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ABSTRACT

This report summarizes the research conducted at Bérkeley as part of thé Reinforced Con-
crete Building Structure (a seven-story frame-wall structure) Phase of the U.S.-Japan Coopera-
tive Earthquake Research Program. Besides describing the studies conducted at Berkeley on

.the 1/5th-scale model of the test building, the report has the following main objectives: (a) to
evaluate the results of these studies and discuss the degree of correlation between the experi-
mental response of the full-scale model tested in Japan and the 1/5th-scale model tested in
Berkeley, and between the anlytically predicted and experimental responses; (b) to assess the
states of art and practice of seismic resistant design and construction of reinforced concrete
frame-wall structures in light of this evaluation; and (¢) to formulate recommendations for

improvement in the states of the practice and art.

The report is divided into seven parts. The analytical studies conducted to review the
soundness of the preliminary design and to produce the analytical information required to
determine the largest scale model of the fuil-scale structure that could be accommodated on the
shaking table at Berkeley are discussed first. The design of the 1/5th-scale model, the selection
and problems encountered in the fabrication of the model materials, as well as in the determi-
nation of the mechanical characteristics of these materials, and in the construction of the model
and instrumentation are discussed next. Problems encountered in achieving similitude with the
full-scale model are noted. In the fourth part the results of the experiments designed to deter-
mine the initial mechanical characteristics (static and dynamic) of the 1/5th-scale model are
presented and compared to analytically predicted values and to experimental values from tests

of the full-scale model.

The fifth, sixth, and seventh parts of the report are devoted to: A discussion of the
experiments conducted on the 1/5th-scale model at the Berkeley earthquake simulator facility,
and the illustration of maximum responses; A comparison of experimental results with those
obtained for the full-scale model tests and those predicted analytically; An analysis of the impli-

cations of the above results on the states of the practice and art of seismic resistant design and
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construction of reinforced concrete frame-wall structures and an analysis of the results as they
relate to the reliability of the experimental technique of testing reduced-scale modeis on earth-

quake simulator facilities.

In the last part of the report, after summarizing the studies conducted, the main conclu-
sions of these studies are presented, and recommendations for improvement in the states of the

art and practice of seismic resistant design of R/C frame-wall structures are formulated.
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I. INTRODUCTION

1.1 Introductory Remarks

The research reported here was conducted at the University of California, Berke-

ley, as part of the Reinforced Concrete Building Structure Phase of the U.S.-Japan

Cooperative Research Program [1]. The U.C. Berkeley research program originally had

the following main objectives:

§Y)

(2

(3)

C)]

(5)

1)

To review and improve, if necessary, the design of the reinforced concrete full-

scale test building.

To determine the reliability of available linear and nonlinear structural analysis

computer programs used to predict the seismic performance of buildings.

To determine the reliability of experimental analysis based on tests conducted on
the earthquake simulator facility of the University of California, which accommo-

dated a 1/5th-scale model of the test building.

To determine the reliability of mathematical models based on experiments con-
ducted on reduced-scale models of the basic subassemblages of a building using
controlled loading facilities available at Berkeley, and to predict seismic response

based on such mathemaﬁcal models.

To evaluate the results as they pertained to the seismic resistant design and con-

struction of reinforced concrete frame-wall buildings.

In the course of the program at U.C. Berkeley the following basic questions, as

yet unanswered by the engineering profession, were considered:

How does a well-designed, multi-story reinforced concrete frame-wall structural
system—with precisely controlled and documented design, construction, and force
and deformation history —respond to earthquakes of different intensity and dam-
age potential, ranging from minor to major? What would be the stifiness,

strength, energy dissipation, frequency, and damping characteristics of such a



(2)

(3

@

(5)

-2-

structure, and how would these characteristics change during successive earth-
quakes? What would be the failure and collapse characteristics of the structure?
What would be the effect of different types of nonstructural elements on the

response of such a structure?

Are destructive tests of full-scale structures necessary to answer the questions in
(1) above? To what extent do dynamic tests of true replica or distorted models of
medium- or small-scale simulate the limit state responses of reinforced concrete

structures to éarthquakes?

What are the force, deformation, and energy dissipation demands from subassem-

blages of a well-designed reinforced concrete frame-wall structure during limit

~states of response to earthquakes? How reliable are predictions of seismic

' fesponse of complete structures based on data from static tests of components?

Are the loading histories commonly applied during component and subassemblage
testing realistic, or are they exaggerated? Are the components and subassem-

blages being overétested?

What is the state-of-the-art in analytically predicting the seismic response of rein-
forced concrete frame-wall structures at all limit states? How might the state-of-
the-art of such analyses best be advanced? Can analytical models and procedures
for frame-wal} structures be improved based solely on the results of static tests of
reduced-scale components or subassemblages of structures? Or will it be neces-
sary to perform dynamic tests on small- or medium-scale distorted or true replica

models of structural systems?

Will researchers from different institutions agree as to the basic conclusions to be
drawn from studies coordinated by the Joint Technical Coordinating Committee
(11?7 What answers will these researchers pose to the questions in (1) to (4)
above? Is it possible to establish international standards for experimental and

analytical research on the earthquake engineering of reinforced concrete?
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Neither the research program at U.C. Berkeley nor the cooperative research pro-
gram [1] was expected to provide definitive answers to all these questions, partly due to
limitations imposed by investigating just one model of many possible variations when
mufti-story reinforced concrete frame-wall structural systems are constructed, and partly
due to limitations of the pseudo-dynamic testing to which the full-scale model was sub-
jected [2]. The results obtained from tests of the full-scale and reduced-scale modeis of
the building structure are not wholly adequate to answer the questions in (1), since
both models were tested along only one horizontal response direction and the full-scale
model was idealized as a single-degree-of-freedom system in establishing its displace-
ment program [3]. Furthermore, the models were completely fixed at the foundation
level to the test floor. The relation of experimental and analytical responses to the
actual response of the modeled structure (with a deformable soil-foundation system and
excited simultaneously by all components of real base motion) should therefore be

carefully evaluated in answering the questions posed in (1) above.

1.2 Objectives and Scepe of Report
The main objectives of this report are:
(1) To summarize briefly the studies conducted at Berkeley.

(2) To evaluate results and discuss the degree of correlation between the experimen-
tal responses of the full- and 1/5th-scale models and between experimentally and

analytically predicted response.

(3) To assess the implications of the results obtained regarding the state-of-the-art,
and particularly the state-of-the-practice, of the seismic resistant design and con-
struction of reinforced concrete frame-wall structures as reflected in present

seismic codes.

(4) To formulate recommendations for the improvement of U.S. seismic codes and

for research needs to advance the state-of-the-art in the analysis and design of
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reinforced concrete frame-wall structures.

This report is divided into seven parts. After a brief description of the studies
conducted at Berkeley, the results of analytical studies conducted prior to the experi-
| mental program are summarized in the first part. In the second part, the design, con-
struction, and instrumentation of the 1/5th-scale model are described and the degree of
success in simulating the full-scale model is evaluated. This evaluation paves the way
for discussing the state-of-the-art and the state-of-the-practice of the design and fabrica-
tion of reduced-scale models of reinforced concrete frame-wall structures. In the third
part, the results of a preliminary series of tests conducted on the 1/5th-scale model to
determine its mechanical characteristics in the serviceability range of behavior are
presented. These experimental results are compared with those for the full-scale model
and those predicted analytically. The overall response obtained in the experiments con-
ducted at the earthquake simulator facility on the 1/5th-scale model is discussed in the
fourth part. The various resistance mechanisms that contributed to the total shear and
overturrﬁng moment strengths are discussed and quantified. In the fifth part, results of
tests conducted at the earthquake simulator facility afe compared with similar results
obtained in experiments conducted on the full-scale model and with analytically
predicted responses in order to evaluate the degree of correlation between these results.
In the sixth part, the results obtained in the above studies are assessed with respect to
the state-of-the-art and particularly the state-of-the-practice of the design of reinforced
concr_ete frame-wall structures. Finally, after the results of the studies described here
and conclusions drawn from those studies have been summarized, improvements in
U.S. seismic code provisions for the design of reinforced concrete frame-wall structures
are suggested, as is research needed to improve present analytical techniques (computer

programs) for predicting seismic response.



-5.

11 SUMMARY OF ANALYTICAL STUDIES

2.1 Introductory Remarks

The studies conducted at U.C. Berkeley related to the Reinforced Concrete Build-

ing Structure Phase of the U.S.-Japan Cooperative Research Program [1] can be

grouped into four main phases.

(1

2

(3)

First Phase: Analytical studies:

To review the preliminary design of the reinforced concrete test building in order
to determine if this design satisfied the present state-of-the-practice as reflected by

the seismic provisions of the 1979 Uniform Building Code {4}, hereafter the UBC.

(a) To conduct analyses required to determine the largest scale model of the full-
scale structure which might be tested in accordance with the capacity of the avail-
able earthquake simulator facility at Berkeley; (b) To estimate the critical ground
motions and the sequence of intensity of these ground motions according to the
desired range of behavior or limit states to be studied during testing of the

reduced-scale model; and (¢c) To design the instrumentation for the model.

To determine the reliability of analytical predictions of the seismic response of the
test building through the use of available linear and nonlinear structural analysis
computer programs by comparing the analytical results with those to be obtained

in the experiments.
All these analytical studies are described in this section of the paper.

Second Phase: Based on the results obtained in the first phase, it was determined

that the maximum size model that could be tested on the Berkeley earthquake simula-

tor was a 1/5th-scale model of the full-scale model, shown in Fig. 1. This second phase

of the study therefore concentrated on:

(1)

The design of the 1/5th-scale model.
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(2) The selection, design, and fabrication of the model material; the determination of
actual mechanical characteristics; and the degree of correlation with the charac-

teristics of the material used in the full-scale model.
(3) The analytical prediction of the seismic response of the model.
(4) The design of instrumentation for the model.
(5) The construction and instrumentation of the model.

(6) The static and dynamic tests required to determine the mechanical characteristics
of the model. Comparison of these mechanical characteristics with those obtained
in similar tests conducted on the full-scale model and with those predicted analyti-

cally.
(7) The tests on the earthquake simulator.

Third Phase: This phase was devoted to correlation studies of the results obtained
from the earthquake simulator tests of the 1/5th-scale model with those obtained from
the pseudo-dynamic tests of the full-scale model [3] and with those predicted analyti-

cally, both prior [5] and subsequent to testing the 1/5th-scale model.

Fourth Phase: The results of the above studies were assessed with regard to the
present state-of-the-art and particularly the state-of-the-practice of the seismic resistant
design of reinforced concrete frame-wall structures. This required thorough comparison
of the response expected according to present UBC [4] seismic design provisions and

ATC 3-06 [6] recommendations with the responses obtained experimentally.

2.2 Analytical Studies

2.2.1 Review of Full-Scale Model Design. Detailed analysis of the preliminary design
of the full-scale building shown in Fig. 1 was discussed in Ref. 5. The design did not
strictly satisfy the 1979 UBC requirements for structures classified as UBC Type 3 (a
dual-bracing system consisting of a shear wall interacting with a ductile moment-

resisting space frame) because:
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Columns. The columns could not be classified as ductile moment-resisting space
frame columns according to the UBC because the detailing of the reinforcement at their
critical regions did not satisfy the UBC requirements for concrete confinement. Furth-
ermore, a comparison of the envelope of the axial-ﬂexural (N-M) diagram as con-
trolled by shear strength with the envelope corresponding to the axial-flexural strength
showed [5] that the design of the columns did not satisfy the UBC requirement for
shear strength when (P,/4,) < 0.12f,, because for a range of axial force just below
the value given, the shear resistance provided by the ties alone was insufficient. As
pointed out in [S], however, because the shear and axial forces to which the columns
would be subjected were relatively low, and because the response of the shear wall
would control overall behavior, this lack of code-required confinement and shear resis-

tance was not regarded as a major problem. The columns could be considered ductile.

Beam-Column Joints and Anchorages. The detailing of the anchorage of the beam
main reinforcement in the joint with the exterior columns did not satisfy the UBC code
requirement. Also, the confinement of the core of the beam-column joints was not
adequate. But again, because the shear stress introduced at the exterior column joint
by the main beam reinforcement was relatively low (4.35 /7, (psi) [11.42 /7, (kPa)1),

this violation of the UBC was considered inconsequential [5].

Shear Wall. The detailing of the shear wall, except for the ties of the edge
members, satisfied the minimum reinforcement requirements of the 1979 UBC code

for the design of walls for seismic zones 3 and 4.

In summary, while the detailing of the preliminary design did not strictly satisfy
the 1979 UBC requirements for Type 3 structures (for which a horizontal force factor
K = 0.8 could be used), due to the low shear stresses in all elements and the relatively
low axial forces in the columns and walls, sufficiently ductile behavior of the frame
could be expected so that the frame could be considered a ductile moment-resisting

space frame. The detailing of the structure satisfied the 1979 UBC seismic require-



-8-

ments for reinforced concrete buildings designed for a horizontal force factor of X =

1.0.

During earthquake shaking, the response of an existing structure will depend on
how it was constructed, and the forces which develop will be the same no matter how
the designer or analyst classifies the structure, i.e., Type 1 or 3 with K = 10 o0or KX =

0.8, respectively.

UBC Lateral Load Analysis. Based on an estimated weight, W, for the total reac-
tive mass, M, of the test building (Fig. 1) of 2501 kips (11.13 MN) and assuming that
the structure, because of its detailing, would be classified as Type 1 (i.e., K = 1.0),
and considering a fundamental period, T = 0.47 sec. (estimated according to the UBC
empirical expression T = 0.05 #,/~/D *) the total base shear, ¥, for which the building

had to be designed according to the 1979 UBC was 242 kips (1.08 MN).

The structure in Fig. 1 was analyzed [5] under a combination of the 1979 UBC
factored lateral load (242 x 1.4 = 339 kips (1.50 MN)) and factored gravity (dead and
live) loads, assuming that: all members remained uncracked; there was no out-of-plane
interaction between frames; the floor slabs acted as diaphragms rigid in their own plane;
and the bases of the columns and shear wall were totally fixed. The main results from

the linear elastic analyses are as follows:
1.  Frame B (see Fig. 1(a)) carried 95% of the total base shear.

2. None of the columns developed axial tension force, and the demanded axial-
flexural strengths of the columns were significantly less than the supplied

strengths.

3.  Almost all of the negative moments at the ends of the girders of frame B
exceeded the strength specified by the UBC (i.e., the design flexural strength M,

= 0.9 M,) despite the fact that in calculating this strength the contribution of the

* h,, is the height in feet of the building; D is the dimension of the structure, in feet, in a direction parallel
to the ground motion.
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slab steel for a total effective width of 60 in. (1.52 m) was included. If the redis-
tribution of moment allowed by the UBC were neglected, the structure in Fig. 1
would be overstressed according to the UBC. On the other hand, if the moment
redistribution allowed by UBC Section 2608(e) were incorporated (which accord-
ing to the detailing of the girders was estimated to be 18.4%) the girders would

not be overstressed and the design could be considered acceptable.

4. The demanded shear wall forces (axial, shear, and flexural moments) determined
from this linear elastic analysis were well below the strengths supplied to the shear
wall. The UBC requires, however, that the wall alone resist the entire lateral
force for either K = 0.8 or K = 1.0. (In the former case, this is clearly stated in
Table 23-I of the UBC; in the latter case, wherev the moment-resisting space frame
does not conform to the requirements for a ductile frame, the shear wail should
resist 100% of the design lateral force [see EXCEPTION in Section 2312()C of

UBC [41].)

5. If the shear wall alone must resist all of the required shear force (i.e., 100% of the
UBC seismic design lateral force), the design would not satisfy all the UBC
strength design requirements. The shear strength was estimated to be 0.85 x 296
kips = 252 kips (1.12 MN) (considering the contribution of panel steel only) if
the shear resistance offered by the concrete were neglected, as suggested by Pau-
lay [7], or 0.85 x 168 + 252 kips = 395 kips (1.76 MN) to 0.85 x 278 kips +
252 kips = 488 kips (2.17 MN), where 168 kips (0.75 MN) and 278 kips (1.24

MN) represent the contribution of concrete shear resistance based on 2.0

S psi) (5.25 \/f.(kPa)) or 3.3 \/f.(psi) (8.66 \/f,(kPa)), respectively.** (As
o Wllllf..Sedmn_%Il(k)S of the 1982 edition of the UBC permits the use of up to ¥V, = 2 ~/f. (psi) hd

[5.25 \/f. (kPa) hd] for a wall subjected to compression, Section 2611 (k)6 requ:res\?m.t_tm_earthquake

loads on buildings in seismic zones 3 and 4, ¥, sha{l b§ the lesser of V, = 3.3 ~/f.(psi) hd (8.66
f.(kPa) hd) or V, =[0.6 \/f,(psi) + ——-——-—M 7 1hd, where 0.6 ~/f.(psi) = 157
u w

——

V, 2
\/ ' ). For the wall in Fig. 1, the second equation controls and V, < 2.0 -\/ () hd [5.25
f.(kPa) hd). The question then is why the UBC permits the use of V. = 2 ~/f.(psi) hd [5.25
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explained in {51, although contrary to the UBC requirements, 3.3 N si) 18.66
m] is a better estimate of the concrete contribution to the shear resis-
tance of the wall in Fig. 1, according to the detailing of the structure and the
forces acting on it.) Because the shear strength demand for the case where K =
1.0is 2.0 £ = 2.0 x 242 = 484 kips (2.15 MN), it is obvious that only if we can
tolerate ¥, = 3.3 </f.(psi) hd* (8.66 </f,(kPa) hd), which the UBC does not

permit, will the supplied shear strength be acceptable.

For the case where K = 0.8, the supplied shear sirength is acceptable even if
V., =2.0-/f.(psi) hd (5.25 \/f.(kPa) hd), because the demanded shear strength
would be ¥, = 0.8 x (2 x 242) = 387 kips (1.72 MN), i.e. less than 395 kips

(1.76 MN).

The axial-flexural strength demanded from the shear wail (203000 K-in. (22.9
MN-m) and 162000 K-in. (184MN-m) for the cases K = 1.0 and K = 0.8,
respectively) was far from being satisfied by the supplied design strength. The
total estimated axial-flexural design strength (under an axial load of 740 kips [3.29
MNI due to gravity) without considering the increase in supplied strength due to
strain hardening of the reinforcement and other factors discussed later, was 0.9 x
150000 K-in. = 135000 K-in. (153MN-m). Thus, the demanded flexural strength
is 50% or 20% higher than the supplied strength for the cases K = 1.0 and 0.8,

respectively.

Although where K = 0.8 the demanded flexural strength of 162000 K-in. (18.4
MN-m) is only 20% higher than the supplied design strength, the UBC (Section
2627(c)) requires for a lateral force-resisting system classified as Type 3 (ie., K

= 0.8), that the concrete shear walls be provided special vertical boundary ele-

Jf.(kPa) hd1?

* h = overall thickness of member, inches;

d = distance from extreme ¢ompression fiber to center of force of all reinforcement in tension, but
need not be less than 0.80 /,, where /,, is the horizontal length of the wall in inches.
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ments at the edges, and that these elements be designed to carry all vertical
stresses resulting from the wall loads in addition to tributary dead and live loads
and those from horizontal seismic forces. The main reinforcement and detailing
of the wall edge members were such that they supplied a design flexural strength
to the wall of 98100 K-in. (11.1 MN-m), i.e., only 60% of the demanded

strength. The amount of reinforcing steel supplied to the edge elements of the
wall was only 1.22% of the area of the edge member, which is very low. Thus,
the flexural cracking resistance of the wall was very close to its flexural yielding
capacity. An additional result of this low amount Qf reinforcement, however, was
that the deformability of the wall would be large, and although it did not satisfy
the UBC code for a K = 0.8 structural system, its potential seismic behavior was

considered good [5].

For walls of structural systems categorized as K = 1.0, no special vertical boun-
dary elements are required. There should, however, be a complete vertical load-
carrying space frame. Thus, for the building shown in Fig. 1 to be considered in
the K = 1.0 category, the vertical boundary members of the main wall must be

considered as frame columns.

If the . design is for K = 0.8, the UBC requires that the ductile moment-resisting
space frame shall resist not less than 25% of the total required lateral force. In

investigating this requirement, the following questions arose.

(a) For the structural system shown in Fig. 1, which components should be con-
sidered to comprise the system that should be considered the ductile moment-

resisting frame?

(i) the complete three-dimensional space frame after removing the panel of the

main wall as if it were merely an infill panel? or

(ii) frames A + C alone? or
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(iii) frames A + C + the two free-standing columns of frame B?
Although not clearly stated by the UBC, the authors believe that if there had been
girders at each floor of the wall, the more rational answer would be (i). Although

there were no girders in the bay of the wall, answer (i) is still believed to be best.

(b) How should the capacity of the ductile moment-resisting space frame be
estimated in order to verify whether it resists at least 25% of the required lateral
force? Should it be based on a limit analysis or on a linear elastic analysis?
Although no answer is given by the UBC provisions, because the UBC design pro-
cedure is based on linear elastic analysis, it is believed that the intention of the

UBC provisions is to estimate capacity using linear elastic analysis.

() On What model of the structural frame-wall system should the analysis of the
éapacity of the ductile moment-resisting space frame be based? On a complete
new model based on the space frame alone or on the model of the frame-wall sys-
tem? Again, the code neither specifies nor gives any guidelines regarding the
analytical model to be adopted in the capacity analysis of the frame. Results [5]
indicate that if the linear elastic analysis is conducted using the frame-wall model
because of the high flexural stresses developed at the ends of the beams that
frame into the wall in frame B (Fig. 1(a)), the frame will be overstressed before it
can resist 25% of the total lateral load. On the other hand, linear analysis of a
model of the space frame alone and subjected to the code-specified pattern of
lateral load showed that it can resist a total shear of 250 kips (1.11 MN), consider-
ably larger than 25% of 339 kips = 85 kips.* A limit analysis of the preliminary
design [5] showed that: (1) the lateral resistance capacity of the space frame
model alone, based on the flexural design strength computed according to the

UBC, is 375 kips (1.67 MN), which is considerably higher than the 25% of the

* The base shear strength of the frame alone, computed according to the code for the frame subjected to a
specified lateral load pattern, was 250 kips (1.11 MN). This was in fact adequate to meet the code base shear
demand for the complete structure assuming this to be a ductile moment-resisting space frame structure
(Type 4, K = 0.67).
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UBC total required lateral force = 0.25 x (339) = 85 kips (0.38 MN); and (2)
the capacity of the whole frame wall-structure based on a limit analysis using for
the plastic moments the UBC design strengths of the sections was 607 kips (2.70
MN) and 664 kips (2.80 MN) when a more realistic nominal element strength
(including strain hardening of reinforcement) was used. These limit analyses
assumed that the deformability of the critical regions of the frame elements and

wall was sufficiently large to allow a collapse mechanism to form.

7.  The stiffness of the designed structure satisfied the UBC requirements. The
resulting lateral displacements under the unfactored loads (V' = 242 kips (1.08
MN)) and based on uncracked member stiffnesses was estimated to result in a
maximum interstory drift smaller than 0.001, which is considerably less than the
UBC maximum acceptable drift of 0.005. Even if the effect of the cracked sec-
tions on lateral stiffness were considered, the lateral stiffness of the designed

structure would comply with the UBC requirements.

Summarizing, the designed structure did not satisfy the strength requirements for
a UBC Type 3 (K = 0.8) lateral force-resisting system despite the fact that the static
lateral force capacity was estimated to be 607 kips, i.e. 607/339 = 1.79 times that
required by the UBC. Also, the designed structure did not satisfy the requirements of
the UBC for a structural system corresponding to K = 1.0, especially in view of the
low flexural strength of the wall. Despite this noncompliance with the UBC seismic
regulations, the authors believed that the actual seismic behavior would be satisfactory
because of the low shear and axial stresses that would be present in the regions of criti-
cal flexural demand. The minimum demanded or expected seismic behavior according
to UBC design demands for a K = 0.8 and K = 1.0 structure is illustrated in Fig. 2.
The capacity of the designed structure obtained through a limit analysis is also indi-

cated.

2.2.2 Predicted Dynamic Characteristics of Designed Structure. The following
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mechanical characteristics were predicted.

Flexibility Matrix. Using elastic properties of the members based on a cracked,
transformed cross section moment of inertia, /, the seven(lateral)-degree-of-freedom
flexibility matrix for the total structure of Fig. 1 in the direction of the main shear wall
is given in Table 1(a). A cracked, transformed cross section, /.., was used rather than
an uncracked, I, cross section to investigate the dynamic characteristics of the struc-
ture just before an extreme ground shaking, which was assumed to occur after the
structure had been subjected to service loads (gravity and lateral due to wind and minor
or even moderate earthquakes) which would have induced cracking. If the extreme
shaking were assumed to occur immediately after the removal of the formwork, the
dynamic characteristics of the structure could have been more closely estimated using a
flexibility matrix based on uncracked /. This uncracked flexibility matrix is given in
Table 1(b). Comparison of the two flexibility matrices given in Tables 1(a) and 1(b)
shows that, as expected, they are quite different, the larger cracked flexibility
coefficients being more than three times those of the uncracked ones. This was
expected because the uncracked / of the wall and of the columns was about seven
times the cracked / and for the girders the uncracked / was more than three times the
cracked /. Comparison with the experimental flexibility matrix, Table 1(c), obtained
from tests conducted by Japanese researchers [3] on the full-scale model shows that the
initial flexibility characteristics of the structure were closer to but somewhat smaller
(10%) than those obtained using uncracked /. The analytical cracked flexibility matrix
can be considered an upper bound on the flexibility of the structure after being sub-
jected to service loads. To study the significance of the main wall stiffness on the ine-
lastic behavior of the whole structure, a new flexibility matrix of the structure, assum-
ing that the wall has developed a mechanical hinge at its base, was evaluated and is

shown in Table 1(d). This should be compared with the matrix in Table 1(a).

Mode Shapes and Frequencies of Vibration. Based on the flexibility matrix given in
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Tables 1(a) and 1(b), the vibrational characteristics of the structure were determined
using the SAP-80 computer program [8]. The values obtained for the first three mode
shapes (cracked /) and periods (cracked and uncracked I) are shown in Fig. 3(a). Fig-
ure 3(b) gives similar results obtained experimentally on the full-scale model in Japan
[3]. The periods based on the uncracked I were closer to those measured in the full-
scale model of the structure before any test was conducted (0.474 sec. vs. 0.43 sec.).
Only after tests conducted up to yielding of the model does the fundamental period
become closer to the value of T based on cracked / (0.850 sec. vs. 0.55 sec. before

yielding to 1.16 sec. after yielding).

2.2.3 Predicted Behavior of Structure under Monotonically Increased Lateral Loads.
The test building was analyzed under a monotonically increased lateral load using a
modified version of the computer program ULARC [9]. The main results [5] are illus-
trated in Fig. 4(a) as lateral force-displacemeni relations. There are two curves, one
representing the response of the structure to an inverted triangular distribution of
lateral force, as assumed by the UBC, and the other based on a rectangular distribution.
The P-A effect was also studied and the resulting curve for the case of gravity load plus
uniform distributed (rectangular) lateral force is shown in Fig. 4(b). From the results

presented in Fig. 4, it can be seen that:
1. The P-A effects were relatively small—about 3% at the largest displacement.

2.  The lateral shear resistance of the structure under a uniform distribution of lateral
force is about 30% higher than that under an inverted triangular distribution, 819

kips vs. 664 kips (3.64 MN vs. 2.95 MN).

3. For a uniform distribution of lateral load, the shear wall yields in flexure under a
total lateral load of about 471 kips (2.10 MN). After the shear wall has yielded,
the lateral stiffness of the structure decreases by about 60%, which clearly indi-
cates the importance of the main wall in controlling lateral response. This is also

clearly shown by the flexibility matrices of Tables 1(a) and 1(d).
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The maximum shear induced in the wall under uniform lateral load was less than the
488 kips/0.85 = 574 kips (2.55 MN) estimated as nominal shear resistance of the wall

using UBC procedures.

From comparison of the responses shown in Figs. 2 and 4, the lateral overstrength
of the structure with respect to the demanded (or expected) UBC strength ﬁecomes
clear (the supplied quasi-static strength under a triangular lateral force distribution is
664 kips (2.95 MN) versus the UBC demanded strength of 272 kips (1.21 MN), i.e. 2.4
times larger). If the distribution of lateral force were actually uniforrn, then the sup-
plied quasi-static strength of 819 kips (3.64 MN) would be 3 times larger than the UBC

demanded strength.

The small difference between the predicted collapse load of 607 kips (2.70 MN)
of Fig. 2 and the 664 kips (2.95 MN) of Fig. 4 was due to different deformation har-
dening characteristics. In comparing the stiffness of the expected UBC response of Fig.
'2 and that of the estimated response of Fig. 4, it is also clear that the supplied initial
stiffness of the designed structure was considerably higher than that required by the

UBC.

2.2.4 Seismic Response of Structure. The nonlinear response of the fuil-scale model
of Fig. 1 to two ground motions (the Miyagi Oki (MO) earthquake record shown in Fig.
5 and the first 4 seconds of the Derived Pacoima Dam (DPD) earthquake record shown
in Fig. 6) was analyzed by Charney and Bertero [5] using the nonlinear dynamic.

analysis computer program DRAIN 2D [10]. The goals of these analyses were:

(1) To evaluate the nonlinear behavior of the structure when subjected to intense
grpund motion and, in this way, to be able to judge the soundness of the designed
structure and determine the type of ground motion which would be critical for
such a structure so that a rational experimental program could be formulated for

the 1/5th-scale model shaking table tests.
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(2) To gather data on the expected magnitude of response (forces, displacements,
rotations, and accelerations) so that instrumentation for the 1/5th-scale model

could be designed and installed.

The Japanese researchers conducted similar nonlinear analyses under the MO

earthquake record using a computer program developed by Chavez [11].

The modeling of the structure for such analyses was as follows. A detailed discus-

sion of the modeling is given in Refs. 5 and 12.

Global Modeling. In modeling the structure, an analytical model such as that
shown in Fig. 7 would commonly be used. This model can be considered pseudo-

three-dimensional since only in-plane interaction is considered.

Local Modeling. The individﬁal beam, column, and wall elements of the.structure
shown in Fig. 1 or of its model (Fig. 7) were modeled as one- and two-component
models. For the columns of the structure, a two-component beam-column element was
used. Figure 8 illustrates the associated yield surface used for the two-component
model. The girders and the shear wall were modeled by a single-component model
with stiffness degradation. Figure 9 illustrates the one-component model, the modified
Takeda hysteretic model, and the yield surface used. In the analyses conducted at
Berkeley under the two earthquake ground motions, it was assumed that the structure
had already been subjected to maximum wind loads and minor earthquakes. For that
reason, the modeling of the elements was based on cracked, transformed section
mechanical characteristics. On the other hand, the results obtained by the Japanese

researchers were based on uncracked cross-section characteristics.

Summary of Main Results. Only the envelopes of base shear vs roof displacement,
illustrated in Fig. 10, are presented here. While Chavez [11] predicted that under the
0.36g MO earthquake record the structure would develop a maximum shear of 661 kips
(2.94 MN) at a lateral roof displacement of 8.1 inches (206 mm), analyses conducted

by Charney and Bertero [5] indicated a maximum base shear of 767 kips (3.41 MN) at
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a roof displacement of 5.7 inches (145 mm). While the maximum base shear predicted
by Charney and Bertero [5] using nonlinear dynamic analysis was 16% greater than that
predicted by Chavez, it was between the two base shears (664 and 819 kips (2.95 and
3,64 MN, respectively)) predicted under static load (Fig. 4). The response of the
model used by Charney and Bertero to the 0.40g DPD earthquake record (Fig. 6)
showed that the model developed a maximum base shear of 868 kips (3.86 MN) when

the roof displaced laterally about 8.0 inches (203 mm) [S].

From the results obtained in these nonlinear analyses, it was concluded that the
strength supplied to the designed structure could reach 868 kips (3.86 MN), 3.19 times
the strength required by the UBC (1.4E for K = 0.8) (Figs. 2 and 10). The results
also indicated that if the MO record were used during the simulated earthquake tests,
the model could be subjected to ground motions simulating not onlyb 0.36g MO, but

also 0.40g MO, and perhaps even an 0.45g MO earthqﬁake record.

Furthermore, the results showed clearly that the rﬁain shear wall controlled the
behavior of the whole structure, resisting almost 90% of the total shear in the elastic
range. At maximum shear force in the structure under the MO record, the main shear
wall resisted 71% of the total base shear. Similar results were obtained under the DPD

record.

2.3 Concluding Remarks Regarding Analytical Studies

2.3.1 Soundness of Full-Scale Model Design, Strictly speaking, the design did not
satisfy UBC requirements for either a K = 0.8 or a K = 1.0 structural system. How-
ever, because of the way that the members were proportioned and detailed, very small
shear and axial stresses were expected to develop during a major earthquake. There-

fore, desirable behavior of the structure with adequate deformability was expected.

The results from all analyses indicated that the response of the structure would be

controlled by the behavior of the shear wall, which in the linear elastic range would
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resist almost 90% of the total lateral force. Once the wall had yielded, which was
expected to occur under a total shear varying from 400 to 500 kips (1.78 to 2.23 MN),
there could be a considerable drop in stiffness of the whole structural system (decreas-
ing by about 60%), and the frame would begin to resist a larger percentage of shear. At
yielding of the whole structure, expected to occur under a total base shear varying from
664 to 868 kips (2.95 to 3.87 MN), the shear wall would resist about 70% of the total

base shear.

The results of all analyses conducted also indicated that the strength supplied to
the structure (664 to 868 kips (2.95 to 3.87 MN)) should be between 2.4 to 3.2 times
the strength demanded by the UBC (272 kips (1.21 MN)). The stiffness of the result-
ing designed structure was significantly larger than the UBC required lateral stiffness.

The P-A effect was negligible.

2.3.2 Critical Ground Motion. The nonlinear dynamic analyses conducted under the
MO and DPD records indicated that since the MO record induced a large number of
cycles of significant yielding with near full reversal of deformation, it would be desir-
able to test the model under this ground motion rather than under the DPD record.
For the MO record, the structure was assessed to be capable of resisting this type of
ground motion normalized to a peak acceleration of 0.40g, and perhaps even 0.45g. It
was also recommended that other ground motion records which would induce more
yielding cycles with full or nearly full reversal of deformation be investigated for possi-

ble use in testing.

2.3.3 Largest-Scale Model that Could be Tested to Collapse on Earthquake Simula-
tor. Analysis indicated that the weight of the structure to be tested (Fig. 1) was 2501
kips (11.13 MN) and that it would be necessary to simulate ground motions such as the
MO record with a peak acceleration of 0.40g and even 0.45g to induce failure of the
structure. Based on these analyses, and considering the limitations on capacity of the

earthquake simulator facility at U.C. Berkeley, the largest model of the test building
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that could be accommodated was a 1/5th-scale model [13].
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II1 DESIGN AND CONSTRUCTION OF 1/5th-SCALE MODEL

3.1 Introductory Remarks

A main objective of the U.S.-Japan research program and of the studies éonducted
at Berkeley was to evaluate the reliability of experimental techniques for predicting the
seismic response at'all limit states of reinforced concrete frame-wall structures, such as
the test building in Fig. 1, by utilizing a medium-scaled replica of the full-scale model.
Every effort was therefore made to design and fabricate a true replica on the largest
feasible scale. The scale chosen for the model test specimen was dictated by the limita-
tions of the U.C. Berkeley shaking table [14,15]. The maximum weight that can be
accommodated by the table is about 120 kips (0.53 MN) if the table is to induce
accelerations of the order of 0.40g. Based on this limitation and the desire to study the
seismic response of the building to failure, with particular emphasis on the detailed
study of failure mechanisms, a 1/5th-scale model of the test building in Fig. 1 was
selected. A summary of problems encountered in the design and fabrication of this
1/5th-scale model is presented below. These problems have been discussed in detail in
Refs. 13, 16, 17, and 18. The overall design of the model is summarized first, ‘then the
mechanical characteristics of the constituent materials of the 1/5th-scale model are
presented and compared with those of the full-scale model. After a brief description of
the 1/5th-scale model fabrication and instrumentation, problems encountered in the
simulation of the reactive mass and gravity forces and the simulation of boundary and

loading conditions are briefly discussed.

3.2 Design of 1/5th-Scale Model

As discussed in detail in Ref. 13, the model was designed to comply with the
similitude requirements for a direct reduced-scale model of the full-scale model shown
in Fig. 1. Of the three types of direct models suggested in Ref. 19 ((1) a true replica

model; (2) a model which uses materials with the same properties as materials in the
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full-scale model but with additional nonstructural mass; and (3) an identical model in
which gravity forces are neglected), the most suitable mode! was determined to be type
(2), i.e., a model which satisfies similitude with regard to geometric and loading param-
eters and also complies with all material requirements, except for mass density. To
satisfy the similitude requirement governing mass density, the reinforced concrete mass
was augmented by lead ballast attached to the roof and floor slabs so as to avoid any

significant effect on the structural stiffnesses and strengths of the bare model.

3.2.1 Geometric Similitude. This similitude requirement was satisfied by designing and
fabricating the model as a 1/5th-scale true replica of the full-scale model within a toler-
ance of 0.06 in. (1.5 mm) in the finished dimensions. There were two exceptions to
this. First, the design of the 1/5th-scale model foundation differed from that of the
full-scale model to enable proper attachment of the 1/5th-scale model to the shaking
table. Although the foundation had a different shape, design, and detailing than the
full-scale model, its stiffness was sufficiently large (as was that of the full-scale model)
that it was considered to be a rigid foundation. Although the 1/5th-scale model foun-
dation mass did not satisfy the similitude requirements, this did not matter because this

mass is not part of the structure’s reactive mass.

The second exception was in the geometric similitude of the free-standing, first-
story columns. As illustrated in Fig. 11, force transducers were inserted near the mid-
height of these columns. Since the distribution of internal forces among the structural
components (columns and main shear wall) at the base of the structure was considered
to be a very important response characteristic, the internal forces (shear and axial
forces and moments) were measured at each of the first-story columns directly by using
specially designed force transducers with nearly the same axial and flexural stiffness as
the reinforced concrete of the region of the columns that they replaced. A detailed
description of the design, fabrication, calibration, installation, and use of these trans-

ducers is given in Ref. 18.
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The reinforcing bars of the full-scale model were reproduced on a one-to-one
basis in the reduced-scale model. Figure 11 illustrates typical reinforcement detailing of
frames A, B, and C of the model. The three types of reinforcement used in the model
and their effective cross sectional areas were evaluated to satisfy similitude within 10%
[17]. Also, the concrete aggregate used in the full-scale model was scaled by using

microconcrete in the 1/5th-scale model.

3.2.2 Model Materials and Mechanical Characteristics. The most difficult step in
attaining a true replica modei, with the same strain response history as the full-scale
model when subjected to similar seismic effects, was in satisfying requirements for the
mechanical characteristics of the constituent materials. Because a main objective of the
research program was to evaluate the reliability of experimental analyses of reduced-
scale models in predicting the behavior of full-scale models at all limit states up to col-
lapse, the individual stress-strain relations as well as Bond characteristics of the
reduced-scale model microconcrete and reinforcing steel had to be close to those of the
materials used in the fabrication of the full-scale model throughout the expected range
of strain up to and including those which would occur during the collapse limit state

responses of the structure.

Due to difficulties involved in fabricating model materials with identical stress-
strain relations up to failure, the elements of the structure which would control struc-
tural behavior were first identified as were the critical regions of those elements where
inelastic behavior would concentrate. If the critical regions of the controlling structural
members which will behave inelastically are identified, then only at these regions will it
be necessary that the complete stress-strain relation of the original materials be identi-
cal. In regions that remain elastic, only the material mechanical characteristics neces-
sary to reproduce elastic behavior need be reproduced. This identification philosophy

was followed in the selection and fabrication of the model materials.

Linear and nonlinear analyses of the structure were used to identify the critical
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regions of the structure and to assess the material response characteristics which partic-
ularly influenced the post-yield response of critical regions {5]. From evaluation of the
results obtained in these analyses, it was concluded that characteristics of the main
flexural reinforcement of the wall edge members within the first story and of the beams
within their end regions constituted the critical material responses that would control
the post-yield response of the complete structure. The stress-strain characteristics of
concrete, particularly under plane stress conditions, were expected to control the servi-
ceability and initial damageability responses of the structure up to flexural cracking of

the wall which was close to first yielding of the wall reinforcement.

Reinforcing Steel. Three sizes of reinforcement, D10 (9.5 mm), D19 (19.1 mm),
and D22 (22.2 mm), were used in the design and construction of the full-scale model
above the foundation level [20]. The areas of these bars are given in Table 2 and their
main mechanical characteristics are given in Table 3 and illustrated in Figs. 12-14 [17].
Reinforcing bars geometrically similar in the 1/5th-scale to those in the full scale were
not commercially available. The required diameter of such bars would have been 2,
3.8, and 4.4 in mm. In a search of most of the research institutions at which investiga-
tions of reduced-scale models of reinforced concrete structures are conducted, it was
discovered that the Portland Cement Association (PCA) has used deformed bars desig-
nated as PCA/D2 and PCA/D2.5, which could be considered to satisfy the geometric
similitude requirements for the D19 and D22 bars used in the full-scale model. The
mechanical characteristics of these two available bars were therefore investigated to
ascertain whether they would satisfy the similitude requirements. Furthermore, it was
decided that to simulate the D10 bars, it would be necessary to deform plain wire in the
laboratory at Berkeley. The areas of the model reinforcing bars determined by various

techniques are given in Table 4.

The stress-strain responses of reinforcing steel were considered to be character-

ized by: the modulus of elasticity, yield stress, length of the yield plateau, initial strain
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hardening modulus, maximum tensile strength, and ultimate strain. Hysteretic stress-
strain response characteristics were also considered important in assessing material

response similitude [17].

Comparison of the stress-strain relationships of two of the three original (virgin)
available model reinforcements (Fig. 15) with those for the full-scale materials (Figs.
13, 14), and the values given in Table 3 clearly indicate that they were quite different.
To tailor the stress-strain relationship of the fnodel reinforcing bars to that of the steel
bars used in the full-scale specimens, the 1/5th-scale model reinforcement was sub-
jected to extensive trials by heat-treatment processes [17]. After determining the
correct heat treatment process for each ba;f 'i;pe, all model reinforcement was subjected
to such treatment. The final stress-strain characteristics are illustrated in Figs. 12-14

and summarized in Table 5.

In the case of the reinforcement usedyo iﬁthe wall panel, slabs, and for transverse
reinforcement in the beams and columns, heat treatment was followed by cold-working
in order to straighten the material. Since this material consisted of 0.08 in. (2 mm)
diameter wire, which was knurled in the laboratory, it tended to be coiled and twisted
and had to be straightened after heat treatment. This induced further changes in its

stress-strain response [17].

The main characteristics of the 1/5th-scale and full-scale model reinforcement are
compared in Tables 6 and 7. Although the model reinforcement characteristics were
determined statistically from an adequate number of tests, the characteristics of the
full-scale reinforcement were determined as the mean of only three tests conducted for
each type of bar. While good correlation exists for the modulus of elasticity, yield
force, and maximum tensile strength and strain, large differences in the length of the
yield plateau (esry - €,) and initial strain hardening moduli are observed. In accor-
dance with the identification ph_ilosophy adopted, additional effort was made in the

selection of reinforcement bars to be used in the edge members of the 1/5th-scale
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model shear wall. These bars were carefully selected from available heat-treated bars so
that better correlation with the reinforcement used in the full-scale model could be

achieved for all important response parameters.

Concrete. Data available from the construction of the full-scale model in Japan
are summarized in Tables 8 and 9, and a typical stress-strain relationship is shown in

Fig. 16.

Several trial mixes were designed and tested to obtain a microconcrete mix which
could be considered satisfactory. Exact similitude between the stress-strain responses
of the model microconcrete and the concrete in the full-scale model was an exception-

ally difficult problem.

First, the stress-strain response parameters of concrete, particularly under biaxial
stress—as in the panel of the structural wall—and triaxial stress—as in the confined
cores of the wall edge columns—were the critical parameters. Unfortunately, neither
general constitutive relations ﬁor failure criteria have been reliably established for con-
crete under such multi-axial stress states. In fact, the state-of-the-art in the experimen-
tal determination of concrete stress-strain response characteristics under multi-axial
stress states for this material does not allow for reliable general constitutive relations
and failure criteria. Consequently, only established experimental procedures were used
to determine correlation between the responses of full-scale and microconcrete. These
consisted of tests of cylinder specimens (6-in. by 12-in. for the full-scale concrete and
3-in. by 6-in. for the microconcrete; 1 in. = 25.4 mm) under compression and splitting,
and modulus of rupture beam specimens tested under flexure. Tests to determine the

shrinkage and bond characteristics of the microconcrete were also conducted.

Secondly, as has been reported in the literature, microconcrete is usually less stiff
and the compressive strain capacity and tensile strength are larger than those of con-

crete with the same compressive strength [21].
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The microconcrete mix design finally selected for the 1/5th-scale model is given
in Table 10. The main mechanical characteristics of the microconcrete are given in
Table 11. The uniaxial stress-strain responses of the full-scale and microconcrete
cylinder specimens taken during casting of the first stories of the full- and 1/5th-scale
models are compared in Fig. 16. The microconcrete was selected based on the correla-
tion between the 28-day response of trial mixes and the 145-day response of the full-
scale concrete. It was projected at the time that the microconcrete was 28 days old that
its response would approach that of the full-scale concrete by aging. The more than
58% increase in its strength by aging, however, was not anticipated, and the microcon-

crete at 216 days was 38% stronger than the full-scale concrete.

The average tensile strength of the microconcrete at the age of testing of the
1/5th-scale model (747 psi (5.15 MPa)) was approximately twice that of the full-scale
concrete. Its Poisson’s ratio was measured during cylinder tests to be between 0.13 and
0.33, depending upon stress level. Its shrinkage coefficient, determined from standard
tests, was 0.0011 at 40 days [17]. An average maximum bond stress of 13%
(34.1 \W) between column reinforcement and microconcrete occurred during
pull-out tests [17]. The tensile strength, Poisson’s ratio, 'shrinkage coefficient, and
bond stress capacity of concrete were response parameters that were not simulated.
Furthermore, although the shear modulus of rigidity, thermal coefficient of expansion,
and the influence of strain rate, strain gradient, and multi-axial stress fields and his-
tories on the constitutive relations and failure criteria were important characteristics of
the concrete in the full-scale model which inevitably affected the limit state responses
of the structure, these characteristics were not explicitly simulated by the microconcrete

used in the 1/5th-scale model.

The anchorage lengths of all reinforcing bars were directly scaled down from those -
specified for the full-scale model, and because of the better bond characteristics of the

smaller diameter bars, the anchorage of the 1/5th-scale model reinforcing bar was
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significantly better than that of the full-scale model reinforcement.

From comparison of the data available from the concrete used in the fabrication
of the full-scale model and the microconcrete used in the 1/5th-scale model, it was
concluded [17] that although it was possible to achieve good similitude for the modulus
of elasticity E, and the Poisson’s ratio », at stress levels corresponding to serviceability
limit states (and therefore good correlation could be expected in the so-called linear
elastic range of concrete), the tensile strength and bond characteristics of the concrete
in the full-scale modei could not be simulated by the 1/5th-scale modei microconcrete,
for which shrinkage was also substantially larger. The reliability of the microconcrete in

simulating the cracking limit state of the full-scale material is therefore questionable.

3.3 Model Fabrication

The 1/5th-scale model, constructed by a private contractor in Berkeley specializing
in the construction of models, was constructed over a period of about six months in the
earthquake simulator laboratory. After heat treatment and straightening, all reinforcing
bars were carefully selected and classified before providing them to the contractor in
12-foot lengths. The concrete materials were batched after determining the moisture
content of the aggregate and then stored in airtight coﬁtainers and provided to the con-
tractor. In Ref. 22, the construction of the model is discussed in detail. Only those
aspecfs that ‘may depart from the ordinary construction of full-scale structures and those
that could significantly affect the mechanical behavior of the model aré summarized

below.

Because the reinforcement in the full-scale model was spliced by a special gas-
welding process which couid not be duplicated, vertical splicing of reinforcement was
avoided wherever possible. The vertical reinforcement of the main shear wall and of its
edge members was spliced only once at the middle of the third story. The reinforce-
ment of all free-standing columns was cut and Welded to plates located near the mid-

height of the first story to leave the required space for the internal force transducers
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(Fig. 11), and this reinforcement was then spliced only once at the middle of the fifth

story.

After the foundation and the bottom halves of all first-story free-standing
columns had been cast, the model was cast story-by-story, the construction joint being
located just above the floor slab in each story. The microconcrete was mixed in two 3
cu. ft. mixers and was transported by buckets and placed in the formwork. During the
eight times that concrete was cast, the slump varied between 7-1/2 to 9-1/2 in. (191

mm to 241 mm), fluctuating due to differences in humidity and temperature.

No problems were encountered in the placement of the concrete, except for the
first-story peripheral end walls, which were only 1-3/16 in. (30 mm) thick and had two
curtains of reinforcement. The microconcrete was compacted by vibrators mounted
externally against the formwork and wet-cured by retaining all the formwork at all the
levels thrdugh the end of construction, and for another 28 days for the uppermost

floors.

A very large number of control specimens (cylinders and beams) were cast as
each story of the model was cast. After 14 days these specimens were put on the
corresponding floor of the model in order to subject them to the curing conditions of

the concrete in the model.

After the forms were stripped, a check of the errors as far as overall plan and
elevation dimensions indicated that these were within =1/8 in. (3 mm). A check of
the member dimensions indicated that a maximum variation from the specified dimen-
sions of +1/8 in. (3 mm) existed in some beams and columns, except at some beam-
column joints where it was noticed that deviations on the order of +1/4 in. (6 ’mm)
had occurred. Whenever possible the excess of microconcrete was chiseled out and/or
ground out and cement paste was used to patch regions where insufficient microcon-

crete had been cast.
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After the model had been fabricated, the uniformity of the microconcrete
mechanical characteristics through the model was investigated using the rebound or
impact hammer test devised by Schmidt [23]. The rebound numbers were consistent

with the desired strengths and quite uniform throughout the model.
3.4 Instrumentation.

Besides the Internal Force Transducers (IFT) [18] at mid-height of the first story
columns, the model was instrumented to record overall response and local behavior of
the critical regions of the most severely strained members. Internal and external gages
to measure average strain along the main reinforcing bars and at the surface of the
microconcrete were placed at the critical regions of structural members (Figure 17).
Rotations in the critical regions of the main shear wall and the first-story columns and
regions of the girders expected to undergo large inelastic behavior were measured by
special arrangements of DCDT’s (Direct Current Linear Voltage Differential

Transformers).*

Displacement transducers (L.P.’s*, i.e. linear potentiometers and DCDT’s) were
located at each floor of the quel and connected to a steel reference frame placed out-
side the shaking table to record the overall lateral response of the model (Fig. 17). At
least two accelerometers were also located at each floor to measure total lateral accelera-
tion. Two accelerometers were placed at the top of the free-standing columns of frame
B to measure vertical acceleration. Vertical displacement of the roof and lateral dis-
placement in the direction perpendicular to the direction of ground motion were meas-
ured by DCDT’s connected to the three-dimensional steel truss located around the
model as illustrated in Fig. 18. In total, 124 channels of instrumentation were used to
record the input motions and the global and local behavior of the model. Eleven of

these channels were used to record the responses of the shaking table.

* The LP’s were 30-in. position/displacement transducers manufactured by CELESCO, Inc. of Canoga Park,
California, and the DCDT’s were 0.2, 1.2, and 6-in. Direct Current Linear Voltage Differential Transformers
manufactured by Hewlett Packard in Palo Alto, California, abbreviated as DCDT.
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3.5 Simulation of Reactive Mass and Gravity Forces

In order to attain gravity stresses in the 1/5th-scale model similar to those withir;
the full-scale model, and to simulate the reactive mass of the full-scale model, the mass .
of the 1/5th-scale model was augmented by lead ballast such that the total reactive
mass was related to that of the full-scale structure by the inverse of the square of the
scale factor (1/5_‘,2) [19]. Lead bricks or ingots were distributed and prestressed on the
floor slabs [24], so that the gravity stress distribution within the model would be similar
to the distribution evaluated for the fuli-scale structure. Steel and rubber pads were
used under the bricks to avoid altering the axial or flexural stiffnesses of the diaphragm
system while still enabling the lead to be excited by the same acceleration as the
diaphragm. Figure 19 illustrates the arrangement and attachment of the lead ingots to

the model floor slab and an overall view of the model loaded with ballast.

3.6 Simulation of Boundary and Loading Conditions

The foundations of both the 1/5th-scale and full-scale models were designed to
simulate fixed-base conditions. The loading conditions, however, differed significantly.
The full-scale structure, tested pseudo-statically, was loaded at each floor by a horizon-
tal actuator, except at the roof where there were two horizontal actuators that restrained
the roof diaphragm against torsional rotation. The actuators applied an inverted tri-
angular distribution of force to the structure at all times, and the roof displacement was
controlled in order to apply a displacement histbry which was obtained through an on-
line computer-controlled (active) loading scheme, termed the pseudo-dynamic method

{251

After the foundation of the 1/5th-scale model had been prestressed to the very
rigid platform (table) of the earthquake simulator, the model was tested by shaking it
through horizontal motions introduced by the action of the table.v In addition to hor-
izontal motion, hqwever, the table exhibited some small vertical and rotatiénal

motions, which resulted in different base conditions for the full- and 1/5th-scale
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models. Due to differences in the methods used to test the two structures, the strain
rates developed in the 1/5th-scale model were significantly higher than those developed
in the full-scale structure, which was under almost sustained load due to the relatively

slow pseudo-dynamic loading process used.

The time scale factor for the model is equal' to the square root of the linear
dimension scale factor (S;%) [19]. Thus, even if the full-scale model had been tested
on a shaking table, it would have been subjected to a ground motion /S, = /5 = 2.24
times slower than that used to test the 1/5th-scale model and the frequency of response
of the 1/5th-scale model would be 2.24 times higher‘than that of the full-scale model,
resulting in a corresponding increase in the rate of strain of the reduced-scale model

material with respect to that of the full-scale model.

Furthermore, the excitation histories applied to the full- and 1/5th-scale models
were not of similar duration. Due to the time required to apply displacements, and the
error accumulation problems in the pseudo-dynamic test scheme, the full-scale struc-
ture was tested for short durations of the ground motion. The 1/5th-scale model was
tested under complete durations of ground motion records, as will be described subse-
quently. Consequently, although the response histories of the two structures are
related they do not correlate well, making the evaluation of correlation studies of exper-

imental results for the reduced- and full-scale models difficult.

3.7 Simulation of Initial Conditions for Each Experiment

It was considered impractical to attempt complete similitude of initial conditions,
here defined as the state of forces and distortions and the mechanical characteristics of
the structure prior to testing. During fabrication of the 1/5th-scale model the gravity
stresses were significantly smaller than those that developed during construction of the
full-scale model. For the gravity stresses to be equal at all times, it would have been
necessary to load each floor of the 1/ Sth-scale model with auxiliary maSs (lead ballast)

as soon as it was constructed, or at least as soon as the formwork of the floor was
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removed. The forces and distortions in the 1/5th-scale model, priof to the addition of
auxiliary mass, were measured and determined to be strongly influenced by the shrink-
age as well as thermal expansion characteristics of the microconcrete. The internal
forces at the base of the structure due to either shrinkage and differential shrinkage, or
daily cycles of temperature, were of the same order as the gravity forces [18, 24]. Since
the volumetric change characteristics of the microconcrete were evaluated to differ
significantly from those of the concrete in the full-scale model, the initial states of force
and distortion in the 1/5th- and full-scale models were expected to differ. Fortunately,
the initial flexibility characteristics, fundamental frequency, and damping characteristics
of the two models were reasonably close after the mass of the 1/5th-scale model had

been augmented by the lead ballast.
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IV INITIAL MECHANICAL CHARACTERISTICS OF 1/5th-SCALE MODEL

4.1 Introductory Remarks

After the bare model had been fabricated and cured it was subjected to a series of
static and dynamic tests to determine its initial flexibility or stiffness, frequency, and
damping characteristics [24]. These tests were repeated after the lead ballast had been
added so that similitude requirements for the gravity stress level as well as translational
reactive mass were satisfied. The objectives of ‘these tests were to assess the reliability
of: (1) experimental analysis of reinforced concrete frame-wall structures based on
medium-scale, true or distorted (gravity forces neglected) models; and (2) analytical
response prediction through commonly applied analytical modeling schemes. For both
these cases, the initial, uncracked serviéeability limit state of the structure, and the
narrow-crack serviceability limit state, for which elasticity is generally assumed, were
used. Another objective was to establish the initial static and dynamic characteristics
and force distribution of the model structure before the earthquake simulator tests were

begun.

4.2 Results of Studies

The results of the dynamic tests are summarized in Table 12. The structure’s
fundamental frequency, before and after the addition of the auxiliary mass (lead bal-
last), was obtained by ambient vibration, dynamic analyzer, forced-vibration, and free-
vibration techniques [24]. Except for the ambient vibration tests, an equivalent viscous

damping coefficient was also estimated during the experiments.

As expected, the fundamental frequency differed somewhat depending on the
technique used in its determination. In tests conducted on the model before the addi-
tion of the auxiliary mass (lead ballast), the maximum variation was 15 percent. This
maximum variation was only 5 percent when the model was loaded with lead. The

variations arose from differences in stress level induced by the test procedures and were
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not as pronounced after the ballast load had been applied. The damping coefficient of
the structure appears to have décreased after the model was loaded by the lead ingots,
but not as much as might have been expected since for elastic structures this coefficient
is inversely proportional to the square root of mass and stiffness. When loaded by the
lead ingots, not only did the mass increase, but also the stiffness because existing

microcracks in the wall and columns closed, leading to a stiffer concrete.

The pure analytical results shown in Table 12 indicate that the linear elastic
analytical model—based on uncracked transformed section stiffnesses, rigid joint zones,
a secant modulus of elasticity of concrete at 15 percent of ultimate strength (the aver-
age stress level assessed to be induced during these service level dynamic tests), and a
Poisson’s ratio of 0.20~overestimated fhe stiffness of the structure significantly, lead-
ing to a frequency of 12.45 Hz for the s'tructure prior to loading with ballast. This is 43

percent higher than the frequency obtained from the free-vibration test.

The pure analytical result after the ballast had been applied, 5.09 Hz, is only 7
percent higher than the experimental frequency obtained from the free-vibration test.
The semi-analytical results given in Table 12 were obtained by using measured flexibil-
ity characteristics and a theoretical lumped-mass representation of the structure. These
results agree closely with the experimental results, indicating that the errors in the
analytically computed frequencies are due to the idealized modeling of stiffness, not the

idealized modeling of mass.

The frequency and damping coefficients of the full-scale model (after increasing
the measured frequency by multiplying it by /S, = +/5 so that it could be compared
with that of the 1/5th-scale model) were 5.20 Hz and 2.1%, respectively. The frequen-
cies of the full-scale and 1/5th-scale models from the free-vibration technique differed,
therefore, only by 9%, indicating that the initial dynamic characteristics of the models

were reasonably similar before the earthquake simulator tests were begun.

The axial force distribution measured at the base of the 1/5th-scale model, after
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the auxiliary mass had been added, is compared to the distribution calculated based on
the tributary areas of the vertical members in Fig. 20. The analytical and experimental
forces differ considerably, exceeding 40% in the case of the main wall. These
differences are due to differences in the shrinkage of vertical members, which was not
incorporated in the analytical procedures. Since the rate and amount of shrinkage
increases with the ratio of the exposed surface area to the volume of a member, it is
obvious that significant differential shrinkage occurred between the walls and the
columns. Furthermore, both shrinkage and differential shrinkage expected from the
1/5th-scale model were substantially higher than the corresponding value for the full-
scale structure [17], indicating a distortion in the initial stress state of the reduced-scale
model. Upon cracking and release of the stresses associated with shrinkage, however,
this distortion would have been expected to decrease and disappear at ultimate limit

states.

The flexibility characteristics of the model prior to and after the bal.last had been
applied are illustrated in Fig. 21. The lateral stiffness of the structure increased
significantly when the ballast load was added. Since the lead ballast gave rise to an
increase in gravity load of more than 400 percent, the compressive axial force in the
columns and particularly in the walls also increased significantly. At the base of the
main wall, the axial force increased from approximately zero combression (due to
differential shrinkage) to approximately 10% of its balanced axial force on the axial-
flexural curve. This increase in axial compression caused an increase in the stiffness of
the columns and particularly of the wall because the microcracking that would have
developed due to shrinkage was closed. This resulted in an increase in the average
lateral stiffness of the structure of approximately 40% [24]. The observed effect of
axial stress on lateral stiffness is not usually incorporated in the analysis of structures.
The cross-sectional analyses conducted for the wall, using the measured stress-strain

relations for concrete, did not indicate any appreciable increase in the effective flexural
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rigidity of the cross section due to the increase in axial compression from zero to 10
percent of the balanced axial force. Comparison and analysis of the experimental dis-
placement profiles from the model before and after the ballast had been applied indicate
that although both the flexural and shear stiffnesses increased due to increased axial
stress, the larger increase was in the shear stiffness. This is in accord with results
obtained previously which indicated that the shear rigidity of concrete may be substan-

tially affected by an increase in compressive stress [26].

The lateral flexibility characteristics of the 1/5th-scale model approached those of
the full-scale structure (Fig. 21), and the analytical flexibility characteristics were rea-
sonably close to measured values, after similitude in the gravity stress level was
satisfied. The effect of axial stress level on lateral stiffness also explains the discrepancy
in the analytical and measured frequencies of the model before loading the ballast

(Table 12). This discrepancy was substantially smaller after the ballast had been added.
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V EARTHQUAKE SIMULATOR RESPONSES OF 1/5th-SCALE MODEL

5.1 Earthquake Simulator Test Program

After the 1/5th-scale model had been placed on the shaking table and loaded with
the necessary quxiliary mass (lead ballast) and its initial mechanical characteristics had
been determined by the series of tests described in the previous section, the foundation
of the model was subjected to a series of simulated ground motions, described in the
excitation program summarized in Table 13. Also included in Table 13 are the meas-
ured frequency and damping characteristics of the model during the course of the gen-
eral test program. The earthquake simulator tests were classified into three series. The
first series was intended to be diagnostic, i.e., low amplitude tests, conducted to check v
the operation of the earthquake simulator, data acquisition system, and instrumentation
and to generate the initial uncracked serviceability limit state responses. Due to a
breakdown of the simulator, however, the model was subjected to transverse excitation,
which induced some cracking, during the final earthquake shaking test (#33) of the

first series.

The second series of tests, which consisted of base motions of increasing inten-
sity, was designed to induce successive stages of damageability and collapse limit state
responses, resulting in a complete flexural fajlure at the base of the main wall and

extensive yielding throughout all frame elements.

Before the third series, the model was repaired and retrofit by strengthening and
stiffening the bottom 6.5 inches of the wall. The model was then subjected to a series
of particularly intense base motions to study the effectiveness of the repair as well as

the collapse limit state response characteristics.

As indicated in Table 13, the model was subjected to a total of sixty-two tests.
Some were harmonic motion or free-vibration tests conducted to determine changes in

the frequency and damping characteristics of the model and to assess the effect of pos-
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sible table-structure interaction on the reproduction of ground motion.

5.1.1 Shaking Table Input Motions. The main tests were conducted using as
input to the shaking table the displacement time histories corresponding to two
acceleration records designated as Miyagi-Oki (MO) and Taft (T). These records (nor-
malized to a peak acceleration of 1.0g and with adjusted time sééles, i.e., compressed by
V/5) are modified versions of recorded ground motions (Fig. 22). The modifications
were introduced by Japanese researchers to make them suitable for the pseudo-dynamic
testing of the full-scale structure. The modified records were used as source inputs by

the institutions participating in the joint cooperative research program.

The displacement time histories obtained by integration of these modified
acceleration records were used as input to the U.C. Berkeley earthquake simulator after

scaling the time by a factor of 1/+/5.

The Fourier amplitude spectra of these two records, shown in Fig. 23, indicate
that the Taft input had a broader frequency content (wider frequency range) with dam-
age potential, while the Miyagi-Oki input was considerably less intense over the com-
plete range of frequency. However, the Miyagi-Oki record appears to possess damage

potential concentrated at certain frequencies in the range 1.5-3.0 Hz.

5.1.2 Measured or Output Base Accelerations. The base accelerations measured
on the platform (table) of the earthquake simulator differed from the input signals,
changes arising during the simulation, but mainly from simulator-model interaction. In
order to relate the motions measured at the base of the model, the intensity coefficient
suggested by Arias [27]* was utilized. For selected tests, the peak measured table
acceleration and the corresponding intensity coefficient are shown in columns 1 and 3

of Table 14. A scale factor for the input signal was calculated such that the scaled input

1
. T . . . .
* Intensity coefficient, / = —ZE f 02 (¢ )adt , where @ is the acceleration at time ¢ and g is the accelera-
o

tion of gravity.
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signal would have the same intensity coefficient as the measured table acceleration.
The peak acceleration of this scaled input signal is given for these tests in Table 14,

column 2.

Comparison of the peak acceleration of the measured signal and that of the scaled
input signal for different tests indicates that the peak acceleration of the scaled input
signal is consistently less. The discrepancy between the peak accelerations listed in
columns 1 and 2 of Table 14 may be considered a measure of the lack of fidelity of the
earthquake simulator. During test #46, using the Miyagi-Oki record, the discrepancy
was as large as 22%, i.e., in this test if the input motion could have been exactly repro-
duced by the simulator at the base of the structure with the same peak acceleration as
the motion actually measured, the damage potential of this hypothetical base motion
would have been substantially greater. As a result, the peak acceleration of the scaled
input signal (Table 14, column 2) should be compared with the peak acceleration of the
input signals used in the analytical and experimental studies conducted at the various

institutions participating in the cooperative research program.

5.2 Global Responses: Floor Displacements and Forces

5.2.1 Lateral Forces and Displacement Responses. After analyses of the data
and results obtained in all the tests described in Table 13, some tests were selected to
represent the successive limit state response characteristics of the structure and are
presented herein. These were Tests #7 and #9 from Series 1, Tests #45, #46, #48,

and #50 from Series 2, and Test #62 from Series 3, as shown in Table 13.

Tests #7 and #9 were considered to represent the serviceability limit state
responses of the structure while Tests #45, #46, #48, and #50 from Series 2 were
considered to represent the successive damageability and collapse limit state responses.
Test #62 was selected to represent the collapse limit state responses of the structure
after the base of the wall had been repaired and retrofit. These tests will be designated

as MO 5.0, MO 9.7, MO 14.7, MO 24.7, MO 28.3, T 40.3, and T 46.3, respectively, by
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the source motion and the measured peak base acceleration in percent of g.

Envelopes. Envelopes of base shear and base overturning moment, obtained by
plotting the maximum base shears and overturning moments during these tests against

the maximum interstory drift induced in the structure, are presented in Fig. 24.

Comparison of the base shear-interstory drift curve of Fig. 24 with the similar
curves of Figs. 2 and 10 shows that the overstrength of the model was very large not
only with respect to the UBC derhanded strength (Fig. 2) but also with respect to the

predicted strength (Fig. 10).

The 1979 UBC (for K = 1.0) and ATC 3-06 lateral force requirements (E load)
for seismic design of the full-scale model, assuming it to be located in the zone of
highest seismic risk, were 9.67 and 10.61 percent of the weight, W, of the superstruc-
ture, respectively. The base overturning demands were 6.61% WH and 7.25% WH
(where H is the height of the superstructure), from the 1979 UBC and ATC 3-06
prescribed lateral forces, respectively. The strengths of the structure in shear and over-
turning moment during the T40.3 te:t were, therefore, more than 5 times the
corresponding demands from the lateral force requirements of the above design docu-
ments. Even if the seismic forces of the UBC were multiplied by the given load factors
(1.4 for flexural and 2.0 for shear design) the actual measured available strength is still

considerably higher than the UBC demanded design strength.

The maximum global response quantities and the time at which these occurred are
tabulated in Table 15, together with the effective fundamental frequency of the struc-
ture, derived from the overturning moment response through a Fourier transformation
procedure [28]. These frequency values can be compared with the values of the funda-
mental frequency of the model obtained from free-vibration tests, which are included in
Tables 12 and 13, indicating that the initial frequency of 4.75 Hz (Table 12) was
reduced to 3.67 Hz at the end of the first series of tests (Table 13) to 2.33 Hz at the

end of the second series of tests (Table 13) and to 1.96 Hz before the end of the
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excitation program (Table 13). The free vibration frequencies are slightly higher than
the effective fundamental frequencies given in Table 15, which indicate a change from
4.2 Hz to 1.5 Hz from the MO 5.0 test to the T 46.3 excitation. The initial global
lateral stiffness of the structure may be considered to have been reduced by 40% at the
end of the first test series, by 75% at the end of the second test series, and by 80% by
the end of the test program, based on changes in its fundamental frequency (which
means that the initial fundamental period of 0.21 secs. increased to 0.27 secs., 0.43

secs., and 0.51 secs. at the end of the first, second, and third series of tests).

The maximum base shear and overturning moment vs. the maximum interstory
drift envelopes in Fig. 24 indicate substantial changes in the stiffness characteristics

after the MO 9.7, MO 24.7, and T 40.3 tests.

5.2.2 Time Histories. Typical time histories of the main response parameters are

presented in Figs. 25 through 28.

Relative Displacement Time Histories. The relative displacement histories of the top
of the structure during the MO 9.7, MO 24.7, MO 28.3, and T 40.3 tests are presented
in Figs. 25(a) - (d). While the MO 9.7 response exhibits contributions of a wide range
of frequencies, the MO 24.7 response does not and resembles simple harmonic
response. The fundamental frequency of the structure decreased to 2.63 Hz before this
test, which is a frequency falling within the predominant frequencies of the base

motion, as observed from the Fourier spectra in Fig. 23(a).

Although the base excitations during the consecutive MO 24.7 and MO 28.3 tests
were similar in frequency content and only 15 percent different in amplitude, the MO
28.3 response exhibits contributions from more frequency components than the MO
24.7 response. The structure was observed to yield during the MO 28.3 response, and

this led to changes in its stiffness which were reflected in its response histories.

The T 40.3 response in Fig. 25(d) also contains many frequency components,

reflecting the fact that the Taft record has a relatively broad frequency content.
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Frequencies of the Taft record were capable of partially exciting the higher modes of

the model.

The maximum accelerations at the top of fhe structure and maximum interstory
drift indices during these tests, as shown in Table 15, were 27.4% of g and 0.17% for
MO 9.7, 65.2% of g and 0.69% for MO 24.7, 81.3% of g and 1.08% for MO 28.3, and
88.8% of g and 1.68% for T 40.3. Despite such severe and extensive base excitation, a

critical permanent set was not observed even after the T 40.3 motion.

The mechanisms of shear and ‘overturning resistance, and the changes in these
mechanisms which cause significant changes in the stiffness characteristics of the struc-
ture (limit states) during the MO 9.7, MO 24.7, MO 28.3, and T 40.3 tests, will be dis-
cussed subsequently. The effects of these tests on the structure, observed in the
envelopes in Fig. 24, are reminiscent of the cracking, yielding, deformation hardening,
and ultimate capacity of a reinforced concrete flexural element or of a basic flexural

subassemblage.

Shear and Overturning Moment Time Histories. The time histories of base shear
and base overturning moment of the model during the MO 9.7, MO 24.7, MO 28.3,
and T 40.3 tests are presented in Figs. 26 and 27. The shear and moment responses of
the structure were evaluated by measuring the translational accelerations at each floor
during tests. Assuming the translational mass of the structure to be lumped at each
floor, the translational inertial (seismic) forces at each floor were taken as the product
of mass and the measured acceleration at that floor. Since = 80% of the mass resulted |
from the ballast load, concentrated at each floor level of the structure, the lumped mass

idealization was considered justified.

The force and moment responses of the structure were evaluated by assuming the
translational inertial forces and the moments arising from these forces would be resisted
solely by the internal forces and moments in the structure. The contribution of any

external damping to structural resistance, the contribution of the rotational inertia of
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horizontal structural elements to the seismic moments and the effects of vertical

acceleration were neglected.

The displacement, shear, and overturning moment responses in Figs. 25, 26, and
27 indicate that these were in phase during each of the MO 9.7, MO 24.3, MO 28.3,
and T 40.3 excitations, i.e., the zero crossings and peaks in displacements, shear and
moment responses occur nearly simultaneously. The maxima of the displacement and
force responses, shown in Table 15, also occur simultaneously during the MO 9.7 exci-
tation. Although the absolute maximum force and displacement responses during the
MO 24.7, MO 28.3, and T 40.3 tests do not occur simultaneously, the displacement at
the time of maximum force response is very close to the absolute maximum displace-

ment.

Displacement and force responses of the structure during the MO 9.7 excitation
(Figs. 25(a), 26(a), and 27(a)) exhibit contributions from a wide band of frequencies.
The input signal apparently contained [28] relatively little energy at frequencies close to
the fundamental frequency of the structure, 4.1 Hz, as observed from the Fourier
amplitude spectra in Fig. 23(a). The response was therefore dominated not only by the
fundamental frequency of the structure, but also by the predominant frequencies of the

input motion.

- The force responses measured during the T 40.3 excitation indicate some higher
mode contributions in a manner similar to the measured displacement responses. The
MO 24.7 force responses (which are similar to the MO 24.7 displacement response)
indicate a simple harmonic response between 1.6 and 8.8 secs., with 17 cycles of full,
large amplitude force and displacement reversals. The peak force and displacement
demands during all 17 cycles are close to the maxima listed in Table 15. This excitation
is observed to be unusually demanding, particularly given the number of large ampli-
tude reversals. At 7.26 secs, i. e., near the end of the phase of severe response, the

main wall reached its maximum flexural resistance, that is, its critical section at the
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base of the wall reached a fully plastic state. Therefore, the M0O24.7 may be considered
a critical damageability excitation for the main shear wall, leading to a substantial
change in wall stiffness. In spite of the decrease in the wall stiffness, the overall

stiffness of the whole structure did not decrease very much.

The decrease-in the slope of the base shear-interstory drift envelope response in
Fig. 24 after the MO 24.7 test is approximately 68%. The effective stiffness after the
MO 24.7 test was 52% of the stiffness prior to this test, as synthesized from the
effective _frequencies given in Table 15. The MO 28.3 excitation caused extensive
yielding of the structure as a result of which its stiffness decreased in the order of 40%

as synthesized from the effective frequencies listed in Table 15.

During the T 40.3 test, the model was excited to its maximum shear and over-
turning strengths and this is indicated in Table 15 and Fig. 24, the corresponding values
being 50.8% W and 33.7% WH . The average interstory drift in the structure was larger
than 1.5% during the large amplitude response. As illustrated in Figs. 25(d), 26(d),
and 27(d), the model underwent at least 3 cycles of near full force-and-displacement
reversals with peak force and distortion demands near the maxima given in Table 15.
The maximum acceleration at the top of the structure was approximately 0.9g during

this test.

Axial Force Time Histories of Columns and Wall. Typical time histories of axial
force induced in the interior columns of the exterior frames and the main wall during
the MO 9.7, MO 24.7, MO 28.3 and T 40.3 tests are illustrated in Figs. 28(a) through
(h). The planar behavior of frames and walls does not alone explain these responses.
The interior column A-2 of frame A would be expected to undergo small changes in
axial force during horizontal ground motion in the plane of the frame and these
changes would be expected to be symmetric. Such changes in column A-2 were, how-
ever, unsymmetric (particularly for the MO 24.7, MO 28.3 and T 40.3 tests) and the

axial force variation in tension was as high as 9.8 kips (43.6 kN) for the MO 24.7, 13.1
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kips (58.3 kN) for the MO 28.3, and 14.6 kips (64.9 kN) during the T 40.3 motion
(Figs. 28(b) - (d)). The time variations of the induced axial force change for the
column (Figs. 28(a) - (d)). agree with those obtained for the displacement at the top
of the structure (Figs. 25(a) - (d)). It was also observed that the larger the tension
induced in the columns, the smaller the corresponding moment and shear resisted by

the column.

The main wall axial force time histories were also unsymmetric, but the changes
in axial compression were larger. Under the MO 24.7 ‘input, the change in axial
compression reached a value of 18 kips (80.1 kN). Under MO 28.3 input, the max-
imum change in compression was 27 kips (120.2 kN), and under the T 40.3 motion the
change became 34 kips (151.3 kN), nearly 1.4 times the expected compressive axial
force in the wall due to gravity forces. This variation with time occurred with a fre-
quency twice that observed for the displacement (compare Figs. 28(f) - (h) with Figs.

25(b) - (@)).

The asymmetry in axial force in the columns and wall and the higher frequency of
change in the wall are due to the three-dimensional interaction of the wall and the

frames due to the rocking of the wall. This effect will be discussed in section 5.2.4.

5.2.3 Displacement and Force Profiles Along Height of Model. The distribution
of the seismic forces along the elevation of the structure, the corresponding shears and
overturning moments, and the relative displacements at maximum response during the -
MO 9.7, MO 24.7, MO 28.3, and T 40.3 tests, are presented in Fig. 29. The resultant
seismic force is observed to act between 0.64H to 0.75H from the base of the super-
structure at maximum shear and overturning responses during all three tests. The loca-
tion.of the resultant lateral force prescribed by both the ATC 3-06 or 1979 UBC for the

seismic design of this structure was 0.71H.

In general, maximum shear and overturning moment would not be expected to

occur at identical times. The force and displacement responses of the model were
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influenced predominantly by a single mode, i.e., as if the structure were an approxi-
mately linear single-degree-of-freedom oscillator with one effective frequency. In fact,
the zero crossings and peaks of displacement, base shear, and base overturning moment
responses occur nearly simultaneously, as discussed in the previous section, an indica-
tion of predominantly single-mode response. This should not be generalized to the
seismic response of multistory reinforced concrete structures and is believed to have
been caused in part by the lack of power in the source acceleration records to excite fre-.

quencies exceeding 7 Hz, as demonstrated by the Fourier spectra in Fig. 23.

The second-mode frequency of the model was measured to be 18 Hz before the
excitation program was begun, and softening of the structure could not have shifted
this second-mode frequency under 7 Hz. Note that the fundamental frequency during
the MO 24.7 test was 2.7 Hz (Table 15) and the second-mode frequency is expected to
remain at least approximately three times this value, i.e., larger than 7 Hz. Conse-
quently, the source accelerograms could not excite the second or higher modes

significantly, and as a result the response is predominantly in a single mode.

The analysis of the results obtained pointed out the following observation regard-
ing the force distribution along the wall as opposed to the inertial force distribution
along the whole structure. In general, the moment to shear ratio at the base of the wall
was substantially less than that as implied by the inertial force distribution along the
structure, due to the frame-wall interactions. For example, at the times of maximum
shear and moment responses of the structure, during the MO 24.7, MO 28.3 and T 40.3
tests, the moment-to-shear ratios at the base of the structure as caused by inertial
forces were 0.66H, 0.65H and 0.65H, respectively (Fig. 29). The corresponding
moment-to-shear ratios at the base of the wall, meanwhile, were 0.55H, 0.39H and
0.26H, respectively, decreasing substantially with further yielding of the wall at each
consecutive test. Therefore, it appears that it will be unconservative to design the wall

against shear using an inverted triangular distribution of the lateral forces along its



- 48 -

height.

5.2.4 Hysteretic Behavior. The base overturning moment-top floor relative dis-
placement hysteresis relations of the structure are illustrated in Fig. 30 for certain criti-
cal durations of the MO 9.7, MO 24.7, MO 28.3, and T 40.3 responses. During these
critical time periods, the maximum shear, moment, and displacement occurred.
Although the hysteretic energy dissipation of the structure increased with each succes-
sive test, the response appears to be approximately linear and it is not possible to
observe a pronounced yielding of the structure, with a structural deformation ductility
exceeding 4-6, as envisioned by SEAOC or ATC 3-06. This apparently resulted from
the test program to which the model had been subjected and should not in any way be
interpreted to represent what will occur should a similar structure (practically in its vir-

gin state) be subjected suddenly to a very severe earthquake such as the T 40.3 motion.

The behavior was approximately linear because the model had been subjected to a
series of earthquake ground motions of increasing intensity. After each such test, the
stiffness of the structure had deteriorated. Because during subsequent tests the inten-
sity did not increase very much from one test to the next, relatively small yielding (and
therefore dissipation of energy by hysteretic behavior) occurred. If the whole set of
hysteresis loops from each test were drawn in one graph, it would be possible to detect
considerable yielding and dissipation of energy due to inelastic behavior. This is par-
tially illustrated in Fig. 30(f) and is also clearly illustrated by the envelope shown in the

positive quadrant in Fig. 24.

There was no clear yielding plateau in the hysteretic behavior of the model as
would be expected from an ideal linear elastic-perfectly plastic mathematical (or
mechanical) model. It is well known, however, that no practical structure exhibits such
behavior. What should be pointed out is that this structure offered an unexpectedly
high deformation hardening after the first detected yielding of the wall, which, as has

been noted before, controlled the behavior of the whole structure.



-49.

Local yielding at the base of the wall may have occurred in the structure as early
as the MO 9.7 test and definitely by the MO 14.7 test. As discussed before, the wall
reached full yield during the MO 24.7 test. Despite this, a definite yield point for the
structure can only be identified when the resistance reached a maximum (Figs. 30(c),
(d) and (e)) during the largest displacement excursions of MO 24.7, MO 28.3 and the
T 40.3 tests. These responseé may be designated as "approximately linear" and can be »
explained only by the particular test program to which the model was subjected and by

the high rate of deformation hardening of the structure.

A correct identification of the resistance mechanisms leading to this observed
deformation hardening was considered to be extremely important. The outriggering
provided to the wali by the frames oriented within and transverse to the plane of the
wall was identified as a major cause of the deformation hardening. The wall tended to
rotate with respect to its base as an élmost rigid body after a plastic hinge had formed at
its base, i.e. after all main reinforcement of the edge member had yielded. The dis-
placements of the wall, assuming it was free to rotate about its base, and based on
measured plastic rotations along a 7.5-in. (190-mm) plastic hinge length at its base, are
indicated within the displacement profiles in Fig. 29 by dotted lines. The displacements
arising from such rigid body rotations of the wall resulted in 20, 46, 55, and 78 percent
bf the total relative displacements at the top of the structure during maximum displacej

ment response during the MO 9.7, MO 24.7, MO 28.3, and T 40.3 tests, respectively.

The outriggering action of the frames on the wall (illustrated in Figs. 31(a)
through (c)) and the deformation hardening of the wall at its base would be expected to
have restrained the rigid body rotations of the wall. Indeed, substantial increases in
axial compression were recorded at the base of the wall (over 100%), and this is clear
evidence of the restraint provided by the outriggering system (Fig. 31) against the wall
rigid body rotations. The tendency of the wall to grow axially due to cracking and accu-

mulation of permanent strain in its main flexural reinforcement within the plastic hinge
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region at the base (first story) also led to axial compression arising from the restraining
of such axial growth by the outriggering frame system. The axial compressive force at
the base of the wall was measured to have increased from approximately 12% to 28% of

its balanced axial force level (Fig. 31(d)).

The stitfness provided to the wall by the outriggering system was not as
significantly affected by ﬂexufal yielding of the beams (framing into the wall) as one
Would expect in a perfectly plastic structure, because as the yielding of these beams
increased, the contribution of the attached slab (particularly its reinforcement) also
increased. Therefore, the flexural stiffness of the complete diaphragm system contri-
buted significantly to the stiffness of the outriggering system. Furthermore, the
increase in the axial compression of the wall due to this outriggering mechanism led to
an increase in yielding strength and prevented a complete loss in flexural stiffness of

the wall at yielding.

The observed levels of deformation hardening in the global overturning moment —
top floor relative displacement hysteresis responses in Fig. 30 were therefore mainly
caused by the outriggering system provided by the frames to the wall and the hardening
of the outriggering action due to the increased contribution of the slab reinforcement.
The outriggering system was particularly beneficial during the coilapse limit state
responses to the third series of tests, after the complete flexural failure of the wall at its
base. The restraint and axial compression provided by the outriggering system were so
effective that the shear resistance of the wall remained practically constant even after

the wall had failed in flexure, as will be discussed later.
5.3 Resistance Mechanisms of Structure

A quantitative study of the resistance mechanisms of the structure was possible
since the column forces at the mid first story were monitored by the force transducers,
and the axial forces in the peripheral walls could be estimated from concrete strain

readings [28], rendering the first story of the structure statically determinate.
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5.3.1 Shear Resistance Mechanisms. The total shear resisting mechanisms at
the base were the main wall and ten frame columns. Due to their very small out-of-
plane lateral stiffness, the contribution of the peripheral walls to the shear resistance in
the loading direction was negligiblé. The total base shear and wall base shear vs the
maximum roof drift envelopes are compared in Fig. 32. The contribution of the wall to
the total shear resistance was 80% during the MO 9.7 response, decreasing consistently

to 66% during the T 40.3 test and to less than 60% by the T 46.3 test.

The difference between the total base shear and wall shear fepresents the contri-
bution of the free-standing columns, which increases from 20% to 40% in the course of
the excitation program. This implies that the wall lateral stiffness decreased more
quickly than the frame lateral stiffness at the first story as a result of horizontal and
diagonal cracking and yielding of the wall, which occurred earlier tﬁan the cracking and

yielding of the beams and columns.

5.3.2 Overturning Moment Resistance Mechanisms. The total base overturning
moment of the structure was resisted by the flexure in the wall, flexure in thé frame
columns, and, particularly, by the moment resistance arising from the axial forces of
the columns and peripheral walls, The total base overturning moment and wall basei
moment vs the maximum roof drift envelopes are presented in Fig. 32. Wall flexure
contributed 56% to the total overturning resistance during the MO 9.7 test. The contri-
bution of wall flexure decreased to 22% during the T 46.3 test, indicating a more
significant deterioration of the wall flexural stiffness as conipared to the lateral stiffness
of the frame and, particularly, the axial stiffness of the peripheral elements, which con-
tributed to the overturning resistance by their outriggering action. The bending
moments induced in the frame columns contributed less ‘than 7% of the total overturn-
ing resistance, indicating that the outriggering system accounted for approximately 35%
to 70% of the total overturning resistance, its contribution increasing with the accumu-

lation of damage at the first story of the shear wall.
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5.3.3 Local Responses of Wall. The main wall was the most important element
of the structural system in terms of lateral stiffness and resistance, contributing more
than 80% of the total shear resistance and 56% of overturning resistance at the base
during the serviceability limit state responses. The wall was instrumented at the first
story such that its local responses could be evaluated. The measured quantities were
(see Fig. 17): the concentrated rotation (which may be termed the fixed-end or pull-
out rotation) at the base of the wall, along a 1 in. (25 mm) region from the interface
with the foundation; the rotation along a 3 in. (76 mm) distance adjacent to the first 1
in. region; and the rotation along a 3.5 in. (89 mm) region adjacent to the 3 in. (76
mm) region (Fig. 17(c)). The total rotation along the 7.5 in. (191 mm) at the base
could, therefore, be obtained by summing the measured rotations along the first 1 in.
(25 mm), the adjacent 3 in. (76 mm), and subsequent 3.5 in. (89 mm) regions. This
represented the total plastic hinge rotation at the base of the wall, as the concentrated
cracking, spalling and deterioration of panel concrete during the ultimate level
responses were indeed observed to be primarily confined to the immediate 7.5 in. (191
mm) at the base. The displacement profiles of the wall, assuming it to rotate as a rigid
body at its base through an angle equal to the total measured plastic hinge rotation, are
shown in Fig. 29 and were discussed previously in relation to this figure. The displace-
ments that arose at the roof from the plastic hinge rotation at the base of the wall
accounted for approximately 20, 46, 55, and 78 percent of the total displacement during

the MO 9.7, MO 24.7, MO 28.3, and T 40.3 tests at peak displacement response.

Other local response quantities which were measured were the distortions of the
wall along its two diagonals at the first and second stories (Fig. 17(f)). The lateral dis-
placement of the wall at these stories that arose from average shear distortion was, as

discussed in Ref. 28, derived from these measured distortions.

The contributions of deformation mechanisms of the wall to the total lateral dis-

placement measured at the first floor are illustrated in Fig. 33 where the wall shear vs
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corresponding first floor displacement (and interstory drift) envelope at the tﬁne of
maximum base shear is presented. The contributions were due to fixed-end rotation, as
measured along the first 1 in. (25 mm) region at the base of the wall adjacent to the
foundation; measured shear displacement arising from the average shear distortion of
the wall alone; and flexural deformation along the wall of the first story. This last con-
tribution includes flexural deforniation along the plastic hinge region (except for the
fixed-end rotation) and throughout the remainder of the first story. Since the floor dis-
placements were measured from the exterior edge of the diaphragm, rather than at the
wall interface, the diaphragm growth is included with flexural displacement. The
diaphragm growth could not be measured during the tests due to limitations imposed by
the instrumentation. The crack widths measured along the diaphragm after the T 40.3
test indicated a possible cumulative growth on the order of 0.1 in. (2.5 mm) (approxi-
mately 20% of total measured maximum displacement at the first floor level during this

test).

Figure 33 indicates that the shear displacement accounted for 26, 45, 43 and 34
percent of the total displacement at MO 14.7, MO 24.7, MO 28.3, and T 40.3 peak
shear responses, respectively. The relative contribution of shear displacement increased
until the MO 24.7 test, after which it decreased somewhat, while the total shear defor-

mations increased.

The fixed-end rotation at the base accounted for 12, 12, 17, and 33 percent of the
total displacement at the first floor at MO 14.7, MO 24.7, MO 28.3, and T 40.3 peak
shear responses, respectively. Except for within the ‘‘elastic’’ range, the fixed end
rotation’s relative contribution consistently increased with the successive inelastic limit
state excitations as a result of the accumulation of damage and bond deterioration of
the reinforcing bars along their anchorage length in the foundation. The remaining
flexural displacement of the wall shown in Fig. 33 (which includes the diaphragm

growth) is observed to account for 61, 43, 40, and 32 percent of the total first floor dis-
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placement at MO 14.7, MO 24.7, MO 28.3, and T 40.3 peak shear responses, respec-
tively. The flexural deformations contribute relatively less to the total displacement as

the fixed-end rotation and its contribution increases with each successive excitation.

~ The fixed-end rotations increased substantially after 3.14 seconds of T 40.3
response, which is the point represented in Fig. 33. The reinforcement in the wall
boundary members began to rupture at the foundation interface at 3.16 secs. of T 40.3
response, leading to significant levels of rigid body rotation at the base of the wall, a
phenomenon which may be expressed as rocking. At 3.49 secs. of response, fixed-end
rotation accounted for 77% of the total first floor displacement, at a magnitude of

approximately 0.01 radians.

The migration of the center of rotation and neutral axis of the wall during excita-
tion was an especially critical phenomenon affecting the distribution of demands from
adjoining frame elements. The wall increasingly tended to rotate about its base as a
rigid body, as discussed previously, in the course of the excitation program, and fhe
migration of the center of rotation at its base significantly affected deformation
demands throughout the structure. Average axial strains, computed from the distor-
tions along the 1 in. (25 mm), 3 in. (76 mm) and 3.5 in. (89 mm) regions, measured
successively along the steel of the boundary members, from the interface of the wall at
the foundation, during times of maximum first floor displacements for different tests,
are presented in Fig. 34. Assuming the strain distribution along the wall foundation
interface to be linear (Bernouilli-Navier assumption), the neutral axis location at the

base of the wall was also estimated and is indicated in Fig. 34(a-f).

In Figs. 34(a) and (b), the strains at maximum first floor displacement in both
directions during the MO 9.7 test are illustrated. The apparent average strain* along

the first 1 in. (25 mm) regions exceeded 0.002 (= yield strain of steel) at both 3.86

* It should be noted that average strain is actually a fictitious strain because the measured deformation along
this 1-in. length includes the relative slippage of the reinforcing bar with respect to the face of the foundation.
For this reason, this average strain will hereafter be termed apparent average strain.
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secs. and 4.05 secs. while the strains along the second 3 in. (76.2 mm) and third 3.5 in.
(88.9 mm) regions were below the resolution of the instruments. The neutral axis

remained close to the centroid.

In Figs. 34(c) and (d), the strains that occurred during peak first floor displace-
ment responses of the MO 24.7 test are presented. The apparent average strain along
the first 1 in. (25 mm) region of the boundary members exceeded 0.03, and the neutral
axis migrated significantly within the wall panel. The Bernouilli-Navier assumption is
not expected to apply to the wall cross section and the indicated locations of the neutral

axis in Figs. 34(a-f) may therefore be in error.

Figures 34(e) and (f) present the measured average strains during T 40.3
response. At 3.16 seconds, the apparent average strain at the foundation interface was
0.23 in tension and 0.05 in compression faces, and the neutral axis has moved close to
the boundary column. The steel in the column under tension began to break during
this peak at 3.16 sec. During the subsequent displacement peak in the opposite direc-
tion at 3.49 seconds, shown in Fig. 34(f), an apparent tensile strain of 0.37, exceeding
even the monotonic strain capacity of steel, was recorded. The neutral axis moved to
the center of the boundary column under compression, ‘and the wall rotated about this

point as a nearly rigid body.
5.4 Successive Limit States and Distribution and Accumulation of Damage in Model.

From analyses of the results obtained and presented as the shear-interstory drift
and overturning moment-interstory drift envelopes in Fig. 24 and the specific values
given in Tables 13 and 15 which list the measured and effective frequencies of the
structure, the structure clearly underwent significant changes in stiffness and frequency
characteristics after the MO 9.7, MO 24.7, MO 28.3, and T 40.3 tests. Since the main
wall was identified as the major contributor to the stiffness of the structure, its limit
states were expected to strongly influence the structure. Indeed, from analyses of the

wall base shear and moment envelopes given in Figs. 24 and 32, it can be seen that
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significant changes in the shear and flexural stiffnesses of the wall occurred after the
MO 9.7, MO 24.7, MO 28.3, and T 40.3 excitations, and that these changes in the wall

stiffness were reflected in the response envelopes of the overall structure.

Although no indication of damage was observed in the wall (which is believed to
have resulted from difficulties in inspecting the wall) after the MO 9.7 test, the
moment at the base was evaluated to have exceeded its cracking capacity and a fixed-
end rotation at the base was measured for the first time during this test (0.18 x 1073
radians at maximum overturning), indicating that a crack at the interface of the wall

and foundation may have occurred.

Although the stiffness of the model continually degraded after the MO 9.7 test, a
particularly significant change occurred after the MO 24.7 excitation. A study of the
MO 24.7 data indicated that at the end of the phase of severe response [see Fig. 27(b)]
the moments evaluated at the first story of the wall exceeded the computed yield
moment of the section (all the edge member reinforcing bars yielded). Fixed-end rota-
tions exceeding 0.001 radians were recorded. The total plastic rotation along the lower

7.5 in. (191 mm) region of the wall was 0.003 radians at maximum overturning.

During the MO 24.7 test, all beams in frame B yielded at the wall interface.
Many exhibited cracking at the external column interfaces as well, and crack widths of
0.012 in. (0.3 mm) were recorded indicating extensive 'yielding at both ends of most of
these beams. The observed crack patterns of the wall-frame (frame B) and one of the
exterior frames (frame A) after the MO 24.7 test are presented in Figs. 35 and 36 and
indicate that most of the beams of the exterior frames (A and C) also exhibited yield-
ing close to the column interfaces. Since the tensile strength of the concrete was high
(747 psi (5.15 MPa)), and the beams had low reinforcement ratios (0.6% at either face
at the support regions), the cracking and yielding moments of the beams were close.
Consequently, the number of cracks were few but concentrated and generally wide at

the end of this test.
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In -conclusion, although the first yielding at the base of the wall could have
occurred as early as during the MO 9.7 test, wall yielding occurred at the end of the
phase of severe response during the M024.7 test. After the MO 24.7 test, the struc-
ture was subjected to the more intense MO 28.3 test (Tables 14 and 15) before the T
40.3 excitation. Figures 24, 32, and 33 show the maximum responses during this MO
28.3 test. Significant structural yielding as envisioned by ATC 3-06 probably occurred

during this MO28.3 test and definitely during the T40.3 test.

The T 40.3 test may be considered a test of the maximum lateral resistance capa-
city of the model. An incipient collapse mechanism, seen in the envelopes in Figs. 24,
32, and 33, formed during this test. During the maximum moment responses to the T
40.3 test at 3.14 and 3.44 seconds (Fig. 27(c)), the main flexural reinforcement of the
wall boundary members began to break, and the complete wall cross section was
severed from the foundation at the end of the test with the exception of one main rein-
forcing bar. The wall rocked freely at the base, with the center of rotation shifting
close to each boundary member (Fig. 34(f)). A maximum fixed-end rotation of 0.01
radians was measured at 3.49 secs., with almost no rotation -along the rest of the plastic
hinge region, indicating that the wall was rotating (rocking) about its base almost as a

rigid body, without significant flexural distortion along its length.

The crack patterns of the interior wall-frame (frame B) and the exterior frame
(frame A) after the T 40.3 test are presented in Figs. 37 and 38. The damage of the
wall was confined to the first story. The beams of the wall-frame (frame B) were
extensively cracked throughout their length, indicating that yielding had propagated
along these members. Beams along the exterior spans of the exterior frame were also

extensively and widely cracked close to the column joints,

The transverse beams and the complete diaphragm system were significantly
cracked after the test, signifying yielding of the transverse beams at both ends and of

the diaphragm along many yield lines. Because the lead ballast covered the top surfaces
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of the diaphragms and limited access to the bottom surfaces of the diaphragms, the
crack patterns of the diaphragms were inspected only after the final T 46.3 test. The
crack pattern at: the top of the first floor slab, observed after the T 46.3 test, is
presented in Fig. 39. The damage to the diaphragm is an indication of the restraint pro-
vided by the frame-diaphragm system around the wall, restraining its uplift due to rock-
ing as well as the accumulation of plastic strain (Fig. 31). Due to this restraint,

the total axial compression in the wall reached a value during the test of more than

double the axial compression due to the gravity force level and this total axial compres-
sion was approximately 28% of the balanced axial force in the N-M diagram (Fig.

31(d)).

The increase in compression over the wall cross section led to an improved
shear-friction capacity, and the shear resisted by the wall was progressively higher than
in previous tests, up to and including the T 40.3 test, in spite of the observed extent of
damage and deterioration of the other shear-resisting mechanisms of the wall (dowel
capacity of the boundary members and resistance provided by the panel reinforcement

had diminished during the T 40.3 test).
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VI COMPARISON OF 1/5th-SCALE MODEL SHAKING TABLE TEST RESULTS
WITH THOSE OBTAINED IN FULL-SCALE MODEL TESTS

AND THOSE PREDICTED ANALYTICALLY
6.1 Overview of Full-Scale Model Tests and Responses

The full-scale model was subjected to a series of four tests and then repaired and
retrofit. Further tests were conducted on the model after its repair, retrofitting, and the
installation of nonstructural elements. The information contained in Ref. 3 is the basis
of the next two sections in which the responses of the full-scale model are briefly

reviewed and the global responses of the full- and 1/5th-scale models are compared.

During the first four tests of the full-scale model, an inverted triangular lateral
force distribution whose magf\itude varied over time was applied along the structure’s
height. This distribution facilitated the pseudo-dynamic testing of the structure, thereby
converting the structure to a single-degree-of-freedom system. The final testing of the
structure to shear failure of the wall after repair and retrofitting was carried out by

applying a uniform lateral force distribution along its elevation.

The test program during the initial series of four tests is presented in Table 16.
The tests were designated PSD-1 through PSD-4, and were carried out with the input
signals éiven in column 2 of Table 16. The durations of input signal were selected and
processed such that the structure would essentially respond in the first mode, as was
assumed when the inverted triangular lateral load pattern was established. The first two
tests, PSD-1 and PSD-2, were conducted for only 1.3 seconds of base motion. Conse-
quently, these tests resulted in a total of only nine full displacement reversal cycles in

which a drift of 0.15% was attained only once.

The third test, PSD-3, was based on 10 seconds of base motion and resulted in
five cycles reaching 0.25% drift and four cycles in which 0.75% or greater roof drift was
attained. The fundamental frequency of the structure changed from 1.82 Hz at the

beginning of this test to 0.86 Hz at its completion, indicating a substantial loss, .
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approximately 78%, in the average stiffness of the structure. The stiffness at the end of

PSD-3 was approximately 14 percent of the stiffness of the virgin structure.

The time history of roof displacement of the full-scale model during the PSD-3
test is given in Fig. 40. During this test, the model exhibited extensive cracking along
the first three stories of the wall, and at the ends of all the girders along the main as
well as in the transverse directions of response. The concrete of the boundary columns
started crushing at the base after the cover of the columns had spalled. The reported
damage may be considered to characterize extensive yielding of the structure and the

formation of an incipient mechanism.

The PSD-4 test, with a duration of 6.5 sec., induced four more cycles of full dis-
placement reversal, and a roof drift index of 1.56%. Although no new cracks were
observed to develop during this test, existing cracks progressed and increased in width.
The width of the crack at the base of the wall boundary column was 4 mm (0.16 in.),

and the cracks in the wall panel were wider than 1 mm (0.04 in.).

The envelopes of base shear and base overturning moment vs. roof drift index
during tests PSD-1 through PSD-4 are presented in Fig. 41 and compared with the
shear and overturning moment envelopes for the 1/5th-scale model. ‘Figure 41 also
shows the base shear-roof drift envelope during the final testing of the repaired and

retrofit structure utilizing the uniform distribution of lateral load.
6.2 Comparison of Full-Scale and 1/5th-Scale Structural Response

6.2.1 Maximum Overturning Moment and Base Shear vs. Correspending Roof
Drift Index Envelopes. Comparison of the envelopes for the full- and 1/5th-scale

models in Fig. 41 leads to the following observations:

1. The initial average stiffness characteristics of both the 1/5th- and full-scale
models were similar, as observed previously when the initial mechanical characteristics
of the 1/5th-scale model were discussed (see Fig. 21). Even to a level of stress near

first steel yielding (which corresponded to the MO 9.7 test of the 1/5th-scale model, i.c.
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for a base shear of about 18% W) the envelope of responses for the 1/5th- and full-
scale models were quite similar. This holds true despite substantially different initial
states of stress (residual stress) due to different volumetric changes characteristic of the
full-scale concrete and the 1/5th-scale microconcrete. The similarity of the stiffnesses
along the service l_imit states is believed to be a consequence of the effort to maintain
similitude and particularly similitude in the value of E for the concrete and the micro-

congcrete,

2. The maximum base shear attained by the 1/5th-scale model (51% W) is 40%
greater than the shear attained by the full-scale model (36.5%W) loaded under the
inverted triangular lateral force distribution at the same level of drift. The maximum
shear at which the full-scale model failed when tested under a uniformly distributed
lateral force was practically the same as the maximum shear under which the 1/5th-

scale model failed.

3. The lateral stiffness and therefore the shear attained by the two models
remained close until a drift index of approximately 0.25%H , after which the difference
in lateral stiffness and therefore the difference in shear resisted by the full- and 1/5th-

scale models at the same drift increased progressively to a peak of 40%.

As shown in Fig. 40, during test PSD-3 (Taft 32.7%g) at approximately 4 séconds
of response, the full-scale model experienced a monotonic increase in displacement
from a total roof drift of (-)0.55% to (+)1.10%. After a few minor cycles another
severe displacement from approximately (+)0.80% to (-)1.10% of drift is observed at
about 9 seconds. These two severe cycles of deformation produced significant
deterioration in the stiffness of the full-scale model. No such large deterioration was
observed in the stiffness of the 1/5th-scale model during the MO 14.7, MO 24.7, and
MO 28.3 tests which produced similar levels of drift in the 1/5th-scale model as the
PSD-3 test induced in the full-scale structure. This is despite the significantly larger

number of cycles of severe deformation reversals experienced by the 1/5th-scale model
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during the MO 14.7, MO 24.7, and MO 28.3 excitations.

4. The maximum overturning moment envelopes of the two models exhibit simi-
lar stiffness and resistance until a roof drift index of 0.40%H occurred,after which the
1/5th-scale model remained stiffer and was increasingly capable of resisting niore over-
turning moment. At 1.4%H roof drift the overturning resistance of the 1/5th-scale
model was 34%WH, 33% larger than the corresponding resistance of the full-scale
model, 25.6% WH. The maximum overturning moment resisted by the full-scale model

tested under a uniformly distributed lateral force was 29% WH .

5. The rnorhent-shear ratio at the base of the full-scale model was constant at
0.72H by virtue of the inverted triangular distribution of force. This ratio continually
changed during the response of the 1/5th-scale model, and values between 0.64H and
0.75H were characteristically obtained at peak response (Fig. 29), the lower bound
corresponding to maximum shear response while the upper bound corresponded to the

maximum moment or top displacement responses.

6.2.2 Hysteretic Behavior. From a comparison of the base overturning moment-
top relative displacement hysteresis responses (Figs. 30(f) and 54) and the area
bounded by each hysteresis loop the hysteretic energy (accounting for the model scales)
dissipated by the 1/5th- and full-scale models was assessed to have differed
significantly. Before a roof drift index of 1.4% occurred, the 1/5th-scale model was
subjected to over forty full reversals of displacement, each exceeding 0.5% drift index.
By the time that an identical 1.4%H roof drift occurred in the full-scale model, how-
ever, that model had been subjected to a total of only sixteen full displacement rever-
sals of such intensity. Although the full-scale model dissipated about the same or even
perhaps a somewhat greater amount of energy during the first comparable cycle in
which both models reached a selected peak roof drift, because of the significantly larger
number of severe cycles to which the 1/5th-scale model was subjected, the total energy

dissipated by the 1/5th-scale model considerably surpassed that of the full-scale struc-
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ture.

6.2.3 Crack Patterns. The crack patterns of the wall-frame of the 1/5th- and
full-scale model at 1.4%H roof drift are compared in Fig. 42. The distribution of crack-
ing within the wall panel and edge columns differed significantly. Apart from the exist-
ing shrinkage cracks in the second, third, and fourth story wall panels, no further crack-
ing was observed above the first story in the wall of the 1/5th-scale model. In the full-
scale model, however, finely distributed diagonal cracking of the wall was observed in

the first three stories.

A concentrated crack at the wall-foundation interface of the 1/5th-scale model
was the most important characteristic of the induced damage. Although this crack may
have begun to form at the MO 9.7 test, it was first observed to extend completely
through the edge columns and wall panel during the MO 24.7 test. By the end of the T
40.3 test, the panel steel and all the main reinforcing bars in the boundary members—
except one—had ruptured, and the concrete at both faces of this concentrated crack had
deteriorated and spalled due to repeated abrasion. As discussed previously, the fixed-
end rotation at the base of the wall arising from bond slip contributed significantly to

the lateral displacement of the structure.

The wall of the full-scale structure did not exhibit a similar visible concentration
of cracking and damage at the foundation interface. Although preliminary information
reveals a large concentrated curvature indicating a fixed-end rotation at the base of the
full-scale wall, curvatures of similar order continued to be measured (unlike the 1/5th-
scale model) to approximately 0.67 of the height of the first story. In the 1/5th-scale
wall the curvature measured at the foundation interface attenuated significantly in only
7.5 in. (0.25 of the height of the first story), and the wall rotated almost as a rigid body
above this level. The local deformations and crack patterns of the 1/5th-scale and full-

scale models, particularly in their walls, therefore differed substantially.

For both of these walls the contribution of average shear distortion to the total
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first floor displacement was approximately similar, about 40%, at times of peak displace-
ment response after approximately a 0.5% roof dfift index had occurred. It follows that
the full-scale wall should have been significantly less stiff in shear than the 1/5th-scale
wall, as the maximum shear resisted by the 1/5th-scale model was about 40% higher

than that of the full-scale structure.

The finely distributed diagonal cracking all through the first 2-% stories of the
full-scale wall should have caused a substantial reduction in the shear stiffness of this

wall in comparison to that of the 1/5th-scale model.

~ Although it is generally recognized that the total number of cracks and the width
of cracks decrease as the model size decreases [29], the following reasons were

identified in this study for the differences.

. 1. -The tensile strength of the 1/5th-scale model microconcrete was approximately
double that of the full-scale model concrete. Since the typical reinforcement percen-
tages of the elements were low, the cracking moment and the yielding moment levels
of the beams, columns and wall were nearly equal in the 1/5th-scale model due to the
increase in the tensile strength of the microconcrete. As a consequence, cracking and
yielding occurred almost simultaneously, leading to the formation of fewer but wider

cracks in the 1/5th-scale model as compared to the fuli-scale model.

2. Length of the reinforcing bar yield plateau. The yield plateau of the 1/S5th-scale
model beam and column flexural reinforcement was longer than that of the full-scale
reinforcement. Consequently, relative crack widths were larger in the 1/5th-scale
model and the initiation of newer cracks was delayed until strain hardening began in the

yielded reinforcing bars within the crack.

3. Bond. 1t is well-known that the spacing of cracks depends on the tensile
strength of concrete and on bond strength. The better the bond, the smalier the spac-
ing of the cracks. As discussed in the section on model materials and their mechanical

characteristics, test results indicated that the bond between the model reinforcing bars
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and the microconcrete was better than expected between the full-scale reinforcing bars
and concrete. Thus, if all other parameters affecting cracking had been kept similar,
the spacing of cracks in the model should have been smaller than in the full scale. As
this is not what occurred, it is clear that other factors must have contributed more to

the observed crack.patterns. A discussion of these factors follows.

4. The average strain gradient within the cross sections and along the members of
the 1/5th-scale model was five times larger than in the full-scale model, as a direct
consequence of scaled modeling, i.e., maintaining the similitude in strains between a
scaled, smaller model and the full scale. It is well recognized that in a material such as
concrete the smaller the strain gradient the larger is the probability of increased crack-
ing.

5. Strain Rate. The strain rates of the two models differed significantly. While
the full-scale model was tested by pseudo-dynamically, leading to aimost sustained load
due to the slow nature of the loading process (several seconds of excitation were simu-
lated over several hours of testing), the l/ Sth-scale model was tested on the earthquake
simulator with a model time which was /S times faster than normal. Consequently,
while there was adequate time for crack Widening and propagation, and the opening of
new cracks in the full-scale model, this was not the case in the 1/5th-scale model and

sparser cracking resulted.

6.2.4 Causes of Variations in Stiffness and Strength. As a result of differences
in the tensile strength of concrete, strain gradient and strain rate between the 1/5th-
scale and full-scale models, cracking and damage characteristics differed significantly.
Due to the difference in crack pattern, the stiffness characteristics, particularly of the

walls, differed.

Shear Stiffness: The shear stiffness of the full-scale wall was considerably lower
than that of the 1/5th-scale wall due to the large number of local relative distortions

that occurred along each of the finely distributed diagonat cracks.



- 66 -

Flexural and Axial Stiffnesses: The flexural stiffness of the 1/5th-scale model was
also greater than that of its counterpart due to fewer flexural cracks, and the superior
bond-slip characteristics of reinforcement and deformability of concrete. Although the
plastic hinge rotations were more concentrated at the base of the 1/ 5th-scalé wall, the
hardening of the moment-rotation relationship at this plastic hinge was expected to
exceed the hardening of the more distributed plastic hinge at the base of the full-scale
wall due to better bonding characteristics of the 1/5th-scale materials. Recent studies at
Berkeley [30] have shown that reduced-scale models whose hysteretic behavior is con-
trolled by bond deterioration can substantially overestimate the energy dissipation capa-

city of the full-scale model.

The axial and flexural stiffnesses of the frames in the 1/5th-scale model were also
expected to be superior to those characteristics of the similar frames in the full-scale
structure as a result of fewer cracks, better deformability (Fig. 16), and the bond-slip

characteristics of the reinforcing bars in the 1/5th-scale model.

Strength. In addition to differences in stiffness and strength characteristics of the
two models arising from the differences in crack pattern and damage mechanisms, two

other reasons for the higher strength of the 1/5th-scale model were the following.

1. Hyper-Sirength of Reinforcement. The slightly higher yield force of the main
reinforcement of the edge columns of the wall of the 1/5th-scale model (approximately
8% higher) and, more importantly, the inherently higher hyper-strength of the model
reinforcement as compared to full-scale reinforcement were identified as causes of the

relatively higher strength of the 1/5th-scale model.

The model reinforcement was deformed by indenting a circular cross-section
whereas the full-scale reinforcement was hot rolled with ribs complementing a circular
cross-section [17]. Test coupons from the model reinforcement yielded at the weakest, ;
smallest cross-section during tensile testing. Due to the notches on these reinforcing

bars, the probability that a cross-section would be smaller and weaker than an adjacent
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cross-section was higher for the 1/5th-scale than for the full-scale model reinforcement.
Consequently, the test coupons of the 1/5th-scale model yielded at such relatively
smaller and/or weaker cross-sections and the chance that yielding would propagate was
small, causing the localization of yield to a specific, smaller than average and/or
deficient cross-section. On the other hand, the probability that such a cross-section
would be located at the critical cross-section of the most critical element of the 1/5th-
scale model was low, and the reinforcement at the critical cross-section of such an ele-
ment would be likely to have a higher yield and ultimate strength than that implied by

the coupon test results.

The greater the variability of area and strength in a cross-section along a reinforc-
ing bar, the greater will be the underestimation of the possible strength of the rein-
forcement at the critical location of the critical member. Consequently, the hyper, or
hidden, or statistical strength increase in the 1/5th-scale model was expected to be
higher than that of the full-scale model contributing to the observed discrepancy in

strengths.

2. Lateral Force Distribution. Still another reason for the higher shear and flexural
strengths of the 1/5th-scale model was due to changes in its lateral force distributions
while subjected to base excitation on the earthquake simulator as opposed to the con-
stant upper triangular lateral force distribution applied to the full-scale structure. The
lateral force distribution of the 1/5th-scale model alternated between an upper parabolic
and lower parabolic distribution at times of peak moment and shear responses, such
that the moment-to-shear ratios generally approached 0.75H and 0.65H at peak
moment and shear responses, respectively. This was a more favorable loading condi-
tion for the structure than the inverted triangular distribution as the moment associated
with peak shear demand and the shear associated with the peak moment demand were
less than in the inverted triangular distribution which had a constant moment-to-shear

ratio of 0.72H.
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6.3 Correlation of Analytical and Experimental Results

6.3.1 Analysis of 1/5th-Scale Model Subsequent to Shaking Table Tests. The
analytical studies carried out on the prototype prior to dynamic testing did not include
many aspects of three-dimensional behavior which were subsequently recdgnized to
contribute greatly to the model stiffness and strength. The principal mechanisms
involved in this three-dimensional behavior were the rocking and growth of the shear
wall, and the associated restraint provided by the outriggering frames surrounding the
wall. The girders, both parallel and orthogonal to the plane of the wall, were very

effective in providing this restraint.

In order to quantify some aspects of this three-dimensional behavior, a new series
of analytical studies is presently underway at Berkeley, using currently available com-
puter programs for the static and dynamic analysis of linear and nonlinear structures,

and limit analyses carried out by hand.

The computer program ANSR-I [31] was used to perform a step-by-step analysis
of the 1/5th-scale model subjected to monotonically increasing static lateral load.
Emphasis was placed on obtaining realistic force-deformation relations for the girders,
both parallel and orthogonal to the plane of the wall. Complete thfee-dimensional
behavior was considered, but the wall was assumed to rock about its centroidal axis
rather than about the compression-side boundary element as observed during tests of
the 1/5th-scale model. Realistic methods for modeling wall behavior, including neutral

axis migration and axial growth, are currently under investigation.

Modeling of Sectional Moment-Curvature Relationships. Given the basic material
properties of the reinforcing steel and microconcrete of the model, and assuming con-
stitutive relations for the steel and the confined and unconfined concrete, moment-
curvature relations were generated for sections representing critical regions of the
beams, columns, and the main wall of the model [32]. For all sections, the Bernouilli-

Navier hypothesis, i.e. that plane sections remain plane, was assumed to be wvalid.
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Although this assumption may be accurate for rectangular sections subjected to flexure
with low shear, it can produce unrealistic results when the sections are deep or nonrec-
tangular, such as reinforced concrete T-beams with very wide flanges, or when the sec-
tions are subjected to relatively high shear. The beams of the 1/5th-scale model were
subjected to relatively low shear because they were lightly reinforced. However, since
they were monolithically cast with the slab, this gave rise to a significant contribution
from the slab (T-beam action). Hence, the assumptions that hold for rectangular sec-

tions may not be valid.

The moment-curvature relations based on assumptions that the constitutive rela-
tionships for the materials under uniaxial stress would be representative and that plane
sections remain plane are presented in Fig. 43 for positive and negative moment for the
end sections of girder G3 (Fig. 1). In this figure, six curves are shown, three for posi-
tive moment, and three for negative moment. The three curves in each case
correspond to three assumptions about the effective width of the slab. The width of the
slab that was assumed in each case is indicated in the figure. The largest value of slab
width corresponds to the assumption that the complete slab contributed to the T-beam
section. Although not apparent in the figure due to the scale used, the initial slopes of

these curves vary.

For the positive moment curves, the assumed effective flange width significantly
influences the strength of the section due to the fact that at ultimate load the neutral
axis is in the slab and so close to the top that all the steel in the slab is stressed in ten-
sion. It should be noted, however, that the strength predicted for the section with the
widest slab is unconservative (i.e. too high), since the concrete would not crush simul-
taneously over the complete flange width, but would first crush over the part of the
flange adjacent to the beam web. Both the resultant compression force and the moment
arm will be smaller than those assumed for the fully effective slab, thereby reducing the

ultimate strength of the section. Therefore, when positive moment strength is used to
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model the critical regions of these girders, the total slab width cannot be assumed to be

effective.

Based on the above considerations, the moment-curvature relation used to model
sections located in the critical region of girder G3 as subjected to positive mdment was
based on initial stiffness and cracking moment for the 11.8 in. (300 mm) flange and
yield and ultimate moments and curvatures for the 23.6 in. (600 mm) flange. The

resulting trilinear curve is shown in Fig. 44,

It is much more difficult to establish a trilinear analytical curve for negative
moment for the end region of girder G3, since curves based on the "plane section
remain plane" assumption contain significant errors. When girders such as G3 are sub-
jected to large inelastic deformation, the steel at the top of the beam stem (web) will
yield first. Under increasing deformation, the steel in the portion of the slab adjacent
to the beam steel will also begin to yield, with the number of slab bars reaching yield
increasing as deformations increase. Ultimately, all the bars in the slab may have
reached yield, with many, especially those adjacent to the beam web, being strained
well into strain hardening. This gradual progression of yielding is not accounted for in
the curves shown in Fig. 43 since these curves assume that all steel across the slab will
have the same strain and thus will yield simultaneously. The curve corresponding to a
flange width of 47.2 in. (1200 mm) exhibits relatively little curvature ductility as a
consequence of the assumption that all steel in the 47.2 in. (1200 mm) wide flange will
yield at the same time. In reality, the maximum moment (if reached at all) indicated
by this curve would occur at a larger curvature than that shown in Fig. 43 as the portion
of the slab (flange) in which the steel is yielding will increase gradually with the
increase in curvature.

Based on the above observations, it was decided to use an ultimate negative

moment as determined from the moment-curvature analysis for the case of full slab

width, i.e. 47.2 in. (1200 mm), but to use for ultimate curvature the value correspond-
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ing to concrete crushing, i.e. ® = 0.012. For yield moment and curvature, the com-
puted values for the 23.6 in. (600 mm) slab were used, and for cracking moment and
curvature, the computed values for the 11.8 in. _(300 mm) slab were used. The result-
ing trilinear moment-curvature relation used to model the critical regions of the ele-

ment subjected to negative moment is shown in Fig. 44.

Significant uncertainties were confronted in determining a representative cross-
sectional response for the girder-slab system. These uncertainties indicate that more
realistic compatibility conditions than those provided by the Bernoulli-Navier hypothesis
are urgently needed in cross-sectional analysis. Since the assumed cross-sectional
response for girder end regions under negative bending (the slab in tension) affected
the overall stiffness and strength characteristics of the structure as well as the sequence
of plastic hinging and local response characteristics significantly, investigations of more

reliable cross-sectional analytical procedures are in progress.

Modeling of Elements and Critical Regions. All elements of the structure were
modeled as one-dimensional, two-component models. Since the lateral loading was
increased monotonically until a mechanism state occurred, only monotonic force-
deformation primary curves were established. The method used to generate these
curves is described below where girder G3 of the 1/5th-scale model is used as an exam-

ple.

Typically, the two-component model, when loaded in flexure without axial load,
can be characterized by the initial and strain hardening stiffnesses of the components,
and the positive and negative moment strengths of the plastic hinges. The distribution
of flexibility along the length of the element may be incorporated by specifying
appropriate element stiffness coefficients. If the element is subjected to constant
moment along its length, and/or if the sectional moment-curvature relation displays no
strain hardening, the moment-curvature relation may be used directly to supply the

required element stiffness and strength. Otherwise, the moment-curvature relationships
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cannot be used directly to specify these properties. Since the latter case applied for the
girders under consideration, it was necessary to carry out additional analysis (on the ele-
ment level) before the two-component modeling parameters could be supplied to

ANSR-L

The typical moment-rotation relationships from the two-component model loaded
first by gravity load and then by monotonically increasing equal end rotations (similar to
those that would typically occur during earthquake loading) are illustrated in Fig. 45.
Limit states 1 through 4 indicated in Fig. 45 correspond to: (1) gravity loading; (2)
yielding in positive moment at the right end of the beam; (3) yielding in negative
moment at the left end of the beam; and (4) additional loading with both ends yielded

and in strain-hardening.

Since any real beam must be modeled by a moment-rotation relationship similar
to that in Fig. 45, it was decided: (a) to force a more complex model of the real beam
to undergo the same loading history as described above for the simple two-component
model; (b) to generate the resulting moment-rotation relations; (c) to fit a two-
component model curve through the analytical curve; and (d) then to assign the yield
strengths and initial and strain hardening stiffnesses to the simpler ‘two-component

model.

The basic assumption in this modeling procedure is in the displacement patterns
through which the ends of the beams are forced to move. For modeling the principal
longitudinal girders it was assumed that the rotations at either end of the beam were
equal. While this is not necessarily the case when the structure is elastic, it wés found
from analysis that rotations at the ends of girders tend to approach the same value as
the response of the structure enters the nonlinear range, particularly after the shear wall
hinges at its base. Obviously, some errors are introduced, but it must be kept in mind
that the basic goal is to determine properties of a highly simplified analytical model (the

two-component model). It seems reasonable to determine these properties based on
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the behavior of a highly refined analytical model of the same beam, conducting the
analytical simulation of an experiment where the analytical beam is subjected to a rota-

tion history similar to that which may occur during a typical earthquake cycle.

A computer program, ELMO (for ELement MOdelling) was developed to discre-
tize the beam into a number of finite elements and to synthesize the moment-rotation
relations for both ends of the beam based on trilinear moment-curvature characteristics

prescribed for each finite element.

The ELMO model, shown in Fig. 46, was used to generate moment-rotation rela-
tions for girder G3 (Fig. 47). For negative moment, these curves display significant
hardening. This is a direct result of the large strain hardening stiffness of the
moment-curvature relations and accounts for the progressive yielding of the steel in the
slab. For positive moment, the hardening is small, as would be expected from the
moment-curvature relations. A maximum rotation of 0.012 radians was assumed for
this analysis, corresponding to a total maximum roof drift index of about 1.2 percent
(i.e. a roof displacement of 2 in. for the 1/5th-scale model, 10 in. for the full-sacle model).
This level of drift is of the same order of magnitude as would be expected to occur dur-
ing a damageability level earthquake. In order to derive stiffness and strength parame-
ters for the ANSR-I analysis, the two-component model was forced to display the same
negative moment strength at this rotation of 0.012 radians. Stiffnesses for the model
were based on providing areas under the analytical curve approximately equal to the
areas under the model curve. However, a large number of two-component element
parameters representing nonlinear response may be selected. Despite the refined
anélytical generation of the nonlinear moment-rotation response, the bilinear idealiza-
tions for negative and positive moment directions (i.e. selection of the coordinates of
the yield points and the strain-hardening stiffness) are subjective and the choice might
affect the global response of the structure. Analytical elements which permit a closer

representation of the generated moment-rotation responses than the two-component
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model shown in Fig. 47 are necessary for more refined modeling of reinforced concrete

beam response.

A similar analysis was carried out for each of the principal and transverse girders
of the model. For the columns, which were assumed to remain elastic except at the
foundation, and the shear wall, such analyses were not performed. Instead, the
strengths were taken directly from the derived axial-flexural interaction diagram, the
initial stiffness was taken (somewhat arbitrarily) as 50 percent of the gross section
stiffness, and the strain hardening stiffness was taken as 1 percent of the initial
stiffness, which was a decision based on the low strain hardening displayed by the rein-

forcing steel.

Global Modeling Concepts. The model used for the entire structure, shown in Fig.
48, included all the elements of frames A, B, and C, as well as the transverse beams
(girders G4), which span frames A and B, and B and C. The four end (peripheral)
walls were also included, and were modeled as truss elements in parallel with the exte-
rior beam-columns of the frames. The transverse beams shown in the figure were
included to account for the interactions of frames A, B, and C that arose due to the
different vertical displacements of the exterior frames A and C and the interior (center)
wall-frame B in an idealized manner. To simplify the analysis, a single frame, termed
frame A’, was used to represent the total strength and stiffness of frames A and C.
The floor system was assumed to be infinitely rigid in plane. The shear wall was
assumed to rotate about its centroidal axis. The effect of wall rocking is discussed
below in the section on limit analyses. Although small, P-A effects were nevertheless
considered in the analyses via the fictitious frame shown at the right in Fig. 48.

Force-Displacement Response. Using the modeling procedures described above, the

1/5th-scale model was analyzed for two loading cases, under uniformly distributed and

triangularly distributed lateral loads. The first case results in larger shear forces at a



=75 -

given displacement and the second case results in larger overturning moment. Since
the dynamic response of the structure was expected to be predominantly in the first
mode, and since any higher mode effects were expected to be less important as the
response became increasingly nonlinear, the triangular and uniform lateral loadings
were expected to provide lower and upper bounds, respectively, on the actual dynamic

responses of this structure.

The resuiting force-displacement curves are shown in Figs. 49 and 50 for the tri-
angular and rectangular loadings, respectively. In each of these figures the response of
the total structure is shown, together with the load carried by each of the individual

frames (frames A’ and B).

As can be seen from Figs. 49 and 50, the percentage of shear taken by frame B is
largest when the response is elastic, but once the elements of this frame begin to yield,
the contribution is reduced. For triangular loading, frame B initially carries 92 percent
of the load, but at a roof drift index of 1.20 percent this reduces to 68 percent. Simi-
larly, for uniform load, frame B starts out with 92 percent, but this value decreases to
72 percent at a roof drift index of 1.20 percent. In either case, whether under uniform
or triangular loading, frame A’ has a similar response because after a hinge forms at the
wall’s base, the structure’s lateral displacements are governed by the wall’s nearly
rigid-body movement. Thus, the response of frame A’ is predominantly controlled by
the compatibility condition imposed by the wall rotating at its base after a plastic hinge

has formed at the base of the wall, regardless of the distribution of lateral loading.

Comparison of Analytical and Experimental Results. The analytical static response is
co;npared to the dynamic response envelope of the 1/5th-scale model and with the
envelope values from the pseudo-dynamic testing of the full-scale model as shown in
Fig. 51. The analytical curves (C and D) fall between the envelope values from the
two experimental curves (A and B). The analytical curve for the triangular loading is

similar in shape but lies above the envelope from the full-scale model (in which the
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structure was also loaded with an upper triangular force pattern). Curve D falls well
below the envelope of values from the shaking table tests, however. The analytical
curve for the uniform loading is well above the envelope values from the full-scale
model and at the same time well below the envelope curve from the 1/ Sth-sc;ale model

tests, especially at roof drifts exceeding 0.5 percent.

Although there are several reasons for the differences in the curves shown in Fig.
51, quantitative justification of these differences is difficult, especially for curves A and
B, the two experimental curves. These differences and their possible causes have been
discussed in previous sections and the comparison made here is for curves A, C, and

D.

Many adjustments could have been made in the analytical model in order that
analytical results would correlate better with experimental results. From curves C and
A, for example, it is apparent that the strain hardening stiffnesses of the wall and
beams were underestimated (at drifts greater than about 0.5 precent) and the inter-
mediate stiffness of the wall and perhaps the beams overestimated (at drifts between
0.15 percent and 0.35 percent) when compared to experimental values. If the initial
strain hardening and stiffness of the wall was increased, the initial stiﬁ'nesses of the
girders decreased, and the strain hardening stiffnesses of the girders increased, the
shapes of curves A and C would tend to be similar. . This type of parameter juggling
was not attempted, first because there are many combinations such as those given
above which can be used to force the experimental and analytical curves to correlate
better, as also discussed in relation to Fig. 47, and, secondly and more importantly,
because it was considered more productive to explain the observed differences between
analytical and experimental results by closely studying overall experimental behavior
and by investigating mechanisms of response, rather than by attempting to improve

correlation by parameter juggling.

Although in the shaking table tests during which the roof drift index exceeded
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approximatély 0.75% it was observed that the shear wall tended to "rock" with the
center of rotation alternating between the boundary elements of the wall, this behavior
waé not included in the analyses. During these tests it was observed that as the wall
rocked to the right, the center of rotation moved towards the right side boundary ele-
ment, and as the wall rocked to the left, the center of rotation switched to the left side
boundary element. Also, since the girders (both parallel and orthogonal) to the tension
side boundary elements were subjected to larger relative end displacements than were
the girders -attached to the compression side elements, due to both rocking of the wall
and its growth, they developed larger shear fdrces which were transferred into the shear
wall causing the wall to undergo increases of up to 34 kips over the gravity level of

26 kips. Similarly, there was an unsymmetric dynamic response in the interior columns
of frames A and C (see Fig. 28) as the differences in force and distortion in the tension
and compression sides of the wall were transmitted to the side frames through the
flexural rigidity of the diaphragm system including the transverse girders. The increases
in axial compression of the wall due to the restraint of the diaphragm system and the

outriggering frames increased the flexural and shear capacities of the wall.

" Analytical models that can incorporate fhe effects of axial force on the stiffness of
R/C elements, neutral axis migration, axial growth of wall elements, restraint provided
by a diaphragm system leading to out-of-plane interactions between walls and frames,
and the contribution of R/C slabs to the moment capacity (particularly the hardening
characteristics of girders), are being developed. Experimental observations of the test
structure’s actual response characteristics were essential in understanding the deficient

aspects of current analytical modeling procedures.

6.3.2 Limit Analyses. A series of limit analyses of the model were carried out.
Unlike the step-by-step analyses discussed in the previous section, limit analyses
did not require a nonlinear analysis computer program. Although information regard-

ing the displacements of the structure are not generated during limit analysis, the max-
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imum resistance of the structure can be obtained. In case a complete mechanism is
attainable, the force distribution in the structure at maximum resistance can also be
obtained. Several analyses of different analytical models of a structure may be carried
out economically, investigating the effects of different design parameters and analysis
assumptions on the collapse state forces. This makes limit analysis a powerful tool in

designing for the ultimate limit states.

The procedures followed in the limit analyses were: (1) to construct an analytical
model of the structure, (2) to establish the plastic moment capacities of the members,
(3) to assume a kinematically admissible collapse mechanism, (4) to evaluate the inter-
nal work, the external work (based on an assumed distribution of seismic forces), and
the collapse load of the structure from the principle of virtual work, (5) to check that
the assumed mechanism, in conjunction with the assumed plastic moment capacities of
the members, results in a stable statically admissible field, i.e. to satisfy the statics and
the yield conditions everywhere, (6) to check that the deformation capacities of the
critical regions of members are adequate to supply the maximum rotation demands in

conjunction with the assumed mechanism state.

In this manner, analyses were repeated for: different collapse mechanisms of two
or three-dimensional analytical models; different assumptions on member plastic
moment capacities; and for several assumed lateral force distributions, as discussed

next, and summarized in Table 17.

Analytical Models Considered in the Limit Analyses. Either two, or, simplified
(pseudo) three-dimensional analytical models of the structure were considered. In all
the analytical models the two side frames A and C were lumped together in a resulting
frame A’. This frame A’ and the wall-frame B were constrained to have identical
lateral displacement at each floor level, as shown in Fig. 48. This corresponded to
assuming infinite in-plane stiffness (axial, shear, and flexural) for the diaphragm. In

the two-dimensional (planar) analyses, frames A’ and B were assumed to have indepen-



=79 .-

dent vertical displacement and rotation characteristics. This corresponded to assuming
zero flexural and torsional stiffness of the diaphragm in the transverse (out of plane)
direction. In the pseudo-three-dimensional analyses, the transverse girder-slab system
was assumed to be effective in relating the vertical displacements of the side frames and
the wall-frame. The iﬁternal work done by the transverse girder-slab system in resisting
relative vertical displacements between the side frames and wall-frame were considered
in these analyses. The torsional resistance of the floor system in resisting the relative

rotation characteristics of the adjacent frames, however, were not considered.

In both analytical models considered, the joint zones were assumed to be rigid.

Plastic hinges were assumed to possibly occur at the faces of joints only.

Mechanisms Considered in Analyses. Although several different types of collapse
mechénisms have been analyzed, only the results obtained from the two sidesway
mechanisms shown in Fig. 52 will be presented and discussed herein. In the first
mechanism, the plastic hinge at the base of the wall was assumed to occur at the cen-
troid of the wall cross section. In the second mechanism, this hinge was assumed to
occur at the neutral axis of the wall cross section at the base of the wall. The neutral axis
of the cross section was determined by iteration based on the axial force of the wall at
the attainment of its maximum resistance. Analyses considering the location of the
neutral axis at the centroid of the edge column, as well as at the extreme face of the
edge column, were also conducted for the three-dimensional model, in order to investi-

gate the effect of higher wall axial forces on the collapse load.

In checking if the assumed collapse mechanisms were associated with stable static
admissible fields, hinging of columns instead of beams were identified in several beam-
column joint locations for certain analyses. In such cases, the mechanisms were

corrected.

Element Force-Deformation Relationships. All elements were assumed to have

rigid-plastic moment-rotation characteristics. The plastic moment capacities of the
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elements were obtained based on either specified or measured material properties, con-

sidering the effect of axial force on the flexural capacity.

The plastic moment capacity of the wall was determined either at the geometric
centroid, or at the neutral axis of the cross section, based on where the plastic hinge was

assumed to occur in the mechanism under consideration.

The plastic moment capacity of the girders was determined for various assumed
effective flange widths, in each case incorporating the slab steel corresponding to the
assumed flange width. In the cases where the full slab width corresponding to each
frame was assumed to be contributing to girder plastic capacity, the computed max-
imum resistance for negative moment (flange in tension) was reduced by 20 percent.
The reasoning behind this reduction was discussed in Section 6.3.1 where the step-by-

step analyses were presented.

In the three-dimensional analyses, the entire slab width associated with each
transverse girder was assumed as effective in contributing to the girders’ flexural capa-
city. The computed maximum negative moment resistances of the transverse girders
were reduced by 20 percent, similarly to those of the girders along the main response

direction.

Lateral Force Distributions considered in the Analyses. Three different lateral force
distributions were considered. They were: an inverted triangular distribution, a uniform
distribution and a parabolic distribution equal to the one measured during the T 40.3
test at the time of the maximum moment and shear of the structure, which occurred
simultaneously (Fig. 29).

All the parameters considered in the limit analyses were summarized in Table 17.

The results of the analyses are discussed next.

Results of Limit Analyses. Results are summarized in Table 18. The computed
maximum resistance of the structure is observed to vary between 20.3 Kips and 57.4

kips, indicating the significant effect of the various assumptions on the computed
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maximum resistance of the structure: (a) Incorporating the ACI-defined slab contribu-
tion for positive moment to computation of girder negative moment capacity as
opposed to neglecting the slab contribution is observed to increase the resistance
approximately 15 percent. (b) Using the measured material properties and the entire
slab width as opposed to using the specified material properties and the ACI-defined
effective slab width is observed to increase the resistance approximately 80 percent. (c)
Considering the pseudo-three-dimensional model as opposed to the two-dimensional
model increased the resistance approximately 10 percent. (d) Considering the wall plas-
tic hinge occurring at the neutral axis rather than the centroid increased the resistance
approximately 2 percent. The axial compression in the wall was either 26 kips or 35
kips when mechanisms G and H (Table 18) were considered. As indicated in Table 17,
the wall plastic hinge is located at the centroid in mechanism G, and at the neutral axis
in mechanism H. Under the axial load of 26 kips the wall plastic moment capacity
taken at the centroid was 1377 kip-in. In mechanism H the axial compression increased
to 35 kips and the wall plastic moment capacity taken at the centroid increased to 1528
kip-in. However, when this moment is expressed at the neutral axis, it decreased to
only 907 kip-in. Mechanism H resulted in larger internal work done by the girders and
larger negative external work done by the gravity loads due to net upward displace-
ments in the structure as compared to mechanism G. Consequently, in spite of the
significant reduction in the wall plastic moment when expressed with respect to the
neutral axis, mechanism H resulted in 2 percent larger resistance than mechanism G.
Assuming the wall plastic hinge at the centroidal axis (mechanism G) as opposed to at
the extreme face of the edge column (mechanism J), lead to only a 1 percent difference
in the computed collapse load. (e) Assuming a uniform lateral force distribution as
opposed to a triangular one was observed to increase the resistance by more than 20
percent. The measured distribution of the lateral force led to approximately 10 percent

larger collapse load than the triangular distribution.
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Concluding Remarks The maximum lateral resistance of the structure during the
T 40.3 test was measured as 53.9 kips. The simplified three-dimensional analysis H
(Tables 17 and 18), considering measured material properties, incorporating contribu-
tion of the entire slab to girder capacities in both main response directioh and the
transverse direction, plastic hinging of the wall at the neutral axis, and considering the
lat_eral force distribution measured during the T 40.3 test, resulted in a computed max-
imum resistance of 52.1 kips i.e. only 3 percent less than the measured value. It may
be concluded that limit analysis, conducted on a simplified (pseudo) three-dimensional
model of the structure, and assuming the total slab to contribute to the plastic moment
capacity of the girders, was quite successful in estimating the measured lateral force

capacity of the structure.
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VII IMPLICATIONS OF RESULTS FOR STATES OF ART AND PRACTICE
OF SEISMIC RESISTANT DESIGN AND CONSTRUCTION

OF REINFORCED CONCRETE FRAME-WALL STRUCTURES
7.1 General Remarks

One of the main objectives of the U.S.-Japan cooperative research program, of
which the studies reported here form a part, is to mitigate the hazards of earthquakes
by improving the seismic resistant design and construction of buildings. Therefore, one
of the main objectives of the studies conducted at Berkeley has been to assess the
implications of the results obtained regarding the state of the art and particularly the
state of the practice of seismic resistant design and construction of reinforced concrete

frame-wall structures.

Although all results have not yet been assessed, observations made during the
experiments and comparison of results of the analytical studies conducted prior to the
experiments with the experimental data that have already been processed (some of

which have been presented here) permits a series of observations.

While some of the results have categorically confirmed observations from previ-
ous investigations, visual observations during the experiments and some of the experi-
mental results have shed new light on the problem of the seismic behavior of frame-
wall structures. Although there have been many findings from this research as dis-
cussed below, the most importaht are: (1) the three-dimensional interaction of the wall
and frame (due to differences in the deformation characteristics of the wall, particularly
its rocking, and the frame which induced the beneficial outriggering action of the space
frame on the wall); (2) the significant effects of variations in axial force on the lateral
stiffness and strength of the columns and particularly of the wall; (3) the importance of
controlling the amount of shear at the critical regions of the main members of a struc-
ture by proper layout, proportioning, and detailing; and (4) the tremendous contribu-

tion of the floor system (slab) to the ultimate strength of the structure.



-84 -

Before assessing the implications of the results obtained regarding the states of
the art and practice, it should be noted that the overall performance of the models
(full-scale and 1/5th-scale) has been excellent. The tests have shown that the frame-
wall structural system is capable of surviving safely, i.e. without collapse (panéaking) or
dangerous structural damage, the larger horizontal component of a possible extreme
ground motion which can be anticipated in the U.S. The experimental studies con-
ducted clearly confirm that if the limitations of reinforced concrete materials are recog-
nized and considered in proportioning and detailing of structural members and their
connections, and such a design is adequately constructed, it is possible to achieve rein-

forced concrete frame-wall structures with excellent seismic performance.

Strictly speaking, the conclusions and observations noted below apply only to the
building fabricated and tested under the conditions described above. The results and
conclusions might be extrapolated to similar structures with different boundary and ini-
tial conditions and reactive mass and subjected to all components of actual earthquake
ground motions, but only with extreme care. To reiterate: (1) the test building was
tested under one horizontal component of ea;thquake ground motion; (2) the
structure’s torsional rigidity was increased significantly by the use of special peripheral
walls that also acted as effective outriggers and contributed to the structure’s overturning
moment capacity, (3) the foundation was rigidly fixed to the shaking table, i.e. no
soil-foundation interaction was possible; (4) the reactive mass was only slightly larger
(less than 9%) than the mass corresponding to the weight of the bare structure; and (5)
the building was subjected to a series of tests with ground motions whose intensities

were gradually increased.
7.2 Implications for State of Practice

In assessing the implications of the results it is assumed that the state of the prac-

tice is reflected in existing seismic codes. The results of the studies have shown that:
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1.  Despite the fact that the design and detailing of the frame-wall structure did not
satisfy the UBC seismic requirements for buildings of either Type 3 (X = 0.8) or

Type 1 (K = 1.0), the behavior of the two models was excellent.

2. The soundness of the UBC requirements that permit the use of a UBC Type 1 (K
= 1.0) structural system, which includes walls that lack special confined vertical
boundary elements and concrete space frames that do not satisfy the ductility
requirements for ductile moment-resisting space frames, should be investigated.
Comparative designs and analyses of the test building shown in Fig. 1 using KX =
1.0 vs K = 0.8 show that the design for K = 1.0, i.e. Type 1, leads to a final
structure which can have the same or somewhat lower strength* than the struc-
ture designed for K = 0.8, i.e. Type 3, but its capacity to dissipate energy is con-
siderably less because the wall and frame members would be significantly less duc-
tile. Because a Type 1 (K = 1.0) structure is easier to detail and construct and is
therefore more economical than 'a‘Type 3 (K = 0.8) structure, it may errone-
ously appear as a very attractive solution bfor the designer who may not recognize

the importance of energy dissipation capacity in seismic resistant design.

3. Dual structural systems (i.e._ frame-wall systems) offers considerable advantages
over structural systems composed of only ductile moment-resisting space frames
or systems based on walls alone. The addition of the wall to the ductile moment-
resisting frame significantly increased the strength and stiffness of the frame. Stu-
dies that are at present in progress indicate that while a ductile moment-resisting
frarhe (based on 3 frames identical to frame A) would have satisfied UBC
analyses of its behavior under the Taft ground motion used in the tests,

normalized to a peak acceleration of 0.40g, indicated that interstory drift

* Despite the fact that the UBC total base shear, ¥, when K = 1.0 is 25% higher than when K = 0.8, the
requirements that for Type 3 (K = 0.8) structure, the space frame be designed to resist 25% of the total | 4
and that not only the wall but its edge members must resist all vertical stress due to the effect of V| results
in a wall that is at least as strong as the wall designed for K = 1.0, and as the frame in this case is not re-
quired to be designed for 25% of the total ¥, the final structure designed for K = 0.8 would be as strong or
stronger than that which would have been designed for K = 1.0.
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indices of the order of 2% would have been induced in the first two stories.
Therefore, although the use of the frame alone would have permitted the building
to survive the Taft 0.40g horizontal component without collapse, the amount of
nonstructural damage due to the larger interstory drift would have béen larger
(particularly at the first two stories) than expected from the frame-wall models

tested.

The addition of just one wall increased the initial lateral stiffness of the frame by a
factor of five and the strength by more than 100%. The increase in lateral
stiffness significantly decreases the damage to nonstructural components as well as
to structural members at all limit states. Under service level earthquake loads,
drift of the test structure was less than 0.0015, considerably smaller than the value
of 0.0025 specified as a maximum drift index for wind and than the 0.0040
allowed for earthquakes for Type 3 (K = 0.8) structures. Even under a severe
earthquake ground motion, as in the T 40.3g test, the maximum interstory drift
was about 1.7% which is just a little larger than 1.5%, the maximum acceptable

value recommended by ATC 3-06.

Due to differences in the deformation characteristics of the wall and the
moment-resisting space frame (when the structure is loaded or deformed laterally)
significant interacting three-dimensional effects are induced. The axial growth and
rocking of the wall at its base triggered a beneficial three-dimensional outriggering

action of the surrounding space frame.

The interacting three-dimensional effects created by the axial growth and rocking
of the wall and consequential outriggering action of the space frame should be
recognized and considered in the design of frame-wall structures. This three-
dimensional interaction induces iﬁternal forces and deformation demands in struc-
tural members that cannot be visualized considering only planar behavior. From

analyses of the three-dimensional behavior illustrated in Fig. 31 and of the results
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presented in Fig. 28 it becomes cleaf that due to the earthquake ground motion
horizontal component acting in the plane of the wall: (1) the girders framing per-
pendicularly to the wall plane can be subjected to significant bending moment (up
to ultimate capacity); (2) the interior columns of the exterior frame can be sub-
jected to significant tensile axial forces and bi-axial moments; and (3) the wall can
be subjected to significant compressive axial forces. Neglecting these forces in

design may lead to poor seismic performance.

All structural members of a frame-wall structure, and not merely those required
by design to be part of the lateral force-resisting system, as presently permitted by
the UBC, should be designed as ductile members. The interacting three-
dimensional effects require significant inelastic deformations in the girders fram-
ing perpendicularly to the wall plane, and the girders will undergo these deforma-
tions without failure (loss of strength) only if they have been designed according

to the requirements for a ductile moment-resisting space frame.

Interacting three-dimensional effects, observed during experimentation, give rise
to serious doubt about the soundness of present UBC provisions that allow struc-
tures to be designed and constructed to resist total lateral seismic forces assumed
to act nonconcurrently in the direction of each of the main axes of the structure.
Whether the related provision of ATC 3-06 which requires that elements be
designed considering 30% of the orthogonal effects is adequate should be investi-

gated.

The contribution of the reinforced congcrete slab to the stiffness and particularly to
the ultimate strength of the frame-wall structural system was observed to be
significant. At present, building code requirements for reinforced concrete recog-
nize some contribution of concrete slabs cast monolithically with beams only
when the beam is subjected to positive moment, i.e. the slab is subjected to

compression. The present codes do not mention the contribution of the slab rein-



- 88 -

forcement to the negative moment capacity of the beams. The analytical results
presented in Fig. 43 and the observations made during the experiments have
clearly shown that the contribution of the reinforced slab to the positive and par-
ticularly to the negative moment capacity of the beams is significant. The contri-

bution of the slab increases with increases in plastic deformation of the beams.

This contribution of the reinforced concrete slab should not be neglected because
although in very ductile structures it can be of great benefit, as in this case, it can
also have adverse effects such as: (1) the ultimate flexural strength of girders
may be so large that it may exceed the axial-flexural capacity of the columns, thus
forcing plastic regions to form in the columns; (2) the increase in girder flexural
capacity attracts additional shear which can lead to a decrease in beam ductility if
the beam has not been designed for such an increase; (3) the increase in the
flexural capacity of the beams at their ends can bring about an increase in shear in
the beam-column joints which can be detrimental to the behavior of the joint if
the increased shear has not been considered in the design; and (4) as the addi-
'tional beam shears are transferred to the columns and walls as axial forces, these
additional axial forces can change the resistance and/ or ductility of these elements

adversely.

The importance of the increase in shear stresses due to increases in the flexural
capacities of members (particulariy the beams due to slab contributions) is clearly
illustrated by comparing the values of the nominal shear stresses for which the
members were designed, with those obtained according to the observed maximum
shear developed during tests of the 1/5th-scale model. These values are given in
Table 19. The increase in shear due to the flexural overstrength supplied to the

beams was about 54%.

The slab’s contribution to the end moment capacity of beams makes estimating

the stresses on, and therefore the design of, beam-column joints very difficult.
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Present code design methods which consider only the effect of beam reinforce-

ment that passes through or is anchored to the joint core do not seem realistic.

10. It is of utmost importance that the amount of shear that develops within the
structure and particularly within the critical regions of the structural components
that control the yielding of the structure be controlled. One of the main reasons
for the excellent behavior of the structure has been that it was designed for very
low nominal shear stresses as shown in Table 19. Despite the fact that the max-
imum nominal shear developed was considerably higher (due to the flexural over-
strength supplied to the members) these maximum values were not large enough

to jeopardize the ductility (energy dissipation capacity) of the structure.

11. The larger the ductility and energy dissipation capacity (stable hysteretic behavior)
supplied to a structure, the better will be the seismic performance of that struc-
ture. Although the wall began to yield when the total shear was about 400 kips*
(1780 kN) and had undergone significant flexural yielding when the total base
shear was 650 kips (2893» kN), due to the low shear stresses and the proper detail-
ing of the reinforcement the whole structure developed a complete three-
dimensional mechanism with fully plastic moments utilizing nearly the full tensile
strength of the main reinforcement in most members, resulting in a maximum
total shear resistance of about 1350 kips (6008 kN), three and one half times the

value at which yielding occurred.

12. For the type of frame-wall used in this test building, the wall did not need to be
framed at each story by a floor girder as required by present Japanese philosophy
of shear wall design. From data available it is believed that for standard sizes of
story wall panels in which the maximum shear stress can be kept below

10/f. (psi) (26.25+/f.(kPa)) there is no need for floor girders framing the wall

* This force value as well as values given below have been determined from results for the 1/5th-scale
model but have been converted to corresponding values for the full-scale model.
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panels. The floor slab alone offers sufficient restraint to arrest the propagation of

diagonal tension cracks to other stories.

13. When the nominal shear stress in the column does not exceed 4/ (psi)
(10.50/f.(kPa)) the UBC (and ACI-318) requirement that the norﬂinal shear
strength  provided by the concrete, V., be considered zero when
P/, < 0.12f,(psi) - (0.83f,(kPa))  (or when P,/Ay < 0.05f.(psi))
( £ 0.34f,.(kPa)) according to ACI 318-83) seems too stringent. As discussed
previously, the transverse reinforcement used in the columns of the structure did
not satisfy the code requirements for shear resistance in order for the columns to
be classified as members of a ductile moment-resisting space frame when the
Pe/Ag”was below 0.‘1,2fc'. No indication of initiation of shear‘failure was, how-
ever, observed in the columns. Thus, it appears that this code requirement can
be relaxed for cases similar to those of the test building, i.e. where

W < 4\/70'—@5 (10.50\/}”7(k_P¢5) and axial forces are just below the correspond-
ing P,/A, = 0.12f, (0.83f,(kPa)). The sharp change in the supplied shear resis-
tance estimated by these codes (the UBC apd the ACD) is illustrated in Fig. 53
and does not seem rational. A transitjon curve such as that indicated in Fig. 53 is

suggested.

14. Present UBC (and ACI 318) regulations for estimating the supplied shear strength
of the walls appear to be inconsistent and too conservative. -According to the
1979 UBC, the maximum design shear strength based on the actual measured
mechanical characteristics of the wall should have been 450 kips (4.4~/f, Apy **)
(2002 kN), which corresponds to a nominal shear strength of 529 Kips
(5 2\/f_,: A,,) (2354 kN). The experiments showed that the wall resisted 893 kips

(8.7\/f, 4,,) (3974 kN) without sign of shear failure in the wall panel, ie. a

** A, is the effective shear area of wall, 0.8 /1 /,,, where / is the wall panel thickness and /,, is the total
length of the wall in the direction of the shear force.
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nominal shear strength 69% higher than the UBC computed nominal shear
strength of 529 kips. It is clear that the reliability of the UBC (and ACI-318)

equations for computing supplied strength needs to be investigated.

The UBC specified seismic forces are unrealistically low, i.e. do not represent the
forces that could be developed according to the supplied strength following the
UBC requirements for proportioning and detailing structural members. It has
been shown (Figs. 2, 10, 24, and 33) that the strength supplied to the structure
was nearly five times that required by the UBC. Although the materials used
were stronger than the minimum specified strength used in the design (f, = 5610
psi [38600 kPal vs specified 3850 psi [26500 kPa] and fy = 59 ksi [406 MPa] for
columns and wall edge members vs specified 50 ksi [345 MPa]) these differences
(which in general practice would not always occur) do not alone justify the

observed strength. The main reasons for the observed overstrength are:

(1) UBC specifications requiring that: (a) the wall acting independently shail
resist the total lateral force, which results not only in an overturning moment
overstrength demand from the wall but also in an unrealistic M/V ratio due to
the unrealistic distribution of lateral load; (b) the ductile moment-resisting space
frame shall have the capacity to resist not less than 25% of the required lateral
force; and (¢) the wall edge members shall be designed to carry all the vertical
stresses resulting from the wall loads in addition to tributary dead and live loads
and from the prescribed horizontal seismic force. It was in fact fortunate that
requirements (a) and particularly (c) were not satisfied in the design of the test
building. If these requirements had been satisfied, the overturning moment over-
strength of the wall would have been so large that the model might have failed in

shear with relatively very small amounts of flexural yielding.

(2) The strain hardening of the main reinforcement, which increased the resis-

tance offered by the reinforcement from the yielding strength, 59 ksi (406 MPa),
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to practically its tensile strength, 79 ksi (544 MPa), in the case of the wall’s edge

members.

(3) The significant contribution of the reinforced concrete floor slab, particularly
the contribution of its reinforcement to the negative moment capacity of the

beams, which is not considered at all in the UBC specifications.

(4) The three-dimensional interaction of the wall and the surrounding space
frame which through outriggering action restrained both the growth* in height of

the wall and the uplift of the wall during rocking behavior.

Because the strength of the test building was found to be just sufficient to survive
the effects of a horizontal component of an extreme earthquake ground motion
expected in the U.S., it appears that the seismic forces specified by the UBC (as
well as procedures recommended for the estimations of demanded resistance for
the components of the structure) should be reviewed to make these expressions
more compatible with the strengths that are supplied according to UBC design and

detailing requirements.

The distribution of the total lateral seismic force over the height of the structure
specified by the UBC (i.e. the inverted triangular distribution) appears to be ade-
quate for the estimation of the demands for the axijal-flexural design of members
(i.e. estimation of maximum overturning moment) but is not conservative for the
estimation of story shear strength demands. For shear strength demands it
appears more rational to consider a uniform’ distribution rather thvan the inverted

triangular distribution specified by the code (Fig. 29).

The effective fundamental period, T, of the 1/5th-scale model varied between
0.21 to 0.67 secs (see Tables 12 and 15) (which can be translated to the full-scale

model as 0.47 to 1.5 secs), depending on the damage introduced by previous

* This growth in height of the wall is due to the accumulation of permanent plastic elongation of the rein-
forcement at the wall base as well as slippage of this reinforcement along its embedment length in the con-
crete at the foundation,
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excitations and the amplitude of the vibrations at the time that T was measured.
These values agree very well with those measured in the full-scale model: 0.43 to
1.47 secs. After the 1/5th-scale model was subjected to shaking that can be con-
sidered to represent minor earthquake motion, i.e. at the service limit state, the
period when translated to the full-scale model was already between 0.5 and 0.6
secs. Thus, two practiéal questions arise: First, what is the period that should be
considered for the preliminary design of structures? Secondly, how well do these

measured values correlate with the values recommended by the UBC?

A unique answer cannot be provided to the first question because the period to be
used in preliminary design will depend on the design criteria, i.e. the parameter or
limit state that controls the design. For example, if strength controls the design,
the designer should analyze both elastic and inelastic response spectra and select
from the potential service range of T the value that is critical, i.e. the value that
resuits in the largest required seismic resistance coefficient. Where lateral drift
controls, the value of T should be that which in the service range of 7T resuits in

the maximum lateral displacement.

In answer to the second question, it should first be noted that the UBC allows T _
to be estimated by the formula 0.054,A/D to facilitate preliminary design. For the
test structure, this formula results in 7 = 0.47 secs, very close to the lower value
measured in the model. Although in this case the UBC value agrees very well
with the measured value, use of this equation generally does not result in reliable
values [33]. In comparing the measured value of T with that given by the UBC
formula, it should be noted that the measured T represents the value correspond-
ing to just the bare structure. The UBC formula should, on the other hand, give

the value of T for the whole building, i.e. considering the interaction of the

* That is, the range between the value of 7' from the moment that construction is completed, in this case
0.47 secs, to the value that T can have due to the damage {cracking) introduced by the service loads (live,
wind, minor earthquake, etc.) to which the building might be subjected before a major earthquake occurs,
say T = 0.6 sec.
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nonstructural components with the structural system. Thus, a finding that the
measured value correlates well with the UBC prediction does not indicate that the
expression is reliable. The code should provide equations that will yield ranges of

values of T rather than an expression for estimating a single value.
7.3 Implications for State of Art

The results of this study were analyzed to assess implications for the states of the
art of seismic resistant design and the art of predicting seismic response where experi-

mental techniques are-based on reduced-scale models tested on earthquake simulators.

7.3.1 State of Art in Seismic Resistant Design of Frame-Wall Structures. As
pointed out in the introduction to this report, @ major objective of the studies conducted
at the University of California, Berkeley, was to assess the implications of results on the
state of the art of seismic resistant design and construction of reinforced concrete frame-
wall structures. In attempting to do so, it must be recognized that design is something
more than analysis. There must first be a design for there to be an analysis. Although
this is true for the analysis of structural response to any excitation,' the dependence of
analysis on design is of paramount importance to seismic resistant design since even the
earthquake excitations for which a building is designed depend upon the design. It is
therefore important to distinguish clearly between the state of the art of predicting the
seismic response of designed structures and the state of the art of seismic resistant

design.

Seismic Resistant Design. Proper design of seismic resistant structures requires that
the intimate interrelationship between the two sides of the design equation, i.e. between
demand and supply, be recognized. Preliminary design of a frame-wall structure
requires that the designer visualize how the proportioning of the structural components
will affect the demands of first the seismic forces that will be developed and then of the
internal forces that these seismic forces in combination with existing gravity forces will

induce. With respect to this required visualization of the overall behavior of frame-wall
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structures, the experiments described here clearly indicate that:

1.

Present knowledge of the three-dimensional seismic behavior of frame-wall struc-
tures is not satisfactory. There is especially a lack of understanding of behavior
the inelastic range. The tendencies of the test wall to grow in height, and particu-
larly to rock about its edge members thereby triggering significant outriggering
action from the space frame surrounding the wall, are phenomena that have not

been considered properly.

Present knowledge of the participation of the floor system in contributing to the
lateral stiffness and particularly to the lateral resistance (strength) needs to be

improved.

Present methods of estimating the actual supplies of stiffness, strength, and
energy dissipation capacity (hysteretic behavior) need to be improved as discussed
in more detail below. If by proper proportioning and detailing of the critical
regions of structural members these regions are provided with sufficiently large
ductility, then it is possible to estimate the maximum ‘strength of three-
dimensional structures using a limit analysis approach. This relatively simple way
of estimating the maximum strength can be used to advantage in the preliminary

design of frame-wall structural systems.

Predictions of Seismic Response. From the problems encountered in analytically

predicting the seismic response of the full-scale and 1/5th-scale models and from a

comparison of these predicted values with experimental values, the following are

observed:

It is well recognized that present mathematical modeling of three-dimensional
building-foundation-soil systems is far from realistic [34]. The studies reported
here demonstrate that even in the case of a simple symmetric three-dimensional bare
frame-wall structural system where the design—proportioning and detailing—is well

documented and the fabrication of structural materials and construction are

—

n
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carefully controlled, analytical modeling (particularly modeling of wall and T-beam
behavior) is seriously inadequate. Improvement is needed in the analytical
modeling of the following:

(a) Beams, where the contribution of the floor system to beam stiffness and
strength is considered (compare Figs. 7 through 9 with Figs. 43 through 47).
Present methods for mddeling the hysteretic behavior of girders either as one- or
two-component models are adequate only for symmetrically reinforced prismatic
elements, subjected to moment only at their ends and only where flexural
behavior controls response. Models need to be developed in which the analyst
can exercise more control over the behavior of the element, and preprocessing
software needs to be developed which may help the analyst formulate the numeri-
cal parameters that govern the response of such models. Furthermore, the analyt-
ical techniques used to determine average moment-curvature relations for sec-
tions, and which assume that plane sections remain plane, cannot predict accu-
rately the strength and ductility of sections when wide reinforced slabs are cast
monolithically with the beam stem.

(b) Walls which are considered as beam-column elements with a fixed neutral
axis at the longitudinal centroidal axis of the cross section. The observed migra-
tion of the neutral axis should be considered. Furthermore the effects of axial
force on the stiffness and strength of walls are not realistically modeled as dis-
cussed in more detail below.

(¢) Column stiffnesses, which usually neglect the effect of varying axial force.

This is unrealistic and is also discussed in more detail below.

Present techniques of modeling three-dimensional multistory frame-wall struc-
tures as pseudo-three-dimensional models based on the assumption of indepen-
dent planar behavior of each frame and frame-wall are not realistic. The experi-

ments clearly show the significant three-dimensional interactive effects of the wall
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and the frame members framing perpendicular to the plane of the wall
Differences in vertical deformations of the wall and frames induces an outrigger-
ing action of the space frame on the wall that significantly influences the stiffness
and strength of the whole structure because it leads to the development of

changes in axial force in the columns and the wall.

The results have categorically shown the important role of axial force in determin-
ing the lateral stiffness of reinforced concrete structural elements, columns, and
particularly walls. When axial force is increased in compression between zero and
the value that corresponds to the balance point in the M-N diagram, the flexural
and particularly the shear stiffnesses of nonslender columns and walls increase
significantly. When the axial force is tensile, increased tension decreases flexural
and shear stiffnesses. These observed effects of axial force on the columns and
wall need to be introduced in analytical modeling of columns and walls if realistic
analytical predictions, particularly in the inelastic range, are desired. Reliable data
regarding how the flexural (EI), shear (GA) and axial (EA) stiffnesses are
affected by the intensity and history of variations of the axial force in columns
and walls are needed before realistic analytical modeling of the hysteretic behavior

of these elements can be formulated.

The analytically predicted responses prior to testing the full-scale and 1/5th-scale
models did not correlate well with the measured responses. The analytical predic-
tions significantly underestimated the observed dynamic strength at different limit
states, particularly at the ultimate state (Fig. 10). Reasons for this underestima-
tion have already been discussed. Only after modifying the mathematical model
of the structure according to behavior observed during the tests was it possible to
correlate the analytical and measured behavior of the models reasonably well. By
including the observed three-dimensional effects due to the rocking movement of

the wall and a more realistic contribution of the floor slab to the lateral strength of



- 98 -

the structure as well as the realistic distribution of seismic force over the height of
the structure, reasonable estimates of the observed maximum strength of the
1/5th-scale model were obtained (Fig. 51 and Table 18). The results of these
correlation studigs emphasize the importance of integrated experiméntal and
analytical research if the state of the art of the seismic resistant design of struc-

tures is to be improved.

7.3.2 State of Art of Reduced-Scale Models and Earthquake Simulator Facili-
ties. The following conclusions are based on the response of the 1/5th-scale model

tested on the shaking table at the Berkeley Earthquake Simulator Laboratory.

Construction of 1/5th-Scale Model. The most difficult step in attaining a true replica
of the full-scale model with the same strain response history when subjected to similar
seismic effects was in satisfying the similitude requirements for the mechanical charac-
teristics of the constituent materials. The state of the art of design and fabrication of
microconcrete was inadequate. Although it was possible to achieve good similitude for
the modulus of elasticity and the Poisson’s ratio at stress levels corresponding to servi-
ceability limit states, the strain at maximum compressive strength, the tensile strength,
bond characteristics, and volumetric changes could not properly be simulated. The abil-
ity of the model microconcrete to simulate the cracking limit state of the full-scale

model was therefore questionable.

The substantially larger shrinkage of the microconcrete in the 1/5th-scale model
and the fact that the gravity (dead load) axial stresses after removal of the formwork
were just 1/5 (i.e. 1/S;) of those in the full-scale model resulted in an initial state of
stress quite different from that in the full-scale model. The effect of this difference was
evident from the the lateral flexibility of the two models. This result points out the
importance of limiting the shrinkage of microconcrete and of loading reduced-scale
models with auxiliary mass to simulate gravity stresses as models are constructed or as

soon as possible after the removal of formwork.
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Performance of Shaking Table. The fidelity of earthquake ground motions repro-
duced by the earthquake shaking table to input ground motion was not very good, par-
ticularly for larger intensity inputs (Tabie 14) due to the interaction of the simulator
and model. The table was loaded by the maximum weight that it can accommodate
when severe ground motion such as the largest motions used in these tests are applied.
This lack of fidelity has not affected the correlation studies for the 1/5th-scale model
and the full-scale model, as discussed later, and will not significantly aﬁ"éct
‘further analytical studies presently being conducted on the response of the 1/5th-_scal¢
modél because the measured table motions will be used as input. If, however, the
results reported here are evaluated with a view to evaluating the performance of similar
buildings subjected to a ground motion such as the T 40.3g, it is important to recognize
that the motion to which the 1/5th-scale model was subjected was not the original
recorded Taft accelerogram normalized to >40.3%g, but a distorted one, with lesser dam-

age potential, due to a lack of fidelity in the simulation of motion.

Correlation of 1/5th-Scale Model and Full-Scale Model. Because the 1/5th-scale and
the full-scale models were subjected to quite different numbers, duration, sequence,
and even type of excitation, it is very difficult to correlate the experimental results.
(Compare Tables 13 and 16.) Although the ground motion records were initially the
same (the Miyagi-Oki, MO, record) the duration of the record, and the manner in which
the earthquake excitation was introduced and particularly the rate of application of these
excitations was quite different in the two cases. These differences render any attempt
to correlate results very difficult. From the preliminary correlation studies conducted

the following observations can be drawn.

1.  Static and Dynamic Mechanical Characteristics. (a) Initial Lateral Flexibility.
Because the initial states of stress in the two models after construction differed so
greatly (particularly the axial stress state) due to differences in the volumetric

change characteristics of the concrete used in the full-scale model and the micro-
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concrete and the lack of similitude in mass, the lateral flexibility of the 1/5th-scale

model was significantly larger. Only after the simulation of mass was accom- .
plished by adding the auxiliary mass did the initial lateral flexibility correlate well.

(b). Dynamic Characteristics. Once the necessary auxiliary mass had been added

the periods and equivalent viscous damping ratios agreed well. - As the damage .
induced in the two models (at similar levels of imposed lateral deformation)

increased, the correlation of values of the periods and damping ratios decreased:
and after being subjected to a roof drift index. of 1.5% the fundamental period of
the full-scale model was 25% higher than the value obtained for the 1/5th-scale
model when an appropriate conversion factor is used. The damping ratio of the
1/5th-scale model after a roof drift index of 1.5% was about 7.7% while the.

corresponding ratio for the full-scale model for this same drift was 11.4%.

Overall Lateral Load-Deformation Correlation. The correlation at the serviceability
limit states was good (Fig. 41). After roof drift indices that induced yielding, the
1/5th-scale model exhibited a relatively larger lateral strength (resistance) for
similar lateral displacements. The maximum base shear for the 1/5th-scale model
(51%W) was 40% greater than that of the full-scale model (36.5% W) when -
loaded with. an inverted triangular distribution of lateral force. This significant
difference was due to the methods of testing used, particularly the different distri-
butions of total lateral force along the height of the structure. A somewhat better
‘correlation is obtained when the envelope of overturning moment to roof drift
index is compared. When the full-scale structure was loaded under a uniform dis-.-
tribution of lateral load, its maximum strength was practically the same as the
scaled maximum strength obtained in tests of the 1/5th-scale model. The roof
drift index at which the 1/5th-scale and full-scale models reached their maximum
lateral.stren‘gth correlate very well: 1.4% for the 1/5th-scale model and 1.5% for

the full-scale model (Fig. 41) for triangular loading and 1.35% in the case of uni-
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form lateral loading.

Hysteretic Behavior. The full-scale model as well as the 1/5th-scale model exhi-
bited excellent hysteretic behavior. Although the individual hysteresis loops do
not match well since the models were subjected to different excitation histories,
the shape of these loops (particularly for the most severe excitations) are quite
similar. (Compare Figs. 30(f) and 54. Note that in Fig. 54, the hysteretic
response of the full-scale model has been converted to 1/Sth-scale.) Although
both structures show some pinching in their hysteretic behavior, the amount was
significantly smaller than that which one would expect from the experimental
beha.vior of isolated shear walls. The main reason for this better behavior appears
to be the three-dimensional interaction of space frame and wall, particularly the
outriggering action of the surrounding ductile space frame on the wall after
flexural yielding and even after the failure of its reinforcement. The energy dissi-
pated by the 1/5th-scale model considerably surpassed that of the fuli-scale
model, again primarily due to the method of testing: dynamic vs pseudo-dynamic

(rate of straining) and particularly due to foading history.

Crack Pattern. The overall crack pattern at the critical regions was similar, but the
number and spacing of cracks differed. The total number of cracks was smaller in
the 1/5th-scale model. Reasons for this lack of correlation are: (a) the higher
tensile strength of the microconcrete; (b) the considerably higher strain rate
induced in the 1/Sth-scale model; (c) the higher strain gradient along the length
of the critical regions of the members and through the critical sections of the
members of the 1/5th-scale model. The main cracks of the floor slabs along the
edges of the main beams were similar. The cracks in the slabs of the full-scale
model were, however, considerably larger in number due to the manner in which

force was applied.
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Failure Mechanisms. (Fig. 55) At first sight the failure mechanisms appear to be
quite different: while the 1/5th-scale model failed due to buckling and/or due to
tensile fracture of the wall main reinforcement after crushing and spalling of the
concrete cover of the wall edge members at the base of the wall, the failﬁre of the
full-scale model was due to crushing and spalling of the concrete at the wall edge
member and particularly crushing in the wall panel which led to a final sliding
shear failure of the wall at the first story with buckling and fracture of some of
the reinforcement. These differences in failure mechanism are attributable to
differences in crack pattern and to the fact that at failure the nominal shear
stresses were practically the same in the full-scale and 1/5th-scale models, while
actual compressive strength and therefore shear resistance of the microconcrete
was significantly higher in the 1/5th-scale model. Furthermore, a close examina-
tion of the state of damage in the 1/5th-scale model wall panel after failure
revealed that there was some slight crushing and spalling as illustrated in the
photo of Fig. 55(a), indicating that it was very close to a shear-compression type
of wall panel failure such as that observed in the full-scale model. It can be con-
cluded that the failure mechanism observed in the 1/5th-scale model was very
close to the margin separating the observed flexural failure from the shear-
compression wall panel failure observed in the full-scale model under a uniform

distribution of seismic force.

Concluding Remarks. Despite significant differences in the methods of testing,
time history of the applied excitations, and mechanical characteristics of the con-
crete materials, the correlation of behavior at the serviceability limit states and of

the maximum lateral shear resistance and roof drift index was excellent.

The results obtained in the tests conducted on the shaking table of the 1/5th-scale
model are of great importance especially since these results provide a better idea

of the dynamic response of the structure to earthquake ground motion than the
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pseudo-dynamic tests as conducted on the full-scale structure. The advantages of test-
ing reduced scale models on earthquake simulators over pseudo-dynamic testing

of the full-scale model can be summarized as follows:
1. Reduced scale testing is more economical.

2. The structure is subjected to more realistic simulation of earthquake excitation

and responses are therefore more realistic.

It should also be noted that during the experimental research several problems
were encountered whose solution could be improved on in future studies. The
following are recommendations for such improvement: (a) It would be desirable
to increase the scale of the model. This would simplify fabrication of structural
materials (concrete and reinforcing steel), construction of the model, and reduce
shrinkage of the model concrete. A relatively smaller auxiliary mass would be
needed, the effects of strain rate and strain gradient on the cracking pattern would
be reduced and therefore their effect on the stiffness and strength of the model
would be reduced. Finally, if a larger model could be used, instrumentation
would be less difficult. (b) It would be desirable if the fidelity of the shaking
table in reproducing ground motion could be improved, and if the table were
capable of introducing at least the two independent horizontal components of
recorded ground motion. (c) The implementation of control devices that would
shut off all input excitation when the shaking table control system breaks down
during testing would be desirable. This is related to one of the main disadvan-
tages of using an earthquake simulator in lieu of pseudo-dynamic testing. Once
the test has begun it cannot be stopped to observe the sequence of damage. The
smaller the scale the shorter the duration of the test and therefore the greater the
difficulty of observing the damage sequence. (d) There is a need to increase the
present capability of the data acquisition system at the Berkeley facility for studies

similar to that reported here.
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VIII SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
8.1 Summary

This report summarized the research conducted at Berkeley as part of the Rein-
forced Concrete Building Structure (a seven-story frame-wall structure) Phase of the
U.S.-Japan Cooperative Research Program. Besides summarizing the studies conducted
at Berkeley on the 1/5th-scale model of the test building, the report has the following
main objectives: (a) to evaluate the results of these studies and discuss the degree of
correlation between the experimental response of the full-scale model tested in Japan
and the 1/5th-scale model tested in Berkeley, and between the analytically predicted
and experimental responses; (b) to assess the states of art and practice of seismic resis-
tant design and construction of reinforced concrete frame-wall structures in light of this
evaluation; and (c) to formulate recommendations for improvement in the states of the

practice and art;

The analytical studies conducted to review the soundness of the preliminary
design and to produce the analytical information required to determine the largest scale
model of the full-scale structure that could be accommodated on the shaking table at
Berkeley were discussed first. The design of the 1/5th-scale model, the selection and
problems encountered in the fabrication of the model materials, as well as in the deter-
mination of the mechanical characteristics of these materials, and in the construction of
the model and instrumentation were discussed next. Problems encountered in achiev-
ing similitude with the fuil-scale model were noted. The results of the experiments
designed to determine the initial mechanical characteristics (static and dynamic) of the
1/5th-scale model were presented and compared to analytically predicted values and to

experimental values from tests of the full-scale model.

The remainder of the report was devoted to: (a) a discussion of the experiments
conducted on the 1/5th-scale model at the Berkeley earthquake simulator facility, and

the illustration of maximum responses; (b) a comparison of experimental results with
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those obtained for the full-scale model tests and those predicted analytically; (¢) an
analysis of the implications of the above results on the states of the practice and art of
seismic resistant design and construction of reinforced concrete frame-wall structures;
and (d) an analysis of the results as they relate to the reliability of the experimental

technique of testing reduced-scale models on earthquake simulator facilities.
8.2 Conclusions

Speciﬁc conclusions regarding problems encountered in the studies conducted
have been drawn where such problems were first discussed. Only the most important
of conclusions regarding the objectives of the U.S.-Japan Cooperative Research Pro-
gram are reported below. These conclusions are, strictly speaking, valid only for the test
building considered here and for the type of excitation to which this model was subjected.
These conclusions should therefore be extrapolated only after the limitations of the study have
been carefully evaluated. Some of these limitafions are: (a) that the test building con-
sisted of just a bare structure (the effects of nonstructural components being therefore
not considered) and the reactive mass was less than 9 percent larger than the bare
structure’s mass; (b) the foundation of the bare structure was very stiff and was
presiressed to the rigid shaking table; (c) the structure was subjected to only one hor-
izontal component of ground motion in the direction of the main shear wall plane; and
(d) the torsional rigidity of the structure was increased significantly by the use of spe-
cial peripheral walls which also acted as effective outriggers and contributed io the over-

turning capacity of the structure.

8.2.1 Design of Test Structure. From a review of the original preliminary design,

it can be concluded that:

1. The design of the model was conceptually good. The main members of the
beams, columns, and the main wall of the test structure were slender and lightly
reinforced. Therefore, these members developed relatively low shear stresses and

were capable of undergoing large inelastic deformation and had sufficient ductility
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to permit the test structure to be converted into a complete mechanism. As a
result, the structure was able to dissipate a large amount of energy through the

dynamic motion of this mechanism.

2. ' The design did not satisfy the 1979 UBC requirements for either a K = 0.8 ora
K = 1.0 structural system. The demanded axial-flexural strengths of the wall
were 50% and 20% higher than the supplied strengths for K = 1.0 and 0.8,
respectively. For K = 0.8, the supplied strength to the wall edge members was
only 60% of the UBC demanded strength. If the test structure were classified as a
K = 1.0 structural system, the demanded shear strength from the wall would be
higher than the supplied strength computed according to UBC regulations. For K
= 0.8, and where redistributions of moment are not considered, the flexural
strength demanded of the beams of the central frame (i.e. the frame with the
wall) exceeded the supplied strength. The column detailing did not satisfy the

UBC requirements for confinement and:shear resistance.

3. Despite noncompliance with the 1979 UBC requirements, with the exception of
some improvement in the detailing of the reinforcement, no significant
modification of the original preliminary design was recommended. This decision

was taken as a consequence of conclusion 1 above.

4.  The lateral strength, based on a limit analysis and considering only planar
behavior of the wall and frames, was 607 kips (2701 kN) which was 1.8 times the

UBC required strength for K = 0.8 structural systems.

8.2.2 Reliability of Predictions of Seismic Behavior from Experiments Con-
ducted on Reduced-Scale Models and Using Earthquake Simulator Facilities. From a
comparison of results from tests on the 1/5th-scale model with those from tests on the
full-scale model, and from analytical studies, it can be concluded that the shaking table
tests of the 1/5th-scale model provided reliable results from which the seismic behavior

of the bare building structure could be predicted for the ground excitations used.
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8.2.3 Reliability of Predicting Seismic Behavior Using Available Linear and

Nonlinear Structural Analysis Computer Programs.

1. Present computer programs for linear dynamic analysis of multistory buildings can
be used with sufficient practical accuracy in the serviceability limit state provided
that correct assumptions regarding the stiffness of members and damping ratio are

made. Reliable experimental data are needed regarding these two parameters,

2. Presently, computer programs for nonlinear dynamic analysis cannot provide good
predictions of seismic structural behavior in the range beyond the serviceability

limit states.

3. There is an urgent need to improve the mathematical modeling of the nonlinear
behavior: of beams, including the effect of the contributions of floor slabs on their
stiffness and strength; of columns, including the effect of varying axial force on
their stiffness; and of walls, including the effect of varying axial force on their

stiffness as well as the effect of changes in location of the neutral axis.

4.  Nonlinear dynamic analysis compuicr programs must be developed which incor-
porate the observed three-dimensional effects such as the outriggering action of
the frames on the walls that resulted from the growth in height of the wall and

the uplift due to its rocking response.

8.2.4 Reliability of Maximum Strength Prediction by Limit Analysis. Limit
analysis incorporating: (i) measured material properties; (ii) the effects of axial force on
moment capacity of R/C columns and wall; (iii) contribution of the entire slab and the
steel in the slab to the moment 'capacity of all girders; (iv) contribution of the
transverse girder-slab system to lateral resistance (3-D effect); and (v) the experimen-
tally measured lateral force distribution (at the time of maximum base shear during the
T 40.3 test) was successful in predicting the measured maximum lateral resistance of

the structure during the T 40.3 test.
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'8.2.5 States of Practice and Art of Seismic Resistant Design and Construction

of Frame-Wall Structures.

1.

Significant interacting three-dimensional effects occur due to differences in the
lateral and vertical deformation characteristics of the wall and frames. These
three-dimensional interactions give rise to significant outriggering action of the
frames on the walls. Given that this outriggering action was observed when the
structure was loaded in only one lateral direction, the importance of testing with
all components of ground motion acting simultaneously is obvious. In fact, many
of the conclusions noted here may have to be modified if the stiffness, strength,
and energy dissipation demands impose_d by the other horizontal (transverse),
vertical, and torsional components of ground motion were to occur simultaneously

with the ,demands imposed by the excitations along the test direction.

Present UBC seismic design regulations are based on seismic forces that are
unrealistically low when compared with the seismic forces that develop in result-

ing UBC designs (see conclusion 4 below).

The UBC lateral seismic force distribution along the height of the structure is not

conservative for design against shear.

The UBC design procedure results in a design with lateral (shear and overturning)

strength significantly higher than the demanded strength.

The UBC methods of estimating the axial-flexural and shear strength capacities of
beams, columns, and walls for seismic excitations are too conservative. The -
rationality of present UBC formulae for predicting the supplied shear strength of-

columns and walls for seismic excitation is highly questionable.

Designs should not be based on a single deterministic value for the fundamental
periods of structures. The period increases with increases in the degree of dam-
age. Even lateral loads at service level can produce significant changes in the

period, so possible bounds should be considered.
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8.3 Recommendations for Improvement in States of Art and Practice of Seismic

Resistant Design of Reinforced Concrete Frame-Wall Structures

From the problems encountered during the studies described here, further
research on the subjects indicated below should be conducted if the understanding of -
the behavior of reinforced concrete frame-wall structures is to be improved and the
experimental and analytical techniques used to predict such behavior refined. As an

interim solution, some changes should be introduced to present code regulations.
8.3.1 Research Needs

1.  Experimental studies on the mechanical characteristics and physical properties of
microconcrete should be carried out so that the simulation of concrete in small-
scale models can be improved. Techniques used to test concrete to determine
reliable constitutive relations and failure criteria for this material under all possi-
ble strain states should be developed and standardized. Special attention should

be paid to the effects of specimen size as well as strain rate and gradient.

2. Integrated experimental and analytical studies should be carried out on the contri-
bution of reinforced concrete slabs to the lateral stiffness and strength of struc-
tures at all limit states. Studies should focus on the variation of this contribution
as the lateral deformation increases from zero to the value at which a structure

fails.

3.  The growth in height of shear walls with increases in lateral deformation and
number of reversals, and the effects of this growth on the three-dimensional
behavior of the frame surrounding the wall in a frame-wall structural system

should be studied.

4. The effects of varying axial force on the stiffness and strength of columns and

walls should be investigated experimentally and analytically.

5. The effects of all components of ground motion acting simultaneously on the
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foundation of frame-wall structures should be investigated experimentally and
analytically, with particular emphasis on the effects on three-dimensional behavior

of these structures.

The possible effects of flexible foundations and soil foundation-superstructure

interaction on the overall response of frame-wall structures should be evaluated.

8.3.2 Improvement in State of Practice of Seismic Resistant Design and Con-

struction of Frame-Wall Structures

I.

Present UBC seismic regulations need to be improved in at least six areas: (a)
the level of seismic force should be increased to make it compatible with the
actual supplied stiffnesses and strengths that resuit from present UBC computa-
tional procedures for estimating supplies. (b) The UBC analysis and design
procedure should be modified to incorporate the many observed mechnisms of
strength provided by a properly conceptually designed and constructed structure,
which are presently ignored. In this manner, the designer should be guided to
conduct a realistic evaluation of both DEMANDS and SUPPLIES in the design
process. (c) The effects of at least the two horizontal components of ground
motion that act simultaneously on the foundation of a structure should be con-
sidered. (d) The fundamental period of structures should be estimated by for-
mulae that allow for possible bounds on its value. (e) The distribution of
lateral seismic force along the height of a wall for its design against shear should
be changed to a uniform distribution. (f) Provisions for estimating the supplied

shear strength of columns and walls should be reviewed.

The UBC should add, either in its earthquake regulations or in a special commen-
tary, a recommendation that emphasizes the need to control the amount of shear
that can be developed at the critical regions of the structural componenis of aR/C
frame-wall structural system; The importance of proper seiection of the structural

layout, the slenderness ratio of the members, and the amount of flexural
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reinforcement should be clearly spelled out.

The UBC seismic regulations or a special commentary to these regulations should
make designers aware of the importance of three-dimensional interacting behavior
of walls and surrounding frames, and of the significance of rocking and growth of
the wall at the base and the consequential outriggeri(ng action that the surrounding
frames will exert on walls. These interacting three-dimensional effects should be
considered in selecting the proper number and distribution of walls in the plan of
the structure. Further, due to the effects of three-dimensional interacting
behavior, the UBC should require that all frame elements, even those that are not
part of the primary lateral load-resisting system, should be designed with adequate

ductility.

In the requirements for the design of beams, the UBC should add regulations
regarding the contribution of slab reinforcement to the negative bending moment
capacity of beams, and the influence that this contribution would have on the

design of beam-column joints and columns.
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TABLE 1 COMPARISON OF EXPERIMENTAL AND ANALYTICAL FLEXIBILITY
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(a) ANALYTICAL FLEXIBILITY OF FULL-SCALE STRUCTURE* (10 in./Kip)
7 6 5 3 3 2 1 ]
857 ] 698 | 5.9 3.88 2.51 1.35 0.49 7
698 | 589 4.67 3.42 2.25 1.23 0.46 6
539 | 467 3.87 2.93 1.98 1.10 0.42 5
388 | 3.42 2.93 2.37 1.66 0.95 037 4
251 | 2.25 1.98 1.66 1.28 0.78 0.32 3
135 123 1.10 0.95 0.78 0.56 0.25 2
049 | 0.46 0.42 0.37 0.32 0.25 0.17 1

* Based on cracked

, transformed section inertia.

(b) ANALYTICAL FLEXIBILITY OF FULL-SCALE STRUCTURE* (10~ in./kip)
7 6 5 4 3 2 1 ]
235 | 1.94 152 111 0.75 0.43 0.18 7
194 | 1.68 135 1.01 0.69 0.40 0.17 6
152 | 135 1.16 0.90 0.62 0.37 0.16 5
L1l | 101 0.90 0.76 0.55 0.34 0.15 4
0.75 | 0.69 0.62 0.55 0.46 0.29 0.14 3
0.43 [ 040 0.37 0.34 0.29 0.24 0.12 2
0.18 | 0.7 0.16 0.15 0.14 0.12 0.10 1

* Based on uncracked, transformed section inertia.

() EXPERIMENTAL FLEXIBILITY OF FULL-SCALE STRUCTURE* (10~ in./kip)
(7 6 5 4 3 2 1
234 1.78 135 0.98 0.64 0.39 0.19 7
178 | 146 1.19 0.86 0.60 0.33 0.15 6
135 | 1.19 1.04 0.76 0.55 0.30 0.14 5
098 | 0386 0.76 0.64 0.48 0.16 0.12 4
064 | 060 0.55 0.48 0.41 0.22 0.11 3
039 | 033 0.30 0.26 0.22 0.15 | 008 2
0.9 | 0.5 0.14 0.12 0.11 0.08 0.08 1

* From tests of full-scale model in Tsukuba, Japan [3].

(d) ANALYTICAL FLEXIBILITY OF FULL-SCALE STRUCTURE AFTER INTRODUCTION
OF HINGE AT WALL BASE (103 in./kip)
7 6 5 4 3 2 1
17.84 15.42 12.95 10.45 7.93 541 2.90 7
15.42 13.59 11.59 9.46 7.24 497 2.67 6
12.95 11.59 10.09 8.36 6.47 447 241 5
10.45 9.46 8.36 7.09 5.57 3.89 2.11 4
7.93 7.24 6.47 5.57 449 3.20 175 3
5.41 4.97 447 3.89 3.20 2.34 131 2
2.90 2.67 2.41 211 1.75 1.31 0.76 1

Preceding page blank

1 in./kip = 5.71 mm/kN
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TABLE 2 AREA* OF FULL-SCALE AND 1/5th-SCALE MODEL REINFORCEMENT

Bars Prototype | Area Required Obtained % Error
‘ Area for Similitude Model Area
Column/ (D22 Bar) 0.0236 (PCA/D2.5 Bar) | (-) 9.17
Edge Member | 0.5890 0.0214
Beam (D19 Bar) - 0.0176 (PCA/D2.0 Bar) | (+) 5.80
0.4394 0.0186
Wall/Slab/ (D10 bar) " « (Knurled Wire
Ties/Stirrups | 0.1217 0.00487 14 Gauge) (-) 4.68
0.00464

*All areas are given in square inches.

lin. =

25.4 mm

TABLE 3 STRESS-STRAIN CHARACTERISTICS OF FULL-SCALE MODEL STEEL*

Bar Test E fy €STH ESTH fu €y

Size | Series ksi Ksi in./in. ksi ksi in./in.
Bar | Test ' ' :

D22 1 26300 | 57.79 - - 88.91 | 0.242
2 50.21 | 0.0125 | 91597 | 81.78 | 0.191
D19 1 29500 | 52.23 - - | 6224 | 0.229
_ 2 ‘ 51.91 | 0.0165 | 785.12 | 81.50 | 0.214
D10 1 26200 | 52.55 - - 77.33 | 0.204
: 2 55.04 | 0.0185 | 735.33 | 81.21 | 0.210

*All quantities are average of three tests except E, which

is the average of six tests.
= modulus of elasticity

E

Jfy = vyield stress
strain at onset of strain hardening

ESTH
Esry

Su

€y

1 ksi
1in.

strain hardening modulus

maximum tensile stress
= ultimate strain

6.89 MPa
25.4 mm
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TABLE 4 CROSS-SECTION AREAS (in.?) OF MODEL REINFORCEMENT
OBTAINED BY DIFFERENT TECHNIQUES

Bar Area Based on Area Based on Direct Effective
Volume/Length Measurement Area*
Maximum | Minimum
PCA D2.5 0.0255 0.0238 0.0203 0.0214
PCA D2.0 0.0193 0.0190 0.0181 0.0186
14 Gauge Wire, 0.0051 0.0047 0.0041 0.0046
Knurled

*Adopted as representative of area of bar for
evaluating sectional characteristics.

lin.?2 = 6.45¢cm?

TABLE 5 STRESS-STRAIN CHARACTERISTICS OF MODEL STEEL

Bar Statistics E Sy €sTH Egry fu €,
ksi ksi in./in. ksi ksi in./in.
PCA Upper Bound* 60.58 | 0.0172 | 388.20 | 81.74 | 0.2386
D25 Lower Bound* 58.16 | 0.0128 | 357.60 | 76.26 | 0.1856
Columns | Mean 28700 | 59.37 | 0.0150 | 372.90 | 79.00 | 0.2121
Standard
Deviation 3900 4.23 | 0.0068 53.33 9.58 | 0.0456
PCA Upper Bound* 54.80 | 0.0260 | 506.00 ; 72.40 | 0.216
D2 Lower Bound* 54.20 | 0.0250 | 482.00 | 72.00 | 0.202
Beams Mean 28900 | 54.50 | 0.0255 | 494.00 } 72.20 | 0.209
Standard
Deviation 4000 1.06 | 0.0018 48.60 0.80 | 0.019
14 Upper Bound* 62.72 | 0.0337 | 236.00 | 79.51 | 0.1918
Gauge Lower Bound* 60.42 | 0.0283 | 222.20 | 78.84 | 0.1758
Wire Mean 28800 | 61.57 | 0.0310 | 229.10 | 79.18 | 0.1838
Walls/ Standard
Slabs Deviation 3200 3.21 | 0.0073 19.11 0.94 | 0.0207
* 90% confidence limit
E = modulus of elasticity
Sy = yield stress
€gry = strain at onset of strain hardening
Egry = strain hardening modulus
JSu = maximum tensile stress
€, = ultimate strain

1 ksi = 6.89 MPa
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TABLE 6 FORCE AND STRAIN RESPONSE CHARACTERISTICS FOR

PROTOTYPE AND MODEL REINFORCEMENT

(a)
Reinforcement E, E, F,* Fy €STH, €sTH,,
(ksi) (ksi) | (kips) | (kips) | (in./in.) | (in./in.)
Columns 26300 | 28700 | 1.183 | 1.271 0.0125 0.0150
Beams 29500 | 28900 | 0.912 | 1.014 | 0.0165 0.0255
Walls/Slabs 26200 | 28800 | 0.258 | 0.286 | 0.0185 0.0130
(b)
Reinforcement | E, STH, E, STH,,, F, up * Fum €up €um
(ksi) | (ksi) | (kips) | (ips) | (in./in.) | (in./in.) |
Columns 916 373 1,927 | 1.691 0.191 0.2121
Beams 785 495 1.432 | 1.343 0.214 0.2090
Walls/Slabs 735 229 0.385 | 0.367 0.210 0.1838

* F,, and F,, were divided by (L,/L,,)%
Notes: Prototype values were from test series 2.

Mean values were used for model reinforcement properties.
E, , E,, = modulus of elasticity for prototype and model.
F, , F,, = yield force of prototype and model.

€STH, » €STH,, = strain at onset of strain hardening.

ESTHP ,ESTH,,, = strain hardening modulus for prototype and model.

F, , F,, = maximum tensile force for prototype and model.
€. »€yn = Ultimate strain for prototype and model.

1in. = 25.4 mm
1 ksi = 6.89 MPa
1 kip = 453 kg = 4450 N
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TABLE 7 MAIN RESPONSE PARAMETERS OF FULL-SCALE AND
1/5th-SCALE MODEL REINFORCEMENT

Reinforcement En Fym R T Sum
E, F, esti, | Esm, Fyp €up

Columns 1.091 | 1.074 | 1.20 0.407 | 0.878 | 1.110
Beams 0980 | 1.112 | 1.545 0.629 | 0.938 | 0.977
Walls/
Slabs 1.099 | 1.067 | 1.676 0.311 | 0953 | 0.875

E,, E, = modulus of elasticity for model and prototype

F,., F,, = yield force of model and prototype

€stH,» €sTH, — Strain at onset of

strain hardening of model and prototype

ESTHM, Esmp = strain-hardening modulus for

model and prototype

Fym, F,, = maximum tensile force for model and prototype

€um> €4 = ultimate strain for model

and prototype

TABLE 8 CONCRETE MIXES USED IN FULL-SCALE MODEL

Story | Design Strengths Materials (1bs/cu. yd.)

(ksi) Cement | Water Sand Gravel*
l1to4 3.63 551.17 281.48 | 1336.62 | 1682.16
S5to7 3.84 559.59 266.31 | 1309.65 | 1752.95

*Maximum size = 1-in. (2.54 mm) round aggregate.
1 ksi = 6.89 MPa
1 1b/cu. yd. = 5.82 N/m 3
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TABLE 9 MECHANICAL CHARACTERISTICS OF FULL-SCALE CONCRETE

Location Age | Sfemax € Eossf, e | Eossrop | oo
(days) | (ks | (in./in.) (ksi) (ksi) (ksi)
First Floor 28 3.60 '
145 4.11 0.00218 3390 3150 0.34
Second Floor 28 3.68
132 4.15 | 0.00240 3360 3110 0.35
Third Floor 28 3.37
119 3.90 | 0.00228 3140 2950 0.34
Fourth Floor 28 3.43
111 4.13 | 0.00225 3000 2930 0.33
Fifth Floor 28 3.56
98 4.20 | 0.00210 3330 3150 0.34
Sixth Floor 28
87 2.05 0.00185 1980 0.19
Seventh Floor 28
67 2.69 | 0.00192 2470 0.19

. . 1 ksi = 6.89 MPa
Semax = maximum compressive concrete stress

€y = strain at maximum concrete stress
Eg33 o - SECANL modulus of elasticity at 33% of maximum compressive concrete stress

Eqss e SECANL modulus of elasticity at 45% of maximum compressive concrete stress
Jsp = tensile strength from split cylinder test

TABLE 10 CONCRETE MIX USED IN 1/5th-SCALE MODEL

Materials Parts by Weight | Weight per Cubic Yard, ibs.
Water 0.67 - 400
Cement, Lone Star Type I-II 1.00 597
Coarse Sand*, Radum Top 3.75 1139
Coarse Gravel*, Radum (1/4 in.) 1.00 597
Admixture, Pozzolith-300R 4 0z./100 1bs. -
n. = 25.4 mm *Saturated surface-dry condition.

b. = 0.453kg = 445N
b/cu. yd. = 0.592 kg/m 3

1i
11
11
loz=0278N
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TABLE 11 MECHANICAL CHARACTERISTICS OF 1/5th-SCALE MODEL

MICROCONCRETE*
Location | Age, | Sample | fomax | O T € oo, Eouss, o | OFgss
days Size ksi ksi in./in. in./in. Kksi ksi
Footing 254 1 5.44 - 0.00340 -- 2970 -
Column 254 1 6.51 -- 0.00330 - 3490 -
Stubs v :
First 28 3 3.61 | 0.116 | 0.00250 | 0.000325 2800 123.94
Floor 216 2 5.68 | 0.032 | 0.00350 | 0.000141 3160 183.85
456 4 5.67 | 0.215 | 0.00380 | 0.000206 2940 61.22
Second 28 3 4.18 | 0.141 | 0.00292 | 0.000157 2940 109.70
Floor 208 2 5.66 -- 0.00350 | 0.000283 3380 158.39
446 3 5.70 | 0.026 | 0.00355 | 0.000132 2990 123.52
Third 28 3 3.93 | 0.146 | 0.00282 | 0.000274 3340 63.17
Floor 195 2 5.99 - 0.00350 - 3380 28.99
434 4 5.59 | 0.465 | 0.00345 | 0.000208 3070 125.55
Fourth 28 3 3.68 | 0.142 [ 0.00261 | 0.000153 2930 85.91
Floor 187 2 5.26 -- 0.00320 -- 3320 229.10
425 4 5.54 | 0.156 | 0.00361 | 0.000189 2930 81.18
Fifth 28 3 475 | 0.086 | 0.00283 | 0.000293 3080 61.65
Floor 175 1 5.88 -- 0.00320 - 3530 -
413 2 5.50 | 0.110 | 0.00330 | 0.000141 3030 22.63
Sixth 28 2 4.16 | 0.040 | 0.00288 | 0.000354 2880 11.31
Floor 168 1 5.48 - | 0.00350 -- 3290 -
408 3 5.45 | 0.263 | 0.00344 | 0.000351 2970 59.77
Seventh 28 3 487 | 0.122 | 0.00284 | 0.000290 3060 93.40
Floor 159 1 5.84 -- 0.00290 - 3020 -
399 4 5.80 | 0.421 | 0.00353 | 0.000340 3150 154.00

*As determined from load control tests of 3-in. x 6-in. field-cured

cylinders.
fc max» a.fcmax =
compressive stress.

€, O¢,

Eoasy

OF
b
¢ max 0.45fc max

= mean and standard deviation of maximum concrete

mean and standard deviation of strain at maximum

compressive concrete stress.
= mean and standard deviation of secant modulus at

45% of maximum compressive concrete stress.

lin. =
1ksi =

25.4 mm
6.89 MPa
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TABLE 12 FUNDAMENTAL FREQUENCY AND DAMPING COEFFICIENTS OF
1/5th-SCALE MODEL IN LOADING DIRECTION

TECHNIQUE OF | FREQUENCY & DAMPING | FREQUENCY & DAMPING
EVALUATION BEFORE BALLAST AFTER BALLAST
Column 1 Column 2

Ambient Vibration { 9.75 Hz 4,75 Hz

Dynamic Analyzer | 9.75 Hz / 2.36% 4.78 Hz / 2.20%

Forced Vibration 8.25 Hz / 2.57% 4.55 Hz / 2.03%

Free Vibration 8.70 Hz / 2.45% 4.75 Hz / 1.94%

Pure Analytical* 12.45 Hz 5.09 Hz

Semi-Analytical** 9.55 Hz 4.79 Hz

Note: The frequency of the full-scale structure,
after modification by a time-scale

factor of /S, = /5, was determined

from a free-vibration test to be 5.2 Hz with

a damping coefficient of 2.1%.

* Pure analytical results are based on the analytical
work discussed in Reference 24.

** Semi-analytical results are based on the measured
flexibility matrices and an analytical lumped mass
mode! of the structure.
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TABLE 13 EXCITATION PROGRAM FOR 1/5th-SCALE MODEL

Initial Dynamic Characteristics

f =475Hz, €O = 2.0%

SERIES TEST NO. INPUT SIGNAL PEAK AMPLITUDE (% g)
1 1-6 MOW 0.3-2.6
Diagnostic 7 MO 5.0*
Tests 8 MO 7.6
9 MO 9.7*
10-13 T® 4.0-6.3
14, 15 H(4 H)® 1.5-2.0
16, 31 H(3.25-4 Hz) 6.7
32 MO 3.6
33 MO 9.0
34,35t | FV@ (Skipspull) | f =3.67Hz, ¢ = 3.5%
2 36-42 FV (5 kips pull) f =341Hz, £ =371%
Damageability 43 MO 8.2
and 44 MO 10.8
Collapse 435 MO 14.7*
Limit 46 MO 24.7*
State 47 FV (pulse) f=263Hz, &= 687T%
Responses 48 MO 28.3*
49 EV (pulse) f =250Hz, & ="1750%
50 T 40.3*
51, 52+ FV (pulse) f =233Hz, ¢ =170%
3 53-55 FV (pulse) f =233Hz, ¢ = 6.40%
Post- 56 MO - 86
Retrofitting 57 T 30.3
Responses 58 FV (pulse) f =196 Hz, & = 6.20%
59 T 48.4
60 MO 329
61 FV (pulse) f=196Hz, & = 8.30%
62 T 46.3*
1kip = 4.45kN
(1) Miyagi-Oki Record
(2) Taft Record
(3) Harmonic Vibration

(4) Free Vibration

(%

£ = Damping Ratio

* The responses from these tests are evaluated in this paper.
T After this test the model was removed from the table

and repaired by epoxy injection.
t1 The main wall was retrofit at the base after this test,

with the structure remaining on the table.
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TABLE 14 DAMAGE POTENTIAL OF SOURCE AND MEASURED EXCITATIONS

Series Test No. Signal Peak Acceleration (% g) Intensity
Measured Output Scaled Input Cofficient
of Output Signal

I* (in./sec)

Column 1 Column 2 Column 3
7 MO 5.0 5.0 1.43
1 9 MO 9.7 9.0 4.58
33 MO 9.0 8.0 3.67
43 MO 8.2 | 6.9 2.68
44 MO 10.8 8.6 4.22
2 45 MO 14.7 - 14.0 11.21
46 MO 24.7 19.2 20.95
48 MO 28.3 23.5 31.37
50 T 40.3 37.3 73.95
56 MO 8.6 7.0 2.79
57 T 30.3 27.0 38.82
3 59 T 48.4 39.3 82.22
60 MO 329 33.8 65.15
62 T 46.3 : 38.9 80.43

t
* ] = —;TE f a?(¢) dt where a (¢) is acceleration at time ¢.
0
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TABLE 15 MAXIMUM RESPONSE OF COMPLETE MODEL
STRUCTURE AND WALL

(a)
Test Signal Effective Maximum Maximum Maximum Top
Acceleration | Frequency { Base Shear Overturning Acceleration
% g) % W) Moment (% WH) (% g)
MO 5.0 4.2 Hz 9.9% W 6.72% WH 15.1
' (3.83 sec)t (3.83 sec) (3.84 sec)
MO 9.7 39 Hz 17.5% W 11.5% WH 274
(3.86 sec) (3.86 sec) (3.84 sec)
MO 14.7 2.9 Hz 27.3% W 18.2% WH 44.5
(3.11 sec) (4.67 sec) (4.65 sec)
MO 24.7 2.7 Hz 41.7% W 27.1% WH 65.2
(7.27 sec) (7.26 sec) (7.23 sec)
MO 28.3 2.1 HZ 46.8% W 30.9% WH 81.3
(5.50 sec) (5.26 sec) (5.45 sec)
T 40.3 1.8 Hz 50.8% W 33.71% WH 88.8
(3.14 sec) (3.14 sec) (3.18 sec)
T 46.3 1.5 Hz 47.8% W 30.5% WH 784
(3.26 sec) (3.58 sec) (1.95 sec)
(b)
Test Signal Roof Drift 1st Story Max. Interst. Max. Wall Max. Wall
Acc. Index Drift Index Drift Index Base Shear Flexure
% g) (% H) (% h) (% h) % W) (% WH)
MO 5.0 0.05 0.08 0.10 (5th St.) 8.1% W 3.9% WH
(3.83 sec) (12.5 sec) (3.98 sec) (3.83 sec) (3.83 sec)
MO 9.7 0.09 0.10 0.17 (5th St.) 14.0% W 6.4% WH
(3.86 sec) (3.86 sec) (3.85 sec) (3.86 sec) (3.86 sec)
MO 14.7 0.30 - 0.27 0.38 (4th St.) 21.0% W 8.8% WH
(6.03 sec) (4.69 sec) (4.66 sec) (3.11 sec) | (4.67 sec)
| MO 24.7 0.61 0.62 0.69 (4th St.) 29.6% W 11.5% WH
‘ (7.50 sec) (7.51 sec) (7.50 sec) (7.27 sec) (7.26 sec)
MO 28.3 0.93 1.00 1.08 (4th St.) 31.4% W 11.5% WH
(5.51 sec) (5.51 sec) (5.52 sec) (5.50 sec) (5.26 sec)
T 40.3 1.47 1.68 1.68 (1st St.) 33.7% W 9.0% WH
(3.17 sec) (3.16 sec) (2.50 sec) (3.14 sec) (3.14 sec)
T 46.3 1.83 2.37* 2.37* (1st St.) 28.4% W 6.7% WH
(3.62 sec) (3.62 sec) (3.62 sec) 3.26 sec) (3.58 sec)

W = weight of the structure above foundation, 106 kips
H = total height above foundation, 171.26 in.
h = story height, 29.53 in. first story, 23.62 in. thereafter

1 ( ) time at which maximum response occurred

* After repair, h for wall became 23.03 in. at the first story.
If this is used, maximum interstory drift becomes 3.04% h.
1 kip = 445kN ;

1in. = 25.4 mm
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TABLE 16 TEST PROGRAM FOR FULL-SCALE MODEL

TEST| INPUT | DAMPING & FREQUENCYt |MAX. BASE| MAXIMUM |MAX. ROOF
SIGNAL |BEFORE TEST| AFTER TEST SHEAR MOMENT DRIFT
% W) (% WH) % H)
PSD-1| Miyagi-Oki (2.1%) (1.2%) 267% W | 1.78% WH|{ 0.01% H
(1.3 sec) 2.33 Hz 2.33 Hz
2.4% g
PSD-2 | Miyagi-Oki i (2.0%) 19.14% W {12.76% WH| 0.15% H
(1.3 sec) 2,33 Hz 1.82 Hz
10.7% g
PSD-3 | Taft (7.7%) 34.81% W |23.21% WH| 1.10% H
(10 sec) 1.82 Hz 0.86 Hz
, 32.7% g
PSD-4 | Hachinohe (11.4%) 37.18% W 124.79% WH | 1.56% H
(6.5 sec) 0.86 Hz 0.68 Hz
357% g 2
T The damping coefficients obtained after tests were through a
simulated free-vibration test by the pseudo-dynamic
method using 1.5 cycles. The roof drift amplitudes
during these tests were of the same order of magnitude
as the drift amplitudes during the pseudo-dynamic
test itself. The reported damping values should
therefore include a considerable contribution from
hysteretic damping in addition to contributions
from structural damping, viscous damping, and
Coulomb damping. ‘
TABLE 17 PARAMETERS CONSIDERED IN LIMIT ANALYSES
Analytical { Material Slab Contribution Collapse Mechanisms Considered
Model Properties To Girder -
Capacities Wall Hinge | Wall Hinge | Wall Hinge At | Wall Hinge At
At Section | At Neutral | Edge Column | Edge Column
Centroid Axis Centroid Extreme Face
None for (-) Moment* A B ] ]
14 Span for(+)Moment
Specified .
4 Span for Both C D ) .
2D (+) and (-) Moments
Entire Slab Width
Considered
Measured Effective for E F i
(+) and (-) Moments
Entire Slab
Width Considered
3-D Measured Effective For G H ! !
(+) and (-) Moments

* (-) Moment is when flange is in tension.
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Maximum Resistance of the Computed
Collapse Structure (kips) Axial
Force
Mechanism Lateral Force Distribution at the
Base of
(Table 17) Triangular Uniform Measured* Wall(Kips)
A 20.3 24.8 22.5 26.0
B 20.3 24.8 22.5 26.0
C 23.4 28.5 25.9 26.0
D 23.4 28.5 25.9 26.0
E 42.2 51.6 46.8 26.2
F 42.2 51.6 46.8 26.2
G 46.2 56.5 51.2 25.9
H 47.0 57.4 52.1 34.9
I 46.5 56.8 51.5 48.8
J 454 55.5 50.3 62.8
* At peak shear response under T 40.3 1 kip = 4.45 kN

TABLE 19 MAXIMUM NOMINAL SHEAR STRESS AT CRITICAL REGIONS
OF STRUCTURAL COMPONENTS

STRUCTURAL MAXIMUM NOMINAL SHEAR STRESS 4
COMPONENT | UBC DESIGN | MAXIMUM SHEAR DEVELOPED IN TEST
SPECIFIED f,'* | SPECIFIED f," MEASURED £, "**
BEAMS 2.87F. 4.3f. 3.5V em
COLUMNS
1st Story 2.8f. 4.7 3.9VF m'
Other Stories 3.7VF - -
BEAM-COLUMN
JOINTS? 6.7\/f.’ 10.2\/7. 8.4V . '
WALL o I
K =08 4.6./7. 10.5v/f. 8.7V o
K =10 5.7J§7 10.5/1.7 8.7, /’—fm

*
K%

specified f,' = 3850 psi
measured in model, f,,,' = 5610 psi

T values obtained considering only the shear transferred
by the beam main steel through the core of the joint.

1 psi = 6.89 kPa
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FIGURES
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(b) SECTION SHOWING FRAME B

FIG. 1 PLAN AND SECTION OF FULL-SCALE MODEL
(1in. = 254 mm; 1 ft = 0.305 m)
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(b) EXPERIMENTAL RESULTS

FIG.3 MODE SHAPES AND PERIODS OF VIBRATION OF FULL-SCALE MODEL
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OF FULL-SCALE MODEL SUBJECTED TO MONOTONICALLY
INCREASING LATERAL LOAD (1 in. = 25.4 mm ; 1 kip = 4.45 kN)
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FIG. 30 BASE OVERTURNING MOMENT vs TOP FLOOR RELATIVE
DISPLACEMENT HYSTERESIS FOR CRITICAL DURATIONS
OF MO 9.7, MO 24.7, MO 28.3, AND T 40.3 RESPONSES
(1 kip-in. = 0.113 kNm; 1 in. = 25.4 mm)
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FIG. 32 MAXIMUM BASE SHEAR AND BASE OVERTURNING MOMENT vs MAX.
ROOF'DRIFT INDEX OF TOTAL STRUCTURE AND WALL ALONE
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FIG. 33 CONTRIBUTION OF SHEAR, ROTATION, AND FLEXURAL DEFORMATION
OF WALL TO LATERAL TOTAL DISPLACEMENT OF WALL
(1in. = 25.4 mm)
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FIG. 39 CRACK PATTERN OBSERVED AT TOP OF FIRST FLOOR
SLAB AFTER T 46.3 TEST (1 mm = 0,0394 in.)
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FIG. 40 TIME HISTORY OF ROOF DISPLACEMENT DURING THE PSD-3

TEST OF THE FULL-SCALE MODEL (1 in. = 25.4 mm)
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FIG. 41 COMPARISON OF ENVELOPE RESPONSES ATTAINED FOR THE
175-SCALE AND FULL-SCALE MODELS



- 165 -

BASE SHEAR V, Kips,

IN PERCENT OF SUPER -
STRUCGTURE WEIGHT, %W

50
(472)
(3743 o TOTAL STRUCTURE
300 — B ) ] o
P -
(28.3) - — LFRAME B
/ (INCLUDES WALL )
WALL
( ,e?g’) - YIELDS
- ol /,——""f_" _______________
(2.43) L FRAME A'= FRAME A+C
///
- _ L L ) L I Ao
) ! 2 3
(0.58) (117) (175)

ROOF DISPLACEMENT 3, in.
(ROOF DRIFT IN % HEIGHT, %H)
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FOR 1/5th-SCALE MODEL SUBJECTED TO STATIC
UNIFORM LOAD (1 in. = 25.4 mm ; 1 kip = 4.45 kN)
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FIG. 51 COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESPONSES
(lin. = 254 mm ; 1 kip = 4.45 kN)
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FIG. 43 MOMENT-CURVATURE RELATIONS GENERATED FOR GIRDER G3
(1 kip-in. = 0.113 kNm; 1 in. = 25.4 mm)
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FIG. 44 IDEALIZED MOMENT-CURVATURE RELATIONS

USED TO MODEL GIRDER G3
(1 kip-in. = 0.113 kNm; 1 in. = 25.4 mm)
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"Rocking Response of Rigid Blocks to Earthquakes," by C.S. Yim, A.X. Chopra and J. Penzien - Jan. 1980
(PBBO 166 002)A04

“Optimum Inelastic Design of Seismic~Resistant Reinforced Concrete Frame Structurxes," by S.W. Zagajeski
and V.V. Bertero - Jan. 1980(PB80 164 635)AQ06

"Effects of Amount and Arrancement of Wall-Panel Reinforcement on Hysteretic Behavior of Reinforced
Concrete Walls," by R. Iliya and V.V. Bertero - Feb. 1980(PB81 122 525)A09

"Shaking Table Research on Concrete Dam Models," by A. Niwa and R.W. Clough - Sept. 1980(PBS1 122 368)a06
"The Design of Steel Energy-3bsorbing Restrainers and their Incorporation into Nuclear Power Plants for

Enhanced Safety (Vol 1A): Piping with Energy Absorbing Restrainers: Parameter Study on Small Systems,”
by G.H. Powell, C. Oughourlian and J. Simons - June 1980 ‘

"Inelastic Torsional Response of Structures Subjected to Earthquake Ground Motions," by Y. Yamazaki
April 1980(PB81 122 327)A08

"Study of X-Braced Steel Frame Structures Under Earthquake Simulation,” by Y. Ghanaat - April 1980
(PBB1 122 335)all

"Hybrid Modelling of Soil-Structure Interaction," by S. Gupta, T.W. Lin, J. Penzien and C.3. Yeh
May 1980(PBSL 122 319)A07 .
"General Applicability of a Nonlinear Model of a One Story Steel Frame," by B.I. Sveinsson and

H.D. McNiven ~ May 1980(PB81 124 877)A06

"A Green-Function Method for Wave Interaction with a Submerged Body," by W. Kioka - April 1980
(PB81 122 269)A07

"Hydrodynamic Pressure and Added !ass for Axisymmetric Bodies," by F. Nilrat - May 1980(PB81 122 343)A08
"Treatment of Non-Linear Drag Forces Acting on Offshore Platforms," by B.V. Dac and J. Penzien
May 1980(PB81 153 413)A07

"2D Plane/Axisymmetric Solid Element (Type 3 - Elastic or Elastic-Perfectly Plastic) for the ANSR-II
Program,” by D.P. Mondkar and G.H. Powell - July 1980(PB81 122 350)A03

"A Response Spectrum Method for Random Vibrations," by A. Der Kiureghian - June 1980(P8B8l 122 301)A03
"Cyclic Inelastic Buckling of Tubular Steel Braces," by V.A. Zayas, E.P. Popov and S.A. Mahin

June 1980 (PB8L 124 885)Al0

"Dynamic Response of Simple Arch Dams Including Hydrodynamic Interaction,” by C.S. Porter and

A.K. Chopra - July 1980(PB81 124 000)AL3

"Experimental Testing of a Friction Damped Aseismic Base Isolation System with Fail-sSafe
Characteristics," by J.M. Kelly, K.E. Beucke and M.$. Skinner - July 1980 (PB81 148 595)A04

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants for
Enhanced Safety (Vol 1B): Stochastic Seismic Analyses of Nuclear Power Plant Structures and Piping
Systems Subjected to Multiple Supvort Excitations," by M.C. Lee and J. Penzien - June 1980

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants

for Enhanced Safety (Vol 1C): Numerical Method for Dynamic Substructure Analysis,” by J.M. Dickens

and E.L. Wilson - June 1980

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants

for Enhanced Safety (Vol 2): Development and Testing of Restraints for Nuclear Piping Systems," by

J.M. Kelly and M.S. Skinner - June 1980

"3D Solid Element (Type 4-Elastic or Elastic-Perfectly-Plastic) for the ANSR-II Program," by
D.P. Mondkar and G.H. Powell =~ July 1980(PB81 123 242)A03

"Gap-Friction Element (Type 5) for the ANSR-II Program," by D.P. Mondkar and G.H. Powell - July 1980
(PB81 122 285)A03
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"U-Bar Restraint Element (Type 1l) for the ANSR~II Program," by C. Oughourlian and G.H. Powell

July 1980(PB8L 122 293)A03
"Testing of a Natural Rubber Base Isolation System by an Explosively Simulated Earthquake," by
J.M. Kelly - August 1980(PB81 201 360)A04

"Input Identification from Structural Vibrational Response,” by Y. Hu - August l980(PBSL 152 308)A05

"Cyclic Inelastic Behavior of Steel Offshore Structures," by V.A. Zayas, S.A. Mahin and E.P. Popov
August 1980 (pBS1 196 180)AlS

"shaking Table Testing of a Reinforced Concrete Frame with Biaxial Response,” by #.G. Oliva
October 1980(PB81 154 304)Al0

"Dynamic Properties of a Twelve-Story Prefabricated Panel Building," by J.G. Bouwkamp, J.P. Kollegger
and R.M. Stephen - October 1980(PB82 117 128)a06
"Dynamic Properties of an Eight-Story Prefabricated Panel Building," by J.G. Bouwkamp, J.P. Kollegger
and R.M. Stephen - October 1980 (pB81 200 313)A05

"Predictive Dynamic Response of Panel Type Structures Under Earthquakes," by J.P. Kollegger and

J.G. Bouwkamp =~ October 1980(PB81l 152 314)ad4

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Enhanced Safety (Vol 3): Testing of Commercial Steels in Low-Cycle Torsional Fatigue," by
P. Srencar, E.R. Parker, E. Jongewaard and M. Drory

"The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Enhanced Safety (Vol 4): Shaking Table Tests of Piping Systems with Energy-Absorbing Restrainers,"
by S.F. Stiemer and W.G. Godden - Sept. 1980

“The Design of Steel Energy-Absorbing Restrainers and their Incorporation into Nuclear Power Plants
for Enhanced Safety (Vol 5): Summary Report,” by P. Spencer

"Experimental Testing of an Energy-absorbing Base Isolation System," by J.M., Kelly, M.S. Skinner and
K.E. Beucke - October 1980 (PB8l 154 072)A04 .
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"Simulating and Analyzing Artificial Non-Stationary Earthquake Ground Motions,
and K.S. Pister - October 1980 (PB81 153 397)A04

by R.F. Nau,

"Barthquake Engineering at Berkeley - 1980," - Sept. 1980(PB8l 203 374)A09

"Inelastic Seismic Analysis of Large Panel Buildings," by V. Schricker and G.H. Powell - Sept. 1980

(PB81 154 338)Al3

"Dynamic Response of Embankment, Concrete-Gravity and Arch Dams Including Hydrodynamic Interaction,”
by J.F. Hall and A.K. Chopra - October 1380(PB81 152 324)all

“Inelastic Buckling of Steel Struts Under Cyclic Load Reversal," by R.G. Black, W.A. Wenger and
E.P. Popov - October 1980(PB81 1534 312)A08

"Influence of Site Characteristics on Building Damage During the October 3, 1374 Lima Earthquake,” by
P. Repetto, I. Arango and H.B. Seed - Sept. 1980(PB81 161 739)A05

"Evaluation of a Shaking Table Test Program on Response Behavior of a Two Story Reinforced Concrete
Frame," by J.M. Blondet, R.W., Clough and S.A. Mahin

"Modelling of Soil-Structure Interaction by Finite and Infinite Elements," by F. Medina -~
December 1980 (PB81 229 270)A04

“Control of Seismic Response of Piping Systems and Other Structures by Base Isolation," edited by J.M.
Kelly - January 1981 (PB81 200 735)A05

"OPTNSR ~ An Interactive Software System for Optimal Design of Statically and Dynamically Loaded
Structures with Nonlinear Response," by M.A. Bhatti, V. Ciampi and K.S. Pister - January 1981

(PB81 218 851)A09

"analysis of Local Variations in Free Field Seismic Ground Motions," by J.-C. Chen, J. Lysmer and H.B.
Seed - January 1981 (AD-A099508)Al13

'Inelastic Structural Modeling of Braced Offshore Platforms for Seismic Loading," by V.A. Zayas,
P.-S.B. Shing, S.A. Mahin and E.P. Popov - January 1981(PE82 138 777)a07

"Dynamic Response of Light Equipment in Structures," by A. Der XKiureghian, J.L. Sackman and B. Nour-
Omid -~ April 1981 (PBS81 218 497)R04

"Preliminary Experimental Investigation of a Broad Base Liquid Storage Tank," by J.G. Bouwkamp, J.P.
Kollegger and R.M. Stephen - May 1981(PB82 140 385)203

"The Seismic Resistant Design of Reinforced Concrete Coupled Structural Walls,” by A.E. Aktan and V.V,
Bertero - June 1981(PB82 113 358)all

"The Undrained Shearing Resistance of Cohesive Soils at Large Deformations," by M.R. Pyles and H.B.
Seed - August 1981

"Experimental Behavior of a Spatial Piping System with Steel Energy Absorbers Subjected to a Simulated
Differential Seismic Input," by S.F. Stiemer, W.G. Godden and J.M. Kelly - July 1981
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Mayes and H.D. McNiven - August 1981 (PB82 166 075)A08

"Two~Dimensional Hybrid Modelling of Soil-Structure Interaction,” by T.-J. Tzong, S. Gupta and J.
Penzien - August 1981 (PB82 142 118)A04

"studies on Effects of Infills in Seismic Resistant R/C Construction," by S. Brokken and V.V. Bertero -
September 1981 (PBE2 166 190) A0S

"Linear Models to Predict the Nonlinear Seismic Behavior of a One-Story Steel Frame," by H. Valdimarsson,
A.H. Shah and H.D. McNiven - September 1981 (PB82 138 793)R07

"TLUSH: A Computer Program for the Three-Dimensional Dynamic Analysis of Earth Dams," by T. Kagawa,
L.H. Mejia, H.B, Seed and J. Lysmer - September 1981 (PB82 139 940)}A06

"Three Dimensional Dynamic Response Analysis of Earth Dams," by L.H. Mejia and H.B. Seed - September 1981
(PBR2 137 274)Al2

"Experimental Study of Lead and Elastomeric Dampers for Base lsolation Systems,” by J.M. Kelly and
S.B. Hodder - October 1981 (PB82 166 182)Aa05

"The Influence of Base Isolation on the Seismic Response of Light Secondary Equipment," by J.M. Kelly -
April 1981 (PB82 255 266)a04

"Studies on Evaluation of Shaking Table Response Analysis Procedures," by J. Marcial Blondet - November
1981 (pB82 197 278)Al0

"DELIGHT.STRUCT: A Computer-Aided Design Environment for Structural Engineering," by R.J. Balling,
K.S. Pister and E. Polak - December 1981 (PB82 218 496)A07

"Optimal Design of Seismic~Resistant Planar Steel Frames," by R.J. Balling, V. Ciampi, K.S. Pister and
E. Polak - December 1981 (PB82 220 179)A07

"Dynamic Behavior of Ground for Seismic Analysis of Lifeline Systems,” by T. Sato and A. Der Kiureghian -
Januvary 1982 (PB82 218 926)A05

"Shaking Table Tests of a Tubular Steel Frame Model," by Y. Ghanaat and R. W. Clough - January 198z
(PB82 220 161)A07

"Behavior of a Piping System under Seismic Excitation: Experimental Investigations of a Spatial Piping
system supported by Mechanical Shock Arrestors and Steel Energy Absorbing Devices under Seismic
Excitation,"™ by S. Schneider, H.~M. Lee and W. G. Godden - May 1982 (PB83 172 544)A09

"New Approaches for the Dynamic Analysis of Large Structural Systems," by E. L. Wilson - June 1982
(PB83 148 080)A05

"Model Study of Effects of Damage on the Vibration Properties of Steel Offshore Platforms,” by
F. Shahrivar and J. G. Bouwkamp - June 1982 (PB83 148 742)al0

"States of the Art and Practice in the Optimum Seismic Design and Analytical Response Prediction of
R/C Frame-Wall Structures," by A. E. Aktan and V. V. Bertero -~ July 1982 (PB83 147 736)A05

"Further Study of the Earthquake Response of a Broad Cylindrical Liguid-Storage Tank Model," by
G. C. Manos and R. W. Clough - July 1982 {PB83 147 744)All

"An Evaluation of the Design and Analytical Seismic Response of a Seven Story Reinforced Concrete
Prame - Wall Structure," by F. A. Charney and V. V. Bertero - July 1982(PB83 157 628)a09

“Fluid-Structure Interactions: Added Mass Computations for Incompressible Fluid," by J. S.-H. Kuo -

August 1982 (PB83 156 281)A07

"Joint-Opening Nonlinear Mechanism: Interface Smeared Crack Model," by J. S.-H. Kuo -
August 1982 (PB83 149 195)A05

"Dynamic Response Analysis of Techi Dam,” by R. W. Clough, R. M. Stephen and J. S.-H. Kuo ~
August 1982 (PB83 147 496)A06

"Prediction of the Seismic Responses of R/C Frame-Coupled Wall Structures,” by A. E. Aktan, V. V.
Berterc and M. Piazza - August 1982 (PB83 149 203)n09

Bolt, C. H. Loh, J.

"preliminary Report on the SMART 1 Strong Motion Array in Taiwan,” by B. A.
Penzien, Y. B. Tsai and Y. T. Yeh - August 1982 (PB83 159 400)Al0

“shaking-Table Studies of an Eccentrically X~Braced Steel Structure,” by M. S. Yang - September
1982

“"The Performance of Stairways in Earthquakes," by C. Roha, J. W. Axley and V. V. Bertero - September
1982 (PB83 157 693)A07

“The Behavior of Submerged Multiple Bodies in Earthquakes," by W.-G, Liao - Sept. 1982 (PB83 158 709)A07
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vEffects of Concrete Types and Loading Conditions on Local Bond-Slip Relationships,® by A. D. Cowell,

E. P. Popov and V. V. Bertero - September 1982 (pp83 153 577)A04

"M chanical Behavior of Shear Wall vertical Boundary Members: An Experimental Investigation,”
M. T. Wagner and V. V. Bertero - Qctober 1982 (ppg3 159 764)205

by
"Experimental Studies of Multi-support Seismic Loadlng on Piping Systems,"” by J. M, Kelly and
A. D. Cowell ~ Novembexr 1982

*Generalized Plastic Hinge Concepts for 3D Beam-Column Elements," by P. F.-S. Chen and G. H. Powell =~
November 1982

"ANSR-IIX: General Purpose Computer Program for Nonlinear St:uctuxal Analy51s," by C. V. Oughourllan
and G. H. Powell - November 1982 .

“Solutlon Strategies for Statically Loaded Nonlinear Structures," by J. W. Simons and G. H. Powell -~
November 1982

“hAnalytical Model of Deformed Bar Anchorages under Generalized Excitations,™ by V. Ciampi, R.
Eligehausen, V. V. Bertero and E, P. Popov - November 1982 (PB83 169 532)A06

“A Mathematical Model for the Response of Masonry Walls to Dynamic Excitations," by H. Sucuoglu,
Y. Mengi and H. D. McNiven - November 1982 (P83 169 011)A07

"garthquake Response Considerations of Broad Liquid Storage Tanks,” by F. J. Cambra - November 1982

"Computational Models for Cyclic Plasticity, Rate Dependence and Creep,” by B. Mosaddad and G. H.
Powell -~ November 1982

"Inelastic Analysis of Piping and Tubular Structures," by M. Mahasuverachai and G. H. Powell - November
1982

"The Economic Feasibility of Seismic Rehablllta;lon of Bu1ldxngs by Base Isolatxon,“ by J. M. Kelly -
January 1983

"Seismic Moment Connections for Moment-Resisting Steel Frames,"” by E. P. Popov — January 1983

“pesign of Lipks and Beam-to-Column Connections for Eccentrically Braced Steel Frames," by E. P. Popov
and J., 0. Malley - January 1983

"Numerical Techniques for the Evaluation of Soil~-Structure Interaction Effects in the Time Domain,”
by E. Bayo and E. L, Wilson - February 1983

"A Transducer for Measuring the Internal Forces in the Columns of a Frame-Wall Reinforced Concrete
structure,” by R. Sause and V. V. Bertero ~ May 1983

"pynamic Interactions between Floating Ice and offshore Structures,”™ by P. Croteau - May 1983
"Dynamic Analysis of Multiply Tuned and Arbitrarily Supported Secondary Systems," by T. Igusa
and A. Der Kiureghian - June 1983

"A Laboratory Study of Submerged Multi~body Systems in Earthquakes,” by G. R. Ansari - June 1983

"Effects of Transient Foundation Uplift on Earthquake Response‘of Structures,” by C.-S. Yim and

\A- K. Chopra -~ June 1983

“Optimal Design of Friction-Braced Frames under Seismic Loadlng,“ by M. A, Austin and K, S, Pister -
June 1933

*shaking Table Study of Single-Story Masonry Houses: Dynamic Performance under Three Compénent
Seismic Input and Recommendations,” by G. €. Manos, R. W. Clough and R. L. Mayes -~ June 1983

"Experimental Error Propagation in Pseudodynamic Testing,™ by P. B. Shing and S. A, Mahin ~ June 1983

vExperimental and Analytical Predictions of the Mechanical Characteristics of a 1/5~scale Model of a
7-story R/C Frame-Wall Building Structure,” by A. E. Aktan, V. V, Bertero, A. A. Chowdhury and
T. Nagashima - August 1983

"shaking Table Tests of Large-Panel Precast Concrete Building System Assemblages," by M, G. Oliva and
R. W. Clough - august 1983

"Seismic Behavior of Active Beam Links in Eccentrically Braced Frames,™ by X. D. Hjelwmstad and E. P.
Popov -~ July 1983

"System Identification of Structures with Joint Rotation,” by J. S. Dimsdale and H. D. McNiven -
July 1983

"Construction of Inelastic Response Spectra for Single-Degree-of-Freedom Systems,™ by S§. Mahin and
J. Lin - July 1983
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"Analytical and Experimental Correlation of Large-Panel Precast Building System Perfarmance, " M. &.
Oliva, R. W. Clough, M. Velkov, P. Gavrilovic and J. Petrovski - November 1983

“Mechanical Characteristics of the Materials Used In the 1/5 Scale and Full Scale Models of the 7-Story
Reinforced Concrete Test Structure,” by V. V. Bertero, A, E. Aktan and A. A. Chowdhury - September 1923
(PBB4 193 697) A0S .

"Hybrid Modelling of Soil-Structure [nteractign in Layered Media,” by 7.-J. Tzong and J. Penzien -

‘October 1983 (PB84 192 178) A8

"Local Bond Stress-Slip Relationships of Deformed Bars Under Generalfzed Excitations," by R. Eligehausen,
E. P. Popov and V. V. Bertero - October 1983 (PB84 192 848) AQ09

“Design Considerations for Shear Links in Eccentrically Braced Frames,® by J. 0. Malley and E. P. Pogav
- November 1983 (P884 192 186) A07 :

*Pseudodynamic Test Method for Seismic Performance Evaluatfon: Theory and Implementation,® by P.-S. B.
Shing and S. A. Mahin ~ January 1934 (PB84 190 644) A0S :

“Dynamic Response Behavior of Xiang Hong Dfan Dam,” by R. W. Clough, K.-T. Chang, H.-Q. Chen, R. M,
Stephen, G.-L. Wang, and Y. Ghanaat - April 1984

"Refined Modelling of Reinforced Concrete Columns for Seismic Analysis,” by S.A. Kaba and S.A. Mahin
« April 1984

“A New Floor Response Spectrum Method for Seismic Analysis of Multiply Supported Secondary Systems,"
by A. Asfura and A. Der Kiureghian - June 1984

"y.S.~Japan Cooperative Earthquake Research Program: Earthquake Simulation Test And Associated Studies
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