increase in the base overturning capacity.
The actual shear capacity provided by the wall may be either larger or
smaller than the demands required by the code, depending on the actual

shear resisting mechanisms of the wall system. The code computations
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for shear strength do not incorporate the actual, experimentally observed
mechanisms of shear resistance for walls, but are based on the observed

resistance mechanisms of beams which may lead to misleading design compu

tations for shear, even for the damageability limit state.

The code 1imits the maximum nomina1 shear stress to 10~ to safe-c
guard against shear failure. Even this limitation is not adequate against
shear failure as the actual distribution of shear in the wall elements
may be considerably different at the ultimate limit state than that de
picted from an elastic analysis. The ATC 3-06 uses a limitation of
8 ~ rather than 10~ to compensate for such errors in the obtained
shear distributions of walls. However, an optimum and conceptual design
against shear failure, for particularly coupled wall systems, cannot be
carried out unless the contributions of the boundary members and the
panel of each wall,as affected by their respective axial-flexural states,
are properly incorporated. The AIJ provisions [1J at least recognize the
contribution of these two elements of the wall and incorporate them in

deternlining the ultimate shear capacity of walls.

Despite the differences between the actual capacities which would

correspond to the code demands given in Table 1, the ratio of the shear
strength demand to the overturning strength demand was considered to be
a realistic measure of the relative safety provided by the different pro
visions against shear failure. Based on this evaluation, the 1973 UBC
designed version of the structure was selected as the subject of the sub
sequent analytical and experimental investigations to assess the states
of the art and practice. The reinforcement detailing of the walls based

on the 1973 UBC demands are shown in Fig. 5.

2.2.3.3 Design of the Coupling Girders

The state of the practice does not distinguish between the design
of the coupling girders of wall systems and the flexural members of frame
systems. However, the demands on coupling girders to dissipate energy are
usually more severe than those of the girders of a ductile frame. The
coupling girders should yield first during the inelastic response of the
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dual system, and dissipate energy as the initial line of defense, while
the structure, through its walls and ductile frames, is expected to

retain a substantial portion of its initial stiffness. Because of the
deformation mechanism of the walls, and the fact that the coupling
girders usually are the first to start yielding, the rotation capacity
required from these coupling elements is usuallY higher than that of
the ductile moment resisting frame element. Furthermore, because this

element usually has a shorter span than frame girders, the shear stresses
are higher. Furthermore, the coupl i ng gi rders are subjected to a 1arger
number of distortion reversals, particularly at the upper parts of the

structure. This is due to the effect of higher modes of response [14J

which were more dominant in the generated analytical responses of coupled
wall systems as compared to frame systems.

The code design procedure requires the flexural design of the coupling

elements based on the demands obtained from elastic analysis. Since these
members are generally short, and are proportioned particularly to be stiff,
elastic analysis naturally leads to high flexural demands. For the build
ing in Fig. 1, these girders were designed in three groups, as indicated
in Fig. 1. The reinforcement detailing of the girders designed with
respect to the 1973 UBC demands are shown in Fig. 6. The hypothetical #12
reinforcing bars observed in this figure were selected because they reduce

to a #4 bar at the 1/3-scale, which was the scale selected for studying
experimentally the behavior of sUbassemblages of the coupled wall. The
slab reinforcement was not incorporated in either the flexural or shear

designs, and the width of slab considered in the analysis and design was

in conformance with the code provisions. The lateral reinforcement pro
vided to the coupling girders to effectively confine the concrete and
restrain the longitudinal reinforcement against buckling, was 2.7 times
the amount required by shear, according to the code provisions. The

shear stress computed for girder type III was 6.5 ~ for a nominalc
specified value of 4000 psi for f' . This shear stress, in conjunctionc
with the maximum tie spacing of 12 in. permitted by the code, was not
assessed to lead to adequate hysteretic response of the girder, based on
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past experimental observations. Therefore, the spacing of the lateral
reinforcement was decreased and the amount of ties increased to effec
tively confine the concrete and restrain the longitudinal bars against

buckling. Consequently, the lateral reinforcement actually provided
was substantially larger than the amount demanded by the code.

Previous analytical and experimental investigations on the response
of coupled wall systems [2] have concluded that the flexural capacity
of the coupling girders constituted a critical parameter in design. It
was suggested to design these girders so that they provide at least two
thirds of the system overturning capacity through the coupling forces
they produced [16]. However, this criterion was proposed after investi
gations of coupled wall systems with a particular topology, closer to a
perforated wall than the coupled wall system conceived in this study, as
depicted in Fig. 2. The desirable coupling girder strength for favorable
ultimate limit state response should depend on the maximum axial tension

and compression forces that can be considered as optimal for the walls or
can be tolerated without impairing their strength and energy dissipation
capacity. Avoiding net tension or limiti:ng the level of compression so
as not to exceed a certain percentage of the balanced point level of the
N-M ultimate strength diagram at the base of the walls, depending on the
evaluated force-deformation characteristics of that particular wall, were
observed to be criteria which would result in a more favorable response at
the ultimate limit state, as verified by the analytical and experimental
studies reported in this paper.

2.2.3.4 Design of the Frames

The 1973 USC design of the frames was carried out for the larger of
the demands arising from either (1) 25 percent of the total lateral force,
or (2) as computed by analysis considering the frames and walls resisting
the total required force according to their relative stiffness. ATC 3-06
requires the design to be carried out with respect to the latter criterion
only. The assumption on the relative stiffness of the frame and wall
members was observed to be important in checking criterion (2). The
analysis for this criterion was carried out for cracked transformed wall
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and coupling girder stiffnesses and uncracked stiffness of the frame
components as the wall system may be expected to crack prior to the frame

system during low level response. This criterion (2) was observed to
yield more critical demands for the top 11 floors of the structure as
opposed to criterion (1). The reinforcement detailing for the typical

frame members obtained in accordance with the 1973 UBC provisions are
shown in Fig. 7.
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3. ASSESSMENT OF THE STATES OF
PRACTICE AND ART

The assessment of the state of the practice in the design of RIC
frame-wall systems was carried out using the 1973 USC design of the
example structure, as this was concluded to possess more favorable
ultimate limit state response characteristics as compared to the 1979
USC and ATC 3-06 designs. Nevertheless, the 1973 USC provisions have
short-comings, some of which were already indicated in the discussion
of the design process. In fact, detailing the interior edge members
similar to the exterior edge members and increasing the lateral rein
forcement of the coupling girders substantially, were modifications to
the design provisions to improve the expected behavior. Whether the
resulting design, representing the state of the practice, possessed
adequate reserves of strength and energy to resist a major earthquake
without collapse, was assessed by the following analytical and experi
menta1 studi es.

3.1 Analytical Studies

The primary objectives of the analytical studies conducted on the

two analytical models of the structure shown in Fig. 8, were to generate
force and distortion demands of the structure when subjected to intense
base motions characterizing the code concept of the "major earthquake,"
and then to compare these to the available supplies in order to analy
tically assess the adequacy of present code design procedures and require
ments. The adequacy of the state of the art in the analytical generation
of the demands and supplies was subsequently assessed through experimental
investigations. The main results obtained in the different analyses are
presented and discussed briefly in subsequent sections.

3.1.1 Linear Dynamic Analyses

Linear spectral analyses were carried out to generate demands caused
by the El Centro and Derived Pacoima Dam acce1erograms which are shown in
Fig. 9. The acceleration response spectra of these records for ~ = 5%
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are compared in Fig. 10. Although the peak accelerations of the accel

erograms indicate only 15 percent difference, the acceleration response
spectra indicates significantly higher demands of the Pacoima motion

at periods around 0.4 sec and for periods higher than 0.8 sec. The

fundamental periods of the building, considering the frame-coupled
wall systems and the coupled walls alone, were obtained as 0.99 and
1.20 sec, respectively. The periods corresponding to the second and

third modes were 0.28 and 0.13 sec for the frame-coupled wall system

and 0.34 and 0.15 sec for the coupled wall system, respectively.

The demands at the base of the walls obtained through spectral

analyses of the frame coupled wall system using the first three modes
of the models are compared to the design demands in Table 2. The gen
eral purpose linear analysis code TABS [22] was used for the analyses.

Table 2 indicates that El Centro and Derived Pacoima Dam demands for
linear response are approximately 2.5 and 5 times the code factored

design demands. These ground motions, particularly the latter, were
considered, therefore, as representative of the code concept of a "major
earthquake" and the structure was expected to exhibit extensive levels
of inelasticity in responding to these ground motions, characterizing
the ultimate limit state response.

3.1.2 Supplied Strength

An investigation of the axial force-moment-curvature relationships

of the representative cross sections of the structure was carried out

using the computer code RCCOLA [14]. The objectives were to generate
required data on the actual yield strength, ultimate capacity, initial

stiffness and deformation hardening characteristics of the typical cross

sections. This data was required to prepare inputs for inelastic
analyses. The stress-strain characteristics for the reinforcing steel,
and unconfined and confined concrete were selected as shown in Fig. 11,

based on the assumed nominal strengths and general response character
istics observed in previous studies on material stress-strain character

istics.
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The axial force-bending moment interaction relations for the wall
cross section, shown in Fig. 12, were derived considering different
criteria (based on different limiting strain/stress) for the attainment
of the cross section capacity, indicating substantial axial-flexural
overstrength.

The moment-curvature responses for type III coupling girder are
compared to the factored code design demands in Fig. 13. Zero axial
force and no contribution of the slab reinforcement in the assumed

flange width of a quarter of the span was considered in the cross sec
tional analysis. Nevertheless, significant increases in capacity over
the code demands are observed.

The above observed overstrengths are due to provi di ng s1i ghtly more
steel than required, and especially due to the strain hardening of the
reinforcing steel and large deformation capacity of the confined con
crete of the edge members for the walls.

3.1.3 Co11~pse State Analysis

A preliminary assessment of the actual overturning capacity and
collapse state response of the coupled wall was carried out, assuming
the mechanism shown in Fig. 14. The axial forces at the base of the
walls at the collapse state, arising from the gravity loads and coupling
forces (shear forces of coupl ing girders corresponding to their fl exural
capacities), are indicated in Fig. 12. The levels of the compressive
and tensile forces are observed to be 1.58 and 8.39 times higher,

respectively, than the code design demands. Generated moment-curvature
responses of the wall cross section at these axial force levels indicated:
(1) The curvature capacity of the wall under such a high level of com
pression was limited to only approximately twice the curvature at the
yielding of the cross section; and (2) The flexural rigidity of this
wall under compression was approximately 50 times that of the wall under

tension [2J. Consequently, the wa 11 under compression woul d be expected

to attract practically all the shear at the base.
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The total base shear force of the coupled wall system at the col
lapse state would depend on the distribution of the lateral seismic
forces, which may be replaced by the resultant acting at its respective
location, defined in Fig. 14 by aH. Assuming a base overturning moment
to shear ratio of 0.68 H, in accordance with the seismic force distri

bution defined by the code, the total lateral force at collapse state
was calculated as 19 percent of one-half the weight of the building.
If all this shear is attracted to the wall under compression at the base,

the nominal shear stress of this wall would be 19 ~, assuming a
nominal concrete strength of 4000 psi. It may be concluded that the
depicted collapse mechanism is likely to be preceded by a shear failure
of the wall under compression, as the level of shear stress significantly
exceeds previously observed capacities in experimental studies [2J.

In reality, the frames would also contribute to the lateral resis
tance, and the base overturning to shear ratio may be different from
0.68 Hat the collapse state. Furthermore, the assumed collapse state
may not be realized during dynamic response, and the axial forces and
shears at the base of the walls may be different than assumed here.
Nevertheless, the collapse state analysis serves to indicate an undesir

able state of axial force at the base of the wall, arising from the

capacities of the coupling girders.

3.1.4 Inelastic Time-History Ana~~_

The analytical models of both the coupled wall and the frame-coupled

wall systems, topological features of which were illustrated in Fig. 8,
were subjected to the El Centro and Derived Pacoima Dam excitations
shown in Fig. 9, to obtain their inelastic responses. The general pur
pose inelastic plane frame analysis code DRAIN-2D [12J was utilized for
these analyses. The objectives were: (1) To investigate the state of
the art in the analytical modeling of RIC structures for time-history
analysis; (2) To analytically generate time-histories, maxima and dis
tri butions of ul timate 1imit state force and di stortion demands from
the structural components; (3) To investigate the contribution of the
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frame-wall interaction on the system responses; and (4) To generate
information to assist in the conduct of integrated experimental studies.
The analytically generated demands were subsequently used to assess
the design of the structure, based on the provisions of the 1973 UBC,
which is assumed to reflect the state of the practice.

3.1.4.1 Analytical Modeling

Analytical modeling of RIC structures for the purposes of inelastic
time-history earthquake response analysis requires input from the areas
of structural dynamics, finite elements, theory of plasticity, matrix
methods, numerical methods (computational techniques and programming),
and especially, from the behavior of reinforced concrete. Inelastic
time-history analyses of complex RIC systems are presently carried out
as tools in the design review process as well as for research, using
a considerable number of general purpose computer codes developed for
this purpose [17J. The analytical modeling of frame-coupled wall struc
tures poses special problems regarding the reinforced concrete aspect of
modeling [3,4J. The topological features of the analytical models of
the coupled wall and the frame-coupled wall systems considered in this
study were given in Fig. 8, showing that only the planar response of
the main structural elements in the transverse direction of the build
ing were considered. The idealizations required to construct the analy
tical models in conjunction with the computer code DRAIN-2D [12J are
discussed in detail in Refs. [3] and [4] and will be briefly reviewed
herein.

It is possible to construct different analytical models of the same
structure in conjunction with the same computer code as well as construct
ing more sophisticated and complex models using the recent more capable
computer codes [15J. A careful assessment of the state of the art in
modeling revealed, however, that the uncertainties and limitations in
information regarding the actual hysteretic behavior of reinforced con
crete~ particularly that of the wall elements~ did not justify the
utilization of the more sophisticated features available in the topological
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(finite-elements), plasticity theory and numerical methods aspects

incorporated in recent computer codes. Hence, the relatively simple
and basic models, shown in Fig. 8, with the main idealizations as
briefly discussed in the following, were utilized.

(1) Idealization regarding interactions

(a) Analysis of the planar response necessitated assumptions regarding
the actual multi-dimensional natures of the ground excitation and

structural response. Interactions between bi-axial flexural effects,
changes in the axial force and distortion histories of vertical
members, and torsional response, as well as the interactions between

the torsional and axial-flexural-shear responses, were phenomena which

had to be excluded from the analytical models. These phenomena were
observed to require further research and understanding for realistic
implementation.

(b) Even in considering only planar responses, two consequential ideali
zations were required regarding the axial and flexural stiffnesses
of the diaphragm system, which were assumed to be infinitely large

and small, respectively. These assumptions affected the horizontal

and vertical interactions between the different lateral force re
sisting components. Experimental information regarding the response
characteristics of RIC diaphragm systems was observed to be an
urgent requirement to improve this aspect of modeling.

(c) Another consequential assumption regarded the interactions between

the structural and non-structural components, which were omitted

in the model s.

(2) Idealizations regardinq the foundation and soil-- , ....

Perfect base fixity was assumed, which was equivalent to assuming

infinitely rigid soil and foundation system. This is amongst the most

consequential and debatable assumptions, especially considering the
mechanisms leading to significant overstrength in overturning resistance

of the coupled wall systems, as well as the possible contributions of
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foundation rocking on the demands from the coupling elements. At
present, the uncertainties regarding the actual mechanical character
istics of the soils, particularly their nonlinear behavior under the
strain rates imposed by the interacting effects with the building founda
tion, considerably exceed those regarding reinforced concrete. Analyses
with possible bounds on the mechanical characteristics of soil should
be conducted to establish guidelines regarding possible effects of the
foundation and soil.

(3) Idealization regarding the mass

The total reactive mass of each story was distributed to each of
the floor levels above and below the story. The total tributary mass
at each floor level was lumped at that floor level. Only the transla
tional inertia forces were considered, neglecting the rotational inertia.
Uncertainties regarding the actual reactive rotational mass character
istics of structural systems indicate a need for sensitivity studies
on this parameter.

(4) Idealization regarding the discretization and element topologies

One-dimensional line elements were used to represent all the
structural elements, including the walls, as shown in Fig. 8. This
resulted in limitations in simulating observed deformation patterns and
failure modes of the wall members. The location of the wall axis was
fixed by lumping both edge members and the panel at the geometric center
of the cross-section. This did not enable the neutral axis to fluctuate
or to differentiate between the forces and distortions of the two edge
members. Using different kinds of 20 finite elements to represent at
least the lower floors of the walls, appears desirable. Such elements,
however, which should simulate cracking, yielding, and also incorporate
the proper failure criteria for the multi-axial stress-state response
of concrete, are yet to be developed. The joint regions of the coupling
girders in the walls were assumed to be rigid. Although this joint zone
was expected to deform, and research to evaluate and incorporate this
deformation in the general purpose computer codes for structural analysis
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is in progress, the common assumption of rigid joint was made.

(5) Idealization regarding the nonlinear response

The geometric effects (beam-column and P-~) were checked and observed

to be negligible. The material nonlinearities were incorporated at the
element level by assuming that the beam and the beam-column elements

develop concentrated plastic hinges at each end. These lumped plasticity

models enable economically feasible time-history analysis. The simulated
local response, and especially the local distortion quantities generated,

do not directly correspond to the actual physical counterparts because
they neglect the propagation of yield and redistributions within an
element and accept only unique values of initial and hardening stiffnesses
for the complete element.

(a) Axial-flexural responses of the two-component beam-column elements

incorporated an axial-flexural yield envelope. Perfectly elastic response

within the envelope, with unique stiffness properties, regardless of the

level or sign of axial force was assumed. This was an exceptionally
critical assumption for coupled walls since the axial force levels fluc
tuate significantly in the wall elements and this continuously affects
the flexural as well as shear stiffnesses. If the axial force-flexure
state indicated yield at one or both ends of the inelastic component
of the el ement, its stiffness was modified for the subsequent time step.

Upon withdrawal into the envelope, linear response was resumed. The
linear component of the elements simulated the hardening.

The single component beam elements contained rigid-hardening plastic
point hinges at each end which incorporated degrading moment-rotation
hysteresis characteristics. The main difficulty in preparing inputs for
both types of elements was in the synthesis of stiffness, strength, and
hardening characteri stics derived at the cross section 1evel, into rep

resentative characteristics at the element level. This synthesis required
assumptions regarding the internal force state (level and distribution)

and their histories for all the elements in order to determine the proper
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average stiffness characteristics.

Incorporation of a tri-linear primary response which includes the
cracking of the elements, is observed to be a necessary improvement in
defining the structure's initial response characteristics more accurately.
This is important since the initial structural periods and mode shapes
affect the subsequent inelastic response. Other idealizations regarding
axial-flexural responses of the elements included assuming elastic axial

force-axial distortion relations as well as neglecting the effects of
fluctuating axial force, bond and shear on the flexural hysteresis. It is
known that all these effects are of importance in the axial-flexural
response and~ particularly~ in the degradation of flexural hysteresis.

The inputs for the stiffness, strength and hardening characteris
tics of the critical elements are presented subsequently in assessing
supply vs. demand relations.

(b) Shear responses. The shear response of both kinds of elements

(beam and beam-column) were incorporated by adding the elastic shear
deformation terms in the stiffness, and due to the 1imitations of the
analytical model, the contribution of shear to the element deformations
had to be assumed as constant and as represented by the contribution at
the elastic stage. This is not a correct representation of observed
experimental responses of wall elements, which exhibited a significant
reduction in shear stiffness upon flexural yielding of the wall [2].
Reversal of flexural yielding resulted in a sliding of the wall panel,

exhibiting a predominantly shear mode of deformation. The level of the
reduction in shear stiffness depended on the level of shear stress asso

ciated with flexural yielding and the level of axial compression (or
tension, in the case of coupled walls) in the wall. Considering that
the contribution of shear to the overall deformation may exceed the
contribution of flexure due to such a sliding mode of deformation, the
inadequacy of representing shear deformations by constant and elastic
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terms becomes obvious. Efforts to check the level of shear in the
element and restrict this to the shear at flexural yielding~ by intro
ducing additional hinges at the ends of the elements [19J~ fail to
incorporate the actual sliding shear mode of deformation which should

be simulated in order to realistically represent the interactions be
tween the walls and the frames. Unless the actual shear response of
wall elements are simulated by using more complex models than a line
element for the wall~ the analytically generated post-yield responses
of frame-wall structures~ especially when wall response governs the
structural response and shear stress of wall at first flexural yielding
is high~ may contain significant errors.

(6) Idealizations regarding the numerical aspects of the models

The integration of the equations of motion were carried out assum
ing constant acceleration in each time step. The element states (stiff
ness and end forces) were determined subsequently and if found in error~

corrective forces were applied in order to avoid the accumulation of
such errors~ at the next time step [12J. Consequently~ equilibrium is
not satisfied and significant imbalances may have occurred depending on
the time step and characteristics of the motion as well as the nonlinear
response. A time step of 0.02 sec was selected based on the predominant
periods and trial analyses of short durations using smaller time steps.
A number of indications regarding errors in element force-distortion
responses, due to the coarseness of the time step~ were observed sub
sequent to the analyses. These were~ however, assessed to have affected
the global response histories insignificantly.

(7) Other idealizations

A number of other assumptions and idealizations exist that were not
considered to be as consequential as those discussed [4J. The assumed
5 percent viscous damping, neglecting the effects of strain rate on the
strength of the elements, and the duration of the analyses being limited

to the first 10 sec of the accelerograms~ were among these.
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3.1.4.2 Generated Demands and Supplies

The detailed results of the inelastic analysis were reported
elsewhere [4J. Only the most relevant and pertaining results are

discussed in the following. The time-histories of lateral displacement,

obtained for the El Centro and Pacoima responses of the frame-coupled
wall model, are shown in Figs. 15 and 16. The walls remained elastic
during the El Centro response, while the coupling girders (except 1st,
14th and 15th floors) and a number of the shorter frame beams (between
6th and 14th floors) developed plastic hinges at each end. The maximum
top displacement was 0.23 percent of the building height and the maximum
interstory drift was 0.28 percent of the story height, which is less

than 0.4 (i.e. 0.5 x k) percent of the story height, the limitation pre
scribed by UBC and which may be interpreted as the initiation of the
damageability limit state.

As indicated in Fig. 16, when the walls were subjected to the
Pacoima motion, they developed plastic hinges during the first major
displacement excursion. This excursion was induced by the first large
acceleration pulse indicated in Fig. 9. The hinge pattern at 3 sec is
shown in Fig. 17. The frame columns, which remained elastic, and defor
mation hardening at the plastic hinges avoided the attainment ofa
collapse mechanism. The maximum top displacement was 0.72 percent
of the building height and the maximum interstory drift was 0.9 percent
of the story height. The wall under tension released a significant
amount of the shear it was resisting at 3.0 sec, as a result of the
second plastic hinge which formed at the base of the second floor. The

second floor level had larger tension than the first floor level at this
time. The sudden release of shear in the wall under tension is suspected
as being unrealistic and is considered to be a consequence of the dis
cussed limitations of the one-dimensional wall members with lumped plas
ticity. The relevant response quantities and their maximum values
obtained during the analyses of the frame-coupled wall model are given
in Table 3.
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The elongations in the inelastic effective periods, shown in Table
3, are measures of the decrease in the average stiffness of the structure
due to inelasticity.

The maximum top displacement and axial-flexural responses of the
coupled wall system at the base occurred at the time of the maximum over
turning moment, for either ground motion.

The maximum base shear occurred before the maximum overturning moment

during the £1 Centro response and after the maximum overturning moment
during the Pacoima response. The distribution of seismic shears along
the height of the coupled wall system at the times of maximum base shear

and overturning moment for the E1 Centro and Pacoima analyses are shown
in Figs. 18 and 19. The base overturning moment to shear ratios corres
ponding to the seismic shear distributions indicate that using the same

lateral force distribution for axial-flexural and shear designs of the
walls, ~hich were shown in Fig. 3, can be misleading in designing against
shear.

The contribution of the frames to the responses of the structure was
investigated by comparing the responses of the coupled wall and frame
coupled wall models to the ground motions. The frames, as designed, pro
vided approximately 35 percent and 50 percent of the structural stiffness
at the 7th and 15th floors, respectively, as evaluated by comparing the
lateral displacements of the two models when subjected to the code lateral
forces. The frames were observed to decrease the lateral displacements
and member disortions by their contribution to the structural stiffness
and energy dissipation in the order of 25 percent for the Pacoima responses.
The maximum base shears of the coupled wall were increased in the order of
10 percent when the frames were considered. The particularly important
contribution of the frames was observed in the Pacoima response, where
the redundancy they provided appeared to be consequential in avoiding
collapse, since a mechanism state was avoided only because the frame col

umns remained elastic. Amechanism state was attained during the response
of just the coupled wa 11 model to the same ground motion.
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3.2 Experimental Studies

A 4-1/2 story, 1/3-scale model subassemblage of one of the coupled
wall systems of the building was constructed and tested as shown in Fig.
20 [2]. The choice of the 1/3 scale was to utilize regular concrete and
reinforcing steel as well as detailing and construction practices which
were in accordance with the state of the practice. This led to a realis
tic simulation of phenomena including cracking, bond, aggregate interlock,
spalling, and splitting of concrete, propagation of yielding and redis
tributions of force between different components, which were all critical
in governing the axial-flexural and shear responses. The selected scale
of the model also enabled measurements of local response characteristics
such as the variations of the strain components along the wall panels,
strains and attenuation of strains on reinforcing steel at critical loca
tions, axial distortions of columns, girders, and the diaphragm, rotations
along the girders and walls, and others, which may not have been possible
to measure reliably at smaller scales because of limitations of instru
mentation

One of the important aspects in instrumentation was the use of internal
force transduscers to monitor the internal forces at the midspans of coup
ling girders. This enabled evaluation of the distribution of the internal
forces of the complete subassemblage by statics at any load stage rather
than just by estimating the distribution.

The two lateral actuators indicated in Fig. 20 applied equal shear
forces to each wall and were coupled to the vertical actuators, within
an electro-hydraulic servo control system, programmed to simulate the
lateral shears and vertical gravity forces as well as coupling forces and
bending moments at the fourth story in order to satisfy the proper force
boundary conditions of the subassemblage [2J.

The total lateral force-first floor edge displacement envelopes of
the two walls, obtained under a lateral force history derived from the
generated Pacoima response of the structure, are shown in Fig. 21. The
lateral displacements of the wall under compression are observed to be
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consistently larger, indicating a substantial growth of the diaphragm

system. The growth increased with each consecutive limit state. The
main limit states, which are indicated by number in Fig. 21, are the

following: (1) flexural cracking of tension wall; (2) diagonal cracking
of tension wall; (3) diagonal cracking of compression wall; (4) yielding
of the coupling girders; (5) yielding of the tension wall; (6) yielding
of the compression wall and spalling of the concrete cover of its exterior
edge column; (7) crushing of the panel of the compression wall due to a
combination of high axial and shear stresses near the exterior edge col
umns; and, (8) shear failure of the exterior edge column of the compres
sion wall.

It was measured that most of the growth of the diaphragm occurred
along the wall in compression (approximately 60 percent), followed by
the coupling beam (approximately 30 percent) and the wall under tension
(approximately 10 percent). It was subsequently evaluated that the
discrepancy between the growths of the walls under compression and
tension was approximately equal to the difference in the shear displace
ments (lateral displacement due to the shear mode of distortion) of the
two walls. The beam, although subjected to axial compression, exhibited
growth because of flexural hysteresis and the associated accumulation

of plastic strains in the reinforcement.

A significant observation from the envelopes in Fig. 21 regards
the overstrength of the structure. The actual lateral force capacity
was measured as 21.5 percent of the weight of one-half of the building,
i.e., more than three times the code factored demand of 6.3 percent of
the same weight. The main mechanisms for this overstrength were the

increases in the axial-flexural capacities of the coupling girders and
the wall under compression. The coupling axial forces arising from the
shears of the girders contributed 60 percent of the overturning resist
ance. The flexural resistance of the walls under compression and tension
contributed the remaining 34 and 6 percent, respectively.

The moment-rotation responses of the coupling girders were measured
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along a 4 in. gage length adjacent to the wall and included the fixed
end rotation. After evaluating the average rotations of the girder
along the 4 in. gage length, by using the curvatures computed from
strain readings in this region and subtracting from the total measured
rotation, the fixed end rotations were obtained. The rotations evaluated
from the curvatures were observed to be less than 10 percent of the
total measured rotation. The moment-rotation responses of the third
floor girder (type III), obtained during a typical half-cycle of load
ing, and the contribution of the fixed-end distortions to the total
measured rotations, are presented in Fig. 22.

The typical redistributions of shear force at the base of the
coupled wall system, during a half-cycle of loading, are illustrated
in Fig. 23. It is observed that the wall under compression attracts

85 percent of the total base shear even at the service load level defined
by 1973 USC. The differences between flexural rigidities, evaluated from
moment-curvature responses of the two walls subjected to the axial force
states corresponding to the service load level, were not sufficiently
large to explain the extent of the measured redistributions because
the redistributions were caused by both flexural and shear stiffnesses
of the two walls. The shear stiffnesses were, therefore, verified to
have been more affected than the flexural stiffnesses due to the dif
ferent levels of axial force, which resulted in the measured extent of
the redistribution. Nominal shear stresses of 1.6 ~ and 16.2 ~
were evaluated for the walls under tension and compression, respectively,
at the failure of the panel of the wall under compression.

3.3 Comparison of Code, Analytical, and Experimental Responses

3.3.1 Wall Axial-Flexural Strength

The axial-flexural strength interaction curve of the wall cross

section, defined as the available supply during analyses, is shown in
Fig. 24, and compared with the analytically generated demands as well as
code demands. The maximum strength interaction curve, estimated to be
attained by the wall under compression during the testing of the specimen,
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is indicated in the same figure, together with the measured axial force

flexure pair at the failure of the wall which was under compression.

The substantial increase in the attained strength with respect to the
calculated was attributed to: (1) larger yield strength and maximum
capacity of the actual reinforcing steel as opposed to the hypothetical
values in Fig. 11; (2) increases in concrete compressive strength and

further contributions to the capacity due to confinement; and (3) inade
quacies in the analytical computational procedures, such as the inability
to simulate the redistributions of stress over the wall cross section.
The actually attained flexural strength was approximately 6.0 times

larger than the code design demand, and 1.4 times larger than the analy
tically generated supply. It was not possible to measure the actual
capacity of the wall under tension as this wall did not reach even its
computed flexural capacity at the shear failure of the wall under
compression.

3.3.2 Coupling Girder Flexural Strength

The generated moment-curvature responses of the type III coupling
girder is presented in Fig. 13. The typical measured moment-rotation

responses of the third floor beam, type III, is presented in Fig. 22.
The factored code demand and the analytically derived strength which
was used to define the supply in the analyses, were converted to the
model scale and are indicated in the same figure. The measured yield
strengths in the positive and negative (tension in flange) bending

directions are observed to be approximately 1.67 and 1.98 times the
analytically computed values and 1.97 and 2.45 times the factored code
demands, both respectively. The attained overstrengths over those cal
culated were caused by larger yield strength and ultimate capacity of
steel, compressive axial force in the beam arising from the shear redis
tributions in walls, the hypothetical underestimated effective flange
width as opposed to the actual slab contribution, and the neglection
of the contribution of slab steel, which was observed to be effective

over the entire width of the slab, representing half of the adjacent
transverse span during the ultimate limit state response.
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The significantly higher measured hardening stiffness over the

analytically generated value and the substantial fixed end rotation
observed in the experimental responses were not incorporated adequately
in the analytical model. Figure 22 indicates that because of the fixed
end rotation, the initial stiffness was substantially overestimated.
On the other hand the yielding strength, and particularly the hardening
characteristics, were underestimated in the analyses, consequently, the
maximum strength was significantly underestimated.

3.3.3 Shear Strength of the Wall

In evaluating the shear strength of the wall, it is important to

recognize that according to the analytical prediction, the maximum shear
strength demands do not occur simultaneously with the maximum axial
flexural strength. The shear strength demands from one wall, based on
code and analyses, are indicated in Fig. 25. The supplied shear strength

based on the code provisions is compared in the same figure to the
attained shear strength of the walls during the tests. The walls under
tension and compression are observed to provide 0.28 and 2.5 times the
computed supply. An approximate assessment of whether these measured
supplies would have been adequate in the case of the dynamic responses
may be carried out by comparing the average measured strength to the
analytical demands. It is observed that the average capacity is inade
quate to avoid shear failure during the Pacoima excitation. In fact, it
may be considered that if the actual axial-flexural strengths of the walls
and coupling girders had been incorporated, the analytically predicted

E1 Centro demand may also have exceeded the average supply. The shear
failure in dynamic response is more likely to occur if the maximum shear

demand occurs after flexural yielding, because of the deterioration of
the shear resisting mechanisms of the panel due to extensive cracking,
yielding, and spalling. The maximum shear demand in the E1 Centro re
sponse is not associated with flexural yielding since the walls remained
linear. Hence, although an explicit assessment regarding the possibility
of shear failure is impossible, it appears likely that the structure
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would survive El Centro.

3.3.4 Structural Force-Displacement Response

The lateral displacement of the fourth floor of the coupled wall
system, obtained from linear analysis using cracked section stiffnesses,

incorporating elastic shear deformations and under the 1973 USC loading
(service level), was 0.036 percent of the total height at this floor.

The corresponding average lateral displacement measured during the experi

ments was 0.047 percent of the total height at this floor, indicating
that the analytical model was 1.31 times stiffer than the test specimen.

This was attributed to: (1) The analytical model did not represent the

actual extent of the shear deformation of the wall elements even at the
service load stage; (2) The analytical model did not incorporate the

fixed end rotations at the base of the walls or the uplift and distortions
of their foundations; (3) The analytical model overestimated the initial
stiffness of the girders by neglecting the fixed end rotations of these
girders at the wall interface.

Even the experimentally obtained stiffness of just the coupled wall
system, isolated from the frames, however, was adequate to satisfy the
story drift code demand for the complete structure. The lateral force
average drift envelope obtained during the test at the top of the specimen,

considering the interstory drift at the fourth floor to be representative

of the maximum interstory drift of the structure, is compared with the

response implicitly assumed by the code, as reflected in the commentary
of the SEAOC provisions [18J, in Fig. 26. The contrast in the experimental
and code conceived responses is striking. The stiffness and strength of
the coupled wall is observed to significantly exceed the stiffness
required by the code and the strength based on the code provisions. The

energy dissipation capacity of the structure, however, is not as large as
the capacity implicitely assumed by the code, based on elastic-plastic,

stable hysteretic response and a ductility of 5.
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4. CONCLUSIONS AND RECOMMENDATIONS

The main specific conclusions reached during the evaluations and
discussions of the results presented in this report are given below.
Recommendations to improve the present state of the practice and of the
art are also offered.

(1) UBC does not provide the designer with a guideline in the selection
of the relative stiffness of the frames and the walls other than the
requirement that the frame should be designed to resist at least 25
percent of the total base shear.

(2) UBC does not offer guidelines regarding the proper layout of the
frame-wall structural system, i.e., avoidance of significant disconti
nuities in stiffness and mass, minimum number of walls, layout of walls
in plan for optimum torsional stiffness and diaphragm behavior of floor
s1abs.

(3) UBC does not define and differentiate between different types of

wall systems, i.e., singie or pierced or coupled walls.

(4) UBC does not provide any guidelines regarding the design of the
di fferent components of coupl ed wa 11 systems. Guidel ines regarding the
relative stiffness and strength of the coupling girders and reinforce
ment detailing of these girders, as well as the thickness and details
of wall panels and whether to have beams bounding the panels, should be
developed.

In selecting the strength of the coupling girders for optimum

structural response at all the limit states; their axial-flexural
capacity should be carefully selected based on tolerable limits of com
pression or tension force at the critical regions of the coupled walls.
Experimental results have indicated that designing these girders to pro
vide 60 percent of the overturning capacity of the coupled wall system
led to undesirable levels of axial force in the walls leading to a semi
brittle failure of the wall panel under compression.
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(5) The present empirical expression suggested by UBC for the estima

tion of the period of the frame-wall structures should be revised.
Expressions which give possible bounds of the period depending on the
amount of walls, and their distribution in plan and height, and on
the characteristics of the wall systems, should be incorporated for pre

liminary design.

(6) Use of linear elastic analysis procedure for the estimation of
the flexural demands of the coupling girders did not enable control of
the stiffness and flexural capacity fo these elements individually.
The designer should be able to prescribe an optimum distribution of
relative axial-flexural yielding and ultimate strengths of the structural

members independently of the distribution of the relative stiffnesses of

these members.

(7) The UBC requirement that "the shear walls acting independently of the
ductile moment-resisting portions of the space frame shall resist the total
required seismic forces,1I results in an increase in both the axial-flexural
demands and the moment-to-shear ratio at the base of the walls and, therefore,
may lead to an unconservative shear design.

(8) The design seismic force distribution along the elevation of the
structure prescribed by the UBC are both axial-flexural and shear designs
are the same. The distributions obtained during linear or nonlinear dynamic
responses at the times of the maximum axial-flexural (overturning) strength
demand, and the maximum base shear strength demand, are different such that
the base overturning moment-to-shear ratio of the structure, evaluated at
these times, differed by as much as 3.7 times, depending on the ground
motion and the dynamic characteristics of the structure.

(9) The shear design procedure and the shear strength evaluation procedure
that are embodied in UBC, require modification. The shear design should
be based on the demands obtained considering the actual axial-flexural
capacities of the wall, and should be that which is associated with the
lowest possible overturning moment-to-shear ratio at the base, and
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assuming a distribution of the shear amongst the coupled wall according
to the actual relative stiffness and actual axial-flexural capacity of each
wall in the structure. In evaluating the available shear strength, the
contributions of the edge members (column and beams), panel concrete, and
panel reinforcement should be recognized and incorporated.

(10) The present techniques of estimating the supplies of axial-flexural
stiffness and strength of coupling girders and the walls are observed
to be inadequate. In evaluating the stiffness of coupling girders, the
reduction of the end fixity due to fixed end rotation (i.e., bond slip)
should be incorporated. In evaluating the strength of the coupling
girders, the possible contribution of the slab steel and axial compres
sion arising from the redistributions of shear between the two walls
should also be incorporated. In evaluating the stiffness of the walls,
the actual extent of the contribution of shear distortion, the effect
of axial force on flexural stiffness, and effects of possible foundation
movements should be considered. In design and/or evaluating the strength
of the wall, the complete cross section should be considered rather than
just considering that the edge columns acting as axially loaded members
should resist all the vertical stresses resulting from the different loads
acting on the wall.

For evaluation of the strength of both the coupling girders and the
walls, the material characteristics require a careful assessment. The
actually realized mechanical characteristics of concrete and steel were
observed to be significantly different from the nominally prescribed
characteristics, in many cases resulting in a significant increase in the
axial-flexural strength of the structural member.

In addition to these specific conclusions, two more general conclusions
regarding the state of the art and practice in the design and analysis of
R/C frame-wall/coupled wall structures may be formulated as follows:

(1) The response characteristics of frame-wall structural systems,
designed according to the UBC provisions, may be considerably different
from the response conceived by this code. The structure, designed in
accordance with the 1973 provisions, was assessed to possess
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substantial reserve of axial-flexural strength and adequate energy to
withstand the El Centro ground motion with minor damage but failed to

survive semi brittle shear failure during the Derived Pacoima ground motion.
This assessment was based on the analytically generated demands and
experimentally measured supplied. The shear failure was caused by
mechanisms of overstrength in the axial-flexural capacities of the
members, which resulted in an axial-flexural capacity measured as 3.22

times the corresponding strength demanded by the 1973 UBC.

The shear strength demand and the associated load and capacity
reduction factors prescribed by 1973 UBC, as well as the analysis
procedures and shear design guidelines of this code, were inadequate
against the 3.22 times increase in the axial-flexural capacity of the
structure. leading to the semi brittle shear failure of the wall. The
1979 UBC or ATC 3-06 provisions were assessed to lead to even less
conservative shear design than 1973 UBC provisions.

(2) The state of the art of the seismic response prediction of RIC
frame-wall structures was assessed to be inadequate in predicting the
axial-flexural and shear capacities of structural components and the
measured distributions of force and distortion over the different ele
ments of the structure at all the limit states of response. This was
caused primarily because of the uncertainties in determining the mech

anical behavior of RIC and the dynamic response characteristics of the
elements and their joints. Many limitations regarding the finite
element and computational aspects of analytical modeling in defining the

actual response characteristics and failure criteria were also observed,
which contributed to the discrepancies in the predicted and observed
responses. Integrated analytical and experimental research conducted
on sufficiently complex and large-scaled models of RIC structural
systems was observed to be necessary to advance the states of the art
and practice in optimum seismic design and response prediction of rein

forced concrete frame-wall structures.
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T~BLE 1: REQUIRED OVERTURNING AND SHEAR STRENGTH
AT THE BASE OF THE COUPLED WALL SYSTEM

j

I 1,
1973 UCB 1979 UCB I: ATC 3-06

i :

I
TOTAL FACTORED BASE OVERTURNING
MOMENT DEMAND (% WH) 4.31 5.81 3.01

ITOTAL FACTORED* IBASE SHEAR STRENGTH DEMAND (% W) 14.92 13.76 8.37
I
I

RATIO OF SHEAR TO OVERTURNING
STRENGTH (l/H) 3.46 2.37 2.78

I
* Including capacity reduction factors

W= Weight of one-half of building

H = Height of building above ground
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TABLE 2: LINEAR ELASTIC DEMANDS AT BASE OF AN INDIVIDUAL
WALL OF THE WHOLE FRAME-COUPLED WALL STRUCTURAL
SYSTEM

.... AXIAL FORCE I I
" "DEMAND 1

..

SHEAR COMPRESSION TENSION
,

FLEXURE" i

" FORCE I,
(103 kip-in.)INPUT "- (kips) (kips) (kips) I" ....

1973 UBC (2.8E): 1.4 (D+L+E): (0.9D+1.4E): (1.4E) :
FACTORED
DESIGN
DEMANDS 1084 5544 489 269

EL CENTRO 2846 12386 7846 i 1205I
DERIVED

IPACOIMA DAM 5777 23627 19087 2501
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