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AHABSTRACT

As part of the comprehensive US-Japan cooperative research program on the
pehavior of structures subjected to earthquake induced loading, a 1/% 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 work, 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 experimentzal investigations, it is hoped that the behavior of madels
will be better vnderstood, and thus provide valuable information to those planning '
future experimental research programs. Also, the results from these tests will
supply data an 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 conerete test building, This work, which
begins with a a review of the prototype design according to the 1972 Uniform
Building Code specifications for seismic resistant buildings, shows that while the
test building does not satisify all code specifications, 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. First,
the elastic properties of the structure are investigated through the use of
flexibility matrices. Hext, the inelastic response of the structure to monotonically
increasing lateral loads is studied. The final type of analysis is a nonlineav
dynamic analysis using the computer program DRAIN-ZD, which indicates that the
response of the test building to different recorded ground motions is gaverned by
the behavior of the centrally located shearwall, Once the wall yields in flexure at
its baze, the beams begin to yvield, followed by the columns at the base of the
structure. In every case, the structure is able to dissipate the energy demanded by
the sarthquake 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-ZD, the ervors that occur in the response due to modeling
procedures are discussed and methods are suggested for improved analysis,

Finally, main canclusions are drawn and recommendations for fuiure vesearch are

formulated.
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CHAPTER 1
INTEROIDDJCTION

1.0 Introduction

Due to the infrequent occurrence of major earthquakes, and the sparse
instrumentation in place in currently existing buildings, 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 te
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 subassemblage, and these models may be either
full-scale,; or smaller. The loads may be applied statically, quasi-statically,
psevdo-dynamically, or dynamically through the use of shaling tables or other such
dynamic load inducing devices., For mathematical models, there are various types of
finite elements to consider, and sevéral 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 research, 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 Tapan are participating. In this research program, JAPAN-USA,
several different physical models of the same prototype structure will be tested
gxperimentally and analyzed using digital computers. 1] The results of these tests
will be shared among all participants of the cooperative venture so that the nature

of the different research technigues may be better understood and, therefore,



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 R/C Test Building. An Illustration of this structure,
(henceforth, Pratotype), 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 R/C 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 1/2-scale models of
components or subassemblages.[31 In the United Gtates, 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 scale (1/10~scale) model is being developed for the
shaking table at the University of Illinois. At the University of California at
Berkeley, a 1/5-scale model will be tested on the earthgquake simulator at Richmond
Field Station.

In prder to be able to plan the experimental work, and to study the correlation
beween experimental resulis and those aobtained 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) Toreview, and improve if necessary, the design of the reinforced
concrete test building in which the seismic resistant structural system



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 determinge the
type and sequence of ground motions, and to design the required
instrumentation.

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

1.2 Scope and Layvout of Report

In Chapter I, an overall description of the Prototype is given, with a detailed
analysis of the stiffness, strength, and ductility of the individual elements, The
tross section analysis is discussed in terms of both the theoretical computations
and the simplified technigues of the ACI [4] and UBC (3] 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
simplitied UBC equations,

The results of a series of static load to collapse analyses are presented ir, Chapter
4, Here, a particular distribution of lateral 'oad is monotonically increased until a
state of impencing collapse is reached, The distribution of plastic hinges is
explained, and 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 giobal damage due

ol



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 i3 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 earthquakse.

The material presented in Chapters 3, 4; and 3 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, the vesults of thé 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 be considered for the
loading of the 1/5-scale models The chapter ends with suggestions for future

research.



CHAFPTER =2
REVIE OF PROTOTYPE DESTIGIT
2+ Introdouction

The prototype building is a seven-story, two by three bay reinforced concrete
frame-wall structure. The primary strurtural system consists of two parallel
moment resisting space frames on the exterior of the building (henceforth, Frames
A and C)y and one interior frame-wall (Frame B), The plan and elevation of the
protatype structure are presented in Figs. 1.1 and 1.2, and 2 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 Z&£Z4 of the same code. Also, 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 rarried out and described in this reports

1) The laterzl loading, which results from earthquake induced inertial
forces, ocecurs simultansously with vertical gravity loads which consist of
the weight of the structure itself, superimposed dead lead such as
partitions and mechanical equipment, and live lcad.

2} The reactive mass consists of the weight of the structure, plus all
superimposed dead load, Live load is not included,

3 The earthguake ground motion has only a horizontal component; and that
ig parallel to the primary structural system consisting of Frames A, By and
C,

4} All references to the "code” are references to the 1979 edition of the
Uniform Building Code,



5} TFor the UBC code checks, the structural analysis was baszed on
uncracked section properties for all elements.

&) 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.

=Z+1 IMaterials

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
éome mill reports for some of the Japanese reinforcement. For the analysis,
attempts were made to originate rvealistic stress—strain curves from this sparse

data.
Z+1+.1 Concrete

The concrete to be used in the prototype was specified to have a Z8-day cylinder
strength of 3350 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 (41, In'Fig.?..l, the derived concrete stress

~strain curves are illustrated.

For the beams, the concrete was 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 columns, 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, Steel]l Reinforcement

From the Japanese mill reports on samples of D13 and D22 bars, the average yield
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stress was 59,25 ksi, and the average breaking stress was 25.0 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 40 ksi, and a breaking stress of 35 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 &40 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 figuras and in the following discussion are metric
siztes,; wheve 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,
ZeZ Cross Sectionmn Analysis

The strength, stiffness, and ductility of the beams, columns, and shearwall were
derived through the use of the computey program RCCOLA {71, This grogram 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 forces

throughout the cross section, and sets the convergence limit as one kip.
ZaFa1l Beams

The typical beam cross section is given in Fig.2.3; and the beam profile is shown in
Fig.2.4, These details repregsent all the beams of Frames A, By and C. The layout of
the principal beam reinforcement,; as shown in Fig.2.4, satisifies all of the
requirements of the code, including the requirement that the positive moment
capacity at the face of the support be at least 30 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. For this analysis; 2
total width of 40 inches was used; which will result in an intermediate strength,
much less than that which would be obtained if a renter—to-center slab width (218

inches) was used, This full width could only be considered effective if the whole



heam~slab system is very ductile, thus all the slab steel could yield and contribute
to the maximum strength.l3] For the determination of the positive moment
strength, stiffness, and ductility, the same 40 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 2,2 and in
Fig.2.3+ 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 ignoved unless ptherwise indicated.) The fact
that the positive moment strengths from RCCOLA are larger than those following
ACTI 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.2:3; a slightly simplified moment—average curvature relationship
for each cross section type within the typical beam is presented. The moment
curvature relationships are simplified by uvsing the transformed cracked section
moment of inertia to define the initial stiffness, This simplification is based on
the assumption made at the start of the dynamic analysis, that the structure had
already been subjected to a2 moderate earthquake priar 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 ACT, is 70.7 kips, the
indications are that any failures which ococur would e 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. Z.4. In this detail, two changes have been
made, First, all three of the bottom longitudinal reinforcirig bars are extended into
the supporis. The exira bar lengths have been added to avoid cutoffs in tension
zones; and to enhance the ductility of the negative moment sections at the face of

the columns. Becond, at the critical regions adjacent to the supports, special



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 buckding.
H.Ted Columns

The typical column section is illustrated in Fig.Z.7. This section, except for the
ties; repregents all the celumns of the building, The tie details for the columns
vary throughout the structure, as will be explained later. The moment-average
curvature velationships for the column at different levels of axial load are shown
in Fig.,Z2.2, The figure illusirates the typical increase of stiffness but decrease in
ductility which is associated with columns subjected to increasing levels of
compressive axial loads, The axial load-moment interaction diagram for the column
is given in Fig.Z,%, The figure shows two cwrves, 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 strengihs in the high axial load range is due to the assumption of

concrete spalling at a strain of 00035 in/in,

In modern seismic design philosophy, one main objective is to provide a structure
which will neot collapse as a result of the infrequent major earthquake. If the
structure is designed to resist strong ground maotion 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;
sheayr,; 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 Cl.lzft’. The shear force to be resisted is as
follows:

VU= (1/ LC) ¥ 125 iMa+Mb)

whers LC is the clear span of the column; and Ma and Mb are the ultimate strengths

s



of ends a and b of the column under some axial load Hu’ The moments are multiplied
by 1.23 to take into account strain havdening 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 N, it can be assumed that a shear failure will not occur in

this column.

In Fig. 2.11, the ductility of the column is plotted together with the moment-axial
load interaction curve. This illustrates clearly 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
protatype is about 300 kips (as obtained from static and dynamic inelastic
analysis), which corresponds to a ductility of about Z, It is obvious then that large

column inelastic deformations cannot be tolerated.

For the prototype, there are three different column tie details, as shawn in
Fig,Z.12Z, For all of the columns from the second story on up, the ties consist simply
of a D10 square hoop, one located every four inches along the height of the
structure. As can be seen from the figure, the hoops extend through the joint at the
same 4 inch spacing. At the bottom third of the first-story column, and for the
entire height of the shearwall boundary elemernts, the sguare ties are supplemented

with cross tiess as shown in the figurs,

In np case do these tie details satisify UBC in terms of the requirements for
confinement. In Fig.2.13, 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. Z.14, As can
be seen from the table, a hoop spacing of roughly 7-1/2 inches is required with the
D10 hoops, or a spacing of 4 inches if the hoops ave changed from D10 to DS 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 spalled 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 buckie if
the cover is lost In Fig. 2,14, computations are presented which show that a hoop
spacing of about two inches would be requived 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, which would satisify the UBC requirements, is shown in
Fig. 2.15, The significant change from the prototype detail is the raduction in
spacing of the ties in the third of the column region adjacent to the joint from 4
inches; to Z2-1/2 inches. Also, the cross tie detail shown is more effective in

confining the concrete than is the present detail,
ez e = Shearwall

The shearwall, located in the center of the structure, 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. 2.4 and Fig. .12
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 (355
percent of the panel cross sectional area, easily satisifies the code minimum {0,250

percenth

Since the wall is centrally located, 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
resulis of the RCCOLA analysis of the wall, given in Fig.2,17, show that 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 (N=740k) iz
correspondingly 56 percent greater than at the top (M=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 beams that frame into it.

It is difficult to accurately determine the shear strength of a reinforced concrete
shearwall, Components of shear in a cracked section will be carried by the
horizantal 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‘3\@?
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 1/2-scale model of the wall, the Japanese researchers reported
a strength of about 350 kips,[Z]1 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 nete that there are different philosophies concerning the way
the shear strength of the wall should be determined. For éxample, it has been
recommended by Paulay that over the length of the piastic hinge, the contribution
of all mechanisms to shear strength should be ignored, except that of the web
reinforcement 091 This seems to be a logical design procedure, since after a few
cycles of inelastic deformation, there will be littie concrete intact fo carry the
shear, Howsver, 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

wiil act as very effective dowell reinforcement.[10]

The failure mechanism of the wall not only depends on the geometry of the cross
section, but also on the way the wall is loaded, TF the wall is subjected to a large
mament which produces vizlding with low shear, the miechanisim will be completely
different than if loaded with iow moment but large shear. The way the wail
undergoes inelastic deformations will determine the path of force redistribution,
and entirely dominate the subssguent 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



flexursl reinforcement; large continuous cracks may form, and the effectiveness of
the horizontal web reinforcement will be reduced.[ 101 This may result in a sliding

failure across the plastic hinge zones, as shown in Fig.2.15.

Finally, with regards to improvements for the shearwall details, see Fig. Z.19.
Here, the only major change has heen to alter the details of the boundary elements

similarly to what was done for the columns,
P Joimnts and Anchorage

The UBC has two reguirements 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 oppasite face of the column, and terminate
in a standard 90 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 anchoved only midway into the column. This detail apparently reprasents
the Japanese practice, and would have been applicable for all of the exterior joints,
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 1/3-scale model, in order to

obtain a maximum degree of similarity betwean the models,

First; in terms of anchorage for the D17 beam bars, 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.%2 ksi, and thus may be considered to contribute 11.71 inches
to the total, The leading length of these bars is 12,94 inches; resulting in a total
effective development length of 12,24 + 11,71 = 24.4% inches, which is slightly less

than required, but probably sufficient,

The second UBC requirement for joints has to do with the way the column ties are
placed through the joint [UBC Section 2624(g)1 1. Since the prototype tie details are
rnot adeguate initially, it is clear that the joint detail is also not adequate
according to UBC, It should be noted, however, that since the present (exterior)
joint maximum shear stress is anly 4.35\/12 'y the detailing is probably adequate. The

fact that litile confinement exists within the joint is disturbing however, su a new
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joint detail for the exterior beam-column connections is proposed, as shown in
Fig.z.20, This juint design follows the recommendation of the ACI-ABCE Committee
352 on joints in monolithic reinforced concrete structures 113 Similar details
should be desigred for the interior jeints, which are confined on all four faces by

beams, and the corner joints at the top of the building.
PN 3 Prototype l.oading

For the analysis of the prototype; only the gravity loading and the earthquake
loading are of importance, Wind loading will not be 3 factor, For the earthquake
loading, only the equivai=nt lateral forces as given by UBC will be discussed in
this chapter. The response of the prototype to actual ground motions is discussed

in Chapter S,
sl Gravity loading

The magnitude and distribution of gravity loading is very important in the
nen-linear analysis of frame-wall structures, Some of the reasons for this are as

follows:

1) The pattern of plastic hinge formation depends an 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 selsmic forces. The subsequent response of the structure
will depend on the new stiffness, which is based on when and where the
hinges form.

£} The accurate corvelation betwssn section moment~curvature and element
hinge moment-rotation depends on the length of the plastic hinge, which in
turn depends on the distribution of moments along the length of the member,
and this can be affected significantly by the gravity load moments.

3} The initial stiffness of the columns and wall depends on the average
level of axial load present in the element during the rezponse. Bince the
load in the elements will nscillate about the gravity lpad level, thisis a
good datum for establishing the initial elastic stiffness.

4} Similar to the above consideration, the geomelric stiffness of the
axiaily loaded members depends on the initial level of gravity load in that
alemant,

The only way to accurately estabhlish tha initial gravity load distribution is by

doing a compiex three-dimensional analysis of the floor system. In fact, 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.zZ.Z1 were used to establish the fixed end forces which
were required for the non-linear analysis presented in Chapters 4 and 3, and the

UBC analysis discussed later on in this chapter.
Z+%:Z Prototype Maoass and l.ateval IL.osd

The reactive masses of Fig, 2.22a include all the dead lpad of the bare structure; as
well as an additional 15 pounds per square foot reactive mases for partitions,
ceiling, and mechanical equipment, or anything else that might be tied down, The 15
psf partition, which is less than the ?0 psf as required by UBC, is used as a
compromise value hetween Japanese and U.5. practice,[1] These translational
masses were usad as input for the evaluation of mode shapes and frequencies, in
the nonlinear dynamic analysis, and for the evaluation of the eguivalent 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 proceduvre for
determining the effective lateral loads from the mass distribution results in the
lpading pattern given in Fig.2.22b. In this figure, the loads are given in terms of

the as yet undetermined total base shear, V total’

In order to determine the base shear, UBC gives the following formulal



VtotalmZIKSG I

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

Z = 14 tor a building in "zone 4",

X = 1.0 for a non-essential facility,

¥ = 0,8 or 1.0 as described later,

S = 1.0 for good soil conditions,

= 1,0/ 15YT where T is the first mode pericd of vibration, and

Tl = the weight of the total reactive mass of the building = 2501 kips.

As mentioned at the beginning of this chapter, Table 23-1 of the Uniform Building
Code gives certain requirements that a structure must satisify in order to classify
as a "ductile" moment resisting space frame. Bince some of the details given in the
priginal prototype design are inadequate, it must be assigned a BL factor of 1.0, If

the improved details are used, the EL factor of 0.8 for ductile frames is applicable,

In order to determine the factor €, the fundamential peried of vibration, T, must
be known. UBC 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 materials or framing system. This formula is?
T =0.05h, / VD

Where hn and I are the building’s height, and width in the direction of ground
motion, respectively, Using this formula, the period of vibration is T=0.475

sSeConds.

The aother method of the code is more accurate, as it assumes a first mode shape
proportional 1o the lateral displacements induced by the UBC lateval loading. This
mode shape is then vsed in a Rayleigh quotient in order to obtain the period of
vibration, Using this methed, 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 B known, the total base shear that the structure should be
able to resist can be computed. Using F=1,0 {(since strictly speaking; the frames

of this building cannot be classified as "ductile™), and taking T as 0.473 seconds
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{since the 0.45 seconds obtained from the Rayleigh analysis is a lower bound) the

value of € is 0.0747, and the total base shear to be resisted is 242 kips.
Z.0 TTBEC Latevral T.oad Snalysis

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 discussaed. Second, a very simple
vltimate strength analysis of the building is given, which estimates the relative
strengths of the extevior 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,
Z2:.50.1 I.ateral lL.oad Snalysis

The prototype was subjected to a combination of UBC lateral lonad and gravity load
where the dead load was increased by the factor 1,05, the live load was increased
by the factor 1475, and the lateral load was increased by the factor 1.4, This
inading is consistent with the assumpiion that the frames are not "ductile”, ie K=1,
The applied lateral loading, together with the resulting lateval displacements are
shown in Fig.2.23. For the analysis; it was assumed that all sections remained
uncracked, that there was no out 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, &lso; the joints were assumed to be
completely rigid. This model, except for the neglect of out-of-plane coupling,
represents an upper bound on the stiffhess of the bare frame and is the model that
was used to determine the period of vibration via the Rayleigh analysis. With these
assumptions; and the assumption that (=1, the base shear of 242 kips unfactored,
or 238 kips factored, iz also an upper hound. OFf course, the lateral displacements

shown in Fig.2.,23 then represent a lower bound for displacements.

The forces developed in the frame meambers as a result of the laterai loading of
Fig.Z.23 are shown in Figs Z.24 and 2.35: In Fig .24, the beam moments (at the face
of the supports) are written over 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. Mote that for Frames & and G, 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 B 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.Z.25, the moments, shears, and axial loads are given far all of the colump
alements, Here, there are twn significant goints to be made. First, none of the
columns develop axial tension loading, and second, Frame B carries 95 percent of

the total hase 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.% have been circled on the figure, For Frame B, almost all of the negative
moment sections are 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. Z.246 reduces to 0.86, and 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 vaiue, the maximum factor of Fig., Z.26

is 0,82, and the design, therefore, can be considered acceptable.

Recall from eavlier discussion, that only a 40 inch effective flange widih 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 arve ogver 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. Alsp, 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, tor the beams, it should be noted that
there is no danger of a brittle shear failure developing, since the maximuin shear

force developed (33& kips) is only 42 percent of the available strength (70,7 kips).

The actual column forces are compared to their strengths in Fig.2.27, Hers, the
axial-load moment pair for each column is shown by a dot in the column interaction
diagrams It is clear that there is no danger of column failure (for well-detailed

columnsh

Finally, it shouwld 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.
Z+:25.2 TTitimate Strenmngth of Prototype

One of the requirements that the UBC has for frames to classify as paris of a dual
bracing system, is that they be able to resist 23 percent of the required lateral
loads, See Table 2.1 In order to check out this requirement, a limit analysis was
carried out, For this analysis, it was assumed that the plastic hinges follow an
ideal elastic-perfectly plastic moment ratation 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 Chapter 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 335 kips, The ratio of the total
exterior frame strength, to the required lateval load is 2727338 or 0805, 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=407 kips.

Z. 0.0 Strenath of TWall Acting flone



The last requirement that must be met by a structure so that it may classify as a
dual bracing system (F{=0,8) 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 0.5 or 387.2 kips. Recall that the strength of this wall in shear is
374 kips without the capacity reduction factor, or 488 kips with a reduction factor

of 025,

For flexure; however, the strength requirements are not satisified, The total base
moment that must be resisted is 1642400 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
1353000 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, however, states explicitly that
only the reinfércement 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 3% percent of the factored base moment egqual to
1£2400 in-k as shown above,

v

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 artual 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 ocourring in the wall,
Zis Discussion of TUBOC 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 liey of the existing details, B 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 laterval 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 lew guarantees a good flexural yielding mechanism in these
members,

3) The {well-detailed wall} should exhibit excellent ductility, and 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 addressad is whether or not the conceptual design of the prototype iteelf 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, sach exterior frame is capable of carrying a total
134 kips of lateral load. This would sesm to be good design because; under
moderate ground moticns, most of the forces would be taken elastically by the
shearwall, 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 402 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 T=0.47) 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,



Finally, this question should be asked { Why does the UBC allow a ¥ factor of 0,47
for framed structures, but only allow a B of 0.8 for frame-wall structures?
Apparently, UBC assumes that the shearwall 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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CHAPTER 3

ELaASTIC PROPRTIES OF PROTOTYPRPE

. Intraduwuction

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 protatype 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 lnading. In Chapter 4 a flexibility matrix
will be presented for the structure with a plastic hinge at the base of the
shearwall and this matviz will be compared to the matrix for the wncracked

structure first presanted in this chapter,
3s1 Description of Prototype Flexibility

The flexibility matrices for the prototype were obtained through use of the SAP-8C
structural analysis program. All of the properties of Frames & and ¢ {they are
idantical) were added to form a new frame, henceforth termed 47, which is twice as
stiff tand strong) as Frame A or C. In the analysis, vigid end zones were
considered; but the effect of flexural coupling via the beams and slabs between
Frame A‘ and Frame B were nots The effects of flexural coupling will be discussed

in Chapter &, An illustration of the assumed model is presented in Fig.Z3.0 showing



the general structural topology and the rigid end zones. The dashed lines between
Frame A’ 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 companent 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 zach matrix simply
indicate the story level at which the unit farce was applied. The integer indices
along the right hand side indicate the story level at which the resulting

displacement was measurad,

The first matrix, for Frame A’ 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 displaéemen’c of about 3% inches abpve 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 vesult is a displacement profile for
Frame A’ with a 1000 kip force at each level: This profile, which has been
normalized to a maximum displacement of one inch, 15 shown in Fig.2.2-4. The

result is typical of plane frames.

For Frame H, 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 any one
level, The displarement profile for Frame B with a uniform lateral load is given by

the curve B in Fig.3.Z. 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. NMote 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 A’ and Frame B are shown in Fig.3.3,
wheve the total structure was subjected to a uniform lateral load of magnitude
4321.% 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 ma&mQ,
the shearwall of Fram2 B is carrying 412 kips, which is 246 percent of the total

amount,

There appear to be three major components invelved in the elastic force
distributions of Fig.3.3. First, the reverse load of 21.6 kips at the top of Frame B,
second, the large force at level 4, and third, the large force at level one of Frame
B, Equally as important are the counterparis of these forces acting on Frame A‘, It
is obvious from looking at Figs 2.2 and 3.3 that these interactive forces come from
Frame B forcing Frame & to displace in a "cantilever mode." This is further
illustrated by the superposition of forces shown in Fig.3.4. Here, Frame A’ 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 -21.7 kips was applied at level &, 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 vather bhad. The
application of the -40.Z kip force at level 1 corrects this, and the final
displacement profile is very nearly approximated, with the maximum being 14

inches, compared to the exact value of 1.7 inches.

1t is intsresting to compare the flexibility matrix obtained analytically with that
obtained by the Japanese during the testing of the full-scale model [2] This

experimental flexibility matrix, as shown in Table 3.3, is quite different from the
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analytical matrix , 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 structure, and that the
omission of frame to frame flexural-torsional eoupling may be an important source

of error,
el MMode shapes and Frequencies

The elastic mode shapes and frequencies for the prototype were evaluated by the
SAP-20 program. The elastic propevties as dascribed in Section 3.1 were used,
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.3.5,

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 buildings, ‘lf‘1 ! 'I‘2 = 3,0, 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
instance, assume the beams are all very rigid as compared to the columns, In this
case, we have a shear building, where the ratio of 'I'1 to TZ is 3.00, Next consider a
building with very rigid columns as compared to the beams, In this case, we have a
cantilever structure with the ratio of '1‘1 to 'I'2 equal to 63, Any real structure with
uniform mass and stiffness should remain within these bounds, For the prototype
structure, the wall is quite rigid as comparad to the beams and columns, so a ratio

of 4.5 should not be too surprising.

Recall from Chapter 2, Section 2,4.Z, that the first mode period of vibration as
calculated from the Rayleigh gquotient was about (.40 seronds, which is
significantly less than that shown in Fig, 2.5 for the cracked structure. The reason
for this, of course, is that in Chapter Z the =lastic properties of the structure were
dervived from the assumption that the sections remained uncracked. When the
uncracked sections are considered in computing the periods, the values indicated
also in Fig. 3.5 are obtained, The period for the first mode is very close (0.47 secs

vs 0,45 secs) to that obtained in section Z.4,2,



CHAPTER 4

STREMNGTH UNMDER MOMNOTONICALLY
THNCREASING IL.ATERAIL L.OAD

G, Imnmtvoduction

Ir this chapter, the behavior of the structure as subjected to a monotonically
increasing lateral load is discussed. The respanse 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 earthguake loading is much more complicated
than the inelastic response tn a static Inad, since the effects of inertial forces and
damping need not be considered in the static analysis, Also, the statiz analysis
gives an indication of the way the individual frames share the lateral load and the
way the tntal structure vreacts 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. &ny strange phenomena that ocour in the (very uncertain) dynamic
anaiysis that do not occur in the static analysis may lead to the source of any

problems encountered with the dynamic analysis,
4.1 Static Load to Collapse Snalysis

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 columns, beam and column rigid end zones, slaved degrees of
freedom, geometric stiffness for the columns, and uniform gravity load distribition
for the beams.11531 A new maodification enabling the use of (kinematic)
strain-havdening, was made to the program, together with improved input—output
options. This latest version of the program has been termed ULARCSE, and a

complete users manual has been prepared,{14]

ULARCS 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 hing‘e will form. The analysis is continued until the maximum global
displacement exceeds some input limiting value, or the number of iterationé as
sperified by the user has been exceeded, The program assumes all elements have

unlimited strength and ductility..
a4 .2 Element Yield SurfFaces

ULARC?Z provides a4 single vield surface type, which 1s for a general beam-column
element, The input parameters for this element are illustrated in Fig.4.1, If a beam
element is desived, the program will ignore the axial strength parameters and

assume the simple yield surface of Fig.4.Z.

The yield surfaces input for this static load to collapse analysis are shown in Figs.
4,3 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 stiffnresses are also assigned. In Fig.4.4; 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 stiffress. in general, these strain hardening stiffnesses
were taken '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 pasitive moment stiffness 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 negative moment deformations,
4.3 Results of Colilapse Analysis

In this section, the results of two different analyses arve reported, The first is a
static load to collapue with a monsotonically increasing upper triangular “first

mode” lateral loading, The second is similar to the first, except that a uniformly



distributed lateral lnad was used. In both cases, gravity loading was applied as the
firet load increment. In hoth of these analyses, the effect of geometrig stiffness
on the columns and wall were ignoved. Later on in this chapter, another analysis is
presented in which geometric stiffness is considered, and is compared to a similay

analysis without geometric stiffness.
4.l Forvrce—Displacerment Responocs

The response of the stvucture {o the triangular and uniform lateral loads is
iliustrated by the force-displacement curves of Fig.4.7: The response is nearly
linear up until the time the shearwall hinges, with the slight nonlinearity bazng dua
to the rormation of plastic hinges in some of the beams of Frame B prior to the
formation of the wall hinge. &Fter the wall hinges {in a flexural manner), the
structural stiffness decreases vather dramatically (by about 40 percent); and
further losses of stiffness are due to flexural hinging of the remainder of the

Frame & and B beam slements.

The marimum shear force gevelopad in the wall was 471 kips for the case of uniform
lcading. This is somswhat less than the capacity of the wally, which is about 574
kips according to the UBC. This indicates that a fleyural vielding of the wall has o
take place. For this reason it is important to determine whether the structure can
supply the overall displacement ductility (ultimate displacement / yield
displacement at first story) of about 1%, as indicated in Fig 4.78. It will be shown
in Chagter I that this ductility can be supplied and is controlled by the ductility of

the wall and the heam negative moment plastic hinges,
p=]

The fact that the structural overturning moment due to the triangular load is 50
percent larger than that of the vnitorm load (For ¢he same total base shaar)
explains why the wall yields at a lower total lateral force for the triangular load.
&lso, the displacement increments for equal force increments are larger for ¢he
triangular loads, which explains why the initial stiffness for the triangular loading
is lesz than it iz for the uniform load. Finally, it can be deduced that the lowey the
resuitant of the lateral forces, the higher the yield strength of the siructure; and

the higher the initial tangential stiffness in the Vg Vs c%_ diagram.

The fact that the shear wall yields at 2 displacement of approximateley 2.7 inches



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. 4.8 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 4’ remains almost constant. Note alsa,
that the distribution of interactive forces is very similar for the triangular load
and the rectangular loading, indicating that the interactive forces between Frames
& 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 distribution of interactive forces is almost the same for both
lnad 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 daminates 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 loads.
G4.=Z.2 Plastic Hinge Formation

The sequence of plastic hinge formations is given in Figs 4,10 and 4,11 for the two
load cases, The hinge patterns are almost identical. The most significant differencs
is that the wall hinge forms slightly sooner (with respect to when the other hinges
form) for the vrectangular 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,



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
the left end, or the 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, Bince 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 hingas 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 incvements at the right end of the beam, The
next major group of hinges to form include the left ends of the beams of Frame 47,
The center bay beams hinge first under positive moment since the span is smaller
and the effect of gravity loading iz less. Also, recall that the positive yield
momeant for these beams is roughly equal to one-half the negative moment capacity.
The remalining hinges form somewheat randomly through Frame &% and then Frame B,
NMote 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 A7, which
hinges é65th ). This is a2 desirable result, indicating that a sidesway failure mode
will occuyr only after all of the beams have hinged. In Fig 4.1Z; the maximum plastic

hinge rotations resulting from the triangular loading are illustrated,
4.4 Effect of Wall Hingimng omn 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 befare, This is completeley
consistent with the results shown in the right hand side of Fig.4.%, which shows

KT going from Z34 kips/in to ¥1 kips/inch,
4.5 Analysis of the P—Delta effect

In order to study the P-Delta effect, a ULARCZ analysis was made in which the
geometric stiffness of the columns and shearwall was included. The loading was
gravity plus a uniform lateral load. The response of the structure  including
P-Delta is compared to that without P-Delta in Fig«.13, As can be ohserved, 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 about
% percent more, The conclusion heve is that the evrors introduced by leaving out

P-Delta are insignificant with respect to the overall response of the structure.



CHAPTER 5

RESPONSE OF PROTOTYPRE
TO EARTHQUAKHE LOADING

el Introduction

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 responde to major around excitations.

2} Determing the sequence and magnitude of ground motions to be used in
the 1/5-scale model shaking table tests; and gather data on the magnitude
of forces, displacements, rotations, and accelerations that will ococur, such
that instrumentation for the 1/5-scale model may be properly designed.

b P Monlinegary amnalysis WUesing DRSS TN ZI0D

Befare 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-ID,; developed at Berkeley by Kaanan and Powell [171, 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 joints, 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, equilibrium is based on the
initial configuration of the nodes, thus large displacement effects are ignored. It
is possible, however; to include a linearized geometric stiffness in order to
approximate any P-delta effects due to large lateral displacements. The basic
analysis procedures, together with a description of the local element modeling will

now he given.



Tiel+l Step—by—Step Analvysis Procedure

DRATIN 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
gquations, the mass matrix, M, is strictly diagonal (zevo entrizgs possible), and
the damping matrix, C, is assumed proportional tc the mass and the tangential

stiffness matrix, X, ., It is possible to base the damping on the initial stiffness

t
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,.[ i8]

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 vield 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 fraom the true
response. The DRAIN program uses 2 "modified forces" procedure to approximately
correct the equilibrium errovs 171 The incorrect displacement increment is
assumed to be the true displacement, and the equilibrium is "satisified” by adding
a corrective force to the load verctor 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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Z.1.F Element Froperties amnd Bebhawior

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-—
calumn element was vused., 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 ULARCS, 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 [(201. 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 vielding 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.
Z:17) that the level of axial ioad in the wall 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 axial load in the
wall remained velatively 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 remoaving the symmetry of the structure and causing

the axial load levels in the wall to vary throughout the response.

_‘35..



S5.¥ Froperties of the Analytical Model

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 Z, These properties will not be
repeated here, Note that the effects of geometric stiffness in the columns, and
shear deformations in all of the alements were ignoved in this analysis. Alsp, as in
the ULARCS analysis, the effect of out of plane frame to frame flexural-torsional
coupling, via the slab-beam floor system connecting Frames A and C to Frame B,

was not included,
2.Z.1 Damping

As mentioned earlier, the equivalent viscous damping was assumed to be

proportional to the mass and tangential stiffness:

Ct=ar VL -+ bx I{t(t)

where in this analysis,
a=14% and b=0,00094

With these values of a and b, an average of 4 percent damping was provided in the
first three modes, (Only as long as the structure remains elastic, since changes in

Kt will cavse changes in )

u

+ 2 Selectiorm of Time—Step

The time-step used in the DRAIN analysis of the Prototype to both ground
gxcitations 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 this analysis, a timestep of
0,02 was used, and compared to the results from a similar analysis with the ¢,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 with a time-step of 0,000 seconds should be carried out, but



the results of such an analyvis 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,
e Introduction to the Resoults

In this analysis, the basic assumption was that the prototype structure had already
been subjected to some minor serviceahility earthguake prior fo 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 included, 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 gqood 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 occurving in the computer
during the solutien of the incremental equilibrium equations. Hopefully, however,
thiz analytical response will give a clear 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—-Ouki [MO1]
garthquake, which was normalized to a maximum acceleration of 0.34 g. &
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 earthgquake record [DPDJI. This record was normalized to a maximum
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acceleration of 0.40 g, as shown in Fig. 5.6« The DPD sarthquake has some very long
pulses associated with it, in particular one that starts at time 2.04 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 1.3 times those of the
maximum cccurring 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 DPID may be relatively much greater. This is confirmed

later,
Se4.1 Ovrvginizatiomn of the Results

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 DFD
analysis, this pulse lasts from time Z.4 to 4.0 seconds, For MO, three pulses are
studied, 2.4 to 3.6 seconds, 7.0 to £.2 seconds, and finally 10.4 to 11,4 seconds. In
each of the three pulses for M(), 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 sach story and the coniribution of the shearwall plastic hinge rotation
to the overall displacements.

) Plots of the story shear forces and the story overturning moments for
the total structure and the individual cantributions of Frame A, 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} Dizgrams 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 sither new, loading, or unloading.
These plots; however; are not included within the body of this report. They have
heen bound separately and can be obtained from the author [2Z1] After all of the
data has been presented and discussed for each earthquake, the responses will be
compared and the important differences analyzed with respect to the overall goals

given at the start of this chapter.

U

P Prototype Response to Mivagi-—0ki

"
i
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21 Discussion of Overall REesponsSe

The overall response of the prototype to the Miyagi-Oki ground 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 3.17. The maximum lateral displacements
{at level 7) are &34 inches at time equals 7.4% seconds, and -7,03 inches at time
equals 10.87 inches. From Fig. 9.14, it can be seen that the maximum positive ov
negative displacements at each level occur practically at the same time, 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 story, in fact the
inter-story drift indices above the second story remain almost constant. It can be
concluded, therefore, that when displacements are at their maximum, the "rigid
body" rotation of the shearwall, 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 occurved at
time equals 3.14 seconds. At this time; 22 percent of the shear is taken by Frame
A’, and the remaining 77 percent is taken by Frame B, which includes the shearwall,
The shearwall itself absorbs 547 kips at this time, which is 71 percent of the total,
and 7% 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 vield either in flexure or in shear. Alsg, the maximum base shear of 547

kips in the wall resulis in a unit nominal shear stress of about 401 psi or é-.%vfi'



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 &', because the votations
developed in Frame B are larger than those in Frame A’y The maximum shear
recorded in any beam was 27.22 kips; resulting in a unit nominal shear stress of
about 115 psi, or only 1.E:/;1vffc’, which is sufficiently low to guarantee good
hysteretic behavior, Figure 3.18 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,5.17) Recall that when determining the beam strengths, only a 40 inch
flange width was assumed, thus the strengths could be considerad 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 shearwall 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)
TaT.Z Analysis of Response to 3 Pulses

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 ocour 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 preduces "negative®
displarements and forces. The signs of the forces are of course relative, and in

this discussion; positive is taken as from left to right,

DTl Pulse One (MO1)
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The first pulse studied lasts from time equals 2.4 to 3.4 seconds {see Fig.D.7} and
includes the first vielding of the structure. & summary of the important response
parameters is given in Table 3.1, In the first part of the pulse, the structure is
responding to an incremental velocity of approx. -19% infsec, and a maximum
ground a-celeration of 0,207 g. During this first part of the pulse, the structure
yields far 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.Z0 the number assigned to the black dot representing the plastic hinge
indicates when that hinge formed relative to the others. For example, 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. 9.19 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,[21) 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 3044 in/sec, and a maximum acceleration of 0251 g,

The maximum base shear developed in the structure during the entive response is
747 kips, and occurs at time squals 3,17 seconds, during the second part of the
puise. The shear of 547 kips in the base of the shearwall is also a maximum for the

entire response.
F[BeTEeZ Pulse Two (HOZ)

In the second pulse studied, which lasts from time equals 7.0 to &.2 seconds, the
incremental velocity for the first part of the pulse is —34,8 in/sec. and the
associated acceleration is -»24 g. In the second part of the pulse; the incremental
velocity is only 25,7 in/sec, but the associated acceleration is 0,34 g, which is the
maximum value for the ground motion used, In Table 3.Z, the response values are

summarized.

_41_



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 that 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
&'

At this point it is interesting to note that the pulse which is associated with the
peak acceleration of 0.36 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 0.34 g

portion,

The roof displacement of 4,35 inches; which occurs at time equals 7.44 seconds, is
the largest positive displacement otcurring during the entire response. Associated
with this large displacement are relatively large overturning moments for each
component of the structure, the total being 374,000 inch kips. The base shears
developed in the structure at time 7.2 seconds are only 84 percent of the maximum

value observed in the first pulse.
D5:50:.2.73 Pulse Three (MHMO3Z

The third pulse studied lasts from time equals 10.4 to 11.4 seconds, and is
different from the other two pulses, because the negative response ocours 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 0,334 g, while the second part of the
pulse has an incremental velocity of only 254 in/set, 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, 5:2Z. In this case,

the behavior is very similar to that occurving during pulse two,



The maximum negative displacement of 7.02 inches, which ococurs at time equals
10,37 seconds, is in magnitude the largest displacement recorded in the analysis,
Associated with these displacements, are the largest overturning moments of
282,000 in—-k, which also occurs at time gguals 10487 seconds. The maximum base
sheay recorded during pulse three is 644 Rips, and is 84 percent of the maximum

which ccours during pulse ones
F.TeE.8 IDismcussion of MO HEesponss

For zach of the three pulses, it is the shearwall that hinges first, followsd by the
beams of Frame B, and then the beams of Frame A% This hinging pattern is very
similar to that devived from the ULARCS analysis of Chapter 4; except for the fact
that in the ULARCY analysis, the wall did not hinge first. This hinging progression
iz mainly 2 function of the rigid body votation of the shearwall, as explained in
sgction 4.2,2 of Chapter 4. It is not entively clear why the wall hinges ab different
relative times for the dynamic analysis then it doss for the static analysis, The
trend From the static analysis was tnat the lower the location of the resuitant of
the applisd lateral forces, the sooner the formation of the wall hinge. For the thres
pulses studied here, the resultant of the "inertial forces” was always hetween that
of a (TBC) triangular load and a uniform Ioad, thus indicating that the wall hinge
should have formed seventh or eighth (23 comparad o the ULARCS analysist. Such
comparisons ave difficil to justify, however, due to the extrems complexity of the

dynamic interaction between wall and frames.

This dynamic interaction just described is very interesting, so it is now discussed
in detail. In Figures 522 through 5425, a distribution of the base shears developsd
in Frame A'; Frame B; the shearwall, and the total structure, iz plotted as a
function of time; fovr the three pulses respectively. At the bottom of the figures;
the ground accelerations and the lateral displacement at the fivst story are also
plotted against time, except here tha curves ave normalized so that they have a
maximum value of 1.0 during the pulse. From these figures, two things are
immediately noticed. First, the shears in Frame B and the wall are always
dominant, and second, the shear in Frame &’ is almost proportional to the lateral
displacements at the first story, The fact that the shears in Frame B are so large

has been well documented, so this will not be pursued further, but it should be
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noted that while the structure remains elastic Frame B takes about 75 percent of
the shear:. Only when the wall yields does Frame A’ begin to absarb more shear, up
to a maximum of about 22 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 phenomenan, 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, 5.2¢ to
3:28. 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 521, Here the
force-displacement relationship for Frame A’ is no longer linear, and while the
loop for the total structure proceeds in a clockwise manner, the loop for Frame A’

is countevrclockwise,

The reverse lpops for Frame A’ as displayed in Figs 529 to 531 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, éince the stiffness of Frame B, which is
dominated by the stiffness of the wall; is much greater than that of Frame &', it's
stiffness will decay at a greater rate than that of Frame A‘, thus making that

frame relatively stiffer after each cycle.

Even though the curves far Frame A’ in Figs. 5.26 to 5,23 appear linear, in fact,
there is some minor nonlinearity present, which becomes noticeable only by
calculating the slope of the curves. In esach case, the average slope is about 240
kips per inch,; 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 net yield. For this reason, this near linearity seems reasonable for the

curves of base shear versus first story displacement for Frame A’y
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One further comment on the turves of Figures .24 to 531 is that the loaps in the
figures should not be taken to be a measuve of the enevgy dissipated ov absorbed
by component frames of the structure. This is true because the base shear maving
threugh either the first story or the roof displacement is not vepresentative of
the total wovrk being dong hy the structure, The only trus measure of this is the
summation of tha energy dissipated by all of the glastic hinges in all of the beams

d the shearwall,

In the separate volume of plots, the stary inertial forces are plotted along the
neight of the structure zvery fourth time step. In these plots, the length of the
vector which indicates the foroe divection is proportional to the magnitude of the
force. These force distribotions give a good indication of the romplex nature of the
dynamic frame wall interaction. For convenience, nine of these plots are reprodured
as Figures 5,37 to 524, These plots indicate the distribution of elastic forces just
priar to the wall yield, just after the wall vield, and at maximum displacement for
gacn pulza. (For the first pulse, the second part of response is useds) In all of
these plots, the general tendency is for the interaction to be dominated by the
large reverse fovoe present at the top of Frame Bs This is exactly the same a5
woticed in the static load to collapse analysis of Chapter 4. See Figures 4.8 and 4.9
for comparison. i the case of the dynamic loading, however, the magnitudes of the
force differ from pulse to pulse, but the general arrangament of the forces is the
sama, Also, note there i no sudden redistribution of force from Frame B o Frame
A7 onre the ehearwall vields, but rather a gradual transition, At this stage of the
response, the force redistribution seems to be move of a function of overall
displacemant than of the relative stiffnegsses of the individual frames. 1% is alsc
interesting to note that although the total shears ave nearly the same after
vielding and at maximum displacement, the wall and Frame B carries a smaller
portion of the total hase shear as compared to the pre~yielding or just yvielded

state,

As a final indication of the lateral force distributions, the inevtial force profiles
for the total structure ave shown again in Figures 5,33 to 337, In these diagrams,
the maximum forces arve all drawn as positive, so they may mora easily be compared,
In sach figure, the time at which different events ocour are clearly indicated. Two

items are worth mentioning!



1} The later the pulse, the less spread out over time the events ococours To
be more specific, it takes 0.28 seconds for the wall to vield and unload in
the first pulse, 0,20 seconds in the sectnd pulse, and only 0,17 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 heavy, 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
occurs within a time frame of 0.12 seconds. For the tests on the 1/5-scale modal,
the time scale is compressed by the factor 1/v5, This results in the response frame
of 0,12 seconds heing reduced to only 0.054 seconds. If the data acquisition unit
scans at a rate of only one cycle per 0,01 seconds, only 5 ovr & readings will be
available for study, and the significant aspects of the response may or may not he

captured,

With respect to Fact (2); in the pseudo~-dynamic tests being carvied out in Japan,
the loading pattern was upper triangular in shape, and varied anly 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 MO, it may be difficult to correlate the

behavior of the full scale and 1/9-scale scale models.,

b YL Prototype Response to Pacoima

IDam
Sl Discussion of Overall 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

Y.
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33 thru 5.44, and the envelope diagrams of Figures 5.45 thru 5.48,

The maximum lateral displacements at level 7 are 11.14 inches at time equals 3,71
seconds, and ~5,04 inches at 3.05 seconds, From the displacement envelopes given
in Fig, 5.45, it can be seen that the maximum story displacements practically ocour
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 level 1, 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 849 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 74 percent is taken by Frame B, which also includes
the wall, The shearwall itself absorbs -414 kips, which is 70 percent of the total,
or 93 percent of that in Frame B. Note that these are not the maximum chears
developed in Frame B, or the wall, These ocrur at time equals 3,36 seconds, and are
#3537 kips for Frame B, 6428 kips for the wall, and only &93 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 £48 kips in the wall indicates that there may
be some danger of a shear failure, If a shear failure did occwr, the subsequent
response would of course be vastly different from the analysis presented, where a

flexural failure in the shearwall is assumed. Move is said about this in Chapter &

As in the Mivagi-Oki analysis, the maximum forces in the columns and beams are
escentially the yield forces plus seme 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 DFD beam moments and shears are

correspondingiy greatev.
S:5.2 Detailed Amnalvsis of a Single Pulse

This single pulse lasts from 2.6 to 4.0 seconds (see Fig, 5.38) and containg all of
the inelastic response of the prototype. & 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 g, and a covresponding incremental velocity of 54,2

in/sec; while the second part of the response is due to the maximum ground
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arceleration of ~0.4 g, 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’y 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
iz 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 5.4% and 5.30, which
summarize the plastic hinge progressions., In Fig. 351, the maximum values of

plastic hinge rotation are given.

In Fig. 3,52, a time-history of the base shear forces in the different frame
companents is given, At the bottom of the figure, the normalized first story
displarements and the ground accelerations are also shown. The general behavior
that was observed during the Miyagi~0Oki 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

&' 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's 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. 5,52 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 firet story
columns of the structure., It the base shears are plotted against the roof
displacement, the loop for Frame B is clockwise, as is the positive nortion 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 DFD



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
frame-wall interactions scocurving 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, or before and after the molumns
hinge, and at maximum displacement are shown for hoth the positive and negative
paris of the pulse in Figs, 5,39 and 556, For the first yielding of the wall, there
does appear {o be some minor redistribution ococurring after the hinge, but for the
second wall hinging the increase in base shear force in Frame A’ is large {(from 37
kips to 101 kips). The maximum base shear force developed in Frame 4’ of 277 kins
occuvs oniy after all of the colums at the base of the structure have hinged. Note
that in each case of column hinging, the columns which are being put into tension by
the earthquake 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-0Oki sarthquake if the beam
strengths had been greater.

As a final indication of the lateral fovee distributions for the DPD response; Fig.
527 showse the inertial force profiles for the total structure aver the entire time
interval of the pulse. Significant events are clearly indicated on the figure, The
same general conclusions that were reached for the MO analysis apply here, that is;
that the later the pulss, the less spread out over time the events ocour, and that in
general, the force profiles are not upper triangular. On the contrary, the force

profiles at wall yielding are very nearly uniformly distributed,

a7 Comparison of the MO and IDEFPID

Response
In order to be able to develop a structural mechanism it is necessary that

1} The wall yields

2y The heams yield
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2} The columns yield at their base,

Only the first two events goocurved during the Miyagi-Ohi 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 g to 0.34 g} is comparatively insignificant,
since the 0,34 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
controlied 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

douctility supplied. This is done in the next section,
Z.2 Ductility : Supply vs Demand

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 durtility at the critical section. The othey 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 curveture; The ideal would be to have tables where the available plastic
hinge rotations for different members (beams, 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 thege tables; is nat
available. Furthermore, even for a given designed element, i.e, of given dimensions
and reinforcement detaiiing, the available plastic hinge rotations, or energy
dissipation capacity, depends on the shear that is developed at the inelastic
regions duving 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
velatively small, Values considerably higher than those required have been

measured in tests conducted at Berkeley [1Z2,13]

The details of the method used to compute the values shown in Table 5.7 are now
explained, Since the hinge votations occurring during the DPD response were
greater than those in the MO vesponse, only the DPD ductility demands need be
discussed, In Chapter ¥ the moment-turvature diagrams for the individual elements
ware given, For these curves, it is necessary to define a curvature ductility for the

sections. This ductility, B3 is defined as follows:
| curvature at maximum concrete strain / curvature at yield

where yield curvature is the curvature at first yield, and the maximum concrete
strain is taken ag 0.004%5 for the beams, columns, and boundary elements of the
shearwall. These available ductility values are summarized in Table 5.4, Note that
several ductility values ave shown for the columns, It is important to note that

these are the assumed ductilities, assumad from the point of view that they are



based on the assumption that the main longitudinal reinforcement does not buckle,

and that shear failure will not ocour prior to flexural failure,

Since DRAIN-ZD gives only plastic hinge rotations as a measure of the inelastic
behavior of the elements, it 15 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. 558, 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!?

B =le s (Lp*cpy)) +1

c
where Moy is the curvature ductility demand
QU is the output hinge rotation

Lp is the equivalent plastic hinge length

and cby is the yielding curvature.

The envelope values of plastic hinge rotation demands,@u, for the DPD response
were given in Fig.5.51, The required ductilities, as computed from the ahove
gquation, are shown in Table 3.7, together with the other relevant quantities. For
the beam elements, there are 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 0.014 radians, These large plastic
hinge rotaticns are primarily a result of the hinge rotation at the base of the

shearwall of 001 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 0.014 radians is fixed, the

only way to alter the properties of the beam in order to meet the ductility demand



would be to use better confinement or veduce the percentage of tension steel,
Recall from earlier discussion, however, that the 40 inch flange width assumed is
already a lower bound, and that a wider flange might be more realistic. If a greater
flange width was usad, the etfective tensile steel area would be greater; and the
ductility would be reduced, It must also be kept in mind that the ductility supplied
was hased on a limiting concrete strain of 0.0045 in/in. If for the beams; the steel
in the critical vregion was better detailed; ie more ties, the confined concrete would
have a greater ultimate sivain; resulting in a grester supplied ductility, Note that
for the positive moment vegion of the same beam, the ductility supplied is far in

excess of that which is required.

The critical beam for Frame A‘ is the sixth level center bay beam; where the
maximum positive and negative plastic hinge rotations are ¢.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,
theretore; 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 12.%, 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 =hear stresses are smalls

Although the response to the Miyagi-Oki record requires more yielding reversals
than Dervived Pacoima Dam, it is clear that there is no problem in supplying the
requived ductilities for the MO ground motion, normalired to a peak acceleration of

0,34 Qe

=7 Comnclusions on MO amd IDPID

Responses

Some conclusions are made with respect to which of the two earthquakes might
provide more useful information on the shaking table tests, In this discussion, it

must be asszumed that the analytically predicted responses just described give a
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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

{(movre dependable) response, still using the basic DRAIN package,

As mentioned earlier, the responses of the prototype to the two earthguakes are
quite similar before the columns hinge at their bases. Also, the degree of damage
depende on the initial conditions at the start of a particular acceleration pulse, and
an the incremental velocity contained within that pulse, In the MO respanse; 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 structure was
forced to undergo several cycles of inelastic deformation, and the progression of

damage could be more closely followed,

HWhat is needed for the shaking table tests on the 1/5-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 shorf from a data aquisition
point of view, a MO type earthquake with a greater maximum ground acceleration
than 24 g may prove to be a good salutioﬁ. Or, the 0,24 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 0,34 g Miyagi-Oki ground motion provides a response
that will permit the study of the effect of degradation upon dissipation of energy
with gseveral 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 &
HCCTRAACY OF COMPUTED RESPORISE
ey Inmtroductiom

The anpalytical response of the Prototype structure to the static loadings of
Chagter 4, and the dynamic loadings of Chapter 5, is only as good as the
assumptions made while perfoming the analysis. For this reason, it is of
fundamental importance that the possible sources of evror in the analysis be
studied cavefully, 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} Errovs associated with the local modeling of the individual elements.

3} Errors in estimation of structural loads, mass, and damping.

4) Errors associated with the numerical methods used to determine the
TETPONSe,
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.
Sl Global Modeling Evrrorvs
.1.1 Flexwural Frame to Frame Coupling

In Chapter 2, the manner in which the structure was modeled was discussed, and
illustrated in Fig. 3.1, The two exterior frames were added together to form a new
frame, Frame A7, and this frame was linked to the interior frame, Frame B, through
the use of horizontal constraints. Recall that the flexvral 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 ervor in this
building. In Fig.&.1, the two frames ave shown in a deformed configuration. Note
that here, although the joints at the tops of the intervior columns of Frame &’

displace very little in the vertical direction, the corresponding points in Frame B
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do displace due to the votation of the shearwall. In the real structure, the beams
connecting these points (the beams between Frames A’ and B) will be forced to
deform arcordingly, thus transferrving forces between the two frames, Since in the
analytical madel this transfer was ignored, the analytical model is more flexible

than the real structure: all pther things being equals

It is also important to realize that this inter—frame coupling may have a pronounced
gffect on the way the interior columns of Frame A vield., Calculations an the
response of the prototype to the DPD ground motion have shown that the axial
lnads 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 negligable in this case. These moments can be significant enough to
cause the interior columns of Frame A’ ta yield in a biaxial bending mode, Only a
uniaxial bending yield surface was assumed 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 vesponse of the prototype to a Miyagi-Oki 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, theve is no doubt that the frame to frame flexural coupling
needs to be included. In Fig, &2 a very simple flexural coupling model is described,
The basic idea hehind this model is that for a rotation & at joint I of the
shearwall, joint J will displace an amount A\, thus causing a reaction at K via the
flexural stiffness of the transverse beam. Assuming that Frame A’ has no flexural
stiffness out of plane, so no moments are transterred to that frame from Frame B,

this reaction, 1R, can be computed as shown in Fig. 6.2, If it is assumed that the

joints J and K ha\%e the same coordinates, ie Frames A’ and B lie in the same
position of the same plane, an equivalent reaction, RZ will be transmitted to K via
the fictitious beam I-K; with stiffness EIE. Setting Ri equal to R‘Z’ and noting
that there are two frames A which make up Frame A’y the neccessary equivalent
stiffness for the fictitious beam is!

- Z
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el Effect of lLarge Displacements

Since the incremental eguilibrium equations for the structure were based on the
initial topolooy, second order or large displacement effects were ignoved, Recall
from Chapter 4, however, that the inclusion of linearized geometric stiffness on the
static load to cellapse analysis had a small, but significant effect on the
lnad-displacement response. Theretore, for future analysis using DRAIN, second

order effects should be included.,
&S.1.32 FHigidity of Foundation

One of the basic assumptions made at the start of this analysis was that the
foundation of the structure is totally vigid. For the 1/5 scale-model, howevar, the
fact that the shaking table may not provide a totally rigid base must be taken into
account. In particular, there is the possibility pf global rotations and vertical
displacements of the table itself, These exira degrees of frezedom could be included
through the use of linear constraints, howevey, this would be difficult using the
current version of DRAIN, Instead, a massive support structure will have to bhe
modelled,; as shown in Fig.s2. The numerical values of the spring constants have
to be worked out: and this can be done only through studying the response of past

models that were tested on the table,

local Modeling

J

o e

B

Of all assumptions made in setting up the analytical model, those associated with
assigning strength and stiffness to the individual elements are certainly the mast
2rrov prone, In general, the analyst has to produce a bilinear moment rotation
relationship that represents the entire behavior of a particular critical region of
an zlement, This bi~linear model has only four parameters! positive moment yield
strength, negative moment yigld strength, elastic stiffness EI, and strain
hardening stiffness. Note that both positive and negative moment sections are
assigned the same stiffness parameters; and that flexural stiffness is completely
independent of the level of axial lnad in the element. In the next few sections, the

local modeling used for the prototype structure is reviewed, Errors associated with
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the modeling are discussed and methods for improved analysis are given,
&eZ.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
previpus 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 an 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 toc 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 a2 moment gradient over the length of the column with the end moments being
somewhere between the cracking moment and the yield moment (For that axial load),
the appropriate element stiffness coefficients can be assigned, as shown in Fig.
bty

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
A’y 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 sccentricities, hut 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 tha 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

spurce of ervor.
M2 ei Beam Elemesasnts

As mentioned earlier; the beam elements in DRATN-ZD 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, Fov 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-linzar model cannot exactly represent the 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 structures is full of

uncertainties, some of which arel

i} 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 ane initial, and
one strain hardening stiffness foar the entire beam,

2y For a veinforced concrete beam which is part of a frame which is being
subjerctad to lateral loadings, one end of the beam may have tension on the
top, while the other end will have tension on the bottom. In this case; the 2
by Z element stiffness matrix iz not doubly symmetric, but rather biased to
one side (ie the k,, term is greater than the k., term), When the signs of
the moments change, the bias should switch & the other direction, This
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effect is completely ignored by DRAIN.

%) DERAIN 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 stiffrnesses 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. What must be done; is {o determine which aspects of the behavior of
the elements are the mpst 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,
e ZFsZELy1 Imitial Beam Stiffness

The initial stiffness of the sections was taken as the average 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
eftect on the overall lateral stiffness of the structure is signiticant, as
demonstrated by the flexibility matrices presented in Table 3.2, which shows Frame
A’ heing only slightly more flexible that the wall alone. OF course, this flexibility
matrix for Frame A’ 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 stiftness only are measured.

In any event, it is necessary that a better representation of the beam initial
stiffness be dervived, 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 move accuvate beam stiffness can be determined than
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derived from the transformed cracked section alone, See Fig, 6.5 for an illustration

ot the proposed method,
SiZ.Z.2Z Stvain Havdening StifFfrness

Once all of the beams have hinged at both ends in Frame A, 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, it is the increase in moment beyond the yield moment
that determines the plastic hinge length, thus strain hardening is important in
estabishing the actual strength as well as the ductility demands of a particular
critical region, For these reasons, 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
pardening stiffness was used to model the inelastic behavior of the beams. Thus, in
the negative moment regions this stiffness was overestimated, and was
underestimated in the positive moment regions, If the relationships between
curvature ductility and plastic hinge les~gth (see Chapter 5, Section 8) can be
assumed to be at least qualitatively accurate, it can be shown that the practice of
using the average sirain 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 overestimated,
too-large moments will ocour in those regions, Bince the higher negative moments
will produce longer plastic hinges, the computed curvature ductility requirements
will be too iow. In the case of the beams for Frame B, this can be significant since
it was the negative moment regions of these beams that came the closest to being
unable to supply the required curvature ductility. This, combined with the fact that
the supplied ductility for these sections might have been overestimated due to an
(assumed) tno navrow flange width, indicates that there may be some problems in
artually achieving the amount of deformation reguirved in these regions during the
DFD esarthouake,

EaF L F R Positiwve Moment Stremgihs

The positive moment yield strength iz 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 frame overturning moment, Mate that if the above idea
is used, the tomputed ductility demands for the section will be altered. This should
be of no concern, however, since the positive moment ductility demands are easily

attained,
GeZe 28 Negative Moment Stremnath

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 i the strength of the beam that determines the axial loads in the
columns, and the overturning moment developed in the frame, especially Frame 4,
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 lnoaded in tension (due to
the earthquake lnading alone) that yielded first, it is clear that using a beam with a

larger negative moment strength could drasticaly alter the response.
LeZeeZeS The Takeda IModel

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



certainly represents an improvement over no degrading stiffness, it still leaves
much to be desired: The main problem with the model is that it poarly represents
the behavior of 2 T-beam as responding to cyclic load reversals, Compare, for
axample, the response of a typical beam element from the Miyagi-0ki analysis, to
the force deformation velationship obtained from the testing of a 1/2-scale

beam~column subassemblage in which the weak (controlling) element is the beam.
These curves are shown in Figs 4.4 and 4.7 vespectively, There is essentislly no
similaritys The response from the sub-assemblage tests displays a pronounced
pinching on the hysteresis loop and there is even distinct pinching in the first
tycles of loading, as is typical of T-beam sectione, since the large cracks which
open up during application of loads produring tension in the bottom of the section
do not close 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 loap of Fig.&.7 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 divectly, 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 modelL23,241
SHeZe3 Shearwall Elements

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 made, the response of the
prototype as described in Chapters 3,4,and S is probably representative of the way
the actual structure would behave, at least on a global basis, On the other hand, if
the shearwall 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 af the likely behavior of the shearwall with regards to
flexural ar shear yielding. First, if the nominal shear stresses in the wall exceed
about 7\/?1’, or 434 psi, and the wall has undergone several cycles of inelastic

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,[¥] This sort of failure
{see Fig,Z.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 e’:-.4?\fc’, {the shear stress is based on an
effective area in shear of the wall equal to 0.% times the gross area of the panel,
or 1343 inz.) Note however, that this occurred during the first cycle of flexural
inelastic behavior, so it may or may not be an indication of impending shear failure.
For the second pulse, however, the maximum shear was 300 kips, resulting in a
shear stress of 374 psi or 5.‘5‘\/1?‘:’. This was preceeded by several cycles of flexural
inelastic behaviors 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:: ‘s

For the DPD response, the maximum base shear developed was 648 kips, resulting
in a stress of 475 psi, which is Y.é-é.\/{:_c’. Here again, however, this occurred during
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 JTapanese pseudo-dynamic tests. In the first of these tests, the uncracked
structure was loaded with an upper triangular distribution as shown in Fig.é.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.4.8h.

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. &%, the base of the wall would
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develop increasing shear and mement until one of the two components yield, The
shear—yielding would be produced by the yvielding 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 yieldirg would ocours This indicates the necessity for

spme tyne of degrading stiffness mechanism in the shear springs.
a8 Conclusions on L.ocal Modesling

In the previous discussion, it has been shown that the modeling procadures 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.

Z) Modelling of the base of the shearwalil 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,

.2 Structural Tloads;; Mass, and Damping
MHaZed Lloads

For the analysis reported in Chapters 3,4,and S, 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 lieuv 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 special
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,
N . VI

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 ervors 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.
SEaFZ.E Damping

It is difficult to accurately assign a2 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 & percent is probably good if the assumption that the structure was well
cracked prior the occurrence of the major earthquakte 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 2.2% after major excitation.[2]

Recall that the damping used in this analysis is Rayleigh propartional damping, and
is taken as proporticnal to the diagonal mass matrix, and the tangential stiffness
matrix, From this point of view, the damping will decrease as the structure goes
through the cycles of inelastic behavior, because the degrading stiffness model will
reduce the stiffness of the elements each time the element yirlds, This is
inconsistent with observed behavior since, in general; the damping will increase

-



{most likely due to displacement dependent Coulomb friction forces) as damage
progresses, For this reason, in future work, the damping should be made

praoportional to initial stiffness, and not tangential stiffness,
.4 Mumerical Evrors

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 ervor, 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 corvective forces, and the more accurate the response,
For the prototype, however, it is possible for large equilibrium ervors to be
introduced once the shearwall hinges. Subsequent to the yielding: an impulsive
mament and shear is added to the first story of the shearwall. Although difficult to
verify, it is felt that in some instances, this corrective force may momentarily
overwhelm the response, Two illustrations are given. In Fig. £.10(a) 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.4.10(b) Clearly, this corrective force is having a large

influence on the subsequent response.

The best way to avoid these types of ervors is to reduce the time step until such
large equilibrium corrections are avoided. Another method, that may or may not
wark depending on the displacement increment, is to subdivide the base of the
shearwall into several parallel elements, as shown in Fig. 4,11, As can be seen, it
is possible that for a given displacement increment, A o the correction for a single
element is much larger than that for the multi-compeonent model, Note that if A r 15
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.{24] 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.



CHAPTER 7
CONCIL.USIONS AND RESEARCH NEEDS

T« Imtroductory Remarks

In the previous five chapters the design and the behavior of an analytical model of
the reinforced concrete Test Building for the USA~Japan cooperative research
praogram was discussed, First, the structure was reviewed to determine if it is a
satisfactory design according to the 1972 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
te 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 fer the procedures used to maodel
the elemants in the dynamic analysis, since there was simply not enough data
accumulated to form a trend ov 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 apalytical
responses to reinforced concrete structures subjected to earthquake induced

lpading.
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el Conclusions

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=0,8)
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 becavse 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 heen 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,
Higher energy dissipation capacity could be attained if the 197% UBC requirements

for ties in critical regions had been satisified.

2} 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 aliow the complete mechanism to form.

5) Although the shearwall was assumed to yiaid in a flexural mode, it may be
possible for significant inelastic shear deformations to occur. This is particularly
true for a Miyagi-Old type ground motion, since large shear forces are preceded by

several cycles of inelastic flexural deformation, including reversals.
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&1 In terms of selecting a ground motion to use in the shaking table tests of the
1/5~scale model, the Miyagi-Oki motion seems acceptable, Initial tests should be
run with a maximum ground accelevation of about 2.15 g, followad by a motion with a
peak aceeleration of about 0.4 g. The first of these twoe 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 g earthquake, a third run should be conducted under the MO

earthquake normalized to a higher pealt 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.

2) 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 particular, the use of a bi~linear force deformation relationship is
completely inadequate, since the parameters that are ysed to define the bi-linear
model are difficult to establish. For example, only the initial and strain hardening
stiffness, and the positive and negative moment "yield" strengths, are specified. In
order to accurately model the strain hardening stiffness, some accuracy must be
sacrificed in the specification of the yield moment, For T~beams, in which the
positive or negative mament initial and strain hardening stiffnesses differ, an
average must be used, and this averaging process may lead to errors in

establishing the ductility demands.

2} For the columns, local modeling errors ocour due to the difficulty in establishing
the flexural and axial stiffness. The elements are assigned & yield surface, but
this yield surface does not consider the effect of axial load on the flexural

stiffness of the columns,

10) As mentioned earlier; there is a possibility of large inelastic shear
deformations pccurring 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,
ek Future Analytical Research Neceds

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 maotions. These needs go beyond what is required
in academic research since designers need to be able to evaluate the capacity 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 mbdeling affect the response of a structure,
For example, in the analysis of the Prototype, decisions 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
nverall 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
simultanesously 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,



interaction of axial load and flexural stiffness for columns and téalls, gravity
inading, 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 research is complete, guidelines may be established for accurate

modeling of reinforced concrete structures.
T3 Future Experimental Research INesds

Finally, as an experimental model the reinforced concrete test structure is |
adeqguate in most respects, except that it may not be representative of some
frame-wall structures, especially thoss which may be reguived 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 22-1 of UBC)
HORTIONTAL FORCE FACTOR ¥ 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 ¥ shall be taken as 0.80.
@« 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.

¢, The ductile moment resisting space frame shall have the capacity
to resist not less than 235 percent of the required lateral forces.

TARLE 2.2

AMERTCAN and JAFANESE  REINFORCEMENT  FROPERTIES

METRIC BAR  DIAMETER AREA CLOSEST  AREA U.S, ARER/

SIZE {inches) (inxin)  U.5, BAR (in%in)  METRIC AREA
D10 4,394 0,122 3 0.110 .90
013 8.512 8,204 # 0,194 0.95
D1é 9.630 0.312 3 0,367 8,98
b1y 8,748 0,439 $ 0.442 1,01
D22 0,886 0.587 §7 0.601 1.02
D25 0,984 B.760 8 0.7685 1.03
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TaABLE 2.3

SUMMARY OF BEAM STRENGTHS

LOCATION FLEXURAL STRENGTH (ACT) FLEXURAL STRENGTH (RCCOLA)
+ Moment at Midspan 1961 ink 1980 in-k
+ Mowent at Support 1151 ik 1420 inh
- Homent at Support 2174 in 2137 ink

[ SHEAR STRENGTH = 78.7 kips ]



TaBLE 3.1

ELABRTIC STIFFNESS OF FRAME ELEMENTS

ITEN E {ksi) 4 (irxx?) I (inxx4)
Typical Colusn 3537 4210 5848
of Frame A/

Typical Bean 3237 X 5422
of Frame &’

Typical Column 3537 310 3424
of Frame B

Typical Beam o7 X 2711
of Frame E

Shearwall

Level 6-1 3537 2274 2,940,000
Level 1-2 =7 2270 2,808,000
Level 2-3 3337 270 2+650,000
Leve]l 3-4 3537 7270 2,490,000
Level 4-5 3537 2270 2,320,000
Level 5-4 3537 2270 2+156,000
Lelel &7 3537 227¢ 1,970,000

X Bean fAires ot used with rigid disphram assusption
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2125
16.89
12.53
8.19
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16.24
12.00
g.17
4.92
2.39
0.72
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8,531
6841
5.183
Fe 632
£e289
.14
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TABLE 3.2

JAFAN-USA FLEXTEILIYY MATRICES
DISFLACEMENTS PER

&

25,49 21,25 16.89
24.39 21.03 l&.84
21,03 19.98 146.465
1684 16.68 18,60
12:.51 12.47 12.38
g.18 8.17 &.13
3.92 J.92 3.91
FRAME B (Includes
& ] 4
10.43 7 .80 .38
8.50 400 4.57
b 60 Se1% J72
4,57 J.72 2+81
2.84 2.36 1.86
1.42 1.21 0.97
0.44 §.38 0,31
WAl.L ONLY
é b 4
16.24 12.00 g.17
12.98 9.76 G750
P76 782 S5.32
675 He32 3.89
4.12 3.31 2.50
2.02 165 1.28
0.61 0.91 0.40
TOTAL STRUCTURE =
& b 4
H.841 HL.I83  3.432
B.686 4.439 3.180
4,439 3.612 2.4680
180 2.468B0 2.094
2,018  1.739 1.419
L0229 0,206 0,763
0.326 0,291 0.251
_E;z...
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COMPARISON OF

ANALYTIOCAL FLEXIBILITY MATRIX OF TOTAL STRUCTURE

7

€8.531
G841
5.183
3.342
2259
1.140
3.357

EXFERIMENTAL

7

Z.34
1.78
1,35
.98
0.54
0,39
0,19

&

Ga 841
D.584
4.439
3,180
L4012
1.02%9
6.3264

b

1.78
1.46
1.19
.86
0.60
0.33
.15

THBLE

EXFERIMENTAL

B
G183
4.43%9
3612
2.680
1,739
0.906
0.291

G

1.35
1.19
1.04
0.76
0.55
0.30
014

4

3.362
J.180
Z.680
2.094
1:.419
0.763

0.251

.;q.

.98
.86
0.76
.64
0,48
B.26
8,12

3.3

AND ANSLYTIOAL

3

L L 3 il
2259
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1.73%
1.41%
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FLEXTIBILITY OF TOTAL
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0.464
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0,55
0,48
.41
¢.22

0.11

T
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FLEXTEILITY

2 1
1.140  0.35%7
1.049 0.326
0.9206 0.291
0,763 0,251
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§6.377 0.142
6.142 0.048

STRUCTURE

2 1
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0.33 0.15
0.30 0.14
042({1 0012
0.22 0.11
0,15 0.08
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&

w4

3

e

L3 LR N

=2



TAELE 4.1

THE EFFECTS OF INTRODUCING & HINGE INTO THE EASE
OF THE Wal.l.

FLEXTIELITY OF STRUCTURE BEFORE INTRODUCTION OF HINGE
7 & ] 4 3 2 1

.31 6,841 G.,183 3,382 Z.259  1.140  0.357
&.841  FH.586 4.439 J.180 Z.012 1.029 0.326
5.183 4,439 3.612 2.680 1.739 0,906 0,291
368 3,180 2.680 Z.099 1.419 0.763 0.291
FerHe 2,012 1.739 1.41% 1.034 0.5%0 0.202
1.140 1,029 0.906 0.763 590 8,377 0.142
0.3597 0.326 0.291 0.251 0.202 0.142 90.048

AW N

FLEXIBILITY OF STRUCTURE AFTER INTRODUCTION OF HINGE
7 & ] 4 3 & 1

I17.84 15.42 12.9% 10.45 7.93 S.41 2.90
15.42 13,859 11.59 Peab 7424 4.97 267
12.9% 11.%9 10.09 8,36 b7 4,47 441
10,45 F.464 8.36 709 0,07 3.89 Z2.11
793 724 b7 GeHF 4,49 .24 175
Se41 4.97 4.47 3.89 320 2.34% 1.31
2+90 .67 Z2.41 2.1l 1.70 1.31 8.76&

Ll AR TR R I 4 s S



TABLE .1

Mivagqi-—(Oki Pulse analysis

T=2F.40 te

e Seocomadss

ITEH UNITS Fositive Neaative
Buantity BTimes fantity  @Time=
1 Haxs Ground Ace. Zg 20.9 2¢59% 25.1 2492
2 Incremental Velocity in/sec 19.9 2:37/2,68 3046 2:69/3.28
3 Ha». Roof DlSPQ in 285 7,68 568 3.24
4 Max. Drift [12 A 0.39 2.68 0.74 3:724
S Max. Base Shear kips 473.48 2492 76740 3.12
6 Hax. Base Shear &’ kips 3.0 2.68 194.0 114
7 Max. Base Shear B kips 1540 2452 587440 312
8 Max, Base Shear Hall kips 150,90 2432 F47.0 3.12
2 Max, 0,T.M.L2] irkips 274000 2.68 376066 KR T
10 Maxs DT80 & in-kips 74188 2,68 149000 320
11 Hau. O.T.H. B irrkips 198000 2.48 223300 KIS
17 Haws 0.T.Hs Wal1 in-kips 130408 2.68 154300 3.16

Notes)
{17 Drift is inter-story drifi,

i21 0.7.4, means overturning moment



TABLE 3.7

Mivagi—0Oki Pulse Analysis
T=7.00 teo S.20 Seconds

TTEM UNITS Positive Negative
fluantity @Time= Buantity  @Tipe=

1 Hax. Eround Acc, y 1.} 24,8 7.18 36,48 7,56
2 Incremental Veloc in/sec 3.8 5,88/7.38  25.9 7.39/7.69
3 Hax, Roof Disp. in 6435 7.44 301 7.92
4 Max., Drift [1] 4 §.83 7.44 0.67 7.92
3 Max. Base Shear kips 541.0 728 5100 7.80
& Max, Base Shear A’ kips 203.0 744 147.0 7.9
7 Max, Base Shear B kips 528.0 7+28 392.0 7,80
8 Max, Base Shear Hall kips 500.0 7:28 3460 7.88
g Hax, 0,TMI2T in-kips 378250 744 329400 7.92
10 Maxe 0.T.Hs A in-kips 153718 7.44 133400 7.92
11 Mex. C.T.He E irkips 224500 744 1946200 7.9
12 Maw. 0.T.H. MWall in-kips 157106 7.44 134700 7.96
Notes)

[1] Brift is inter-story drift.

[23 0.T.K means overturning soment
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TABLE

n

Miyvagi—Ohki Pulse Analysis

T=10.40

ter 11.680 Seconds

ITEM UNITS Positive Neostive

Quantity OTipe= Buartity  @Tises
1 Mays Ground écc, y 1! 28,5 10,98 324 10,58
2 Incresental Velority infsec 25,4 10.81/11.20 35.4  10.24/18.8
3 Haxe+ Roof Disp, in 4,99  11.34 7.03 10,88
4 May, Drift [13 2 0.6 11.34 0.9 i6.88
S Maw. Base Shear kips 45,0 11,74 &44.1 10,88
b HMav. Base Shesr &/ kips 153.6 i1.94 223.0 10,88
7 Haxs Base Shear E kips 3770 11,20 497,86 10.44
g8 #Max. Base Shear Wall  kips 341.8 11,20 471.0 10.464
? Max. 0,T.H.L2] irkips 347086 11,34 387200  10.88
10 Max. 0,740 A7 inkips 1269686 11,34 156400 10,88
11 Maw. 0.T.H. B in-kips 196100 11,40 775300  10.88
12 Maw. 0.7.M. Hall inkips 136700 11,40 157900 10,88
Notes)

[1] Drif$ is inter-story drift,
£21 0.T.M: means overturning somsent
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TABLE 5.4

Dervived Pacoima IDam Pulse Analysiss
T=Z.£0 to 4.00 Seconds

ITEN UNITS Fositive Negative
fuartity BTime= fuantity @Time=

1 Max, Ground dcc. Za -40,10 3.28 +34.0 2.75
2 Incremental Velocity in/sec 913 3,04/3,70 94,2 2:37/73.04
3 HMaxs Roof Disp, in 11.10 348 8,03 3.4
4 Maw, Drift [13 i 1.39 3.48 1,02 3,04
S iau, Base Shear kips 749.0 344 848,0 2.84
6 Hax. Base Shear &' kiPS 277.0 3.68 241.0 3.04
7 May. Base Shear B kips 637.,0 3:36 669.0 2.84
8 Max. Ease Shear Wazll kips 548,10 3:34 614,10 2.84
9 HMax. 0,T.MM2] in-kips 395000 - 3.48 384000 3.04
16 Hav, O.T.He & in-kips 163600 3.68 157000 3.04
i1 Maxe 0,78 B ir-kips 233060 3.68 225008 3,04
12 Max. 0.7.M, Hall inkips 145008 3.08 159060 3.04
Notes)

£13 Drift is inter-story drifi.

£21 0.T.M, seans overturning soment
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TABLE 5.5

COMPARISON OF MO and DD RESPONSE

ITEH i8] DFD
fuantity  @Time= Buantity  @Time=
Duration(sec) 1z - 4 -
Hax Acceleration (Ig) 3 756 1] 3.78
Hax Inc. Velocity (infsec)  35.4  10.24/10.80 2 2:37/3.04
Max Roof Displacesent (in) 7.03 10.88 11,1 3.48
Hax Drift (1) 8,91 10.88 1,39 .68
Maximwm Base Shear (Kips) 767 3.12 848 2,84
Hax Pase Shesr Frame A’ 273 10.88 277 3.48
#ax Base Shear Frame B 87 3z 669 2.84
Max Base Wall Shear 47 342 £48 3.36
Hainum OTH L1 Cink) 3682260 10.68 395000 3.68
Macimun OTH Frame A7 154400 168.08 143000 3468
Haximm OTH Frame B 275800 i0.88 223000 3:68
Maximum OTH Hall 157960 10.88 145608 3,68
No. of Yield Reversals 2+ - i -
Max Beam +PHR (2] {rad) .0053 10,88 L0124 3.78
Max Bean -FHR +8087 10.88 40163 3478
tiax Wall PHR 0056 10,88 L0100 3478

{11 O means Overturning Mosent
£2] PHR means Plastic Hinge Rotation
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TABLE 5.6
AVATLABLE SECTION CURVATURE DUCTILITY

TTEH CURVATURE DUCTILITY
Bean Negative Moment 8.4
Eeas Positive Noment 3540

Column at N=130 kips 4,9
Column at N=195 kips 3.8
Loluwn at N=240 kips 3.0
Column at N=325 kips 2.4

Shearwall at N=700 kips 18.9

~ (-



TAELE 3.7

DUCTILITY DEMANDS FOR THE DFD ANALYSTS

ITEH H g L Fed Fo o Ve
{irrkips) {rad/ingh) (rad) {inches)
Center fay
of Frame 4/
£ Homent  1004.4 D.008134 6.0108 18,43 8,68 35,0
2,17

- Woment Z049.6  8.086179 0.04739 i8.12 5.6 8,40
Ext. BBB
of Frave B
+ Fomsnt  1004.0  6.000134  4.012% 21,13 F ] 35.0

Z2.89
- Moment 7049.6  0.000879  §.0143 16,31 9.B1 £.49
Shear
¥ail 150088  0.000413  8.0101 147,80 6:24 18,9 7.45

Nota!
Fed =ductility demand
)y =ductility supplied
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Fig. 2.1 Concrete Stress-Strain Curve
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Fig, 2.2 Reinforcement Stress-Strain Curve
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Fig. 2.9 Axial Load-Moment Interaction Diagram
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Fig, Z,11 Ductility Disgram for Typical Column

TIES CONTINUE
THROUGH JOINT |}, o
(TyecaL) SOFFIT ~efend
- i 1 N A
F i ]
L
™ T ;
: | ==
8 p2 - | SHEARWALL
2 - £ =4l E|  paneL
a << € b &
17 0 g — 3
3 Q s iy £
[F5] o < =3 =
o - E] - ]
" 1 o . 9
¢ ——— ‘_‘FE a e
1 H|S - -
== : :
- 1= |k ?:}: ==
] |
(a) FIRST STORY ) 2" STORY TO ROOF (¢) SHEARWALL BOUNDARY

Fig, 2,12 Typical Coluwn Tie Detzils

-101-



FROM THE UNIFORM BUILDING CODE!?

A, F, 1
S 0.3 F h \(A FA)—1
£ 9 c
ar
“Aon Fon
s C.12F h
€ c

Whichever is less, where

S  is the required hoop spacing.
-9 is the total area of hoop steel crossing a section with care
dimension Iy

Ag is gross concrete area
Ac is core area
Fyh is yield strength of hoap steel (&0 ksi)
Fc’ is the 22 day concrete strength (3350 psi)
RESWULTS
DETATL. EAR SIZE REQUIRED SFACING
inches tMm
{ 4 £¥3 (D10) 1.54 39
¥4 (D13 2.80 71
1 #3 (D10 2.31 5o
._LJ ¥4 (DLJ) 4,20 107
#3 (D10 2.63 67
¥4 (D13 4.87 121

Fig., 2,13 Tie Requivements According to UBC
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T ‘
/ )
T
i\l il
Il
\\\ |
U i < — N
T * AEC =
4
where!
db = diameter of main bar (D22}
¥ = effective length factor (varies)

E = strain hardening modulus for steel (500,000 psi)
Fy = steel yield strength

for BC == Spacing to prevent buckling =
0.5 39¢ inches
1.0 1,78 inches
240 1,00 inches

Fig. 2,14 Spacing of Ties to Frevent Buckling of Colusn Ears
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Fig. 2.18  The Hechenism of Sliding Shear Failure
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Fig, 2.2% Eeaw Moments from UBC Anslysis
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Fig: 2425 Column Forces from UEC Analysis
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Fig, 2,27 Column Momerts vs Colimn Strengths from UEC Analysis
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Fig. 7:28 Assumed Plastic Hirge Pattern for Sirength Analysis
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/ /o FRAME A (4] : 60 677 6.7
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; 40 Joie | 87
0] 0]2 Of4 OI,S OI.S ITO
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Figs 3.2 Elastic Displacement Frofiles
for Component Frames Fig, 3,3 Elastic Frame Interactive Forces
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Fig, 3.5 Mode Shapes and Feriads of Vibration
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Fig. 4.6 Element Strain Hardening Parameters
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Fig, 5.36 Lateral Force Frofile Time~History Resuliing from
Fulse Two of Mivaai-Oki Ground Motion
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Fig 5.37 iateral Force Profile Time-History Resulting From
fulse Three of Miyegi-Oki Ground Motion
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Fig, 5.38 Time-History of Roof Displacemert Resultirg from
Derived Pacoima Dam Ground Motion
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Fig. 5.40 Time-History of Structure Base Shear Resultirg from
Derived Pacoima Dam Ground Motion
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Fig. 5.41 Time-History of Frame A’ Base Shear Resultine from
Derived Pacoims Dam Growrd Motion
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Fig, 5.42 Time-History of Framne B Base Shesr Resultirg from
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Fig, 5.43 Time-History of Shearwall Base Shear Resultirg from
Derived Pacoinz Dem Ground Hotion
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Fig. 5:.44 Time-History 9’:‘ Shearwall Base Moment Resultirm from
Derived Pacoina Dam Groued Motion
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Let d)u'-- SECTION CURVATURE at maximum concrete strain
d)y= SECTION CURVATURE at steel yield
Lp= equivalent PLASTIC HINGE LENGTH
Assume PLASTIC HINGE ROTATION eu can be defined as follows:
GU = ((pu-—cpy) v I_.p

this =< /L) +

Define CURVATURE DUCTILITY Hed as!

Pcd=¢u/¢)y

then p, =L,/ (L #d 11+ 1.0

Define I...p ==d/2 + LMG

where "d" is section depth and LMG is the distance between Mmax and My for the

critical region:

MOMENT DIAGRAM

Figs 5.58 Relationship EBetween Flastic Hinge Rotation and
Curvatuyre Ductility
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Fig, 4.8 Lateral Load Distributions Affecting Wall Hineirg
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Appendix A

FPlans for 175 Scale Model of Prototype
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tumbers {n parentheses are Accession Numbers assgigned by the National Technical Information Service;
followed by a price cods,
Port Royal Road, Springfield, virginia, 2216l.
and remittance must accompany each oxder,

EAXTHQUAKE ENGINEERING rESEARCH CENTER REPORIS

these are
Copies of the reports may be ordered from the dNational Technical Information Service, T2B5
Accession Numbers should be guoted on orders for reports (PB ~== -=-)
Reports without this information were not available at time of printing.

The complete list of EERC reports (from EERC 67-1} is available upon request from the Earthguake Engineering Ressarch
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Chan - 1977 (PB 267 352)Aa04
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R.W. Clough ~ 1977 (PB

Transverse Strength of Masonry Walls,® by Y. Omate, R,L. Mayes,
277 933)A07

5.9W. Chen and
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"SUBWALL:+ A Special Purpose Finite Element Computer Program for Practical Elastic Analysis and Design
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"Experimental Evaluation of Seismic Design Methods for Broad Cylindrical Tanks,"™ by D.2. Clough
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“Earthquake Engineering Research at Berkeley - 1976," - 1977 (PB 273 S07)A09

"Automated Design of Earthguake Resistant Multistory Steel Building Frames," by N.D. Walker, Jr. = 1977
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"Concrete Confined by Rectangular Hoops Subjected to Axial Loads," by J. Vallenas, V.V. Bartero and
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"Seismic Strain Induced in the Ground During Earthquakes," by Y. Sugimura - 1977 (PB 284 2013}a04
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"Earthquake Simulation Testing of a Stepping Frame with Energy-absorbing Devices,” by J.M. Kelly and
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"Inelastic Sehavior of Eccentrically Braced Steel Frames under Cyclic Leoadings,” by C.W. Foeder and
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*rThe Performance of Farth Dams during Earthguakes,™ by ¥.8. Seed, F.I. Makdisi and P. de Alba = 1977
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"Dvnamic Plastic Analvsis
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Using Stress Resultant Finite Element Formulation.™ by P. LukkKunapvasit and
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“Farthquake Simulator Tests of a Nine-Story Steel Frame with Columns Aallowed to Uplift."” by A.A.
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"Nonlinear Soil-Ziructuce Interaction of Skew tilghway Bridges,® by M.-C. Chen and J, Penzien - 1977
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“Dynamic Stiffness Matrices for Homogeneous Viscoelastic Half-pPlanes,"™ by G. Dasquta and A.X. Chopra ~
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Study of Seismic Uplift of a Steel Frame,” by R.W. Clough and A.A. Huckelbridge

seismic Analyeis of an Offshore Structure Supported on Pile Foundations," by D.0.~-N. Licu and J. Penzien
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"Dynamic Analysis of Electrohydraulic Shaking Tables,® by D. Rea, 5. Abedi~Hayati and Y. Takahashi
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"an Approach for Improving Seismic - Resistant Sehavior of Reinforced Concrete Interior
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B. Galunic, V.V. Bertero and E.P. Popov - 1977 (PB 290 870)A0E

"The Development of Energy-Absorbing Devices for Aseismic Base Isolation Systems,“ by J.M,
D.F. Tsztoo - 1978 (PB 284 978)AC4
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"Effect of Tensile Prestrain on the Cyclic Response of Structural Steel Connections, by
and A. Mukhopadhyay ~ 1978

J.5. Bouwkamp

"Experimental Results of an Tarthaquake Isolation System using Natural Rubber Bearings,” by J.M.

Eidinger and J.M. Kelly ~ 1978 (PB 231 886)Aa04
"Seismic Behavior of Tall Liquid Storaaze Tanks," by A. Niwa - 1978 (PB 284 0O17}Al4

"Hysteretie Behavior of Reinforced Concrete Columns
by 8.W. Zagajeski, V.V. Bertero and J.G. Bouwkamp -

Subjected to High Axial and Cyclic Shear Forces,”
1978 (PB 283 258)A13

"Three Dimensicnal Inelastic Frame Elements for the ANSR-I Program," by A. Riahi, D.G. Row and

G.H. Powell - 1978 (PB 295 7551404

"Studies of Structurzl Response to Earthquake Ground Motion,” by Q.A. lopez and A.XK. Chopra - 1978
(PB 282 790)A0S

"A Laboratory study of the Fluid-3tructurs Interaction =f Submerged Tanks and Caissons in Earthguakes,"
by R.C, Byrd - 1978 (PB 284 957)A08
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"Seismic Performance of Nonstructural and Secerndary Structural. Blements,” by I. Sakamoto - 1978
(PBB1 154 5931205

"Mathematical Modelling of Hysteresis Loops for Reinforced Concrete Columns,” by S. Nakata, T. Sproul
and J. Penzien =~ 1978 (pB 298 274)a08

"Damageability in Existing Buildings,” by T. Blejwas and B. Bresler - 1978 (PB 30 166 978)A05

"Dynamic Behavior of a Pedestal Base Multistory Building,™ by R.M. Stephen, E.L. Wilson, J.G. Bouwkamp
and M. Button - 1973 (PB 2B6 650)A08

"Seismic Response of Bridges - Case Studies," by R.A., Imbsen, V., Nutt and J. Penzien « 1978

(PB 286 503)al0

"A Substructure Technique for Nenlinear Static and Dynamic Analysis,"” by D.G. Row and G.H. Powell -
1978 {(pB 238 077)Al0 :

"Seismic Risk Studies for San Franciscc and for the Greater San Francisce Bay Area,™ by C.s. Oliveira -
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"Optimal Design of an Earthquake Isolation System,” by M.A. X.5. Plster and E. Folak - 1378
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