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ABSTRACT

As part of the comprehensive US-.Japan cooperative research program on the

behavior of structures subjected to earthquake induced loadingt a 1/5 scale model

of a 7-story reinforced concrete frame-wall structure is to be tested on the

University of California's shaking table located at Richmond Field Station. This

model is one of many different types and sizes of models that will be tested at

research institutions in both the United States and .Japan. In addition to the

experimental workt analytical studies are being carried out on the models to be

tested. Through the correlation and the study of the results obtained from these

analytical and experimental investigations, it is hoped that the behavior of models

will be better understood t and thus prOVide valuable information to those planning

future experimental research programs. Also, the results from these tests will

supply data on the adequacy of the design and construction techniques currently

used for seismic resistant structures.

This report describes the analytical studies that have been conducted at Berkeley

regarding the response of the reinforced concrete test building. This work, which

begins with a a review of the prototype design according to the 1979 Uniform

BUilding Code spedfications for seismic resistant buildings, shows that while the

test building does not satisify all code specificationst it can be considered to be a

good design from the point of view of the strong column-weak beam philosophy.

After the UBC checks, the results of three types of analysis are presented. Firstt

the elastic properties of the structure are investigated through the use of

fleXibility matdces. Next, the inelastic response of the structure to monotonically

increasing lateral loads is studied. The final type of ana.lysis is a nonlinear

dynamic analysis using the computer program DRAIN-lDt which indicates that the

response of the test building to different recorded ground motions is governed by

the behavior of the centrally located shearwall. Once the wall yields in flexure at

its baset the beams begin to yield, followed by the columns at the base of the

struduY"e. In every case, the structure is able to dissipate the energy demanded by

the earthquake induced loading. Also, in order to obtain an understanding of the

response of the structure to the ground motions, detailed analysis of the response

for the duration of pulses inducing maximum response is considered.
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To provide improved analysis, within the limitations inherent in the modelling of

structures using DRAIN-lD t the errors that occur in the response due to modeling

procedures are discussed and methods are suggested for improved analysis.

Finally, main conclusions are drawn and recommendations for future research are

formulated.
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CHAPTER 1

INTRODUCTION

1.0 In-trodLJc-tion

Due to the infrequent occurrence of major earthquakes; and the sparse

instrumentation in place in currently existing buildingst earthquake engineers

often require more information on the behavior of structures than can be supplied

by field observations alone. Therefore; it is sometimes necessary to design

research programs; which utilize physical and/or mathematical models; in order to

obtain quantitative data on the response of structures which have been designed to

absorb earthquake induced loadings. In general; these research programs involve

both experimental and analytical techniques. Analytical procedures are used to

predict or verify some aspect of the experimental response of the experimental

model. Or; less often; experimental programs may be developed in which the

reliability of a certain new analytical procedure is investigated. Several methods

are currently in use for performing both experimental and analytical analyses of

model structures. For example; physical models may represent the entire structure;

or only a single component or subassemblaget and these models may be either

full-scale; or smaller. The loads may be applied staticallYt quasi-staticallYt

pseudo-dynamically; or dynamically through the use of shaking tables or other such

dynamic load inducing devices. For mathematical models; there are various types of

finite elements to considert and several ways to represent the force-deformation

characteristics of the material.

In order to determine the relationship between some of the different experimental

and analytical techniques used in earthquake engineering researcht and for the

further purpose of improving seismic resistant design procedures; an extensive

research program has been developed in which earthquake engineers from both the

United States and Japan are participating. In this research program; JAPAN-USA;

several different physical models of the~ prototype structure will be tested

experimentally and analyzed using digital computers.C 1] The results of these tests

will be shared among all participants of the cooperative venture so that the nature

of the different research techniques may be better understood and t thereforet
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provide insight into how future experimental and analytical work might be more

efficiently carried out.

A present phase of the project deals with the experimental investigation of the

design and behavior of a seven-story reinforced concrete frame-wall system, which

has been denominated the RIC Test Building. An Illustration of this structure,

(henceforth, Prototype), is given in Figs. 1.1 and 1.2. This structure represents to

some extent a common design for mid-rise apartment or office buildings, although a

seven-story frame-wall system may be somewhat unusual since buildings with a

similar configuration of walls and frames would likely be more than seven stories

in height.

Several models of this RIC Test Building will be designed, constructed, and tested

by research institutions in both the United States and Japan. In Japan, a full-scale

model has been constructed, and has already undergone pseudo-dynamic tests.[2]

In addition, the Japanese have built and tested several 112-scale models of

components or subassemblages.[3] In the United States, at the Portland Cement

Association, component tests are being carried out on the shear wall. At the

University of Texas at Austin, tests are being performed on models of the

beam-column joints. A small sca.le <lllO-scale) model is being developed for the

shaking table at the University of Illinois. At the University of California at

Berkeley, a liS-scale model will be tested on the earthquake simulator at Richmond

Field Station.

In order to be able to plan the experimental work, and to study the correlation

beween experimental results and those obtained using present analytical

techniques, extensive analytical investigations are being carried out on the

prototype model to be tested at Berkeley. This report deals with some of these

analytical investigations, having the following objectives.

1.1 Objectives

The main objectives of the work described in this report are as follows:

1) To review, and improve if necessary, the design of the reinforced
concrete test building in which the seismic resistant structural system
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consists of an interacting wall and moment resisting space frames.

2) To determine the reliability of predicting the seismic response of the
test building through the use of available linear and nonlinear structural
analysis computer programs, and to give recommendations for improved
analysis, but within the constraints of using the currently available
programs.

3) To produce the required analytical information to formulate a rational
experimental program of studies on the 1/5-scale model, to determine the
type and sequence of ground motions, and to design the required
instrumentation.

4) To evaluate the implications of the results obtained rega.rding the
seismic resistant design and construction of the R/C frame-wall structural
system.

1 ... 2 Scope and Layout of= Report

In Chapter 2, an overall description of the Prototype is given, with a detailed

analysis of the stiffness, strength, and ductility of the individual elements. The

cross section analysis is discussed in terms of both the theoretical computations

and the simplified techniques of the ACI [43 and UBC (5] building codes. The

placement of the reinforcement is also discussed in terms of concrete confinement,

longitudinal bar buckling, and anchorage. If necessary, improved details are

presented. Finally, the ability of the Prototype to resist UBC lateral earthquake

loading is investigated.

In Chapter :3, the results of a series of elastic analyses are described and the

global fleXibility of the structure is discussed in terms of its flexibility matrix.

The theoretical periods of vibration and the associated mode shapes are also

presented and compared to those (periods) obtained through the use of the

simplified UBC equations.

The results of a series of static load to collapse analyses are presented if. Chapter

4. Here, a particular distribution of lateral ~oad is monotonically increased until a

state of impent.:i.ng collapse is reached. The distribution of plastic hinges is

explained, a.nd will be used as reference for some of the material of Chapter 5. As

in Chapter :3, a series of structural fleXibility matrices will be presented, which if

compared to the elastic matrices, will give an indication of the global damage due
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to the formation of plastic hinges. Finally, the effects of gravity loading on the

overall response (the P-Delta effect) is presented.

In Chapter 5, a detailed presentation of the results of two nonlinear dynamic

analyses is given. The prototype was subjected to two very different earthquake

ground motions, and the response is explained through the stUdy of force and

displacement time-history curves, as well as very detailed looks at the response to

pulses contained within each earthquake.

The material presented in Chapters :3, 4, and 5 is discussed in Chapter 6, and any

anomalies in the response are explained. Errors introduced due to assumptions

made during the analysis will be used as a basis for recommendations for improved

methods of analysis which incorporate existing computer programs but more

intelligently utilize their options.

Finally, in Chapter 7 t the results of the preceeding five chapters are summarized

and general conclusions given. Also, specific recommendations are presented with

respect to the proper sequence of ground motions that should \:Ie considered for the

loading of the 1/5-scale model. The chapter ends with suggestions for future

research.
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CHAPTER 2

REVIEW OF PROTOTYPE DESIGN

2.0 Introduction

The prototype building is a seven-story, two by three bay reinforced concrete

frame-wall structure. The primary structural system consists of two parallel

moment resisting space frames on the exterior of the building (henceforth, Frames

A and Ch and one interior frame-wall (Frame B). The plan and elevation of the

prototype structure are presented in Figs. 1.1 and 1.2, and a set of detailed

drawings for the 1/5-scale model to be tested at Berkeley is given in Appendix A.

This structure would classify as a UBC type 3 structure ( a dual bracing system

consisting of a shear wall interacting with a ductile moment resisting space frame)

only if it can be shown that the elements are detailed to behave in a ductile

manner, that is, satisify section 2626 of the same code. A.lso, UBC gives strict

guidelines as to how the different components of the interacting frame-wall system

should be designed to resist the lateral load, as shown in Table 2.1, which is part

of Table 23-1 of the Uniform Building Code.

Before any analysis could be carried out, several basic assumptions had to be made

with regard to loading, mass, and stiffness of the prototype. These assumptions

are as follows and are applicable for' all the analysis, unless otherwise noted,

which was carried out and described in this report~

1> The lateral loading, which results from earthquake induced inertial
forces, occurs simultaneously with vertical gravity loads which consist of
the weight of the structure itself, superimposed dead load such as
partitions and mechanical equipment, and live load.

2> The rea.ctive mass consists of the weight of the structure, plUS all
superimposed dead load. Live load is not included.

:3) The earthquake ground motion has only a horizontal component, and that
is parallel to the primary structural system consisting of Frames A, B, and
C.

4) All references to the "code" are references to the 1979 edition of the
Unifoym Building Code.
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5) For the UBC code checks, the structural analysis was based on
uncracked section properties for all elements.

6) For non-UBC lateral load analysis, (Chapters 3, 4,and 5), the initial
stiffness and damping properties correspond to those which might be
measured after the structure had been subjected to a minor to moderate
earthquake. Thus it is assumed that the majority of the beams and columns,
as well as the shearwall, is significantly cracked.

Ma.teY'ia..ls

At the time this analytical investigation started, there was very little data

available on the characteristics of the materials that would be used in the

prototype. What was available, was the concrete ultimate compressive stress, and

some mill reports for some of the Japanese reinforcement. For the analysis,

attempts were made to originate realistic stress-strain curves from this sparse

data.

2.1.1 Concrete

The concrete to be used in the prototype was specified to have a 2a-day cylinder

strength of 3850 psi, and be made of normal weight aggregates and Type 1 Portland

cement. In order to determine the moment-rotation characteristics of the beam and

columns it was necessary to derive constituitive relations for both the confined

and unconfined concrete. For both of these, the well known Park-Kent relationship

for confined concrete was utilized [63. In Fig.2.l t the derived concrete stress

-strain curves are illustrated.

For the beams, the concrete wa.s not assumed to be confined, because the detailing

of the steel in the compression zones at the face of the columns is not adequate to

provide the necessary confining forces (according to UBC). For the columnst the

confining steel, in general, is not adequate either, but special details which have

been supplied for the bottom of the first-story columns do provide some

confinement in those areas. The topic of confinement is discussed in more depth

later when the beam, column, and shearwall details are analyzed.

2.1.2 S1:eel Rein-Forc:eHTlen1:

From the Japanese mill reports on samples of DB and D22 bars, the average yield
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stress was 59.25 ksi t and the average breaking stress was 85.0 ksi. Note that this

average yield stress is 18.5 percent greater than the specified value of 50 ksi. For

the cross section analyses discussed in the next few paragraphs, all steel was

assumed to have a yield stress of 60 ksi, and a breaking stress of 85 ksi. Strain

hardening was assumed to commence at a strain of 0.03 in/in, and the initial strain

hardening modulus was 441 ksi; however, it should be noted that these values are

high and low, respectively, for American grade 60 steel. A cubic polynomial defines

the stress-strain relationship in the strain hardening range. This derived

constitutive relationship is shown in Fig. 2.2.

The bar types illustrated in the figures arid in the following discussion are metric

sizes, where for example a D19 bar is 19 mm in diameter. These metric bars have

close counterparts in the United States, as illustrated in Table 2.2.

2.2 Cross Section Ana.lysis

The strength, stiffness, and ductility of the beams, columns, and shearwall were

derived through the use of the computer program RCCOLA [7]. This program uses a

layer approach, in which the concrete within a layer may be either confined,

unconfined, or both. The stress-strain relationships for the concrete and steel are

directly specified. The program iterates on the equilibrium of internal force-:=,

throughout the cross section, and sets the convergence limit as one kip.

2.2 ... 1 Bea.ms

The typical beam cross section is given in Fig.2,:3, and the beam profile is shown in

Fig.2.4. These details represent all the beams of Frames A, B, and C. The layout of

the principal beam reinforcement, as shown in Fig.2.4, satisifies ali of the

requirements of the code, including the requirement that the positive moment

capacity at the face of the support be a.t least 50 percent of the negative moment

capacity. For the determination of the negative moment strength, stiffness, and

ductility of the sections of the beam near the face of the columns, the flange width

which is assumed to be effective plays a very important role. F'OY this analysis, a

total width of 60 inches was used t vJhich will result in an intermediate strength,

much less than that which WQuid be obtained if a center-to-center slab width (218

inches> was used. This full width could only be considered effective if the whole
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beam-slab system is very ductile, thus all the slab steel could yield and contribute

to the maximum strength.[:jJ For the determination of the positive moment

strength, stiffness, and ductility, the same /:..0 inch slab was considered effective.

In Chapter /:.., discussion is presented on what affect these assumptions might have

on the overall response of the structure to lateral loads.

The results of the RCCOLA analysis for the beams are given in Table 2.3 and in

Fig.2.5. In the table, the flexural strengths of a typical beam are given and

compared to the values obtained using the ACI analysis. <Note that the ACI

capacity reduction factors have been ignored unless otherwise indicated.> The fact

that the positive moment strengths from RCCOLA are larger than those following

ACI can be attributed to the effects of strain hardening in the longitudinal

reinforcement. The shear strength of the section, following ACI, is also given in

the table. In Fig.2.5, a slightly simplified moment-average aJrvature relationship

for each cross section type within the typical beam is presented. The moment

curvature relationships are simplified by using the transformed cracked section

moment of inertia to define the initial stiffness. This simp'lification is based on

the assumption made at the start of the dynamic analysis, that the structure had

already been subjected to a moderate earthquake prior to the time the major

earthquake struck. As expected, the positive moment sections exibit much more

ductility than the negative moment sections, and the initial stiffness is somewhat

greater. The positive moment sections have a larger strain hardening stiffness

because of the greater steel strains developed in this 'section before the concrete

in the compression zone crushes.

Since the shear strength of this beam, according to ACI, is 70.7 kips, the

indications are that a.ny failures which occur would be of a ductile flexural mode,

assuming that the longitudinal bars do not buckle as a result of poor lateral

restraint provided by the stirrup-ties.

An improved beam detail is shown in Fig. 2.6. In this detail, two changes have been

made. First, all three of the bottom longitudinal reinforcing bars are extended into

the supports. The extra bar lengths have been added to a.void C'Jtoffs in tension

zones, and to enhance the ductility of the negative moment sections at the face of

the columns. Second, at the critical regions adjacent to the supports, special
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supplementary cross ties have been added. so that the concrete will have better

confinement properties. and the center longitudinal bar will have better lateral

restraint against buckling.

2.:::::=.2 ColufTlns

The typical column section is illustrated in Fig.2.7. This section. except for the

ties. represents all the columns of the building. The tie details for the columns

vary throughout the structure, as will be explained later. The moment-average

curvature relationships for the column at different levels of axial load are shown

in Fig.2.8. The figure illustrates the typical increase of stiffness but decrease in

ductility which is associated with columns subjected to increa.sing levels of

compressive axial loads. The axial load-moment interaction diagram for the column

is given in Fig.Z.;'J. The figure shows two CLlrves, one for a maximum concrete strain

of 0.003 in/in, and another at a strain at 0.004 in/in. The fact that the latter curve

exibits lower strengths in the high axial load range is due to the assumption of

concrete spalling at a strain of 0.0035 in/in.

In modern seismic design philosophy, one main objective is to provide a structure

which will flot collapse as a result of the infrequent major earthquake. If the

structure is designed to resist strong ground motion it is very important to be sure

that sudden brittle failures of the elements, especially the columns, are avoided.

This can be achieved by supplying large ductility and particularly large energy

dissipation to the structure. In the columns, two types of non-ductile failure;

sheal'"1 and the combination of flexure with high axial load, are discussed with

respect to the prototype.

In order to avoid shear failures, adequate tie details must be provided. These ties

may be required to carry 100 percent of the shear force when the axial compressive

stress in the column is less than 0.12f '. The shear force to be resisted is asc
followst

v =<ilL) x 1.25 (M +M
b

)
u c a

where L c is the clear span of the column, and Me;. and Mb are the ultimate strengths
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of ends a and b of the column under some axial load N • The moments are multiplied
u

by 1.25 to take into account strain hardening and the fact that the actual yield

strength is likely somewhat greater than the nominal yield strength of the

longitudinal reinforcement of the column. If the shear strength of the column can be

estimated as the sum of the concrete shear strength and the strength of the ties in

resisting diagonal tensile forces. an axial-moment controlled by shear strength

envelope can be plotted on the axial load moment interaction curve for the column.

as shown in Fig. 2.10. Since the shear envelope falls outside the interaction curve

for all values of M and Nt it can be assumed that a shear failure will not occur in

this column.

In Fig. 2.11 t the ductility of the column is plotted together with the moment-axial

load interaction curve. This illustrates dearly that the ductility of this column is

rather low <curvature ductility less than 4) for axial load levels greater than 150

kips in compression. The maximum axial load expected in any column for the

prototype is about 300 kips (as obtained from static and dynamic inelastic

analysis)t which corresponds to a ductility of about 2. It is obvious then that large

column inelastic deformations cannot be tolerated.

For the prototypet there are three different column tie details. as shown in

Fig.2.12. For all of the columns from the second story on up. the ties consist simply

of a D 10 square hoopt one located every four inches along the height of the

structure. As can be seen from the figuret the hoops extend through the joint at the

same 4 inch spacing. At the bottom third of the first-story columnt and for the

entire height of the shearwall boundary elementst the square ties are supplemented

with cross ties. as shown in the figure.

In no case do these tie details satisify UBC in terms of the requirements for

confinement. In Fig.2.13 t the formulas given by UBC to determine the total area

Ash of rectangular hoop reinforcement are given. The rEsults obtained through the

use of the controlling equation are summarized in table shown in Fig. 2.14. As can

be seen from the tablet a hoop spacing of roughly 2-1/2 inches is required with the

Dl0 hoopSt or a spacing of 4 inches if the hoops are changed from Dl0 to D13 bars.

Other options for hoop details and spacing are also given in the table.

Another function that the hoops perform is to prevent the longitudinal bars in the
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column from buckling once the concrete has spaUed away. Although the tie details

given in the original design do satisfy the minimum spacing requirements for hoops

(aside from confinement and shear strength considerations). it can be shown from

rational analysis that the D22 longitudinal bars in the columns may well buckle if

the cover is lost. In Fig. 2.14. computations are presented which show that a hoop

spacing of about two inches would be required to prevent the buckling of the main

column reinforcement if the ties are not properly touching the longitudinal

reinforcement (k=1).

An improved column detail t which would satisify the UEC requirements, is shown in

Fig. 2.15. The significant change from the prototype detail is the reduction in

spacing of the ties in the third of the column region adjacent to the joint from 4

inches, to 2-112 inches. Also t the cross tie deta.il shown is more effective in

confining the concrete than is the present detail.

S hear Yo' al.l.

The shearwallt located in the center of the structuret is without doubt the dominant

element in the building. The wall is of the bar-bell type where the boundary

elements are of the same design as the typical column of Fig. Z.6 and Fig. Z.lZc.

The panel of the wall is 7.87 inches thick, and has D10 bars at 7.87 inches running

both vertically and horizontally at each face of the panel. A cross sectional view of

the wall is given in Fig. 2.16. Note that the panel reinforcement, which is 0.355

percent of the panel cross sectional areat easily satisifies the code minimum (0.250

percent).

Since the wall is centrally located t the axial loads it will develop will be due

primarily to the effects of gravity loading. These levels of load which are

accurately estimated with approximate analysis, were used as the datums for

establishing the moment curvature relationships for sections of the wall. The

results of the RCCOLA analysis of the wallt given in Fig.2.l7, show tha.t the

cracked stiffness of the typical section at the base of the building is 50 percent

greater than at the top. The yield moment at the base of the wall CN=740k) is

correspondingly 50 percent greater than at the top (N=105k). It is interesting to

note that the stiffness of the cross section of the wall is 500 to 1000 times that of
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the cross sections of the beams or columns, and has a flexural strength 75 times

that of the oeams that frame into it.

It is difficult to accurately determine the shear strength of a reinfon:ed concrete

shearwall. Components of shear in a cracked section will be carried by the

horizontal and vertical panel reinforcement, by aggregate interlock, by dowell

action of the vertical reinforcement, particularly those of the edge members, and by

shear resistance of the uncracked concrete or diagonal compressive forces in the

panel concrete. If the horizontal steel, together with a concrete strength of 3.3vtt
c

in shear is considered, the strength of the wall is roughly 574 kips, of which 278

kips is from the concrete, and the remaining 296 kips is from the horizontal panel

steel. In tests of a il2-scale model of the wall, the Japanese researchers reported

a strength of about ::::50 kips,[2J In these tests, a three story segment of the wall

was loaded with a single lateral load at the top, together with an axial load of

roughly 550 kips.

It is interesting to note that there are different philosophies concerning the way

the shear strength of the wall should be determined. For example, it has been

recommended by Paulay that over the length of the plastic hinge, the contribution

of all mechanisms to shear strength should be ignored, except that of the web

reinforcement.t';1J This seems to be a logical design procedure, since after a few

cycles of inelastic deformation, there will be little concrete intact to carry the

shear. However, Bertero has indicated that if the boundary elements are well. .
confined with closely spaced ties, there may be a significant contribution to the

overall shear strength of the wall since the vertical steel in the boundary elements

will act as very effective dowell reinforcement.u.I)J

The failure mechanism of the wall flat only depends on the geometry of the cross

section. but also on the way the wall is loaded. If the wall is subj~cted to a large

!ilOment which produces yielding with low 5hear, the rnechanisim will be completely

different than if loaded with lDw moment but large shear. The way the wall

undergoes inelastic deformations will determine the path of force redistribution,

and entirely dominate the subsequent response of the building. Also, the loading

history will have a pronounced affect on the behavior of a shearwall since as a.

result of reversed cyclic: loading and the residual plastic strains in the walls
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flexural reinforcement, large continuous cracks may form, and the effectiveness of

the horizontal web reinforcement will be reduced.[ 11)) This may result in a sliding

failure across the plastic hinge zones, as shown in Fig.2.1E:.

Finally, with regards to improvements for the shearwa.ll details, see Fig. 2.19.

Here, the only major change has been to alter the details of the boundary elements

similarly to what was done for the columns.

2 ... ::=: Joint:"s a.nd A.nchorage

The UBC has two requirements for the joints in ductile moment resisting space

frames. First, in terms of the anchorage of bars of flexural members terminating in

a column, the bars must extend into the opposite face of the column, and terminate

in a standard '7'0 degree hook. This detail is satisified for the majority of the

exterior joints, the exception being some joints for the first floor level, where the

hook is anchored only midway into the column. This detail apparently represents

the Japanese practice, and would have been applicable for all of the exterior joints l

except an agreement was made to change the detail and use the American practice.

Since the first story of the Japanese model had been cast prior to the agreement, a

few of these details remain. It is interesting to note that this inconsistent

detailing has been carried through to the Berkeley 1l5-scale model, in order to

obtain a maximum degree of similarity between the models.

First t in terms of anchorage for the Dl·9 beam ba.rs, the basic required development

length is 18 inches for bottom bars, and 25.2 inches for top bars. The hooks can

develop a stress of 27.92 ksi t and thus may be considered to contribute 11.71 inches

to the total. The leading length of these bars is 12.94 inchest resulting in a total

effective development length of 12.94 + 11.71 = 24.65 inches, which is slightly less

than required, but probably sufficient.

The second UBC requirement for joints ha.s to do with the way the column ties are

placed through the joint rUBe Section 2626(g)1 J, Since the prototype tie details are

not adequate initially, it is clear that the joint detail is also nat adequate

according to UBC. It should be noted, halt-lever, that since the present (exterior)

joint ma...ximum shear stress is only 4.35Jf I, the detailing is probably adequate. The
c

fact that little confinement exists within the joint is disturbing however, so a new

-13-



joint detail for the exterior beam-column connections is proposed t as shown in

Fig.2.20. This joint design follows the recommendation of the ACI-ASCE Committee

:352 on joints in monolithic reinforced concrete structures.[ 11] Similar details

should be designed for the interior jointst which are confined on all four faces by

beamst and the carner joints at the top of the building.

Prototype Loading

For the analysis of the prototypet only the gravity loading and the earthquake

loading are of importance. Wind loading will not be 'l factor. For the earthquake

loading, only the equival:",nt lateral farces as given by UBC will be discussed in

this chapter. The response of the prototype to actual ground motions is discussed

in Chapter 5.

2.4.1 Gravity 10ading

The magnitude and distribution of gravity loading is very important in the

non-linear analysis of frame-wall structures. Some of the reasons for this are as

follows:

1) The pattern of plastic hinge formation depends on the initial state of
the structure as subjected to gravity load alone. Those elements with the
largest ratio of gravity moment to yield moment will hinge first when
subjected to the seismic forces. The subsequent response of the structure
will depend on the new stiffness, which is based on when and where the
hinges form.

2) The accura.te correlation between section momen":-curvature and element
hinge moment-rotation depends on the length of the pla<;;hc hinge y ',..;hich in
turn depends on the distribution of moments along the length of the member;
and this can be affected significantly by the gra.vity load moments.

:3) The initial stiffness of the columns and wall depends on the avera.ge
level of axial load present -in the element during the response, Since the
load in the elements ~'IIill oscillate about the gravity load levElt this is a
good datum fer establishing the initial elastic stiffness.

4) Similar to the above consideration, the geometric stiffness of the
aXially loaded members depends on the initial level of g'(avity load in that
element.

The only way to accurately establish the initial gravity load distribution is by

doing a complex three-dimensional ana.lysis of the floor system. In fact t this
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analysis should be iterative; since the elements stiffness depends on the moments

along the length of the section; and the moments along the length depend on the

stiffnesses of the elements. At the end of the analysis the correct gravity load

distribution is obtained; together with a good estimate of the element stiffness

coefficients.

For the prototype; the analysis as decribed above was not carried out. Instead; an

approximation of the distribution of gravity loading was obtained by visually

estimating tributary areas. The resulting loads are given in Fig.2.21; which shows

the tributary areas; and the loading on a typical beam element of Frame A Or Frame

B. Note that the live loads have been reduced as allowed by UBC. Also. distributed

loads which were triangular or trapezoidal in shape; were simplified into uniformly

distributed loads. This assumption has little effect on the fixed end moments in

this case. The loads of Fig.2,2l were used to establish the fixed end forces which

were required for the non-linear analysis presented in Chapters 4 and 5; and the

UBC analysis discussed later on in this chapter,

2 .. 4.,.2 Prototype Mass a.nd La.tera.1 Load

The reactive masses of Fig, 2.22a include all the dead load of the bare structure; as

well as an additional 15 pounds per square foot reactive mass for partitions;

ceiling; and mechanical equipment; or anything else that might be tied down. The 15

psf partition; which is less than the 20 psf as required by UBC; is used as a

compromise value between Japanese and U.S. practice.[ 1] These translational

masses were used as input for the evaluation of mode shapes and frequencies; in

the nonlinear dynamic analysis; and for the evaluation of the equiValent lateral

earthquake loading of UBC.

The Uniform Building Code assumes that the above mass will be effective primarily

in the first mode of vibration of the structure. Using the UBC procedure for

determining the effective lateral loads from the mass distribution results in the

loading pattern given in Fig.2.22b. In this figure; the loads are given in terms of

the as yet undetermined total base shear; v\otal'

In order to determine the base shear; UBC gives the following formulat
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Vtotal = Z I K sew

The factors in the formula are defined below for the prototype.

Z::: 1.0 for a building in "zone 4";

I = 1.0 for a non-essential facility;

Ie ::: O.E: or 1.0 as described later;

S =1.0 for good soil conditions;

C:::: 1.0 I 15.,ff where T is the first mode period of vibration; and

W :: the weight of the total reactive mass of the building::: 2501 kips.

As mentioned at the beginning of this chapter; Table 2:3-I of the Uniform Building

Code gives certain requirements that a structure must satisify in order to cla.ssify

as a "ductile" moment resisting space frame. Since some of the details given in the

original prototype design are inadequate; it must be assigned a K factor of 1.0. If

the improved details are used; the K factor of 0.8 for ductile frames is applicable.

In order to determine the factor C~ the fundamential period of vibration, Tt must

be known. UEe gives two equations for the determination of T. The first of these

assumes the period is a function of only the building height and width, and has

nothing to do with ma.terials or framing system. This formula is:

T = 0.05h I vD
n

.
Where hand D are the building's height; and width in the direction of groundn
motion; respectively. Using this formula; the period of vibration is T=0.475

seconds.

The other method of the code is more accurate; as it assumes a first mode shape

proportional to the lateral displacements induced by the UEC lateral loading. This

mode shape is then used in a Rayleigh quotient in order to obta.in the period of

vibration. Using this method. a period of vibration of 0.45 seconds was obtained;

which by coincidence; agrees well with the value determined from the simpler

formula. With T and Ie known; the total base shear that the structure should be

able to resist can be computed. Using K=1.0 <since strictly speaking; the frames

of this building cannot be classified as "ductile"), and taking T as 0.475 seconds
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(since the 0.45 seconds obtained from the Rayleigh analysis is a lower bound) the

value of C is 0.0967, and the total base shear to be resisted is 242 kips.

2.5 USC Lateral Load Ana.lysis

In the following discussion, the prototype will be looked at in three ways. First,

the results of an elastic lateral load analysis is presented, and the ability of the

prototype to resist the forces developed is discussed. Second, a very simple

ultimate strength analysis of the building is given, which estimates the relative

strengths of the exte"fior and interior frames. Finally, the strength of the

shearwall is discussed, in association with the requirement that it be able to

resist the entire base shear as if it were acting alone.

2.5.1 La.teral Loa.d Analysis

The prototype was subjected to a combination of UBC lateral load and gravity load

where the dea.d load was increased by the factoY 1.05, the live load was increased

by the factor 1.275, and the lateral load was increa.sed by the factor 1.4. This

loading is consistent with the assumption that the frames are not "ductile", ie IC=1.

The applied lateral loading, together with the resulting lateral displacements are

shown in Fig.2.2:3, For the analysis, it was assumed that all sections remained

uncracked, that there was no aut of plane interaction between frames, that the

floor slabs acted as a diaphram rigid in their own planes, and that the bases of the

columns and shearwall were totally fixed. Also, the joints were assumed to be

completely rigid. This modelt except for the neglect of out-of-plane coupling,

represents an upper bound on the stiffness of the bare frame and is the madel that

was used to determine the period of vibration via the Rayleigh analysis. With these

assumptions; and the assumption that K=l t the base shear of 242 kips unfactored,

or 338 kips factored, is also an upper bound. Of course, the lateral displacements

shown in Fig.2.23 then represent a lower bound for displacements.

The forces developed in the frame members as a result of the lateral loading of

Fig.2.23 are shawn in Figs 2.24 and 2.25. In Fig 2.24, the beam moments (at the face

of the supports) are written aver the locations at which they occur. Positive values

represent moments that produce tension in the bottom of the sections, and negative

values produce tension in the top. Note that for Frames A and Ct values are also
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given for the maximum midspan moments.

Two things are immediately noticed in the figure. First, the negative moments

adjacent to the shearwall in Frame E are the maximum that occur. Second, only in

Frames A or C do large positive midspan moments occur (associated with locations

of zero shear). The reason for this obviously has to do with the boundary conditions

for these beams, those in Frame B having one support which is essentially rigid.

In Fig.2.25, the moments, shears, and axial loads are given for an of the column

elements. Here, there are two significant points to be made. First, none of the

columns develop axial tension loading, and second, Frame B carries 95 percent of

the total base shear.

The forces developed in the elements are compared to their capacities in Figs 2.26

and 2.27. Here, the comparison is made with the ACI strengths without the capacity

reduction factors. In Fig 2.26, the ratios of actual moment to ACI strength are

given for the moments at the face of the support for all the beams, and at midspan

of the exterior bays of Frames A and C. Any value which exceeds 1.00 is

over-stressed in relation to the ideal ACI strengths. Any factor which exceeds 0.9

is over-stressed with respect to the reduced strengths. Note that all values which

exceed 0.9 have been circled on the figure. For Frame B, almost all of the negative

moment sections axe overstressed. Then it can be concluded that if the

redistribution allowed by UBC and ACI is neglected, this structure is not correctly

designed. If the maximum allowable redistribution of 20 percent is considered,

however, the maximum factor in Fig. 2.26 reduces to 0.86, a.nd the design of the

prototype is acceptable. The actual amount of redistribution allowed for the beams

in the prototype is 18,4 percent. Using this value, the maximum factor of Fig. 2.26

is 0.88, and the design, therefore, can be considered acceptable.

Recall from earlier discussion, that only a 60 inch effective flange width was

assumed in the determination of the negative moment capacities of these

over-stressed sections. Since the true strength of the sections will likely be

greater than assumed, the fact that the beams are over stressed is not important.

What is significant, is that these are the beams that will have the largest ductility

demands. since they will be the first to form plastic: hinges. Also, these are the
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beams sections that have the lowest ductility available. It is for this reason, that

these negative moment sections must be carefully detailed in order that these

ductility demands can be achieved. Finally, for the beams, it should be noted that

there is no danger of a brittle shear failure developing, since the maximum shear

force developed (33.8 kips) is only 48 percent of the available strength (70.7 kips>.

The actual column forces are compared to their strengths in Fig.2.27. Here, the

axial-load moment pair for each column is shown by a dot in the column interaction

diagram. It is clear that there is no danger of column failure (for well-detailed

columns).

Finally, it should be noted that the shearwall easily resists its developed forces.

The ratio of wall shear force to shear strength is 0.540, and the ratio of wall

moment to flexural stength is 0.593. Later on in this chapter; the wall is

investigated in terms of the requirement that it be able to resist the entire UBC

base shear, as if it were acting alone.

2.5.2 Ul."t:irnat:"e Strength of Prototype

One of the requirements that the UBC has for frames to classify as parts of a dual

bracing system, is that they be able to resist 25 percent of the required lateral

loads. See Table 2.1. In order to check out this requirement, a limit analysis ~..,as

carried out. For this analysis, it was assumed that the plastic hinges follow an

ideal elastic-perfectly plastic moment rotation relationship. The analysis was

based on the plastic hinge pattern of Fig. 2.28 and the RCCOLA member strengths

from Table 2,5. Note that this is the same hinge pattern as developed in the static

load to collapse analysis of Chapter 4, and the dynamic analysis of Ch<?.pter 5.

According to the above assumptions; the strength of each of the exterior frames is

136 kips ,and the strength of the interior frame is 3:35 kips. The ratio of the total

exterior frame strength, to the required lateral load is 272/338 or 0.805. The

requirements of the code, in this case, are easily satisfied. If the frames and walls

have sufficient ductilities to develop the assumed plastic hinge pattern the

maximum lateral resistance would be 272+:335=607 kips.

2 ..5.:3 Strength of 'J,.ot.Ta.11 Acting Alone
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The last requirement that must be met by a structure so that it may classify as a

dual bracing system CIC=O.8) is that its shearwall must be able to resist the entire

lateral load, as if it were acting alone. For the prototype, this requirement is not

satisified, as will now be shown.

In terms of shear strength, there is no problem with the prototype. The total base

shear that must be resisted is 242 kips, times a load factor of 2.0 for shear, times

the K factor of 0.8 or :387.2 kips. Recall that the strength of this wall in shear is

574 kips without the capacity reduction factor, or 488 kips with a reduction factor

of 0.:35.

For flexure, however, the strength requirements are not satisified. The total base

moment that must be resisted is 162400 inch-kips (resulting from the 242 kip total

lateral load with a load factor =1.4 and K=0.8), but the capicity (neglecting

strain-hardening) is only 150000 inch-kips without the reduction factor of 0.90, or

135000 inch-kips with the factor. From this point of view then, the design does not

satisify the requirements of UBC. Another point that should be mentioned, is the

fact that the 150000 in-k capacity of the wall was based in part on the contribution

of panel reinforcement to flexural strength. UBC, hciwever, states explicitly that

only the reinforcement that is in the boundary elements should be considered in

determining the flexural strength. If this is done, the flexural strength of the wall

is only 57000 in-k, which is only 35 percent of the factored base moment equal to

162400 in-k as shown above.

At this point it is appropriate to mention that the UBC requirement that the panel

reinforcement in the wall be ignored in computing flexural strength is a potentially

dangerous requirement. If this panel reinforcement is ignored in these

computations, the predicted flexural strength of the wall will be substantially less

than the actual strength, as demonstrated above. Therefore, the shear forces that

the wall will attract will be significantly greater than assumed, thus resulting in

the possibility of a brittle shear failure occurring in the wall.

2.6 Discussion of USC Analysis

The only major difficulty with the design of the prototype involves the tie details

in the critical regions of the beams and the columns. If the improved tie details,
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which were shown earlier, were used in lieu of the existing details, K could be

taken as 0.8, and the overstress in the beams would be marginal. However,

according to UBC, the flexui'"al capacity of the shearwall would be low. This should

not be of concem for the following reasons:

1) The total lateral farce was based on a lower bound period of vibration,
thus itself is an uppei'" bound.

2) The fact that the maximum nominal unit shea.r in all beams, columns, and
wall is very low guarantees a good flexural yielding mechanism in these
members.

:3> The (well-detailed wall> should exhibit excellent ductility, and the
frames can pick-Up considera.ble force after the wall yields in flexure.

Aside from the detailing of the individual elements, another question that should

be addi'"essed is whethei'" or not the conceptual design of the prototype itself is

good. In order to answer this, two facts will be mentioned. First, in the elastic

range, the exterior frames each carry only 2.5 percent of the total lateral load.

Second, in the inelastic i'"ange, each exterior frame is capable of carrying a total

136 kips of lateral load. This would seem to be good design because, under

moderate ground motions, most of the forces would be taken elastically by the

shearwall. For more severe earthquakes, the exterior frames would dissipate a

goad amount of energy because the wall has sufficient ductility to allow the frames

to develop their flexural mechanisms.

This can be looked at in another way, however. If the center frame-wa.ll were

replaced by a frame similar to the exterior frames, the strength of the structure

would be 408 kips, much in excess of the required code lateral forces (which would

be smaller in this case, since the structure is more flexible, weighs somewhat less,

and would be classified a.s a ductile moment resisting space frame with K=0.67) If

it could be demonstrated that under moderate earthquakes this modified ductile

space frame structure would respond somewhat elasticaly, remain serviceable; and

stiffness and drift requirements were met, it might offer considerable advantages

over the frame-wall structure, particularly from architectural and economic points

of view.
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Finally, this question should be asked: Why does the UBC allow a K factor of 0.1:..7

for framed structures, but only allow a K of 0.8 for frame-wall structures·'?

Apparently, UBC assumes that the shearwaU type structure will not be able to

develop the ductility that a framed structure would. Recent tests, however, have

shown this not to be the case.[ 12,13]
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which were shown earlier, were used in lieu of the existing details, K could be

taken as 0.8, and the overstress in the beams would be marginal. However,

according to UBC, the flexural capacity of the shearwall would be low. This should

not be of concern for the following reasons:

1) The total lateral force was based on a lower bound period of vibration,
thus itself is an upper bound.

2) The fact that the maximum nominal unit shear in all beams, columns, and
wall is very low guarantees a good flexural yielding mechanism in these
members.

:3) The (well-detailed wall) should exhibit excellent ductility, anti the
frames can pick-Up considerable force after the wall yields in flexure.

Aside from the detailing of the individual elements, another question that should

be addressed is whether or not the conceptual design of the prototype itself is

good. In order to answer this, two facts will be mentioned. First, in the elastic

range, the exterior frames each carry only 2.5 percent of the total lateral load.

Second, in the inelastic range, each exterior frame is capable of carrying a total

136 kips of lateral load. This would seem to be good design because, under

moderate ground motions, most of the forces would be taken elastically by the

shearwaH. For more severe earthquakes, the exterior frames would dissipate a

good amount of energy because the wall has sufficient ductility to allow the frames

to develop their flexural mechanisms.

This can be looked at in another way, however. If the center frame-wall were

replaced by a frame similar to the exterior frames, the strength of the structure

would be 408 kips, much in excess of the required code lateral forces (which would

be smaller in this case, since the structure is more flexible, weighs somewhat less,

and would be classified as a ductile moment resisting space frame with K=(l.67) If

it could be demonstrated that under moderate earthquakes this modified ductile

space frame structure would respond somewhat elasticaly, remain serviceable, and

stiffness and drift requirements were met, it might offer considerable advantages

over the frame-wall structure, particularly from architectural and economic: points

of view.
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FinallYt this question should be asked: Why does the UEC allow a Ie factor of 0.67

for framed structurest but only allow a Ie of 0.8 for frame-wall structures?

ApparentlYt UEC assumes that the shearwall type structure will not be able to

develop the ductility that a framed structure would. Recent tests, howevert have

shown this not to be the case.E12t13J
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CHAPTER 3

EL ASTIC PROPRTIES OF PROTOTYPE

3.0 In trod wetion

The prototype structure is somewhat typical of frame-wall systems in general,

except for the fact that a real structure with a similar configuration of frames and

walls would likely be taller than seven stories in height. The effect of frame-wall

interaction has been well documented for tall buildings (14] yet little information

is available for buildings as short as the prototype. For this reason, a series of

analyses have been carried out in which the mechanisims of elastic frame-wall

interaction for the prototype were investigated.

It is apparent from the size of the shearwall with respect to the size of the beams

and columns in the frames that the shearwall will dominate the response of the

structure to a given set of loads. In order to illustrate this, and for the further

purpose of understanding the contribution of the exterior frames to the structural

stiffness (flexibility) a series of structural flexibility matrices have been

calculated. Flexibility matrices are used here instead of stiffness matrices because

the coefficients in the flexibility matrix give a direct indication of the

displacement response due to an arbitrary loading. In Chapter 4 a flexibility matrix

will be presented for the structure with a plastic hinge at the base of the

shearwall and this matrix will be compared to the matrix for the uncracked

structure first presented in this chapter.

3 .. 1 Description of=' PYototype F1exibil.:i..ty

The flexibility matrices for the prototype were obtained through use of the SAP-BO

structural analysis program. All of the properties of Frames A and C (they axe

identical) were added to form a new frame, henceforth termed AI t which is twice as

stiff <and strong) as Frame A or C" In the analysis, rigid end zones were

considered, but the effect of flexural coupling via the beams and slabs between

Frame A-' and Frame B were not. The effects of flexural coupling will be discussed

in Chapter 6. An illustration of the assumed model is presented in Fig.:;:.l sho~",ing
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the general structural topology and the rigid end zones. The dashed lines between

Frame Al and Frame B indicate that the lateral displacements of the two structures

are slaved, thus approximating the effect of a diaphram totally rigid in its own

plane. Also, it is important to note that the structural properties and modeling

used in this analysis were also used to model the elastic response component of

the non-linear static and dynamic analyses as described in Chapters 4 and 5.

The elastic member properties used in the analysis are listed in Table 3.1. These

properties correspond to cracked transformed section moments of inertia (see

Section 2.0 of Chapter 2). Shear deformations were ignored.

In the analysis of the flexibility matrices, only the story lateral degrees of

freedom are considered, thus each matrix is 7 by 7 in size. The matrices were

evaluated by solving for the displacements at each story due to a 1000 kip lateral

load, acting one story at a time. In the matrices of Table 3.2, for example, the

first column represents the displacement profile of the structure due to a 1000 kip

lateral force at level 7. The integer indices at the top of ea.ch matrix simply

indicate the story level at which the unit force was applied. The integer indices

along the right hand side indicate the story level at which the resulting

displacement was measured.

The first matrix, for Frame AI, shows clearly that the frame displaces primarily in

a shear mode. Note that the displacement profile for a 1000 kip force at level 1

produces an almost constant displacement of about 3.9 inches above level 2, and

that a 1000 kip force at level 2 produces an almost constant displacement above

level :3. A similar pattern follows for the force at any level. If all the columns of

the flexibility matrix are added together, the result is a displacement profile for

Frame Al with a 1000 kip force 2',t each level. This profile, which has been

normalized to a maximum displacement of one inch, is shown in Fig.3.2-A. The

result is typical of plane frames.

For Frame B, which includes the wall, a completely different type of fleXibility

matrix exists. In this case, a 1000 kip force at level 1 produces a linear increasing

displacement profile above level 1. A similar pattern follows for a force at anyone

level. The displacement profile for Frame B with a uniform lateral load is given by

the curve B in Fig.3.2. The ever so slight reverse curvature near the top of the
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diagram is due to the influence of the beams and columns of Frame B. In Fig.3.2, the

curve C is the displaced shape of the total structure due to the uniform lateral

load. Note that it is almost identical in shape to the displaced shape for Frame B

alone. This clearly indicates the dominance of the wall on the stiffness of the

entire structure. A further indication of the dominating nature of the wall can be

obtained by noting that although the global flexibility of the structure is much less

than that of the wall, the form of the flexibility matrix is almost identical.

The elastic interactive forces between Frame AI and Frame E are shown in Fig.3.:3,

where the total structure was subjected to a uniform lateral load of magnitude

431.9 kips. This level of load is slightly less than the amount that would cause the

first plastic hinge to form in one of the beams of Frame B. At this level of loading,

the shearwall of Frame B is carrying 418 kips, which is '16 percent of the total

amount.

There appear to be three major components involved in the elastic force

distributions of Fig.3.3. First, the reverse load of 21.6 kips at the top of Frame E,

second, the large force at level 6, and third, the large force at level one of Frame

B. Equally as important are the counterparts of these forces acting on Frame AI. It

is obvious from looking at Figs :3.2 and 3.3 that these interactive forces come from

Frame B forcing Frame A to displace in a "cantilever mode." This is further

illustrated by the superposition of forces shown in Fig.3.4. Here, Frame AI was

first loaded with a single lateral load of 83.3 kips at level 7, and the resulting

displacements calculated giving a maximum displacement of 2.4 inches. Next, a load

of -21,9 kips was applied at level 6, and these increments of displacement added to

those previously calculated, to obtain a maximum displacement of 1.8 inches. Note

that at this point the displacements at levels 4 through 7 are very near the final

values, but the displacements at level 1 through 3 are still rather bad. The

application of the -40.2 kip force a.t level 1 corrects this, and the final

displacement profile is very nearly approximated, with the maximum being 1.6

inches, compared to the exact value of 1.7 inches,

It is interesting to compare the flexibility matrix obtained analytically with that

obtained by the Japanese during the testing of the full--scale model.[2J This

experimental flexibility matrix, as shown in Table :3.:3, is quite different from the
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analytical matrix t mainly in terms of the size of the individual entries. This gives

an indication that the use of transformed cracked section properties in the analysis

represents a lower bound on the initial stiffness of the structuret and that the

omission of frame to frame flexural-torsional coupling may be an important source

of error.

Mode sha.pes a.nd Frequencies

The elastic mode shapes and frequencies for the prototype were evaluated by the

SAP-:::O program. The elastic properties as described in Section 3.1 were used t

together with the lumped story masses of Fig. 2.22. Only the first three

frequencies were calculated. The results of this analysis are shown in Fig.:3.5t

which gives both the periods of vibration and the associated mode shapes.

The ratio of the first period to the second period of vibration is approximately

equal to 4.5. The fact that this ratio differs somewhat from the usual ratio for

framed buildingst T1 l T2 = 3.0t can be used as further evidence of the dominance of

the shear wall on the response of the structure. This is explained as follows:

Consider a structure with uniform mass and stiffness throughout its height. In one

instancet assume the beams are all very rigid as compared to the columns. In this

caset we have a shear building. where the ratio of T1 to T2 is :3.00. Next consider a

building with very rigid columns as compared to the beams. In this caset we have a

cantilever structure with the ratio of T1 to T2 equal to 6.:3. Any real structure with

uniform mass and stiffness should remain within these bounds. For the prototype

structure. the wall is quite rigid as compared to the beams and columnst so a. ratio

of 4.5 should not be too surprising.

Recall from Chapter 2 t Section 2.4.2 t that the first mode period of vibration as

calculated from the Rayleigh quotient was about 0.45 seconds. which is

significantly less than that shown in Fig. ::::.5 for the cracked structure. The reason

for this t of courset is that in Chapter 2 the elastic properties of the structure were

derived from the assumption that the sections remained uncracked. When the

un cracked sections are considered in computing the periods t the values indicated

also in Fig, :3.5 are obtained. The period for the first mode is very close (0.47 sees

vs 0.45 sees) to tha.t obtained in section 2.4.2.
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CHAPTER 4

STRENGTH UNDER MONOTONICALLY

INCREASING LATERAL LOAD

4.0 In trodwetion

In this chapter, the behavior of the structure as subjected to a monotonically

increasing lateral load is discussed. The response is traced from first yielding all

the way through to collapse. This static load to collapse analysis is important for

several reasons. First, this analysis will be very useful as background information

when the response of the structure to dynamic earthquake induced loading is

presented. The inelastic response to earthquake loading is much more complicated

t han the inelastic response to a static lead, since the effects of inertial forces and

damping need not be considered in the static analysis. Also, the static analysls

gives an indication of the way the individual frames share the lateral load and the

way the tntal structure reacts to different load patterns, and thus to the general

strength and stiffness of the individual frame components as yielding progresses

throughout the response, Finally, the static analysis can serve as a check on the

dynamic analysis. Any strange phenomena that occur in the (very uncertain) dynamic

analysis tha.'c do nat occur in the static ~.nalysis may lead to the source of any

problems encountered with the dynamic ana.lysis.

4+ 1 Sta.tic: Load to Col.la.pse Analysi.s

In order to carry out this analysis. the computer program ULARC was used. which

was recently modified to include the effects of axial load-moment interaction yield

surfaces for the col\Jmns, beam and column rigid end zones, slaved degrees of

freedom. geometric stiffness for the columns, and uniform gravity load distribition

for the beams.[ 15] A new modifica.tion ena.bling the use of (kinematic)

strain-hardening. was made to the program; together with improved input-output

options. This latest version of the program has been termed ULARC:;:; and a

complete users manual has been prepared.[ 16]

ULARC3 works on an event-to-event basis, where an increment of load is added

until a single plastic hinge is formed. After the formation of this hinge. the
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structural stiffness matrix is re-formed. and a new load increment is applied so

that another hinge will form. The analysis is continued until the maximum global

displacement exceeds some input limiting value. or the number of iterations as

specified by the user has been exceeded. The program assumes all elements have

unlimited strength and ductility.

4.2 Elernen t Yield Sur-Fa..ces

ULARC:;: provides a single yield surface type. which is for a general beam-column

element. The input parameters for this element are illustrated in Fig.4.1. If a beam

element is desired. the program will ignore the axial strength parameters and

assume the simple yield surface of Fig.4.2.

The yield surfaces input for this static load to collapse analysis are shown in Figs.

4.:;: thru 4.5 for the columns. beams. and wall respectively. Note that seven

different strength parameters are given for the wall. each corresponding to the

level of axial load present in the wall at the start of the analysis.

The elastic properties of the structure were exactly as given in Chapter 3 for the

analysis of the flexibility matrices (see Table 3.1). However. since the elements

may yield. strain hardening stiffnesses are also assigned. In Fig.4.6. the assumed

bi-linear force-deformation relationships for the elements are illustrated.

together with a table giving the assumed strain hardening stiffness as a

percentage of the initial stiffness. In general. these strain hardening stiffnesses

were ta.ken 'as the slope of the strain hardening portion of the moment-curvature

relationships of the sections as given in Chapter 2. For the beams. however. the

strain hardening stiffness was taken as a weighted average for the positive and

negative moment sections. The positive moment :;i:iffness was given a greater

weight in this computation since the positive moment inelastic deformations occur

over a greater length of the beam than do the n~gative moment deformations.

4.:3 Resul'ts o-F Colla.pse Analysis

In this section, the results of twa different analyses are reported. The first is a

static load to collap<:;e with a monotonically increasing upper triangula.r "first

mode" lateral loading. The second is similar to the first. except that a uniformly
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distributed lateral load was used. In both cases, gravity loading was applied as the

first load increment. In both o'r these analyses, t.he effed of geometric stiffness

on the columns and wall were ignored. Later on in this chapter~ another analysis is

presented in which geometric stiffness is considered, and is compared to iii similar

al'1alysis without geometric stiffness,

The response of the structure to the tria,ngular and uniform lateral loads is

illustra.ted by the force-displa.cement CUi'ves of Fig.4.7. The response is nearly

linear up until the time the shearwall hinges, with the slight nanlinea:dty being due

to the formation of plastic hinges in some of the beams of Frame E prior to 'che

formation of the waH hinge. After the wall hinges (in a flexural mcmner)t the

structural stif'Fness decreases rather drama.tically (by about 60 percent), and

further losses of stiffness axe due to -Flexural hing:ing of the remainder of t.he

Frame Ai a.nd B beam 121ements,

The ma.ximum s·hea.·( fon:€! develcl:r::d in the wall ~'Jas 471 kips for the case of UllifQrm

loading. This is somewhat less than th~ capacity of the wallt \vhich is about 574

kips according to the UBC·, This indicates that a flexural. yielding of the wall has to

take place. For this reason it is important to determine whether the structure can

supply the overall displa.cemeni: ductility (ultimate displacement / yield

displa.cement at first story) of about 12, as indicated in Fig 4,7b. It \<I}m be shown

in Chapter 5 that this ductility can be supplied and is controlled by the ductility of

the l,~illl and the beam negative moment. plastic hinges.

The fact that the structuraJ overturning moment due to the triangular loa.d is 50

percent larger than that of the unHorm load (for the same total base shear)

explains why the wall yields at a lower total lateral forCE! for the triangular load.

Also, the displacement increments for equal force increments are larger for the

triangular loads t which explains why the initial stiffness for the triangular loading

is less than it is for the uniform load. Finally~ it can be deduced that the lower the

resultant of the lateral forcest the higher the yield strength of the structure, and

the higher the initial tangential stiffness in the Vro, 'IS 6 diagram.
l::I r

The fact that the shear wall yields at a displacement of approxima.teley 2.2 inches
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for both load cases is an indication of the importance of frame-wall interaction,

and the dominance of the wall on the behavior of the total structure. In order to

illustrate this, the story shear forces for Frames A', B and the total structure are

plotted along the height of the structure before and after the wall hinge forms.

These forces are given in Figs. 4.t: and 4.9 for the triangular and uniform load

cases respectively. The first thing that is noticed from the figures is that the

frame interactive force distributions do not change significantly after the wall

hinges. The large interactive force at the top, and the rather large reverse

interactive force at the bottom of Frame A' remains almost constant. Note also,

that the distribution of interactive forces is very similar for the triangular load

and the rectangular loading, indicating that the interactive forces between Frames

A' and B develop almost independent of the loading pattern. As expected, Frame A'

picks up a larger percentage of the total force after the wall hinges, and this

percentage increases as more and more plastic hinges form in the beams of Frame

B.

Since the wall hinges when the global displacement at the top story is about 2.2

inches, and since the distYibution of interactive forces is almost the same for both

load cases, except that for uniform loading the frames resist a little larger portion

of the total shear, it can be concluded that Frame B, most particularly the

shearwall of Frame B, completeley dominates the elastic and inelastic response of

this structure. It is apparent that the modeling of the wall, not only in terms of its

stiffness and strength, but also in terms of the type of failure mechanisim that

develops, is of fundamental importance in predicting the response of the entire

structure to static or dynamic loa.ds.

4 ...3.2 Pla.stic: Hinge Forma.tion

The sequence of plastic hinge formations is given in Figs 4.10 and 4.11 for the tV-!Q

load cases. The hinge patterns are a.lmost identical. The most significant difference

is that the wall hinge forms slightly sooner (with respect to when the other hinges

form) for the rectangular load than it does for the triangular load. This is

consistent with the fact that the total lateral load at the time the hinge forms is

somewhat greater than for the triangular load.
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The distribution of plastic hinges will be explained with reference to Fig. 4.10. The

hinges form in groups, with the groups usually representing either the hinges at

t he left end, or t he right end of nearly all the beams of a particular bay. The first

group of hinges to form is located at the right ends of the beams of Frame B. These

ends of the beams are in an initial state of negative moment (tension in the top

fibers of the beams), and the lateral loading increases negative moment. The hinges

that form first are adjacent to the shear wall. Since the wall is so rigid as

compared to the beams, the negative moment here under gravity loading will be

larger than anywhere else in the structure. This, in combination with the fact that

the rotation of the beam-wall joints are larger than the rotations of the

beam-column joints, explains why these hinges form first. Then the hinges form in

the right ends of the beams in the right hand bay of Frame B for similar reasons,

except that here, large carry-over moments from the left ends of the beams are

responsible for the negative moment increments at the right end of the beam. The

next major group of hinges to form indude the left ends of the beams of Frame AI.

The center bay beams hinge first under positive moment since the span is smaller

and the effect of gravity loading is less. Also" recall that the positive yield

moment for these beams is roughly equa.l to one-half the negative moment capacity.

The remaining hinges form somewhat randomly through Frame A' ~ and then Frame B.

Note that the hinges that form last are those at the base of the columns of the

structure ( with the exception of the lower right hand column of Frame A/~ which

hinges 65th ). This is .:;'. desirable result, indica.bng that a sidesway failure mode

will occur only after all of the beams have hinged. In Fig 4.12, the maximum plastic

hinge rota.tions reSUlting from the triangular loading are illustrated.

4.4 E·FFec:"t of=" Wa.ll. Hinging on Structure

Once the shearwall hinges, the stiffness or flexibility of the structure undergoes a

dramatic change. This fact is illustrated through the use of structural flexibility

matrices, computed before and after the wall yields. These matrices, which are

given in Table 4.1, are not only different from the point of view of their norm, but

also by the form of the individual rows and columns.

By adding all the elements in the top row of either matrix, the displacement at the

roof of the building due to a uniform lateral load is obtained. The stiffness of the
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bUilding after the hinge forms is 40 percent of that before. This is completeley

consistent with the results shown in the right hand side of Fig.4.9 t which shows

:IeT going from 2:36 kips/in to 91 kips/inch.

4.5 Analysis or the PO-Delta.. eFFect

In order to study the P-Delta effect, a ULARC3 analysis was made in which the

geometric stiffness of the columns and shearwall was included. The loading was

gravity plus a uniform la.teral load. The response of the structure induding

P-Delta is compared to that without P-Delta in Fig.4.13. As can be observed, the

only effect was a slight reduction in overall stiffness. The maximum displacements

for each analysis are nearly the same, but the ultimate load for no P-Delta is a.bout

5 percent more. The conclusion here is that the errors introduced by leaving out

P-Delta are insignificant with respect to the overall response of the structure.
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CHAPTER. 5

RESPONSE OF PROTOTYPE

TO EARTHQUAKE LOADING

5 .. 0 In trod lJction

In this chapter, the response of the prototype to two different ground motions is

presented and discussed. The goals of this analysis are as follows;

1) Obtain a basic understanding of the inelastic behavior of the prototype
as it responds to major ground excitations.

2) Determine the sequence and magnitude of ground motions to be used in
the 1is-scale model shaking table tests, and gather data on the magnitude
of forces, displacements, rotations, and accelerations that will occur, such
that instrumentation for the 1/S-scale model may be properly designed.

Nonl:inear Anal.ysis Using DRAIN-2D

Before discussing in detail the response of the Prototype to two different ground

motions, it is important to decsribe the basic tool used in performing this analysis.

The computer program used for this work has been the nonlinear dynamic analysis

program DRAIN-2D, developed at Berkeley by Kaanan and Powell U7]. This

program is designed to perform a time-history response analysis of an arbitrary

planar structure to an earthquake ground motion.

The structure is idealized as an assemblage of beams, columns, and rigid jointst all

positioned in the same plane. The effects of finite dimensional joints and simple

nodal constraints may be considered. The basic source of the nonlinearity is in the

behavior of the elements, which are assumed to follow a bi-linear force

deformation relationship. Throughout the analysis t equilibrium is based on the

initial configuration of the nodest thus large displacement effects are ignored. It

is possible, however, to include a. linearized geometric stiffness in order to

approximate a.ny P-delta effects due to large lateral displacements. The basic

analysis procedures, together with a description of the local element modeling will

now be given.
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5.1.1 Step-by-Step Ana.lysis Procedure

DRAIN carries out a step-by-step analysis of the structure through the use of the

Newmark constant average acceleration integration scheme. In this method, the

acceleration during a particular time step is assumed to remain constant, therefore,

the velocity varies linearly and the displacements vary quadratically. The

formulation of the incremental equations of motion is given in Figure 5.1. Note that

the dynamic problem is transformed into a series of static problems. In these

equations, the mass matrix, M, is strictly diagonal (zero entries possible), and

the damping matrix, C, is assumed proportional to the mass and the tangential

stiffness matrix, ICt' It is possible to base the damping on the initial stiffness

matrix as well, but this was not done in the present analysis. The constant average

acceleration scheme is known to be unconditionally stable for linear problems, yet

it has been shown that the procedure may become unstable for nonlinear

problems. [ 18J

If all of the elements in the structure remain elastic during a particular timestep,

the incremental displacements, velocities, and accelerations computed by the

step-by-step procedure will be very accurate, thus equilibrium will be very nearly

satisified at the end of the timestep. If, on the other hand, one or more elements

do yield during the timestep, the incremental displacements calculated at the end of

the timestep will be underestimated since the structural stiffness is greater at the

start of the timestep than it is at the end. Since the incremental velocities and

accelerations, which are derived from the incorrect displacements, will also be

incorrect, the equilibrium at the end of the timestep will not be satisified. If these

errors are not corrected, the computed response will soon diverge from the true

response. The DRAIN program uses a "modified forces" procedure to approximately

correct the equilibrium errors.[ 19] The incorrect displacement increment is

assumed to be the true displacement, and the equilibrium is "satisified" by adding

a corrective force to the load vector during the subsequent timestep. This

corrective load is present only for the duration of the timestep in which it is

applied.
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5 .. 1 .. 2 El.ernent ProperTies and Behavior

Of the several elements available from DRAIN, only two different element types

were utilized. For all of the columns in the structure, the two component beam

column element was used. This element, which yields on the basis of a

moment-axial load interaction yield surface, is in all ways similar to that used by

the program ULARC:3, as described in detail in Chapter 4 of this report. Refer again

to Fig.4.1 for an illustration of the two-component model and it's associated yield

surface.

For all of the (horizontal> beam elements and for the shearwall, a degrading

stiffness single component model was used. In this model, all of the inelastic

action is assumed to occur in concentrated rotational springs, one located at each

end of the element. The center portion of the beam has the stiffness property of

the beam as if it were considered to be linear elastic. In this model, the

moment-rotation relation of the concentrated inelastic rotational spring follows a

set of degrading stiffness rules similar to those first established by Takeda at

Illinois [20]. In this case, however, the spring stiffness is assumed to be only

bi-linear, whereas in the original Takeda model, the stiffness was tri-linear. In

this bi-linear degrading stiffness model, the yielding is a function of the moment

in the hinge only, and is completeley independent of the level of axial load present

in the element. Figures 5.2 through 5.4 illustrate the one-component model, the

Takeda hysteretic model, and the yield surface respectively.

It is apparent from the moment-curvature relationships of the shearwall (see Fig.

2.17) that the level of axial load in the wa.ll has a significant effect on the

stiffness and flexural yield strength of the element. In order to use the degrading

stiffness beam element for the wall, it had to be assumed that the axialloa.d in the

wall remained relatively constant throughout the response. This assumption is very

accurate for the prototype, since the wall is centrally located in the structure and

since the axial stiffness of the columns does not change (due to DRAIN modeling

procedures). Note, however, that in the real structure, neutral axis migration

might occur in the wall, thus removing the symmetry of the structure and causing

the axial load levels in the wall to vary throughout the response.
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5.2 Proper-ties of -the Ana..1y-tica..1 Mode1

For the nonlinear dynamic analysis, the stiffness and strength properties of the

elements, the gravity loading, and the structural topology, were exactly the same

as used in the static load to collapse analysis of Chapter 4. The reactive mass is

the same as given for the UBC analysis of Chapter 2. These properties will not be

repeated here. Note that the effects of geometric stiffness in the columns, and

shear deformations in all of the elements were ignored in this analysis. Also, as in

the ULARC:3 analysis, the effect of out of plane ffame to frame flexural-torsional

coupling, via the slab-beam floor system connecting Frames A and C to Frame B,

was not included.

5.2.1 Da....-nping

As mentioned earlier, the equivalent viscous damping was assumed to be

proportional to the mass and tangential stiffness:

where in this analysis,

a=1.49 and b=O.00094

With these values of a and b, an average of 6 percent damping was provided in the

first three modes. (Only as long as the structure remains elastic, since changes in

let will cause changes in C)

5.:3 Selection aT Time-Step

The time-step used in the DRAIN analysis of the Prototype to both ground

excitations was 0.01 seconds. To check the accuracy of this timestep, a short 2

second analysis was made of the structure subjected to seconds 2 through 4 of the

Miyagi-Oki earthquake (to be described later>. For thL~ analysis, a timestep of

0.02 was used, and comp3.fed to the results from a similar analysis with the 0.01

second timestep. These two analyses showed very little difference in terms of

displacements, but the forces differed in some cases by as much as 5 percent.

Another short analysis ItJith a time-step of 0.005 seconds should be carried O~lt, but
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the results of such an analy~.:is would likely produce similar displacements but

slightly different forces. In any event, the fact that the forces do not "match up"

as well as displacements should be expected since the forces are derived from the

displacements, and any errors contained in the displacements will be amplified in

the resulting forces.

Introduction to the Results

In this analysis, the basic assumption was that the prototype structure had already

been subjected to some minor serviceability earthquake prior to the time the major

earthquake struck. For this reason, all of the element properties described in

previous discussion correspond to the cracked transformed section properties. The

gravity loading includes structural dead weight, superimposed dead load such as

partitions and mechanical equipment, and reduced live load. For the mass, the

structural dead weight plus the superimposed dead load was induded, but live load

was not.

It is very important to note here that in no way should the response of the

analytical model be construed to be the same as the response of the actual

prototype structure to the actual earthquake ground motion. The response of the

model is only as good as the assumptions made when creating the model, and is very

sensitive to other parameters such as the length of the timestep, the equilibrium

correction procedure, and the roundoff and truncation occurring in the computer

during the solution of the incremental equilibrium equations. Hopefully, however,

this analytical response will give a dear indication of the type behavior that can

be expected from the real structure.

In the analysis, two very different earthquake ground motions are considered. The

first record used was the first 12 seconds of the Japanese Miyagi-Qki [MO]

earthquake, which was normalized to a. maximum acceleration of 0.36 g. A

time-history of this ground motion is given in Fig. 5.5. This ground motion,

supplied by the Japanese, seems to have been filtered somehow since there is a

conspicous absence of the jagged peaks that are typical of earthquake records.

The second ground motion used was the first 4 seconds of the "Derived" Pacoima

Dam earthquake record [DPD). This record was normalized to a maximum
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acceleration of 0.40 g, as shown in Fig. 5.6. The DPD earthquake has some very long

pulses associated with it, in particular one that starts at time ;::.04 seconds and

reaches its peak acceleration of 0.4 g at 3.28 seconds. For comparison, the

incremental velocities of the DPD record are approximately 1.5 times those of the

maximum occurring in the MO record. It can, therefore, be expected that although

the maximum acceleration for DPD is only 11 percent greater than that of MO, the

displacements produced by DPD may be relatively much greater. This is confirmed

later.

5.4.1 Orginiza.tion o-F the Resu1t.-s

For each earthquake, two different types of analysis of the results have been

carried out. First, the overall response of the prototype to the particular ground

motion is studied. This analysis includes time-history plots of the entire response,

diagrams showing envelope values of element forces and deformations and nodal

displacements. This analysis attempts to quantify the response over the entire

time period considered.

The second type of analysis involved a detailed investigation of the response of

the structure to a particular pulse within the entire response. For the DPD

analysis, this pulse lasts from time 2.4 to 4.0 seconds. For MO, three pulses are

studied, 2.4 to 3.6 seconds, 7.0 to 8.2 seconds, and finally 10.4 to 11.6 seconds. In

each of the three pulses for MO, and in the single pulse of DPD, significant

inelastic response occurs. In doing this analysis, five types of plots were produced

for every fourth time step within the pulse. These are as follows:

1) A table summarizing the significant aspects of the response to the
pulse.

2) A profile of the lateral displacements showing the lateral displacement
at each story and the contribution of the shearwall plastic hinge rotation
to the overall displacements.

3) Plots of the story shear forces and the story overturning moments for
the total structure and the individual contributions of Frame AI, Frame B,
and the shearwall to the total.

4) Plots showing the "inertial forces" acting at each story of each frame
component. These inertial forces are actually the concentrated lateral
loads acting at each story that would produce the shears and moments
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shown in the plots of (:3) above, if these forces were applied statically.
5) Diagrams giving a time history of the way the plastic hinges progress
through the structure during the pulse. Different symbols in the plot
represent plastic hinges that are either neWt loading, or unloading.

These plots, however I are not included within the body of this report. They have

been bound separately and can be obtained from the author.[21] After aU of the

data has been presented and discussed for each earthquaket the responses will be

compared and the important differences analyzed with respect to the overall goals

given at the start of this chapter.

545 Prototype Response to Miya.gi-Oki

5.5.1 Discussion o-F Overa.ll Response

The overall response of the prototype to the Miyagi-Oki gyound motion is given by

the time history plots of Figures 5.7 through 5.13, and the maximum response

envelope diagrams of Figures 5.14 through 5.17. The maximum lateral displacements

(at level 7) are c..:3e. inches at time equals 7.45 seconds, and -7.03 inches at time

equals 10.87 inches. From Fig. 5.14, it can be seen that the maximum positive or

negative displacements at each level occur practically at the same timet thus the

diagram showing the displacement envelopes also represents the actual

displacement profile of the structure at the given time. Note that the displaced

shape of the structure is essentially linear above the second storYt in fact the

inter-story drift indices above the second story remain almost constant. It can be

concluded t thereforet that when displacements are at their maximum, the "rigid

body" rotation of the shearwallt which has hinged at it's base, is controlling the

displaced shape of the structure.

The maximum shear force developed in the structure is 770 kips and occurred at

time equals 3.14 seconds. At this timet 23 percent of the shear is taken by Frame

A', and the remaining 77 percent is taken by Frame Bt which includes the shearwall.

The shearwall itself absorbs 547 kips at this timet which is 71 percent of the total,

and '73 percent of the shear in Frame B. Recall again, that the strength of the wall

in shear, according to UBC, is about 574 kips. This indicates that the wall may

actually yield either in flexure or in shear. Also, the maximum base shear of 547

kips in the wall results in a unit nominal shear stress of about 401 psi or 6.46Vf'c
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which can be considered enough to start some deterioration in its hysteretic

behavior.

The maximum shears and moments developed in the beam elements are simply the

result of the beams hinging at each end since the strain hardening stiffness

assigned to these elements was rather low. However, the beams in Frame B have

slightly higher shear forces than those in Frame AI, because the rotations

developed in Frame B are larger than those in Frame A'. The maximum shear

recorded in any beam was 27.22 kipsj resulting in a unit nominal shear stress of

about 115 psi, or only 1.E:6/f I, which is sufficiently low to guarantee goodc
hysteretic behavior. Figure 5.18 illustrates the maximum rotations developed in

each plastic hinge.

The column axial force envelopes show that at no time do the columns have tension

loading (note that the minimum compressive loads for the first story columns are

given in Fig.5.1]) Recall that when determining the beam strengths, only a 1;..(1 inch

flange width was assumed, thus the strengths could be considered as lower bounds.

It would take a. flange width of approximately 120 inches in the beams to cause the

exterior columns of the frames to be loaded in tension, assuming of course, that

these new stiffer and stronger beams yield at both ends.

The axial force levels in the shear wall remained almost constant throughout the

response, thus validating the assumption made when assigning the wall elements to

be of the degrading stiffness type. (See Chapter 2, Section 2.2.:3)

5.5.2 Ana1ysis aT Response to :3 Pu1ses

In each of the three pulses studied, the response is split into two parts. The first

part includes the response of the structure to a negative incremental velocity,

thus causing "positive" displacements and forces to occur along the height of the

structure. The second part of the pulse is just the opposite, that is the structure is

responding to a positive incremental velocity, and produces "negative"

displacements and forces. The signs of the forces are of course relative, and in

this discussion, positive is taken as from left to right.

5.5.2.1 Pu1se One (MC>1)
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The first pulse studied lasts from time equals 2.4 to :::.6 seconds (see Fig.5.7) and

includes the first yielding of the structure. A summary of the important response

parameters is given in Table 5.1. In the first part of the pulse, the structure is

responding to a.n incremental velocity of approx. -19 ..? in/seCt and a maximum

ground a.:eleration of 0.209 g. During this first part of the pulse, the structure

yields for the first time, and the inelastic behavior is limited to two beams of

Frame B, and the base of the shearwall, as shown in Fig.5.19. This is very minor

yielding as compared to what happens in the second part of the pulse, where there

is very extensive yielding throughout the entire structure. See Fig. 5.20. In Figs

5.19 and 5.20 the number assigned to the black dot representing the plastic hinge

indicates when that hinge formed relative to the others. For examplet in both cases

the wall hinge forms first, thus this is indicated by the number 1 next to the hinge.

<Note that for the dynamic analysis, several hinges form during the same time step,

so it is not possible to exactly follow the hinge progression as done for the static

analysis. Therefore, the hinge progressions of Fig. 5.19 and 5.20 are not true

progressions, but still give the general tendency of progression and show the

extent of damage at the end of a pulse,) Recall that an entire time-history of the

yielding is given in the separate volume of plots and tables.[21J This progression

of plastic hinges is discussed later, in conjunction with similar figures for the

other two pulses. Note that in the second part of the pulse, the response is due to

an incremental velocity of :30.6 in/sec, and a maximum acceleration of 0.251 g.

The maximum base shear developed in the structure during the entire response is

767 kips, and occurs at time equals :3.12 seconds, during the second part of the

pulse. The shear of 547 kips in the base of the shearwall is also a maximum for the

entiYe response.

Pulse TY.I'o (1:'-'.:[02)

In the second pulse studied, which lasts from time equals 7.0 to 8.2 secondst the

incremental velocity for the first part of the pulse is -:34.8 in/seCt and the

associated acceleration is -.24 g. In the second part of the pulse; the incremental

velocity is only 25.'7' in/seCt but the associated acceleration is 0.36 g, which is the

maximum value for the ground motion used. In Table 5.2, the response values are

summarized.
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For this second pulse. yielding was associated only with the positive

displacements. which were the maximum recorded in the response. This yielding, as

shown in Fig. 5.21, is even more extensive than tha.t of the first pulse. with hinges

forming at each end of almost every beam in the structure. Note that the only

portion of the structure remaining elastic are the roof beams and columns of Frame

AI.

At this point it is interesting to note that the pulse which is associated with the

peak acceleration of 0.~:6 g is not effective in producing any yielding in the

structure. The yielding which takes place during pulse 2 can be attributed mainly to

the first part of the pulse, which has a peak acceleration of only 0.24 g, but an

incremental velocity 34 percent greater than that associated with the 0.36 9

portion.

The roof displacement of 6.35 inches, which occurs at time equals 7.44 seconds, is

the largest positive displacement occurring during the entire response. Associated

with this large displacement are relatively large overturning moments for each

component of the structure. the total being 378.000 inch kips. The base shears

developed in the structure at time 7.28 seconds are only 84 percent of the maximum

value observed in the first pulse.

The third pulse studied lasts from time equals 10.4 to 11.6 seconds, and is

different from the other two pulses. because the negative response occurs prior to

the positive response. In pulse three, the first part of the pulse has an incremental

velocity of :35.4 in/sec and an acceleration of 0.:3:34 g, while the second part of the

pulse has an incremental velocity of only 25.4 in/sec. and an acceleration of 0.285

g. Table 5.:3 lists a summary of the response of the prototype to this pulse.

The third pulse is similar to the second pulse in that there is only one yield

excursion, this time associated with the first part of the pulse, corresponding to

the positive accelerations. The extent of yielding is given in Fig. 5.22. In this case,

the behavior is very similar to that occurring during pulse two.
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The maximum negative displacement of 7,t):3 inchest which occurs at time equals

10.87 seconds, is in magnitude the laxgest displacement recorded in the analysis.

Associated with these displa.cements, are the largest overturning moments of

:382 tOOO in-k t which also occurs at time equals 10.87 seconds. The maximum base

shear recorded during pulse three is 644 kips~ and is 84 percent of the maximum

which occurs during pulse one.

5",5 ... 2 .. 4 Discussion of MO Response

For :=ach of the three pulses, it is the shearwall that hinges first~ follo\!'Jed by the

beams of Frame Bt and then the beams of Frame A', This hinging pattern is very

similar to tha.t derived from the ULARC:3 analysis of Chapter 4; except for the fa-.ct

that in the ULA-He3 analysis t the wall did not hinge first, This hinging progression

is mainly a function of the rigid body rotation of the shearwal1. as explained in

section 4.2.2 of Chapter 4, It is not entirely clear why the wall hinges at diffenent

rela.tive times for the dynamic analysis th,m it do:::s for the static itl1a.lys).s, The

trend from the static analysis was that ttlt.:? lower the location of the resultant of

the applied la.teral forces, the sooner t.he formatio:J of the wall hinge, For the three

pulses studied herel the re·=.ultant of the "inertial farces" was alwa.ys between that

of a mBe) triangular load and a uniform load t thus indicating tha.t the wall hinge

should have formed seventh or eighth (as c::amp~xed to the ULARC:3 analysis), Such

comparisons are difficult to justifYt howevert due to the extreme complexity of the

dynamic interaction between wall and frames,

This dynamic interaction just described is very interesting; so it is nmv discussed

in detail, In Figures 5.23 through 5.25, a distribution of the base shears developed

in Frame 1..'1 Frame H, the shearwallt and the total strueturEh is plotted as a

function of time, for the three pulses respectively, At the bottom of the figures,

the ground accelerations and the lateral displacement at the first story are also

plotted aga~nst timet except here the curves are normalized so that they have a

maximum vallJe of i.O during the pulse, From these figurest two things are

immediately noticed. Firstt the shears in Frame B and the wall are always

dominant, and second, the shear in Frame Al is almost proportional to the lateral

displacements at the first stOfy, The fact that the shears in Frame B are so large

has been well documented t so this will not be pursued furthe'it but it should be
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noted that while the structure remains elastic Frame B takes about 95 percent of

the shear. Only when the wall yields does Frame A' begin to absorb more shear, up

to a maximum of about 2:;: percent. The proportionality of the forces and first story

displacements in Frame A' is quite remarkable, considering the fact that almost all

of the beams in Frame A' have hinged in each case.

In order to get a clearer picture of the proportionality phenomenon, the time

variable has been eliminated by plotting the base shear in the various frame

components versus the first story lateral displacements, as shown in Figs. 5.2c. to

5.28. In each case the shear in Frame A' is essentially linear, and causes a

rotation of the force-displacement diagram for the total structure. An entirely

different picture of the frame-wall interaction is obtained if the base shears are

plotted versus the roof displacements, as in Figs 5.29 thru 5.31. Here the

force-displacement relationship for Frame AI is no longer linear, and while the

loop for the total structure proceeds in a clockwise manner, the loop for Frame A'

is counterdockwise.

The reverse loops for Frame A' as displayed in Figs 5.29 to 5.31 are difficult to

explain since they may be due to several effects, all coupled through the inelastic

frame-wall interaction. One explanation for the reverse loops is that the relative

stiffness of Frame A' increases with each cycle of inelastic deformation. This

increase is due to the fact that DRAIN assigns a new lower stiffness to the

elements after each yield excursion. Since the stiffness of Frame B, which is

dominated by the stiffness of the wall, is much greater than that of Frame A/
t it's

stiffness will decay at a greater rate than that of Frame A', thus making that

frame relatively stiffer after each eyelet

Even though the curves for Frame A' in Figs. 5.26 to 5.28 appear linear, in fact,

there is same minor nonlinearity present, which becomes noticeable only by

calculating the slape of the curves. In each case, the average slope is about 260

kips per inch t or 270 kips/inch at the origin, and about 255 kips per inch at

maximum displacement. Recall from the plastic hinge patterns, that the lower story

columns do not yield. For this reason, this near linearity seems reasonable for the

curves of base shear versus first story displacement for Frame A'.
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One further comment on the curves of Figures 5,26 to 5.:31 is that the loops in the

figures should not be taken to be a meaSUr"e of the energy dissipated or absorbed

by component frames of the structure" This is true because the base shear moVing

through either the first story Oi' the roof displacement is not representative of

the total 'Nark. being done by the structure, The only true measure of this is the

summation of the energy dissipated by all of the plastic hinges in all of the beams

and the shearlt.'aIL

In the sep2.rate volume of plots! the story inertial forces are plotted along the

height of the stTUcture every fourth time step, In these plotst the length of the

vector which indicates the force direction is proportiona.l to the magnitude of the

force, These foY"ce distributions give a good indication of the complex nature of the

dynamic frame ','JaIl interaction, For conveniencEh nine of these plots are reproduced

as Figu-rE?s 5,32 to 5.:34., These plots indkab the distribution of elastic forces just

prior to thE '1\1;:).11 yield, just aHer the wall yield, and at maximum displacement for

each pulse, (Fm" the first pulse, the second part of the n;.!sponse is used.> In all of

these plots, thE:' general tendency j.:; for the interaction to be dominated by the

large reverse fOY'ce present at the top of Frame B. This ],$ exactly the same as

noticed in the ':fta'tic load to collapse analysis of Cha.pter 4. See Figures 4,8 and 4.9

for comparison, In the case of the dynamic loading, however, the magnitudes of the

force diHer from pulse to pulse, b~Jt the general arrangement of the forces is the

same. Also; note there is no sudden redistribution of force from Frame B to Frame

A' once thE shean..;all yields, but rather a gradual transition, At this stage of the

response;. the force redistribution seems to be more of a function of overall

displa.cement than of the reLative stiffnesses of the individual f(ames. It j.s also

interesting to nute that although the total shears axe nearly the same after

yielding and at maximum displacement; the "'Jall and Frame B carries a. sma.ller

portion of the total base shear as compared to the pFe~yieldingor just yielded

state.

As a final indication of the lateral force distributions, the inertial force profiles

for the total structure are shown again in Figures 5.35 to 5.:37. In these diagrams,

the maximum forces are all drawn as positive, so they may more easily be compared.

In each figure, the time at which different events occur are dearly indicated. Two

items are worth mentioning:
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1) The later the pulset the less spread out over time the events occur. To
be more specifict it takes 0.28 seconds for the wall to yield and unload in
the first pulse, 0.20 seconds in the second pulset and only 0.12 seconds in
the third pulse. This is probably due to the progressive softening of the
structure which occurs as a result of increasing cycles of yielding and
unloading.

2) These force profiles are almost never upper triangular. At maximum
displacement however, the profiles are top heavYt or sort of upper
parabolic. At maximum shear, they are uniform for the first two pulses, and
upper parabolic for the last pulse.

Facts (1) and (2) above are very important from the point of view of testing the

1/5-scale model on the shaking table, and the comparison of the results of this

test with the pseudo-dynamic tests that are being performed by the researchers in

Japan.

With respect to Fact (1), and referring to the last pulse of MO, all of the yielding

occur-s within a time frame of 0.12 seconds. Foy the tests on the l/~.-scalemodel,

the time scale is compressed by the factor 1/-.1.5. This results in the response frame

of 0.12 seconds being reduced to only 0.054 seconds. If the data acquisition unit

scans at a rate of only one cycle per 0.01 seconds, only S or 6 readings will be

available for study, and the significant aspects of the response mayor may not be

captured.

With respect to Fact (2), in the pseudo-dynamic tests being carried out in Japan,

the loading pattern was upper triangular in shape, and varied only in magnitude and

direction. If the results from the shaking table tests on the 1/5-scale model to be

carried out at Berkeley indicate a non-triangular loading, as suggested by the

response of the analytical model to MOt it may be difficult to correlate the

behavior of the full scale and US-scale scale models.

5.1'::.-.0 PYot:-otype Response to Pacoima.

DafTl

5.1'::.-.1 Discussion o-F' Oveya..ll Response

Only the first 4 seconds of the Derived Pacoima Dam <DPD> earthquake were used

in this analysis. The response is illustrated by the time-history curves of Figures
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5.:38 thru 5.44, and the envelope diagrams of Figures 5.45 thru 5.48.

The maximum lateral displa.cements at level 7 are 11.14 inches at time equals :3.71

seconds, and -8.04 inches at :3.05 seconds. From the displacement envelopes given

in Fig. 5.45, it can be seen tha.t the maximum story displacements practically occur

at the same relative time, thus the displacement envelopes also represent the

displacement profiles at the times given. Except for the slight slope discontinuity

present at levell, the displacements are essentially linear, and are dominated by

the rigid body rotation of the wall.

The maximum shear force developed at the base of the structure is -869 kips, and

occurs at time equals 2.84 seconds. At this time, 24 percent of the shear is taken

by Frame A', and the remaining 76 percent is taken by Frame Bt which also includes

the vJall, The shearwall itself absorbs -614 kipSt which is 70 percent of the total,

or 9:;;: percent of that in Frame B. Note that these are not the maximum shears

developed in Frame B, or the wall. These occur at time eq,uals :3.36 secondst and are

657 kips for Frame B, 648 kips for the wall, and only 693 kips for the total

structure, If the code computed shear strength for the wall, 574 kips, could be a

reliable value, then the shear force of ME: kips in the wall indicates that there may

be some danger of a shear failure. If a shear failure did OCCUrt the subsequent

response would of course be vastly different from the analysis presented, where a

flexural failure in the shearwall is assumed. More is said about this in Chapter 6.

As in the Miyagi-Oki analysis t the maximum forces in the columns and beams are

essentially the yield forces plus some small amount of moment from the strain

hardening component of the elements. Since the maximum plastic hinge rotations for

DPD are greater than those for MO, the DPD beam moments and shears are

correspondingly greater.

5.6.2 Detai1ed Ana.1.ys:is of a.. Sing1e Pu1se

This single pulse lasts from 2,6 'co 4.0 seconds (see Fig, 5,:38> and contains all of

the inelastic response of the prototype, A summary of the important response

parameters is given in Table 5.4. Note that the first part of the response is due to

a maximum acceleration of 0,34 9t and a corresponding incremental velocity of 54.2

in/sec; while the second part of the response is due to the maximum ground
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acceleration of -0.4 9' and an incremental velocity of -51.5 in/sec.

Each part of the response contains extensive inelastic behavior, with plastic

hinges forming in all of the beams except the mid-bay roof beam of Frame A', and

with hinges forming in the base of the shearwall and all of the first story columns.

In the volume of plots, a complete time history of the progression of plastic hinges

is given, In each direction, the shearwall hinges first, followed by the beams of

Frame B and those of Frame A', This is entirely the same as the Miyagi-Oki

response, (except for the column base hinges) but is different from the static load

to collapse since in that case the shearwall did not hinge first. For convenience,

these hinge patterns are compiled into two figures, Fig 5.49 and 5.50, which

summarize the plastic hinge progressions. In Fig. 5.51, the maximum values of

plastic hinge rotation are given,

In Fig. 5.52, a time-history of the base shear forces in the different frame

components is given, At the bottom of the figure, the normalized first story

displacements and the ground accelerations are also shown. The general behavior

that was observed during the Miyagi-Oki response is also apparent here, that is,

Frame B takes the majority of the shear throughout the response, more than 90

percent during the elastic range, and then the Frame A' starts to resist a large

portion only after the yielding of the wall starts. Furthermore the forces in Frame

A' seem to be somewhat proportional to the displacements at level one.

Recall that in the Miyagi-Oki analysis, a plot of base shear versus first story

displacement displayed an almost linear behavior for Frame A'. This is not the case

in the DPD response, however, as shown in the plot, of base shear versus first

story lateral displacement as shown in Fig. 5.53 Here, there is distinct looping in

the lower left quadrant, and very distinct clockwise looping in the positive

quadrant. This effect is entirely due to the hinging of the base of the first story

columns of the structure. If the base shears are plotted against the roof

displacement, the loop for Frame B is clockwise, as is the positive portion of the

loop for Frame A'. (This is true for the positive displacements but not the negative

displacements since there was only minor column yielding for negative

displacements.) This is illustrated in Fig. 5.54. Again, the difference in this DPD
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response from the MO response is due to the effect of the base column hinges.

The inertial force profiles shown in the volume of plots give an indication of the

fra.me-wall interactions occurring from time to time. These force patterns are

similar- to those observed for MO and the static load to collapse analysis. The force

distributions before and after the wall hinges, m- before and after the columns

hinge, and at maximum displacement a.re shown for both the positive and negative

parts of the pulse in Figs, 5.55 and 5.56. For the first yielding of the Want there

does appear to be some minor redistribution occurring after the hinge, but for the

second wall hinging the increase in base shear force in Frame AI is large (from 37

kips to 101 kips). The maximum base shear force developed in Frame AI of 277 kips

occurs only after all of the colums at the base of the structure have hinged. Nate

that in each case of column hinging, the columns which are being put into tension by

the eart hqua.ke loading (acting alone) hinge first. This is significant from the point

of view that a lower bound strength was taken for the girders. A higher strength

for these elements would have caused the columns to hinge relatively sooner, thus

altering the subsequent behavior of the structure. This also implies that it might

be possible for the columns to hinge during the Miyagi-Oki earthquake if the bea.m

strengths had been greater.

As a final indication of the lateral force distributions for the DPD response, Fig.

5.57 shows the inertia.l force profiles for the total structure over the entire time

interval of the pulse. Significant events are clearly indica.ted on the figure. The

same general conclusions that were reached for the MO analysis apply here; that iS I

that the later the pulse, the less spread Qut over time the events occur, and that in

general, the force profiles are not upper triangular. On the contrary, the force

profiles at wa.ll yielding are very nearly uniformly distributed.

5.7 Comparison o-F the 1:'-1:0 and DPD

Response

In order to be able to develop a structura.l mechanism it is necessary that

1) The wall yields

2) The beams yield
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3) The columns yield at their base.

Only the first two events occurred during the Miyagi-Oki response, while all three

occurred during the Derived Pacoima Dam response. The fact that the overall

response of the prototype to DPD was greater than MO is due almost entirely to

the incremental velocities of that earthquake being greater, by a factor of almost

1.5 to 1, The fact that the maximum acceleration occurring in the DPD ground

motion was greater than that in MO (0.4 9 to 0.36 g) is comparatively insignificant,

since the 0.36 g acceleration was associated with a relatively small incremental

velocity, and did not in itself produce any yielding. In Table 5.5, the maximum

response values for each earthquake are indicated. The significant differences

occur mainly in the displacements, the plastic hinge rotations, and in the number of

load reversals that produce wall yielding. The force values do not differ much since

the strain hardening stiffness assigned to the elements was rather low.

In general, the response of the structure to the earthquakes is very similar before

the first story columns yield. The behavior up to that time is completeley

controlled by the rigid body rotations of the shearwall after it yields. The forces

picked up by Frame A' are essentially proportional to the first story

displacements, until the columns hinge. After the columns hinge, the force in Frame

A' reaches its maximum value (except for some minor subsequent increases due to

strain hardening).

Before making final conclusions about the response of the prototype, it is

necessary to discuss the ductility demands of the response, and relate this to the

ductility supplied. This is done in the next section.

5.8 Duc:1:ili1:y :; Supply vs Dema.nd

To be able to judge if the designed structure would be capable to resist the

earthquake ground motions considered it is necessary to analyze if the energy

dissipation capacity of the structure is larger than that demanded from the

response to these ground motions. Although it is possible to compute such

available and demand energy, at present there are two simpler methods that are

used to make such judgments. One of the most commonly used is to compare the

available with the demanded curvature ductility at the critical section. The other is
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to compare directly the maximum plastic hinge rotation demanded with the

estimated available rotation capacity at each of the critical regions.

The second method is better because what is measured experimentally is rotation

and not curvc.ture. The ideal would be to have tables where the available plastic

hinge rotations for different members (!::learns, columns, and walls) are given as a

function of their dimensions and detailing as well as their loading conditions.

Unfortunately such tables, or even the data on which to base these tables, is not

available. Furthermore, even for a given designed element, i.e. of given dimensions

and reinforcement detailing, the available plastic hinge rotations, or energy

dissipation capacity, depends on the shear that is developed at the inelastic

regions during flexural yielding as well as the amount of axial force and number of

yielding deformation reversals to which the critical regions of members are

subjected.

Using the first method, the information given in Table 5.7 was computed. This

shows that the energy dissipation supplied to each of the members is larger than

demanded, not only because the maximum and cumulative plastic hinge rotations are

small, but also because the amount of shear and the number of reversals are

relati vely smalL Values considerably higher than those required have been

measured in tests conducted at Berkeley.U2,l:3J

The details of the method used to compute the values shown in Table 5.7 are now

explained. Since the hinge rotations occurring during the DPD response were

greater than those in the MO response, only the DPD ductility demands need be

discussed. In Chapter 2 the moment-curvature diagrams for the individual elements

were given. For these curves, it is necessary to define a curvature ductility for the

sections. This ductility,,..,, is defined as follows:c

}.J =curvature at maximum concrete strain .I curvature at yieldc

where yield curvature is the curvature at first yield, and the maximum concrete

strain is taken as 0.0045 for the beams, columns, and boundary elements of the

shearwall. These available ductility values are summarized in Table 5.6. Note that

several ductility values are shown for the columns. It is important to note that

these are the assumed ductilities, assumed from the point of view that they are
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based on the assumption that the main longitudinal reinforcement does not buckle,

and that shear failure will not occur prior to flexural failure.

Since DRAIN-2D gives only plastic hinge rotations as a measure of the inelastic

behavior of the elements, it is necessary to relate these values to the curvature

ductilities for the elements in order to assess the ductility demands for the

individual critical regions. The derivation of equations relating the curvature

ductility demands to the maximum plastic hinge rotation as printed by the computer

program are given in Fig. 5.58. Essentially, this ductility factor comes from

assuming a plastic hinge length, which is based on the moment gradient in the

element. This plastic hinge length, together with the maximum hinge rotation and

the yield curvature of the element, defines the curvature ductility demand:

J.J d = <8 f (L *rh » -+- 1cup "t"y

where J.Jcd is the curvature ductility demand

S is the output hinge rotation
u

L is the equivalent plastic hinge length
p

and tP is the yielding curvature.
y

The envelope values of plastic hinge rotation demands,S, for the DPD response
u

were given in Fig.5.51. The required ductilities, as computed from the above

equation t are shown in Table 5.7 t together with the other relevant quantities. For

the beam elements, there a.re four required ductilities shown, which correspond to

the maximum positive and negative hinge rotations in Frame A' and Frame B. In

Frame B, the critical beam is the beam at level 5, with a positive hinge rotation of

0.012 radians, and a negative hinge rotation of 0.01e:. radians. These large plastic

hinge rotations are primarily a result of the hinge rotation at the base of the

shear wall of 0.01 radians.

From Table 5.7, it can be seen that for the negative moment region of the critical

beam of Frame B, the required ductility may not be supplied, since these values are

roughly the same. Assuming that the hinge rotation of 0.016 radians is fixed, the

only way to alter the properties of the beam in order to meet the ductility demand

-52-



would be to use better confinement or reduce the percentage of tension steel.

Recall from earlier discussion, however, that the 60 inch flange width assumed is

already a lower bound, and that a wider flange might be more realistic. If a greater

flange width was used, the effective tensile steel area would be greater, and the

ductiiity would be reduced. It must also be kept in mind that the ductility supplied

ItJas based on a limiting concrete strain of 0.0045 in/in. If for the beams, the steel

in the critical region was better detailed, ie more ties, the confined concrete would

have a greater ultimate strain, resulting in a greater supplied ductility. Note that

for the positive moment region of the same beam, the ductility supplied is far in

excess of that which is requit-ed.

The critical beam for Frame AI is the sixth level center bay beam, where the

maximum positive and negative plastic hinge r-otations are 0,0112 and 0.0077

radians, respectively. Slightly larger negative moment hinges occur in some of the

negative moment regions of the exterior bays, but since these beams have a longer

clear span, their moment gradients are not as steep as for the center bay and,

therefore, the plastic hinge lengths are longer for the exterior bay beams,

resulting in smaller ductility demands. In no case, however, are the required

ductilities greater than that which can be supplied by the beams.

For the shearwall, the required curvature ductility of 6.26 is much smaller than the

supplied ductility of 18.9. Also, the colums which yield, yield demanding low

ductility. The supplied ductility is in excess of that required because the axial

forces are not severe and the shear stresses are small.

Although the response to the Miyagi-Oki record requires more yielding reversals

than Derived Pacoima. Dam, it is clear that there is no problem in supplying the

required ductilities for the MO ground motion, normalized to a peak acceleration of

5.·~" Conc1usians on MO and DPD

Responses

Some conclusions are made with respect to \oJhich of the two earthquakes might

provide more useful information on the shaking table tests. In this discussion" it

must be assumed that the analytically predicted responses just described give a



fair indication of the general behavior of the structure to the two different ground

motions. In the next chapter, reasons are given why this analysis might not be so

reliable, and methods are suggested which are thought capable of providing a better

(more dependable) response, still using the basic DRAIN package.

As mentioned earlier, the responses of the prototype to the two earthquakes are

quite similar before the columns hinge at their bases. Also, the degree of damage

depends on the initial conditions at the start of a particular acceleration pulse, and

on the incremental velocity contained within that pulse. In the MO response, the

structure was forced to undergo several yield excursions, while in the DPD

response, the structure yielded only once in each direction. The displacements for

the DPD response were much greater than those in the MO response, although the

forces were similar. While in the MO response there was no problem supplying the

required ductility, the ductility requirements of some of the negative moment

regions in the beams adjacent to the shearwall for the DPD response were slightly

greater than supplied.

From these considerations alone, it is seems that the Miyagi-Oki earthquake would

probably produce the more interesting response, mainly because the st,'ucture was

forced to undergo several cycles of inelastic deformation, and the progression of

damage could be more closely followed.

What is needed for the shaking table tests on the 1l5-scale model is an earthquake

which produces several cycles of yielding, yields over a "longer" time period, and

produces some column hinging, but preferably near the end of the response. Except

for the fact that the response intervals for MO were short hom a data aquisition

point of view, _a MO type earthquake with a greater maximum ground acceleration

than .36 g may prove to be a good solution. Or, the O.~:b g earthquake could be

followed by a 0.40 or 0.45 g ground motion, depending on the amount of damage

desired. In any event, the 0.36 g Miyagi-Oki ground motion provides a response

that will permit the study of the effect of degradation upon dissipation of energy

with several yielding reversals. Furthermore it prOVides a bit of safety from total

destruction of the model occurring during the first pulse.
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CHAPTER 6

ACCURACY OF COMPUTED RESPONSE

6 .. 0 Introduction

The analytical response of the Prototype structure to the static loadings of

Chapter 4, and the dynamic loadings of Chapter 5, is only as goad as the

assumptions made while perfoming the analysis. For this reason, it is of

fundamental importance that the possible sources of error in the analysis be

studied carefully. For the discussion in this chapter, the sources of error are

grouped as follows:

1} Errors in the global modeling of the entire structure.

2) Errors assodated with the local modeling of the individual elements.

::;:) Errors in estimation of structural loads, mass, and damping.

4) Errors associated with the numerical methods used to determine the
response.

The purpose of this chapter is to discuss these errors, and determine their affect

on the response of the prototype. Also, through this discussion, methods for

obtaining an improved response are outlined.

6.1. Globa.l Modeling Errors

6.1" 1. Fl..exura1. Fra.me to Frame Coupl.ing

In Chapter :3, the manner in which the structure was modeled was discussed, and

illustrated in Fig. 3.1. The two exterior f~'ames were added together to form a new

frame, Ft-ame A', and this frame was linked to the interior frame, Frame B, through

the use of horizontal constraints. Recall that the flexural coupling of the exterior

frame to the interior frame, via the transverse slab-beam system, was ignored.

The omission of flexural coupling can be an important source of error in this

building. In Fig.c..i, the two frames are shown in a deformed configuration. Note

that here, although the joints at the tops of the interior columns of Frame AI

displace very little in the vertical direction, the corresponding points in Frame B
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do displace due to the rotation of the shearwall. In the real structure, the beams

connecting these points (the beams between Frames A' and B> will be forced to

deform accordingly, thus transferdng forces between the two frames. Since in the

analytical model this transfer was ignored, the analytical model is more flexible

than the real structure, all other things being equal.

It is also important to realize that this inter-frame coupling may have a pronounced

effect on the way the interior columns of Frame A yield. Calculations on the

response of the prototype to the DPD ground motion have shown that the axial

loads in these interior columns may change by 50 to 75 percent if coupling in

considered. Also, the moment entering the beam-column joint from the transverse

beams is not negligab1e in this case. These moments ca.n be significant enough to

cause the interior columns of Frame A'to yield in a biaxial bending mode. Only a

uniaxial bending yield surface was a.ssumed in the analysis. It is clear then, that

due to the omission of flexural coupling, the moments and axial loads in the

interior columns of Frame A' were not very accurately estimated. This could have a

significant effect on the response of the prototype to a Miyagi-Qki type ground

motion, since the base columns of Frame A' might yield in the real structure, while

they did not in the computed response. Recall the change in behavior of Frame A'

once the columns yielded in the DPD analysis.

In future analysis, there is no doubt that the frame to frame flexural coupling

needs to be included. In Fig. 6.2 a very'simple flexural coupling model is described.

The basic idea behind this model is that for a rotation e at joint I of the

shear wall, joint J will displace an amount 6. , thus causing a reaction at 1C via the

flexural stiffness of the transverse beam. Assuming that Frame A' has no flexural

stiffness out of plane, so no moments are transferred to that frame from Frame B,

this reaction, R
1

, can be computed as shown in Fig. 6.2. If it is assumed that the

joints J and 1C have the same coordinates, ie Frames A' and B lie in the same

position of the same plane, an equivalent reaction, R-, will be transmitted to K via
.<.

the fictitious beam I-K, with stiffness EI
E

• Setting R 1 equal to ~, and noting

that there are two frames A which make up Frame A', the neccessary equivalent

stiffness for the fictitious beam is:
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6 .. 1. +2 E-FFect of=" Large Displa..c:efTient:-s

Since the incremental equilibrium equations for the structure were based on the

initial topology, second order or large displacement effects were ignored. Recall

from Chapter 4, however, that the inclusion of linearized geometric stiffness on the

static load to collapse analysis had a sma.lI, but significant effect on the

load-displacement response, Therefore, for future analysis using DRAIN, second

order effects should be included.

6 .. 1 +::::: Rigidity of=" Foundation

One of the basic assumptions made at the start of this analysis was that the

foundation of the structure is totally rigid, For the 1/5 scale-model, ho~'!ever. the

fact that the shaking table may nat provide a totally rigid base must be taken into

account, In particular, there is the possibility of global rotations and vertical

displacements of the table itself. These extra degrees of freedom could be included

through the use of linear constraints, however, this would be difficult using the

current version of DRAIN. Instead. a massive support structure will have to be

modelled. as shawn in Fig .6.:=:. The numerical values of the spring constants have

to be worked out, and this can be dane only through studying the response of past

models that were tested on the table.

Local Modeling

Of all assumptions made in setting up the analytical modelt those associated with

assigning strength and stiffness to the individua.l elements are certainly the mast

error prone. In generalt the analyst has to produce a bilinear moment rotation

relationship that represents the entire behavior of a particular critical region of

an element. This hi-linear model has only four parametersi positive moment yield

strength, negative moment yield strength t elastic stiffness Ell and strain

hardening stiffness. Note that both positive and negative moment sections are

assigned the same stiffness payameterst and that flexural stiffness is completely

independent of the level of axial load in the element, In the next few sections, the

local modeling used for the prototype structure is reviewed. Errol'S associated with
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the modeling are discussed and methods for improved analysis are given.

6.2.1 Column Elements

Although the majority of the columns did not yield as a result of the two

earthquakes considered. they were loaded well above their cracking load. The result

is a flexural stiffness for these elements somewhere between gross and

cracked-transformed. Since in the analysis the entire length of the columns was

assumed to be represented by the same cracked-transformed stiffness. the overall

stiffness of the prototype with respect to the columns alone was underestimated.

Although the method used to estimate the column flexural stiffness for the

previous analysis contributes little to the total modeling errors. a better method

should be derived for future work. The main problem associated with deriving this

sort of model is the effect of the axial load-moment interaction on the flexural

stiffness of the column. For high levels of compressive axial load, the flexural

stiffness will be much greater than sections that are subjected to lower levels of

axial load. Moreover, for sections that are in tension. the flexural stiffness is

drastically reduced. Unfortunately, using the current version of DRAIN, there is no

way to take these variations in stiffness due to axial load into account. Therefore,

it becomes necessary to make assumptions with respect to the average level of

axial load that will occur in a column during the response, and assign the flexural

stiffness accordingly. If it can be shown that the columns will never carry tensile

axial loads, the gravity loads acting alone should be used as the basis for the

determination of the column flexural stiffness. Using this axial load. in association

with a moment gradient over the length of the column with the end moments being

somewhere between the cracking moment and the yield moment (for that axialloadh

the appropriate element stiffness coefficients can be assigned, as shown in Fig.

6.4.

If it is possible for some of the columns to be loaded axially in tension due to the

lateral inertial forces occurring during an earthquake, it would be necessary to

prOVide a new element for DRAIN that changes in stiffness due to changes in axial

load in the column elements. Since the columns do not yield. in general, this new

element would not need to include the effects of degrading stiffness as associated

with the beam elements.
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The potential bi-axial moment yielding in the first story interior columns of Frame

AI, as described in the last section, would be impossible to model with current

elements available in the element library of DRAIN. As an estimate the yield

surface might be slightly altered to account for the bi-axial eccentricities, but the

uncertainties would remain to be rather large.

Recall also that the columns yield only in a flexural mode and axial yielding is not

possible. In the present analysis this is of no concern since at no time did the axial

load levels in the columns approach their yielding load. In future analysis, however,

where the effects of frame to frame flexural coupling will be included and stronger

beams may be utilized, it is very possible that the columns may yield in an axial

manner + The neglect of column axial yielding in this case would indeed be a serious

source of error.

6.2.2 Bea.m El.ernents

As mentioned earlier, the beam elements in DRAIN-2D are modeled through the use

of a bi-linear moment rotation relationship, in which only four parameters are

used. These parameters must somehow represent both positive and negative

moment yielding, and initial and strain hardening stiffness. For rectangular beams,

with equal top and bottom steel, and constant moment along the length, this model

is fairly accurate. For a T-beam subjected to gravity loading in addition to

earthquake loading, the bi-linear model cannot exactly represent tile true behavior

of the element. Even if the bi-linear model was good, the task of determining the

values of the four parameters for reinforced concrete structul'"es is full of

uncertainties, some of which are;

l) For a T-beam, as most reinforced concrete sections are, the initial
stiffness and the strain hardening stiffness will be quite different at
positive and negative moment regions. DRAIN allows only one initia.l, and
one strain hardening stiffness for the entire beam.

2) For a. reinforced concrete beam which is part of a frame which is being
subjected to lateralloadings~one end of the beam may have tension on the
tOPt ltJhile the other end will have tension on the bottom. In this case, the 2
by 2 element stiffness matrix is not doubly symmetric, but rather biased to
one side (ie the k

11
term is greater than the k,.,~1 term). When the signs of

the moments change, the bias should switch to the other direction. This
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effect is completely ignored by DRAIN.

::;:) DRAIN assumes that the gravity loading does not produce yielding, and
the fixed end moments are input on the basis of that assumption. However,
as the element stiffnesses change along their length, the fixed end
moments will also change.

There are many more uncertianties that could be added to this list. It is clear that

any method used to assign the numerical values to the four parameters is only

approximate. Wha.t must be done, is to determine which aspects of the behavior of

the elements are the most important to capture. In the next few sections of this

chapter, the methods used to set the parameters for the analysis are described, and

wherever possible, improved methods are recommended.

6.2.2.1 Initial Beam Sti·FFness

The initial stiffness of the sections was taken as the avera.ge of the positive and

negative moment cracked transformed section stiffness. This is clearly a lower

bound, since regions of the beam remain relatively crack free, while other sections

are fully cracked and yielding. Since the beam stiffness is only 1/1000 times that

of the shearwall, the errors in the response due to a "too low" beam stiffness are

probably small. However, when the beams are looked at as part of Frame A', the

effect on the overall lateral stiffness of the structure is significant, as

demonstrated by the flexibility matrices presented in Table :3.2, which shows Frame

AI being only slightly more flexible that the wall alone. Of course, this fleXibility

matrix for Frame AI is also a function of the column flexural and axial stiffnesses.

In order to judge the true sensitivity of the structure to the initial stiffness of the

beams, more extensive calculations should be made, where changes in structural

stiffness due to changes in beam stiffness only are measured.

In any event, it is necessary that a better representation of the beam initial

stiffness be derived. Although it can be expected that the beams will normally be

loaded with a combination of gravity and lateral loading, resulting in positive

moment at one end of the beam, and negative moment at the other end, this moment

pattern will be continuously changing, with the moments under gravity load alone

being the "average" measured during the response. Using this gravity load moment

diagram, together with the moment-curvature relationship for the positive and

negative moment sections, a more accurate beam stiffness can be determined than
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derived from the transformed cracked section alone. See Fig. 6.5 for an illustration

of the proposed method.

6.2 .. 2 .. 2 Strain Ha.rdening Sti-F-Fness

Once all of the beams have hinged at both ends in Frame A /
t for example, the

stiffness of the entire frame is represented mainly by the strain hardening

stiffness of the individual beams and the flexural and axial stiffness of the

columns. On an element basis t it is the increase in moment beyond the yield moment

that determines the plastic hinge length t thus strain hardening is important in

estabishing the actual strength as well as the ductility demands of a particular

critical region. For these reasonSt and others, it can be seen that strain hardening

stiffness is an important modeling parameter.

For the analysis of the prototype, an average positive-negative moment strain

hardening stiffness was used to model the inelastic behavior of the beams. Thust in

the negative moment regions this stiffness was overestimated t and was

underestimated in the positive moment regions. If the relationships between

curvature ductility and plastic hinge le,'gth (see Chapter 5 t Section 8) can be

assumed tu be at least qualitatively accuratet it can be shown that the practice of

using the average strain hardening stiffness will result in unconservative

estimates of required ductility for the negative moment regions. The reason for

this is that when the negative moment strain hardening stiffness is overestimatedt

too-large moments will occur in those regions. Since the higher negative moments

will produce longer plastic hingest the computed curvature ductility requirements

will be too low. In the case of the beams for Frame Bt this ca.n be significant since

it was the negative moment regions of these beams that came the closest to being

una.ble to supply the required curvature ductility. This t combined with the fact that

the supplied ductility for these sections might have been overestimated due to an

(assumed) too narrow flange width t indicates that there may be some problems in

actua.lly achieving the amount of deformation required in these regions during the

DPD earthquake,

6 .. 2 ..2.:3 Positive Moment StY-ength

The positive moment yield strength is relatively easy to estimate if most of the
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properties of the materials, and the location and distribution of the longitudinal

reinforcement are accurately established. For this reason, the positive moment

yield stength used in the prototype analysis is probably a good estimate. However,

strengths beyond yield may not be correctly modeled since a too low strain

hardening stiffness was assigned in order to accomodate the bi-linear model. In

future analysis, it might be a good idea to alter the positive moment yield strength

so that at some limiting plastic hinge rotation the ultimate moment is correctly

modeled. The ultimate moment is more important to get right than is the yield

moment, since it is this ultimate moment, together with the ultimate negative

moment that determines the maximum shear in the element, thus the axial forces in

the columns and the overall fyame overturning moment. Note that if the above idea

is used, the computed ductility demands for the section will be altered. This should

be of no concern, however, since the positive moment ductility demands are easily

attained.

6.2.2.4 Nega.tive Moment Strengt:-h

For T-beams, in which the flange is part of a monolithicaly cast slab, the negative

moment strength is difficult to predict, due to the uncertainty in assigning an

effective slab width. In the prototype analysis, a 60 inch flange width was

assumed, which is probably alright for the yielding moment but is probably a lower

bound for the maximum moment when large ductilities are dequired. As mentioned

before, it is the strength of the beam that determines the axial loads in the

columns, and the overturning moment developed in the frame, especially Frame A',

Had the beams been assigned a negative moment strength corresponding to a slab

width of 120 inches, tension would have been produced in the exterior columns of

Frame A' and Frame B. Since it was the columns that were loaded in tension (due to

the earthquake loading alone) that yielded first, it is clear that using a beam with a

larger negative moment strength could drasticaly alter the response.

6 ...2.2.5 The Ta.keda. Model

Another source of error in the analysis deals with the way the degrading stiffness

characteristics of the model were defined. In Fig. 5.3, the bi-linear Takeda model

which was used in the analysis of the prototype, is shown. Although this model
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certainly represents an improvement over no degrading stiffness, it still leaves

much to be desired. The main problem with the model is that it poorly represents

the behavior of a T-beam as responding to cyclic load reversals. Compare, for

example, the response of a typical beam element from the Miyagi-Oki analysis, to

the force deformation relationship obtained from the testing of a ti2-scale

beam-column subassemblage in which the weak <Controlling) element is the beam.

These curves are shown in Figs 6.6 and 6.7 respectively. There is essentially no

similarity. The response from the sub-assemblage tests displays a pronounced

pinching on the hysteresis loop and there is even distinct pinching in the first

cycles of loading, as is typical of T-beam sections, since the large cracks which

open up during application of loads producing tension in the bottom of the section

do not dose up immediately under the reversal of load. What this means in terms of

the analytical response presented in the previous chapters; is that the energy

dissipative properties of the beam elements have been over-estimated.

Another source of pinching in the hysteresis loop of Fig.t.•? is cyclic bond

deterioration in the principal beam reinforcement embedded in the joint. This fixed

end rotation of the beam elements is a low energy dissipating system, and is very

difficult to model directly. Some researchers have attempted to derive degrading

stiffness beam elements that include the effect of fixed end rotations, but it will

be awhile before this can be reliably incorporated into our model,[2:3,24J

6.2.:3 Shear"",a11 E1e.-nents

Since the shearwall dominates the response of the entire structure to lateral

loading, it is essential that the wall be modeled as accurately as possible.

Assuming that the shearwall yields in a flexural mode, the response of the

prototype as described in Chapters :3,4,and 5 is probably representative of the way

the actual structure would behave, at least on a global basis. On the other hand, if

the shear wall were to yield in a shear mode, or in a combination flexural-shear

mode, the discussion presented in the last few chapters is only academic.

There are two indications of the likely behavior of the shearwall with regards to

flexural or shear yielding. First, if the nominal shear stresses in the wall exceed

about 71f I, or 434 psi, and the wall has undergone several cycles of inelastic
c

deformation, there is a possibility that a shear failure, accompanied by large shear
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deformations in the first story of the shearwall will ensue.[9J This sort of failure

(see Fig.2.18) is usually triggered by the crushing of the diagonal compression

strut which is contained within the panel of the wall. For the Miyagi-Oki response,

the maximum base shear in the wall is 547 kips, which results in a shear stress in

the base of the wall of 401 psi, or /:...47# '. (the shear stress is based on anc
effective area in shear of the wall equal to 0.8 times the gross area of the panel,

'/
or 1:;:63 in~.) Note however, that this occurred during the first cycle of flexural

inelastic behavior, so it mayor may not be an indication of impending shear failure.

For the second pulse, however, the maximum shear was 50!) kips, resulting in a

shear stress of :376 psi or 5.'?v'f '. This was preceeded by several cycles of flexural.c
inelastic behavior, so the indication is that a shear sliding failure, associated with

large shear deformations in the lower portion of the wall may be possible, although

the nominal shear stress is somewhat less than 7'/f '.
c

For the DPD response, the maximum base shear developed was 648 kips, resulting

in a stress of 475 psi, which is 7.6/:..";('. Here again, however, this occurred duringc
the first pulse, so the possibility of large shear deformations is not clearly

established.

The second indication of the possibility of shear yielding comes from the results of

the Japanese pseudo-dynamic tests. In the first of these tests, the uncracked

structure was loaded with an upper triangular distribution as shown in Fig.6.8a.

The behavior of the wall in this case was reported to be mostly flexural. In later

tests, the (already damaged) structure was loaded with a uniform lateral load, and

the failure was in shear at the base of the wall. This is shown in Fig.t,.8b.

Since there is a possibility of a shear-hinging mechanisim occurring during the

response, especially during a Miyagi-Oki type earthquake, it is essential that a

model be developed that takes into account this mode of behavior. For future

analysis, it would be possible to include a shear hinging mechanism in the model,

where the wall would hinge in a shear mode only after a certain force was

developed (this might also be tied in with previous flexural hinging). There are

several ways of incorporating this mechanism into the DRAIN model, one of which

is to use the beam-column model of DRAIN, together with truss bars which would

work as lateral springs. In this model, shown in Fig. 6.9, the base of the wall would
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develop increasing shear and moment until one of the two components yield. The

shear-yielding would be produced by the yielding of the lateral springs, since the

lower portion of the beam has no shear stiffness. The relative stiffnesses of the

flexural and shear springs could be adjusted to provide any sequence of yielding.

Typically, the wall would first yield in flexure, and then, after several cycles of

inelastic deformation, shear yieldir':J would occur. This indicates the necessity for

some type of degrading stiffness mechanism in the shear springs,

6.2 .. 4 Conclusions on Loca.l Modeling

In the previous discussion, it has been shown that the modeling procedures used to

determine the dynamic response of the prototype to earthquake induced loading

were predicated upon a host of assumptions, and that a change in some of these

assumptions could drastically alter the computed response, In future analysis,

careful attention should be paid to the following items;

1) Better representation of the initial stiffness of the different elements.

2) Modelling of the base of the shearwall to include the possibility of
large inelastic shear deformations.

:3) Obtaining a more realistic value for the negative moment strength of
the beam elements of Frames A' and B.

4) Deciding upon an appropriate value for strain hardening stiffness,
especially for the negative moment regions of the beams.

6 ..:3 Structural Loads,. Mass,. and Damping

6 .. ::::;: .. 1 Loads

For the analysis reported in Chapters 3,4,and 5, it was assumed that the prototype

was loaded with its own self-weight, and superimposed dead and live load. For the

gravity loading, a tributary area analysis was used in lieu of a more accurate

method. See section 2.4 for a review of these more accurate methods. The errors

resulting from using the tributary areas should be negligible for the response

presented in Chapter 5. For future work, however, a more accurate method should

be used to determine the gravity load distribution, particullary in the 1/5-scale

model, because several tons of lead ballast will be used to adjust the
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gravity load stresses, and to supply the proper mass for the scaling. Of spedal

concern is the proper determination of the moment along the lengths of the beams

to assure that there is no possibility of plastic hinges forming near midspan of the

primary girders. If this type of hinge is possible, appropriate modifications can be

made to the analytical model.

The masses were lumped at the lateral degrees of freedom for the analysis

reported in Chapter 5, and this is probably a good approximation. Recall that no

rotary mass was included for the wall. In the future, some parametric studies

should be carried out in order to determine the type and magnitude of errors caused

by leaving out the rotary mass. These errors would likely be of two types: first,

the elastic response will be effected by changes in the period of vibration, and

second, the inelastic response may be effected by equilibrium error correction

procedures in DRAIN, or by numerical errors occurring during the solution of the

incremential equilibrium equations.

6.3.3 Da.mpin 9

It is difficult to accurately assign a damping to reinforced concrete structures

since the value depends on the state of cracking in the structure at the onset of

ground shaking. The average first three period damping ratios used in the analysis

was about 6 percent is probably good if the assumption that the structure was well

cracked prior the occurrence of the major earthquake is taken into consideration.

From results obtained from the .Japanese on the results of their pseudo-dynamic

tests, the damping ratio increased from 2 percent critical for the uncracked

specimen, to 3.1 percent after minor excitation, to 5.3 percent after moderate

excitation, to 8.:3% after major exdtation.[2J

Recall that the damping used in this analysis is Rayleigh proportional damping, and

is taken as proportional to the diagonal mass matrix, and the tangential stiffness

matrix. From this point of viewt the damping will decrease as the structure goes

through the cydes of inelastic behavior, because the degrading stiffness model will

reduce the stiffness of the elements each time the element yields. This is

inconsistent with observed behavior since, in generalt the damping will increase
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(most likely due to displacement dependent Coulomb friction forces) as damage

progresses. For this reason, in future work, the damping should be made

proportional to initial stiffness, and not tangential stiffness.

6.4 Numerica.l EYFOYS

Although the effects of numerical errors on the computed response of reinforced

concrete structures are beyond the scope of this report, it is necessary to briefly

mention the most important source of error, that is the manner in which the DRAIN

program "corrects" equilibrium at the end of the time step.

Recall from Chapter 5 that whenever an element yields, the program "corrects" the

equilibrium at the end of the time step by applying an impulsive load to the load

vector for the subsequent time step. In general, the smaller the time-step, the

smaller the equilibrium error corrective forces, and the more accurate the response.

For the prototype, however, it is possible for large equilibrium errors to be

introduced once the shearwall hinges. Subsequent to the yielding, an impulsive

moment and shear is added to the first story of the shea.rwall. Although difficult to

verify, it is felt that in some instances, this corrective force may momentarily

overwhelm the response. Two illustrations a.re given. In Fig. t .• l(J(aJ the inertial

force profiles just before and after the wall hinges are shown. Note that before the

hinge, all of the forces near the base of the structure are in the same direction, but

that after the hinge, a rather large reverse force shows up at level one. This force

can be followed up the structure as sort of a traveling wave for the next few time

steps as shown in Fig.c,.10(b). Clearly, this corrective force is having a large

influence on the subsequent response.

The best way to avoid these types of errors is to reduce the time step until such

large equilibrium corrections are avoided. Another method, that mayor may not

work depending on the displacement increment, is to subdivide the base of the

shearwall into several parallel elements, as shown in Fig. 6.11. As can be seen, it

is possible that for a given displacement increment,.6. , the correction for a single
r

element is much larger than that for the multi-component model. Note that if 6. is
r

slightly larger though, the errors for the multi-component model might be slightly

larger than for the single element. However, it seems that the multi-component
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model would produce better results for a set of somewhat random displacement

increments.

Finally, it should be noted that there is a new version of DRAIN, still in the

developmental stages, that does not use the equilibrium correction procedure just

described.[Z't] Instead, the program works on an event to event basis, much like

the nonlinear static program ULARC. Here, if an event occurs during a time step,

the program backs up a step, determines the time step that will just produce

yielding, and goes on as before, but with equilibrium being satisified exactly at the

end of each timestep. Clearly, this is superior to the force modification procedure

being used by the current version of the program.
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CHAPTER 7

CONCLUSIONS AND RESEARCH NEEDS

7 ... 0 In-troduc:tory Rernark.s

In the previous five chapters the design and the behavior of an a.nalytical model of

the reinforced concrete Test Building for the USA-Japan cooperative research

program was discussed. First, the structure was reviewed to determine if it is a

satisfactory design according to the 1979 version of the Uniform Building Code.

Next, the inelastic analytical response of the structure to monotonically increasing

lateral loads was presented, followed by a detailed description of the inelastic

analytical response to two different earthquake ground motions. Finally, a

discussion of errors that may have been introduced into the analytical response due

to modelling procedures was given! and suggestions were made that might lead to a

more accurate response in future analytical work.

In many cases, it is not possible to draw specific conclusions from the analysis

carried out, since more computation needs to be done in order to quantify certain

acpects of the response. This is particulary true for the procedures used to model

the elements in the dynamic analysis; since there was simply not enough data

accumulated to form a trend or pattern that leads to the source of specific errors in

the response. These trends can only be traced via a systematic variation of the

individual parameters that may affect the response. In other instances, however, it

is possible to reach specific conclusions since the variables that govern these

aspects of the analysis are well established. For example, it is easy to determine

if the tie details in the critical regions of the beams are satisfactory according to

UBC, In the following section, a list of the most basic general conclusions that can

be reached is presented. Finally, some suggestions are given for future research

needs, most having to do with methods for obtaining more realistic analytical

responses to reinforced concrete structures subjected to earthquake induced

loading.
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7.1 Conc:1usions

The following are the main conclusions that can be drawn from the UBC analysis

and from the analytical response of the Prototype to earthquake induced loading.

1) The design of the Prototype satisifies all of the requirements of the 1979

Uniform Building Code for structures classified as dual bracing systems (k=O.8>

except as follows. First, the ties in the critical regions of the beams, columns, and

in the edge members of the shearwall do not provide the required confinement.

Second, the flexural strength of the shearwall is not adequate if the wall has to

carry the entire factored overturning moment on its own.

2) The designed structure is a good example of the strong column-weak beam

seismic design philosophy. This is so mainly because all of the inelastic behavior

should occur in the ductile beams, or in the base of a relatively ductile shearwall,

and the columns will not yield until the very end of the yield excursion. Also, the

elements have been designed and detailed in such a way that relatively low shear

stress can be developed and thus the danger of brittle shear failures is avoided.

Hig her energy dissipation capacity could be attained if the 1979 UBC requirements

for ties in critical regions had been satisified.

:;:) The analytical response of the Prototype to static and dynamic loadings is

completely controlled by the centrally located shearwall. This wall, which is 1000

times stiffer, and 70 times stronger than any of the other elements, dominates the

elastic response due to its stiffness, and the inelastic response due to its rigid

body deformation mode after flexural yielding at its base.

4) After the shearwall hinges at its base, the frames are capable of resisting

increased lateral loads, since the wall and the beams have been supplied with

sufficient energy dissipation to allow the complete mechanism to form.

5) Although the shearwall was assumed to yield in a flexural mode, it may be

possible for significant inelastic shear deformations to occur. This is particularly

true for a Miyagi-Oki type ground motion, since large shear forces are preceded by

several cycles of inelastic flexural deformation, including reversals.
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6) In terms of selecting a ground motion to use in the shaking table tests of the

1/5-scale model, the }1iyagi-Oki motion seems acceptable. Initial tests should be

run with a maximum ground acceleration of about 0.15 g, followed by a motion with a

peak acceleration of about 0.4 g. The first of these two motions should cause

significant cracking without yielding the steel, and the second should produce

significant inelastic response. If a serious failure (physical collapse) is not

attained with the 0.4 9 earthquake, a third run should be conducted under the MO

earthquake normalized to a higher pea.k acceleration.

7) The global modeling of the structure using DRAIN does not allow an accurate

and efficient modeling of frame to frame flexural-torsional coupling via. the

transverse slab-beam system. An apprOXimate technique which uses a fictitious

coupling beam has been described that will approximate this effect. However, in

order to determine the true nature of this interaction between frames, a full three

dimensional analysis should be performed.

8) The methods available for the local modeling of the beams need improvement

since the response of the structure is very sensitive to the behavior of these

elements. In particula.r, the use of a bi-linear force deformation relationship is

completely inadequatet since the parameters that are used to define the hi-linear

model are difficult to establish. For examplet only the initial and strain hardening

stiffness, and the positive and negative moment "yield" strengthst are spedfied. In

order to accurately model the strain hardening stiffnesst some accuracy must be

sa.crificed in the specification of the yield moment. For T-beamst in which the

positive or negative moment initial and strain hardening stiffnesses differt an

average must be used t and this averaging process may lead to errors in

esta.blishing the ductility demands.

9) For the columnst local modeling error$ occur due to the difficulty in establishing

the flexural and axial stiffness. The elements are assigned a. yield surfacet but

this yield surface does not consider the effect of axial load on the flexural

stiffness of the columns.

10) As mentioned earliert there is a. possibility of large inelastic shear

deformations occurring at the base of the shearwall. This action may dominate if

large shear forces occur after the wall has undergone several cycles of reverse
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inelastic flexural deformation. It is necessary, therefore, to develop a procedure

for the analytical modeling of shear yielding. A simplified approach has been

recommended, but better models need to be created.

7.2 Future Analytical Research Needs

The vast majority of future research which needs to be performed has to do with

the analytical techniques used to predict the response of reinforced concrete

structures to earthquake ground motions. These needs go beyond what is required

in academic research since designers need to be able to evaluate the capadty of

their structures to resist major ground motions through the dissipation of energy,

but without collapse. Although DRAIN allows a somewhat qualatitave analysis of

the response of a certain class of structures, it cannot be expected to accurately

predict the response of all structures. The further removed a structure is from

what may be modeled by DRAIN, the less accurate the analytical response. The

Prototype structure is a good example of a structure that cannot be analyzed with

precision using DRAIN (for a reasonable cost) since it is very difficult to include

all of the important aspects of the design of the structure in the analytical model.

With minor modifications, however, it should be possible to obtain an accurate

estimate of the important response parameters of reinforced concrete structures

using DRAIN, or a similar program. What is needed is information on the way

certain aspects of the local or global modeling affect the response of a structure.

For example, in the analysis of the Prototype, dedsions needed to be made with

regard to assigning a value of strain hardening stiffness to the beam elements.

Since only one stiffness could be assigned, which is independent of the direction of

loading, an average positive-negative moment stiffness was used. What was the

overall effect of this assumption on the response of the structure? This is

impossible to answer since this was only one assumption of many that were

simultaneously included in the modeling of the structure and, therefore, in the

subsequent analytical response.

What is required then, is an analytical research program, in which a systematic

series of analyses is carried out on a structure. In this analysis, certain

parameters, such as initial stiffness, strain hardening stiffness, yield strength,
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interaction of axial load and flexural stiffness for columns and wa.llst gravity

loading, and shear-axial-flexure interaction should be varied one by one, until

some sort of trend is established. This should be repeated for several types of

structures, since the same parameters may affect different structures in different

ways. Once this resea.rch is complete, guidelines may be established for accurate

modeling of reinforced concrete structures.

7.3 Future ExperifTlent.-al Resea.:rch Needs

Finally, as an experimental model the reinforced concrete test structure is .

adequate in most respects, except that it may not be representative of some

frame-wall structures, especially those which may be required to develop

considerably higher shear and bond stresses than will be the observed in the

present model, Therefore, in terms of future experimental research needs, a similar

series of tests should be carried out on another model, similar to the prototype,

but designed to develop higher shear and bond forces.
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TABLE 2.1

(From Table n-1 of UBC)

HORIZONTAL FORCE FACTOR K FOR BUILDINGS
AND OTHER STRUCTURES

For buildings with a dual bracing system consisting of a ductile moment resisting
space frame and a shear wall using the following criteria K shall be taken as 0.80.

a. The frames and shear walls shall resist the total lateral forces in
accordance with their relative rigidities considering the interaction
of shearwalls and frames.

b. The shear walls acting independently of the ductile moment
resisting space frame shall resist the total required lateral forces.

c. The ductile moment resisting space frame shall have the capacity
to resist not less than 25 percent of the required lateral forces.

TABLE

AMERICAN and JAPANESE REINFORCEMENT PROPERTIES

I1ETRIC BAR
SIZE

DIAI1ETER
(inches)

AREA
(inllin)

CLOSEST AREA
U.S. BAR (inllin)

U.S. AREAl
l1ETRIC AREA

-----------------------------------------
010 0.394 0.122 13 0.110 0.90

013 0.512 0.206 .1 0.196 0.95

016 0.630 0.312 IS 0.307 0.98

019 0.748 0.139 t6 0.442 1.01

022 0.B86 0.589 17 0.601 1.02

02S 0.984 0.760 IS 0.785 1.03
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TABLE ? ::l

SUMMARY OF BEAM STRENGTHS

LOCATION

+ MoMer.t at Midspan

+ MOMEf~ at Sl~port

- tlol'lent at Support

FLEXURAL STRENGTH (ACI)

1561 in-k

1151 in-k

2124 irrk

FLEXURAl STRENGTH (RCCOlA)

1900 in-~.

H20 iN.

2137 iN.

[ SHEAR STRENGTH =70.7 kips J
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T{~E:LE 3.:1.

ELASTIC STIFFNESS OF FRAME ELEMENTS

ITEM

T'::lpical ColuMn
of FraMe A'

T'jfIical roeat'!
of FraMe A'

T'jfIical Coltlf'll1
of FraMe E:

T'jfIical Beat'!
of FraMe E:

Sl1earwall
Level G-1
Level 1-2
Level 2-3
Level 3-4
Level 4-5
Level 5-6
Lelel 6-7

E (ksi)

3537

3537

3537

3537

3537
3537
3537
3537
3537
3537
3537

620

310

2270
2270
2270
2270
2270
2270
2270

6848

5422

3424

2711

2,940,000
2,800,000
2,650,000
2,490,000
2,320,000
2,150,000
1,970,000

I Beat'! Area not used with rigid di~hrat'! asst~tion
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TABLE ::l.~?

JAPAN-USA FLEXIBILITY MATRICES
DISPLACEMENTS PER 1000 KIP FORCE AT EACH STORY

7 6
FRAME AI

~:; "t 1

29.05
25 ....9
~:~1. 2~;

16.B9
12.~.';3

B.1<t
3.92

25.49
~~"t • :39
2:1.. 03
16.84
1~~+51

B.18
::l.92

21.03
19.<tB
16.65
1;!.47

B.17
3.92

16.B9
:L 6. ~:Vt

16. 6~;
1~.'i. 60
1 ~~. ~?B

B.1:3
3.91

1;! • ~53
:J.2.~51

1~~.47

1~?. 28
1 :L • 2~;
7.96
:~. 88

B. 1 (7
8.1B
B.l?
B.:L~1

7.96
6. 9~;

~l. 73

3. 9~~

3.92
3.92
:3.91
3.B8
3. 7:~

2.BO

7
6

1

7
FRAME B <Includes Wall)

6 5 "t 3 1

13.36
10 ....3

7.BO
~:;.38

3.29
1 • 6~1
0.50

10 • "t~l

8. ~:;O

6.60
"t.57
2.84
1."t2
0.44

7.BO
6.50
~; .15
3.72
2.36
1.21
0.3B

5.3B
4.57
3.72
2.Bl
1.86
0.97
0.3:L

~l. 29
2.84
2.36
1.86
1.30
0.72
0.24

1.6:3
1."t2
1.21
0.97
0.72
0.44
0.16

0.50
0.4'.
0.3B
0.31
0.24
0.16
0.07

7
6
"'.,J

4
3
2.
1

7
WALL. ONLY

5 "t 3 1

20.70
16.24
12.00

B.17
4.92
2.39
0.72

16.24
12.9B
9.76
6.7:':;
4. :L2
2. O~?

0.61

12.00
9.76
7. ~j2

5.32
3.31
1.65
0.51

~j t 32

1.28
0.40

"t.92
"t. :L2
3.31
2.50
1.70
0.9:1.
0.30

2.39
~~. 02
1 • 6~j
1 • ~~B
0.91
o•~;3
o.1~.)

0.72
0.61
o•~j1

0 .... 0
0.30
0.19
0.08

7
6
5

~l

2.
:L

7
TOTAL STRUCTURE - FRAME A/+B
654 3 1

B.~:;31

6.B41
5. :If.13
~~ • 6~;}2

1.:l40
o•~~!57

6. B"':L
~j. 6B6
4. 4~19
~l.lBO

2.01;?
:L • 0~?9

o•:~~?6

~). 18~1

4.439
:3.612
2.6BO
1 .. 7:39
0.906
0.291

:3.6:32
~l. 1130
2.6BO
2. 09 LI
1."11.9
0.76::l
o•~?~51

-:32-

2 ~ ~?~:=;9

2.012
1 • 7:39
:L. 41 (7
:L.O:34
o.5(70
0.202

1.1'tO
1.029
0.906
0.76::1
O. ~;90
0.377
O.l i t;?

o•3~57
O. :326
0.291
o•2~51
O.~?()2.

O.:lLt2.
0.06B

?
b
C'
~!

~'l"..
:L



COMPARISON OF EXPERIMENTAL AND ANALYTICAL FLEXIBILITY

ANALYTICAL FLEXIE::II...JTY MATRIX OF TOTAL. STF~UCTUF(E

7 b ~:j 4 ~3 '", :l....

B.531 6.B41 5. 1K~ 3.3bZ L: + ~?~;9 :L.:I. "to 0.357 7
6.B"t1 ~.i. ~jEl6 4.439 :~.1.BO 2.012 :1.• 02<j> 0.326 6
~j. 1 B:~ 4. ·<139 3.612 2.6BO 1.7:39 0.906 0.291 J::"

~.I

3. ~~62 ~~.lBO 2.6ElO 2.094 1.4:1.9 0.763 0.251 4
Z + 2~:j9 2.0:1.2 1.739 1."t:l.9 1 • 0:34 o • ~j9 0 0.202 ~~

1.140 1.029 0.906 o .76:3 0.590 o .:F7 O.l i .;? r)...
o • 3~j7 0.326 0.291 o • 2~jl 0.202 0.142 0.06B 1

EXPERIMENTAl... FLEXIBILITY OF TOTAL STRUCTURE

7 6 c' 4 ~~
ry 1~.I ...

2.34 1.78 1.35 0.98 0.64 0.39 0.19 7
1.7B 1.46 1.19 0.86 0.60 0.33 O. 1 ~j 6
1 t ~i5 1.19 1,.04 0.76 o+ ~5~j 0.30 o • :l4 .::.

~I

0.98 0.86 0.76 0.64 0.48 0.26 0.12 4
0.64 0.60 0.55 0.48 0.41, o r)r) o•1:1. :3+ .<;.L.

0.39 0.33 0.30 0.26 0.22 O. 1~) 0.08 r)...
0.19 0.15 0.14 0.12 o• :L:I. 0.08 O.OB 1
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Tf1BI...E .q. 1

THE EFFECTS OF INTRODUCING A HINGE INTO THE BASE
OF THE Wt"H.. L..

FI...EXI~::L..ITY OF ~;TF~UCTUI:::E E::EFOF<E INTRODUCTION OF HINGE:

7 6 1::' 4 ~~ 2 1.,,J

B. ::.)~H 6.f.!·H ~.).1B3 ~~. ::l62 2.259 1..1.40 o• ~3::';7 7
6. B4:L ::'; • :'.';El~l 4. 4~~9 ~3.1BO 2. 0 1~? 1.029 o•3~2t.l 6
:'.';.18~~ 4.439 3.61~? 2.t.lElO 1.739 0.906 0.29:L 5
~l. 362 3. H10 2.680 2.09't 1.41.9 O. 7 6~1 o•2~51 4
~~ ~~""9 2.0:1.2 1.739 :I.. iH 9 1. O~H o•:7;90 0.202 ~l4,. + ..coo'" .

1.:L'tO 1 • 0~?9 0.906 0.763 0.590 o•~177 O.:Lit~?
~)....

0.357 o•:3~?~l 0.291 o.2:'.'i1 0.202 o•:L 42 0.06El 1

FL.EXIBIL.ITY OF STfWCTURE AFTEF: INTFWDUCTION OF HINGE:

7 6 ..- it 3 ~) 1.,.1 ,..

17.84 1 ~5. 4~? 1~?. 95 10.45 7.93 5.41 2.90 7
1::';.42 13. ::';9 1:1.. 59 9.46 7.24 4.97 2.67 6
1~?. 9:'.'; 11.• 59 10.09 El.36 6.47 4.47 2.41 c'

...1

10.45 9.46 B.36 7.09 5.57 ~l. 89 2.1 :1. 4
7. 9~~ 7.24 6.47 :7;.57 4.49 3.20 1.75 3
:'.';.41 4.97 4.47 ~~ • El9 ::1.20 2.34 1.31 2
2.90 2.IJ7 2.41 2.11 1.7::'.; 1. 31 0.76 1
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TABLE 5.1

Miyagi-Oki Pulse Ana.lysis

T=2 ...4C~ to 3 ...60 Seconds

ITEM UNITS Positive Negative

Guantit'::l @TiIF GlJantit'::l @TiIF

-----------------------------------------------------------------------------

1 Max. Ground Ace. %g 20.9 2.54 25.1 2.92

Z IncreMental Velocit'::l in/sec 19.9 2.1712.68 30.6 2.69/3.28

3 !'la>:. Roof Disp. in 2.05 2.68 5.68 3.2"1

4 Ma:·:. Drift [1] % 0.39 2.68 0.74 3.2"1

5 lia>(. Base Shear kips "173.0 2.52 767.0 3.12

6 lia>:. Base Shear A' kips 31.0 2.68 19"1.0 3.16

7 !'lax. Base Shear B ~jps 45-'1.0 2.52 587.0 3.12

8 liax. Base Shear Wall kips 450.0 2.52 5-'17.0 3.12

9 !'lax. O.T.li.[2] in-kips 27'1000 2.68 370000 3.16

10 !'lax. O.T.M. A' in~.ips 76100 . 2.68 1"19000 3.20

11 !'la>:. O.T.li. B in-kips 198000 2.68 223500 3.16

12 !'lax. O.T.li. Wall irrltjps 150400 2.68 156500 3.16

Notes)

[1] Drift is inter-stor'::l drift.

[2] O.T.1'1. /'!earlS overturning I'lOI'leflt
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TABLE 5.2

Miya.gi-Oki Pu1se Ana.1ysis

T=7.00 to 8.20 Seconds

ITEH UNITS Positive Negative

lluantit~ IHilF llttantit~ @TiIF

-------------------------------------------------------------------------------

1 Hax. GrOlXId Ace. %q 21.0 7.18 36.0 7.56

2 Increftefltal Veloc. in/sec 31.8 6.8817.38 25.9 7;39/7.69

3 ttax. Roof Disp. in 6.35 7.11 5.01 7.92

4 ttax. Drift [1] % 0.83 7.11 0.67 7.92

5 ttax. Base Shear Hps 611.0 7.28 510.0 7.80

6 ttax. Base Shear AI Hps 203.0 7.41 117.0 7.96

7 ttax. Base Shear B Ups 528.0 7.28 392.0 7.80

8 Hax. Base Shear Wall kips 500.0 7.28 366.0 7.80

9 Ha>:. O.T.H.[2] in-l!.ips 378250 7.11 329600 7.92

10 Max. O.T.H. A' in-kips 153710 7.14 133100 7.92

11 ttax. O.T.H. E: in-kips 221500 7.11 196200 7.92

12 Max. O.T.H. Wall in-lt..ips 157100 7.11 136700 7.96

Notes)

[1] Drift is inter-stor~ drift.

[2] O.T.H. !'leans overtt1rninq MIf,ent
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TABLE 5.:3

Miyagi-C>ki Pulse Analysis

T= 1 0.40 1:0 11.60 Seconds

ITEM UHITS Positive Negative

Q/Jantit~ @TiHe= Quantit';! @TiMe=

-------------------------------------

1 Max. GrOlXld Ace. %g 28.5 10.98 33.4 10.58

2 Increftefltal Velocit';! inlsec 25.1 10.81111.20 35.4 10.24/10.8

3 "ax. Roof Disp. in 1.94 11.36 7.03 10.88

if Max. Drift [1] % 0.66 11.36 0.91 10.88

5 Max. Base Shear kips 445.0 11.20 6'1lJ.O 10.88

6 Max. Base Shear A' kips 153.0 11.'JiI 223.0 10.88

7 Max. Base Shear B kips 377.0 11.20 192.0 10.64

8 Max. Base Shear Wall kips 361.0 11.20 471.0 10.64

9 Max. 0.T.H.[2l in-kips 311700 11.36 382200 10.88

10 Max. O.T.H. A' in-+-ips 126400 11.36 156400 10.88

11 Max. O.T.H. B in-kips 190100 11.40 225800 10.88

12 Max. O.T.H. Wall in-l!.ips 136700 11.10 157900 10.88

Notes)

[1] Drift is inter-stor~ drift.

[2l O.T.H. ..ean5 overturning ftOfteOt
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TABLE 5.4

Derived PacoifTla DafTl Pulse Analysis

T=2.60 to 4.00 Seconds

ITEM UNITS Positive Negative

Gtlarttit~ @Tifle= GlJarttit~ @Tifle=

-----------------------------------------------------------------------------

1 Max. GrOltrid Ace. 7.g -40.0 3.28 +3'1.0 2.75

2 IncreMefltal Velocit~ irtlsec 51.5 3.04/3.70 5'1.2 2.37/3.0'1

3 Max. Roof Disp. in 11.10 3.68 8.83 3.0'1

4 Ma>:. Dr ift [1] % 1.39 3.68 1.02 3.0'1

5 Ma:<. Base Shear k.ips 7'19.0 3.'l4 868.0 2.8'1

6 Mal':. Base Shear AI kips 277.0 3.68 241.0 3.0'1
"'-

7 t1a>:. Base Shear B k,ips 657.0 3.36 669.0 2.8'1

8 Max. Base Shear Wall kips 6'18.0 3.36 614.0 2.8'1

9 Ma:·:. O.T.H.[2] in-kips 395000 3.68 384000 3.01

10 Ma:<. o.T.M. A' in-Idps 163000 3.68 159000 3.04

11 Ha:<. O.T.H. E: in-k.ips 233000 3.68 225000 3.0'1

12 Max. O.T.tI. Wall irrk,ips 165000 3.68 159000 3.04

Notes)

[1] Drift is inter-stor~ drift.

[2] O.T.H. Means overturnir~ MOMerlt



TABLE 5.5

COMPARISON OF tID and Of'[) RESPONSE

ITEt! IiO
I.lt..antit~ fHil'le=

oro
~Jantit~ @Ti~=

O...ration(sec) 12 4
Max Acceleration (%g) 36 7.56 40 3.23
Max Inc. Velocit~ (in/sec) 35.4 10.24/10.80 54.2 2.37/3.04

Max Roof Displacel'leflt (in) 7.03 10.88 11.1 3.68
Max Drift (%) 0.91 10.88 1.39 3.68

t!axi~.~ Base Shear (Kips) 767 3.12 868 2.84
Max Base Shear Fr~ AI 223 10.88 277 3.68
Max Base Shear Fr~ B 587 3.12 669 2.84
Max Base Wall Shear 547 3.12 648 3.36

Maxi/'llJl". OT!'! [1] (in-k) 382200 10.88 395000 3.68
Maxi/'ll.~ OTH Fr~ AI 15MOO 10.88 163000 3.68
Maxifll.JM OlM Fr~ B 2..."5800 10.88 223000 3.68
Maxi/'ll~ OTH Wall 157900 10.88 165000 3.68

No. of Yield Reversals 2+ 1
tlax BeaM +PHR [2J (rad) .0053 10.88 .0124 3.70
Max E'.eaM -PHR .0087 10.88 .0163 3.70
tlax Wall PHR .0056 10.88 .0100 3.70

[1J OTH t\eans Overt'..rning t!otIent
[2J Pm ~ans Plastic Hinge Rotation
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TABLE 5.6
AVAILABLE SECTION CI.I\'VATURE DUCTILITY

CURVATURE DUCTILITY

E:eal'l Negat.ive HOl1ent.
Beal'l Posit.ive HOl1efIt

Col~~ at H=130 kips
Col~~ at. H=195 kips
Col~~1 at. H=260 kips
CoIIJf1l"l at. H=325 kips

Shearwall at H=700 kips

-90-
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TABLE 5.7
DUCTILITY DEMANDS FOR THE DF'D ANAlYSIS

ITEM M +'1 B L J.!,¢' po I!~./.Jff~,

(in-kips) (radlinch) (rad) (inches)
----------------------------------------------------=-----,--------------------
Center E:a~

of FraM>~ Al
+ Ho.-"1ent 100.1/.0 0.00013"1 0.0168 10.63 B.60 35.0

2.17
- Mooen't 2049,0 0,000179 0.00739 10.12 5.60 B.~O

Ext. B~
of Frat'll: B
+ I'Iottent 1004,0 0.000134 0.0124 21.13 6.38 35,~

2.69
- MOI'ient 2049.0 0.000179 0.0163 10.31 9.81 8.40

Shear
Wall 150000 0.000013 0.0101 147.80 6.26 18.9 7.65

Note:
'-Icd =dtlCtilit~ dettand
1-) =ducti1it~ S1'!pplied
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Fig. 1.2 Section of Protot~e Structure

--95-



STRESS fc
KSI
3.85

3.00

2.00

1.00

\
\
\
\
\
\

\ ..-UNCONFINED
• CONCRETE

CONFINED CONCRETE FOLLOWING
PARK-KENT RELATIONSHIP

0.0212
OL--_----L__....L-__L-_----L__--l-_---l__-L__..l.-_---l__.....L-_L-.l...--

o 0.002 0.004 0.006 0.008 0.010 0.0/2 0014 0.016 0.018 0.020 0.022

STRAIN, IN/IN.

Fig. 2.1 Cor~rete Stress-Strain Ct~ve

STRESS
KSI
100

40

Ei =
29,000KSI

20

0.03

0l.-_---l._.L--L__--l-__L..,-_---l.--,--_-,-'--,--_---':--:_--::-"-:-_~=__----::_l

o 0.04 0.06 0.08 0.10 0.12 0.16
STRAIN, IN/IN.

Fig. 2.2 Reinforcefo\ent Stress-Strain Ct.~ve

-%-



19.69"

!
SLAB STEEL AT ILSI"

i. 5" CO\}ER -=t:=" _~=::::::::::'EV

~ 11.8!" L
Fig. 2,3 T~pical BeaM Cross Section

~
500mm (19.69")

-L

CE 0 COLUMN
(OR WALL)

~.~
Lc (CLEAR SPAN)

Lc/3
- -

3019 AT SUPPORT
~2019 AT MIDSPAN

b /-010~ AT 100 mm (4") OIOEjAT 29.0mm~ 1\
'T lB' I

C7 1/ I

nJL-

~ 2 019 AT SUPPORT

I

3 019 AT MIOSPAN

Lr FA F

30 d

Fig. 2.4 T~pical BeaM Elevation

-97-



MOMENT, M
IN.-K

25

CD T
-------==::J'1E:'TI-

sH
~NEGATIVE M

C SECTION

®

C

i:'jPOSIT1VE M
T SECTION

C

~POSITIVE M
SECTION

EIINITIAL

500
I

INITIAL EI ElsH }J-epSECTION (K-IN.2 ) x107 (K-IN.2 ) xI03

I 1.10 9.90 13.4
2 0.67 50.00 62.1
3 0.96 75.00 62.1

0.0060.002 0.004

<P CURVATURE, RAOJIN.

OL-__-.L ..L-__---L ---l.-__--...J"--__--'-__---'

o

Fiq. 2.5 HOMent-Cl~vau.~e Relationships for Typical BeaM

Lc(CLEAR SPAN)

t= '. 0p :t

t.
DIOElAT 200mm(Sl

_3019 AT SUPPORTi I 2019 AT MIDSPAN

L"L 010 ill AT 100 (4")/"l mm \ I

V
mm}

~3D19 CONTINUOUS
ALONG SOFFIT

~ACE OF SUPPORT

50

DETAIL AT SUPPORT

Fig. 2.6 IMproved Detail for T~pical ~~aM

-98-



MOMENT
IN. -K
5000

Fig, 2.7 T~ical ColllM Cross Section
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FROM THE UNIFORM BUILDING CODE:

S-

or

S-

is yield strength of hoop steel (M ksi)

is the 28 day concrete strength (3850 psi)

Whichever is less, where

S is the required hoop spadng.
A h is the total area of hoop steel crossing a section with core

s dimension h
A is gross concr~te area

g
A c is core area

-Fyh
-F 1

c

RESULTS

DETAIl.. BAR SIZE REQUIF~ED SPACING

inches MM

D :1::3 (Dl0) 1. ::-;4 39

:1:4 (D1~~) 2.80 71

EE t~~ (D:LO) 2.31 :';;9

:1:4 (D:L3) 4.20 107

t:J :I::{ (010) 2.63 67

:1:4 (013) 4.87 121

Fig. 2.13 Tie Requirements According to UBC
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where:

db = diameter of main bar (022)

K = effective length factor (varies)

E
SH

= strain hardening modulus for steel (500,000 psi)

F = steel yield strength
y

forK= Spacing to prevent buckling =

0.5 3.96 inches

1.0 1.98 inches

2.0 1.00 inches

Fig. 2.14 Spacing of Ties to Pre\~lt Bl~klir~ of ColuMn Bars
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4 V

PANEL

BOUNDARY
ELEMENT

FLEXURE-SHEAR
CRACKS

SPALLED
CONCRETE

Fio;l; 2.18 The MechanisM of Sliding Shear Failure

D3 (a) 200 EW
EF (EXTENDED
TO FACE OF COL)

D3

@ 100mm~I~ Jljiiill~~_

TIES
OMITTED
FOR CLARITY

II WALL

Fig. 2.19 IMProved Shearwall Detail

r-- 50omm--j·

500mm

19 TOP a BOTTOM
STANDARD HOOK

db EXTENSION)

1~ ~

\
1\

~ I
'\ \

~3-D
WI
(12

B- D22
COLUMN
BARS

~ DIO
~@64mm

Fig. 2.20 IMProved Joint Detail
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FRAME ABC FRAME B

NOTE: ALL MOMENTS (IN-KIPS) ARE AT FACE OF SUPPORT EXCEPT THOSE WRITTEN BELOW
BEAM WHICH ARE AT MIDSPAN, NEGATIVE MOMENTS ARE TENSION AT TOP

Fig. 2.21 E'.ea!'\ I1m'lents frot'! IJOC Anal~is
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Fig. 2.27 COll~1 MoMer~s vs Coll~1 Strer~ths frOM USC Ar~l~sis
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Fig. 3.3 Elastic FraMe Interactive Forces
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Fig. 4.3 Actual Yield SI.lrface Used for Bei3l'l-COlui'lns
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Fig. 4.4 Actl~l Yield Surface Used for BeaMS
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% SHEAR TO FRAME B

VB = 97.35 %

INCREMENTAL STIFFNESS

K
T

=166.7 K/in.

% SHEAR TO FRAME A'

VA = 2.65%

% SHEAR TO FRAME B

VB =95.23 %

INCREMENTAL STIFFNESS

K
T

= 77.0 K/in.

% SHEAR TO FRAME A'

VA = 4.77 %

\22.2 19.5 102.7
123.\ 888

11.9 62.3 74.2
65.2 59.9

57.1 45.7
46.7 31.0

73.1 16.8

.... .... ....
11.1 408.0 419.1

FRAME A' FRAME B TOTAL

STORY FORCES PRIOR TO WALL HINGES
124.0 20.3 103.7

3.44 124.1 89.7
12.3 62.6 74.9

65.5 60.5
57.3 46.2
40.9 31.3

67.0 17.0

.... '4:it ....
20.2 403.1 423.3

FRAME A' FRAME B TOTAL

STORY FORCES AFTER WALL HINGES

fi9. 1.8 Interactive forces for Triar~Jlar Lateral Load
frO/'l ULARC3 Anal~is

"'1 ~'"
70.1 INCREMENTAL STIFFNESS

26.9 97.0 70.1
KT =236 K/in.

11.6 58.5 70.1

1.6 71.7 70.1
7.2 77.4 70.1 % SHEAR TO FRAME d.
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48.0 118.1 70.1

.... ... ... % SHEAR TO FRAME B
16.5 474.5 491 VB=96.64 %
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127.3

~,.' "'i
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118.6 72.6

0/0 SHEAR TO FRAME B... .... ~

37.1 470.9 508 VB =92.7 %

FRAME A' FRAME B TOTAL

STORY FORCES AFTER WALL HINGES

Fig. 4.9 Interactive forces for Ur.ifor" Lateral Load frOM
ULAI\'C3 Anal~is
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Let ep = SECTION CURVATURE at maximum concrete strain
u

tP/ SECTION CURVATURE at steel yield

L =equivalent PLASTIC HINGE LENGTH
p

Assume PLASTIC HINGE ROTATION e can be defined as follows:u

8 = <ep -ep ) ./ L
u u Y P

thus ep = <8 ./ L ) -+ c?y
U U P

Define CURVATURE DUCTILITY J-'cd as:

I-'cd = CPu ./ cPy

then }-Jed = I: 8 u ./ <Lp *' cPy )] -+ 1.0

Define L p = d/2 .. ~G

where "d" is section depth and ~G is the distance between Mmax and My for the

critical region:

-

~G

MOMENT DIAGRAM

fig. 5.58 Relationship Between Plastic Hinge Rotation and
CurvatlJ1'e Ouctilit';:l
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Appendix A

Plans -For 1./5 Sca.le Model of Prototype
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