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ABSTRACT

Seismic analyses have been made for five multi-story buildings
of different types, each designed for five different levels of
protection under the UBC Code. Both elastic and inelastic analyses
have been made. The former is based directly upon a response
spectrum, and the latter is based upon an artificial time-history

input generated from the same response spectrum,

For the buildings investigated, it is concluded that, for
both elastic and inelastic response, the average peak interstory
displacement agrees very closely with that predicted by the first-
mode elastic response. The elastic Timit earthquake and the
average maximum ductility ratio bear an approximate linear rela-
tionship with the ratio of first-mode elastic base shear to bottom

story resistance.

It is further concluded that increasing the equivalent static
lateral design force, as in conventional code procedures, does not
appreciably reduce the interstory displacements. It does, however,
increase the elastic 1limit earthquake and, to a lesser extent,

decrease the maximum ductility ratio for a larger earthquake.



PREFACE

This is the 4th in a series of reports concerning optimum
seismic protection and building damage statistics, prepared under
Grants GK-27955 and GI-29936 from the National Science Foundation.

The previous reports were:

1. Whitman, R.V., Cornell, C.A., Vanmarcke, E.H., and
Reed, J.W.; "Methodology and Injtial Damage Statistics,"
Department of Civil Engineering Research Report R72-17,
M,I.T., March 1972.

2. Leslie, S.K., and Biggs, J.M., "Earthquake Code Evolu-
tion and the Effects of Seismic Design on the Cost of
Buildings," Department of Civil Engineering Research
Report R7 -20, M.I.T., May 1972.

3. Anagnostopoulos, S.A., "Non-Linear Dynamic Response
and Ductility Requirements of Building Structures
Subjected to Earthquakes," Department of Civil Engineer-
ing Research Report R72-54, M.I.T., September 1972.

Co-principal investigators for this effort are Professors John M. Biggs,
C. Allin Cornell and Robert V. Whitman, all of the Department of Civil

Engineering. Mr. Grace is a Research Assistant in that Department.
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I. INTRODUCTION

Reported herein are the results of seismic analyses of
several typical buildings designed according to the Uniform Building
Code for different levels of protection (zones). This effort is
part of a larger project (Optimum Seismic Protection and Building
Damage Statistics) the objective of which is to develop procedures
by which an optimum seismic design strategy might be determined
for a community, i.e., one which would minimize total cost including
initial construction costs and probable future Tosses due to earth-
quake.

The purpose of the effort reported here was to determine
analytically the responses of buildings of different types, and
resistance levels, to ground motions of varying intensity. These
results were then used to estimate the amount of damage. The actual
damage calculations are presented elsewhere (Ref. 1), but this
report contains general observations regarding the nature of the
responses and their qualitative relationship to damage.

In addition to this immediate objective, the study was also
intended to gain further information on the behavior of actual
structures under earthquake excitation. Perhaps most significantly,
it serves to evaluate the effectiveness of current Code design
procedures by determining the variation in response with seismic
design Tevel (zone).

The buildings studied are hypothetical but have been designed
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by a practicing structural engineering firm using conventional
procedures. They are therefore believed to be typical. Five
basic buildings are studied. They all represent apartment house
construction but include three types of framing systems and three
building heights. Each building has been designed for five differ-
ent levels of seismic protection. Therefore, twenty-five different
buildings are investigated.

| Each building has been analyzed both elastically, to represent
behavior under small earthquakes, and inelastically to investigate
behavior under more intense motions. The analyses are based upon a
response spectrum which is believed to be appropriate for seismic
design in the Boston area. The elastic analyses use the response
spectrum approach and modal superposition. Inelastic response is
determined for a severe earthquake using time-history analysis for
an artificial ground motion generated from the postulated ground
response spectrum. The results are presented in the form of inter-
story displacements, ductility ratios, and floor accelerations.
It should be noted that these results are for a single set of ground
motions, as represented by the response spectrum, and are not

necessarily typical of all possible earthquakes.
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II. DESCRIPTION OF TEST BUILDINGS

The buildings studied, and the methods used in this design, are
described in Reference 2. The designs were executed by Le Messurier
Associates, Consulting Engineers, Cambridge, Massachusetts. The intent
in the designs was to produce buildings which are typical of competent,
but conventional, engineering practice. Special refinements, which
might be appropriate for research on seismic design, were deliberately
avoided. On the other hand, care was taken to ensure that the
structural systems developed were typical of good earthquake engineer-
ing practice. For this purpose the designs were reviewed by S. B.
Barnes and Associates, Consulting Structural Engineers, Los Angeles.

The buildings were designed in sufficient detail to determine
the parameters required in the dynamic analysis. A1l members were
proportioned so that their stiffness and strength parameters could
be determined. Typical connections and joint details were investi-
gated to ensure that the systems adopted were feasible and reasonable
in cost.

A single, apartment house floor plan was adcpted for all
buildings. As shown in Fig. 1, it has a double-loaded corridor and
is 60 x 200 feet in plan dimensions. The architecture and structure
of the buildings was intentionally made symmetrical and very simple.
Although the plan is typical of many apartment buildings, most real
buildings have some structural complications which would make the
dynamic response peculiar to that particular structure. It is

believed that the study of these hypothetical buildings provides
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more representative results than would a study of actual buildings.
In order to economize in the design effort, each building
incorporates two structural systems. With one exception, lateral re-
sistance in the short directions is provided by concrete shear
walls or braced steel frames, and in the long direction by concrete
or steel moment-resisting frames. Thus a seismic analysis of a
single building in two directions provided data on two types of
framing systems. Since the geometry and loading of the structural
systems are inherently different, the analytical results for the
various structural types are not directly comparable. However,
it is not the purpose of this study to compare the efficiency of
different types of structures.
The design of the buildings is described in Reference 2.
It is based upon the ACI and AISC specifications supplemented by
the seismic provisions of the Uniform Building Code. Wind load
was taken to be 20 psf as specified by the Boston Building Code
for buildings of these heights. With respect to seismic forces,
five designs were made for each building. These correspond to Zone
0 (no seismic provisions), Zones 1, 2 and 3 as defined by the
UBC, and a more severe condition, herein identified as Zone 4, in
which the seismic coefficient is taken as twice that for Zone 3.
The Tast was added in order to study the effect of a more severe
seismic loading than that now employed. The structures were
checked for drift using drift ratio criteria of 1/600 for wind and

1/300 for earthquake.



14

Floor p]ané of the five buildings included in this study are

shown in Figs. 2-6. Their description follows:

1. 17-Story RC Shear Wall Building (Fig. 2, short direction).
Lateral resistance is provided by shear walls, each
extending over the full height, ranging in number from
two exterior walls in the Zone 0 design to a total of
eight walls in the Zone 4 design. The interior columns,
which support a flat plate floor, are not considered
to provide Tateral resistance in the design but are
considered in the dynamic analysis.

2, 11-Story Steel Moment Resisting Frame Building (Fig. 3,
long direction). The lateral resistance is provided by
two exterior rigid frames running the length of the
building. The interior columns, which support a metal
deck and concrete floor, are not rigidly framed. The
building is braced in the short direction but that
system is not considered here.

3. 11-Story RC Moment Resisting Frame Building (Fig. 4,
short direction). Here the lateral resistance is
provided by eleven beam and column rigid frames which
also support the floor slabs. The frames are not
identical since the orientation of the exterior columns
varies.

4, 11-Story RC Shear Wall Building (Fig. 5, short direction).
This is similar to the 17-Story shear wall structure

except for the number of shear walls.
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5. 6-Story RC Moment Resisting Frame Building (Fig. 6,

Tong direction). In this case lateral resistance is
provided by the two exterior rigid frames in the Tong
direction.

In the proportioning of members for these buildings standard
practice was followed even though theoretically that may not
provide the most efficient Tateral resisting system. Shear walls
are maintained at a constant thickness and the reinforcement is
varied with height to provide the required resistance at each
level. In many cases beams and columns of the same cross section
are used over several stories even though the requirements may
vary somewhat. These common practices, which result in economy of
construction, have a noticeable effect on dynamic response.

Other buildings have been designed but are not included in the
present study of seismic response. These five buildings were
selected to provide a range of structural systems and building
heights. They are not intended to provide a comparison of struc-
tural systems. To provide data for the optimization study, cost
estimates (Ref. 2) have been made but that information is not

included here.
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ITI. METHODS OF ANALYSIS

Two seismic analyses have been made for each of the twenty-
five building designs. The first is an elastic analysis for a
relatively small earthquake (0.1g) and the second is an inelastic
analysis for a large earthquake (0.27g). The analyses are based
on the response spectra shown in Fig. 7 (Ref. 3). This was con-
structed to be typical of what might be appropriate for design
in the Boston area. It is based upon a seismological study of the
region (Ref. 4). Fig. 7 is constructed for a peak ground accelera-
tion of 0.1g and it is assumed that all ordinates are proportional
to the peak ground acceleration. The elastic analyses make use of
the response spectrum directly. However, for the inelastic
analyses, an artificial time-history of ground motion is employed.
This was generated to match the ground response spectra (Ref. 3).

Shown in Fig. 8 is a comparison of the ground response
spectrum and the UBC seismic coefficient used in the design of the
buildings. Although the magnitudes are not to be compared, it is
obvious that the shapes of the two spectra are radically different.
In addition, the natural periods for design purposes were computed
using the approximate UBC formulas, whereas a rigorous computation
was used in the dynamic analyses. Therefore, one cannot expect any
direct correlation between the code design Tevels and the computed
dynamic response. The purpose of this study is to determine ff any
correlation exists.

The analyses have been executed by a computer program which
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was developed by S. Anagnostopoulos (Ref. 3). The program utilizes
simpiified models which make feasible the dynamic analysis of

complete buildings. The studies reported in Reference 3 indicate that
the simplified procedures are reliable and sufficiently accurate

for practical purposes. The input consists of individual member
properties and the program computes the parameters of the dynamic
model.

The models have one degree of freedom per floor, the masses
being Tumped at these points. Since the buildings are symmetrical,
the two horizontal directions are uncoupled and there is no torsion
about the vertical axis. The rotational inertias about the hori-
zontal axis are not significant and are ignored. The frame structures
are assumed to be "shear" buildings, i.e., springs are placed only
between adjacent masses. The total force in each spring at any
time is the sum of the corresponding story shears in the individual
frames providing lateral resistance. The story resistance function
of a single frame is assumed to be elasto-plastic. The stiffness
is computed by an appropriate procedure which takes into account the
stiffness of the individual columns and the beams in the floors
above and below the story. The ultimate resistance is computed by
assuming a story-shear mechanism in which the hinge moments are
taken to be the smaller of the column or beam moment capacity.

Since the behavior of the shear wall building is more 1like
a cantilever beam than a shear beam, a far-coupled system is used
in these cases, i.e., the full stiffness matrix is generated. The

moment resistance function at any floor in a wall is assumed to be
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elasto-plastic. However, the shear resistance is assumed to have
no ductf]ity, i.e., if the shear capacity is exceeded the wall is
assumed to have failed and to provide no resistance thereafter.
The total internal forces at any time are taken to be the sum of
those provided by the individual walls. The forces developed in
the interior frames, although small, are superimposed on those
developed by the shear walls. The fyrame action becomes significant
if the shear walls fail.

Although it is known that non-structural elements (block
walls, partitions, etc.) contribute significantly to both strength
and stiffness when the building distortion is small, this effect has
been ignored in the analysis. The analyses reported here involva
substantial distortions and it is probable that most of the non-
structural resistance would have been destroyed. In any case, it
is impossible to predict this effect with any reliability.

After the parameters of the dynamic model have been completed,
the program first determines the eigen values and vectors for all
modes. In the case of inelastic analysis, the response to the time-
history input is then computed by numerical integration of the
equation of motion. At each step, the internal forces in each
resisting element are determined from its distortion and the assumed
eiasto-plastic resistance function. These are then superimposed
to obtain the total force on each flooy mass. Thus, a time-history
of the displacement and acceleration of each floor is computed.

Even with the simplified modei, the numerical analysis is



26

expensive, considering the number of analyses to be made. Therefore,
the program by S. Anagnostopoulos was extended to include a response
spectrum analysis to be used for the elastic cases. This is a con-
ventional technique in which the maximum response in each mode 1is
determined by the product of the response spectrum ordinate (relative
displacement or absolute acceleration, Fig. 7), the modal partici-
pation factor, and the eigenvector for the point being considered.

To estimate the total response, the modal components are combined

by the square root of the sum of the squares method. Comparison

of the two methods (time-history and response spectrum) for elastic
solutions indicate reasonable agreement.

Constant modal damping was assumed for all analyses but a
distinction was made between steel and concrete structures and
between elastic and inelastic responses. The following values were
used.

Steel Buildings
Elastic analysis (0.1g) 2%
Inelastic analysis (0.27g) 3%
Concrete Buildings
Elastic analysis (0.1g) 4%
Inelastic analysis (0.27q) 5%
For the time-history analysis, the inelastic values were used to
generate a proportional damping matrix, assuming that these elastic
damping coefficients were also valid in the inelastic range.

The input to the program includes moment of inertia, shear
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area, ultimate moment capacity, and ultimate shear capacity for
each member. The methods used are described in Reference 2. In
computing capacities, only a very small Tive load was assumed.
This has an important effect on column moment capacity, particu-
larly in reinforced concrete. ACI and AISC interaction formulas
were used to determine moment capacities. The removal of most of
the design live load, and the elimination of load factors on both
dead and live, results in Tateral resistances much greater than
those corresponding to the design seismic forces. The moment of
inertia of concrete beams was taken as 0.4 times that of the gross
cross section to allow for cracking. For shear walls this figure
was assumed to be 0.5. For concrete columns, the full cross section
was assumed to be effective.

The story parameters for the twenty-five buildings, as com-
puted by the program, are tabulated in Appendix A. In the case of
shear wall buildings, these parameters are total moment resistance
and total shear resistance. In the case of frame buildings, they
are total story stiffness and shear resistance. It may be observad
that in the shear wall buildings the shear resistance is constant
over the building height since the total wall area and horizontal
steel are constant. The moment resistance varies because the amount
of reinforcement decreases with elevation. In the concrete frame
buildings the story stiffnesses are identical (except for the
bottom story) because the dimensions of the members are constant

over the full height. This is not true of the steel frame
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building. For both the steel and the concrete frames, it may
be noted that the resistance is constant over three or four
stories. This results from using identical members for economy
through duplication. All of the data characteristics mentioned,
which result from normal design practices, have an influence on
the dynamic response of the buildings.

It may also be noted that the 11-story steel building

has much smaller stiffness and resistance than the 11-story

‘concrete frame building. This results from the fact that the

steel frames are in the long direction of the building whereas
the concrete frames are in the short direction. In the former
case, the lateral resisting frames are only the exterior
frames which carry a smaller total dead and 1ive load. This
results in smaller member sizes and hence less stiffness and
ultimate capacity to resist lateral forces. The two buildings
are therefore not comparable.

It is assumed in the analysis that the lumped masses
at all floors and the roof are equal. The total weight at each
floor was computed to be 2160 kips for the concrete buildings

and 1290 kips for the steel buildings.
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IV. ANALYTICAL RESULTS

The results of all analyses are summarized in Tables 1 and
2. They are given in terms of peak values of displacement at top

of building (X interstory displacement (X), and floor accelera-

1)
tion (X). The elastic values in Table 1 are for a peak ground
acceleration of 0.1g, even though this is beyond the elastic
1imit for some buildings. The inelastic values in Table 2 are
for an 0.27g input which causes inelastic behavior in all cases.
The detailed results from which these summaries are
derived are given in Appendix B. where the individual peak
interstory displacement and floor accelerations are tabulated.
Note that average peak interstory displacement (Xzy) is an average
of the peak values in the stories and is always somewhat more
than the top displacement (XT) divided by the number of stories.
The Elastic Limit (;e) given in Table 1 is the ground
acceleration which would cause first yielding in the structures.
For frame structures, this is the intensity which would cause
the shear in some story to just reach the ultimate shear resis-
tance (see Appenidx A). For shear wall structures, it is the
intensity which causes the bending moment Ov the shear to reach
the capacity of the walls in some story. In both cases, all
elements are lumped together for this purpose, i.e., the total
building stiffness and total shear capacity are used to define
an elastic Timit. Thus the 1imit is actually an average value

for all elements of the structure.
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The ductility ratio (pay) given in Table 2 is the ratio of
maximum total displacement to elastic 1imit displacement. For
frame buildings this is the average of the values for the indi-
vidual stories which are tabulated in Appendix B. It may be
observed that in most cases the maximum story ductility is
considerable larger than the average. Also, no attempt has
been made to determine local ductilities in individual members.

For shear wall buildings, the ductility ratio cannot
be associated with inter-story displacements, and the values
given are based upon the displacement at the top of the building.
In other words, it is the ratio of the maximum top displacement
to the value of that displacement corresponding to the elastic
1imit as previously defined.

Although the results are analyzed in more detail in
later sections, it is appropriate to comment here on the range
of fundamental periods. First, the periods are generally much
larger than those estimated by the approximate UBC formulas.

It is not known why this is true unless the UBC anticipates the
contributions of non-structural elements to stiffness or uses

this device to introduce conservatisms. The periods of course
decrease with design zone, that for the Zone 4 design being
approximately half, or a 1ittle more, of that for Zone O.
Considering the 11-story buildings, the steel frame has a very
long fundamental period because of its flexibility. As mentioned
previously, this is partly due to the fact that these are exterior

frames in the Tong direction of the building. As expected, the
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concrete frame has a much longer period than the shear wall
building of the same height. The 6-story concrete frame has a
long period, also because these frames are in the Tong direction.

The average peak inter-story displacements are plotted
against intensity of ground motion in Figs. 9 thru 13. The elas-
tic portions of the curves are properly constructed as straight
1ines passing through the analytical result for 0.1g. However,
since there are only two data points, the curves between the
elastic 1imit and 0.27g are merely indicative of the trend. It
is important to note that there is a consistent increase in the
elastic 1imit, and a decrease in slope of the elastic curve, as
the design zone increases from 0 to 4. In general, the points
at 0.27g 1ie below the extension of the straight elastic curve.
This is primarily due to the larger damping assumed in the in-
elastic analysis. As discussed in the next section, XaV does
in fact vary almost Tinearly with intensity of ground motion
through both the elastic and inelastic ranges.

For the 0.27g results there is not a consistent relation

between Xav and design zone, e.g., X v for Zone 3 may be greater

a
than for Zone 0. This scattering of results is believed to be
real and caused by the following factors:
1. The time-history input used for the inelastic analysis
does not have a smooth response spectrum. Therefore,

there is not a continuously decreasing displacement

response with decreasing period.
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2. Most of the buildings do not have a uniform variation
of story resistance with height. This results in
"soft" stories where the peak inter-story displace-
ments are larger than would otherwise be expected.
When the design is changed for a different zone,
these "soft" spots are moved or eliminated and the
nature of the overall response is affected.

3. In the shear wall buildings, the shear walls completely
fail in the lower zone designs. The resistance is then
taken over by the interior frames which are very
flexible. This sudden transition from a very rigid
to a very flexible building completely changes the
response and destroys any relation to the design
level.

Although the above factors make it difficult to interpret
the results, they in no way invalidate the analyses. Real
earthquakes do not have smooth response spectra, real buildings
do not have uniform variation in properties over their heights,
and shear walls do fail. Therefore, it is believed that the
results presented are at least representative of the behavior of
real buildings. Furthermore, as shown in the next section, there

is considerable consistency in the results,
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V. COMMENTS ON BUILDING BEHAVIOR

In this section an attempt is made teo draw some general
conclusions, based upon the limited number of buildings studied,
regarding the behavior of building structures under seismic
disturbance. This is done by relating the elastic and inelastic
responses to the strength and stiffness of the buildings and to
the assumed ground response spectra. It should be noted here
that all of the buildings studied have relatively long periods
(T] >1 sec.) and fall in the constant-velocity or constant-
displacement regions of the response spectrums. The observations
and conclusions based on these data are not necessarily valid for

buildings with shorter periods.

ETastic Response. In Table 3 the computed elastic displace-

ments are related to the first mode responses. The spectral
displacement (S]) is read directly from Fig. 7 and the modal
participation factor (F]) has been normalized for a unit eigenvector
at the top of the building. Thus, the product F1S] is the first
mode component of the roof displacement (XT). It may be noted that
in all cases there is essentially no difference between F]S] and XT'
Therefore, it is concluded that for elastic displacements, only
the fundamental mode is significant and that a reliable prediction
may be made by considering only the first mode.

As would be expected, the average of the peak interstory

displacement (X_.) is always slightly greater than the roof

av
displacement divided by the number of stories. This is true
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[[ = FIRST MODE PARTICIPATION FACTOR
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Table 3 - Comparison of Computed Elastic Displacements with First-Mode,
Response Spectrum Displacements (0.1g)
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because the higher modes make a noticeable contribution to the
individual interstory displacements. However, as shown in Table 3,
Xav is only slightly more than X./N and the first mode top
displacement could be used as a reasonable basis for computing

the average peak interstory displacement.

The first mode cannot be used as a reliable estimate of the
peak floor acce]erations‘because the higher modes do make a
significant contributions in this case. On the average, the total
accelerations are about 50 percent higher than the first mode
components.

The relationship between the variations in natural period
with design zone and the response spectrum is significant.
Referring to Fig. 7, it is seen that the spectral displacement
is constant for periods larger than 2.7 secs. For all five build-
ings the periods for Zones 0, 1 and 2 are either identical or
Targer than 2.7 secs. Therefore, the interstory displacements
are essentially the same for all three design zones.

Inelastic Response. It has been concluded by several

investigators that, in the constant-displacement and constant-
velocity regions of the response spectrum, the total displacement
is essentially the same whether the structure responds elastically
or inelastically. In other words, the elastic response spectrum
can be used as a reliable indication of inelastic displacement
response. This conclusion is largely based on studied of one-
degree systems. However, the results presented here indicate

that the same equivalence, at Teast approximately, exists between
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the inelastic response of a multi-story building and the first
mode elastic response.

Table 4 compares the first mode elastic response (FTS1) with
the computed inelastic top story and average interstory displace-
ments. Comparing the displacements at the top of the building
(1"151 Vs xT), the agreement is reasonable except for the tall shear
building (CSW-17) and the steel frame building (SMRF-11). This is
partially explained by the following: For the lower design zones
of CSW-17, the shear walls fail completely and this produces an
erratic, non-uniform behavior; for the steel frame building, the
’”soft” stories yield (stories 7-9, see Table B.2B) and this tends
to reduce the inertia forces in the other stories even though they
remain elastic. In all cases, the elastic top story response is
greater than the inelastic displacement, probéb]y because of the
relieving effect of an individual story yielding.

In spite of the above, the average peak interstory displace-
ments by the two methods agree quite closely. This is concluded
by comparing the inelastic value (xav) with the top deflection
predicted for elastic behavior divided by the number of stories
(F1S1/N)° The agreement between these two values is demonstrated
in Fig. 14. It appears to be quite good. The points which depart
furthest from the 45-degree Tine are associated with the shear
wall and steel frame buildings and the reasons for the departures

are probably those cited above.
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Table 4 - Comparison of Computed Inelastic Displacements with First-Mode

Response Spectrum Displacements (0.27g)
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It is concluded that, for the multi-story buildings considered,
a reasonable estimate of the average interstory displacement for ine-
lastic response can be obtained from the elastic spectral displacement
for the first mode. -

Elastic Limit and Ductility Ratio. It might be expected that

these two response parameters would be related to the ratio of the
total elastic inertia force to the ultimate resistance of the
building. An attempt to establish such a correlation is shown in
Figs. 15 and 16 where elastic Timit and average maximum ducti]ity
ratio are plotted against a force-resistance ratio (FR), defined
herein as one-half the total weight times maximum first mode
acceleration (from the elastic response spectrum) divided by bottom
story resistance, This is not a precise ratio. The numerator
includes only the first mode, although this probably dominates base
shear and moment, and assumes a uniform (from zero at the bottom)
variation of inertia force with height. It is therefore only an
approximate base shear. The denominator, which is the bottom story
resistance (total shear for frame buildings and total moment for
shear wall buildings' overall resistance. Never-the-less, the
force-resistance ratio is an indicator of the relation between
applied forces and strength,

In Fig. 15 there appears to be a correlation between the
resistance-force ratio (inverse of FR) and the elastic limit.
This is to be expected, although the relation is clouded by the

changing period. If the resistance of the building could be
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changed without changing the stiffness and period, there would
be a direct proportion between elastic 1imit and resistance. How-
ever, increasing resistance generally increases stiffness, which
results in decreasing period and hence increasing inertia forces.
Therefore, the straight line in Fig. 15 is somewhat flatter, i.e.,
the elastic 1imit does not increase as rapidly as the resistance.
However, there does appear to be an almost Tinear relationship.
The elastic limits in Fig. 15 are all less (by about 45%)
than the value which would be predicted on the basis of the first
mode spectral acceleration and corresponding inertia forces. In
the Figure this would be represented by a straight line,

e

Xe = O'27/FR (0.27 appears because g, has been computed for a
ground acceleration of 0.27g). This is not surprising because

of the way the elastic limit has been defined, i.e., first

yield in some story, not general yielding in all stories. Further
study might indicate that a different definition would produce

a better correlation between the elastic 1imit and FR.

The same general comments apply to the average maximum
ductility ratio plotted in Fig. 16, although there is more scatter
in the results. This scatter may primarily result from the
difficulty in defining ductility for the entire building as dis-
cussed previously. However, there appears to be an almost linear
relationship between the ductility ratio and the force-resistance
ratio, beginning with unit ductility for an FR of one.

The points in Fig. 16 are not too far from the equality

Tine, i.e., the 1ine for which Hay = FR. This 1ine represents
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the proposal by others that one may design for an acceleration equal
to the elastic response value divided by u. In other words, if the
shear resistance were made equal to that indicated by the first mode
elastic shear divided by the desired maximum ductility ratio, the
response would indeed produce the desired u. Again, further study
is required to determine the best definitions of ductility ratio for
a multi-story building.

From the above it appears that for a given period and hence
level of response, as tHe resistance is increased there is a
proportional decrease in ductility ratio. Both of these have impli-
cations as to the performance of the building.

It is not possible to relate response displacements to the
force-resistance ratio. As was discussed previously, displacements,
both elastic and inelastic, are almost entirely a function of the
fundamental period and not the strength of the building.

Some of the scatter in the results plotted in Figs. 14, 15
and 16 is due to the fact that the elastic response predictions
are based upon the smooth response spectrum, whereas the inelastic
computation is based upon a time-history which does not have a
smooth response spectrum. It is difficult to correct for this
effect because for inelastic response the effective value of natural
period is unknown.

However, it does appear possible to establish simple relation-
ships between the first mode elastic response and the inelastic
response (displacements, elastic Timit, and maximum ductility ratio)

of a multi-story building.
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VI. EFFECT OF CODE DESIGN

With respect to the response parameters discussed herein, the
only effect of seismic code design (UBC) is to increase the lateral
resistance of the building in accordance with the seismic coefficient
specified for the zone. In addition, the drift ratio for the equiva-
lent static forces is limited, although this may not control the
design. It is assumed herein that for design purposes the fundamental
period is determined by the approximate code formulas, not by actual
analysis, and hence depends only on geometry and not-the level of
resistance provided. Thus the actual stiffness and period is
changed with design zone, but not systematically.

As discussed in the preceding section, interstory displace-
ments are a function of natural period and not resistance. Hence,
one would not expect a direct correlation between design zone and
displacements. If the drift ratio controlled all design, such a
relationship might exist since natural period is related to drift.
However, the actual drift ratio normally varies between zone
designs.

In Fig. 17 the elastic limit (ground acceleration just
causing yield) is plotted against design level for each building.
There is a consistent and appreciable increase in elastic Timit
with seismic coefficient or zone. This presumably means a Somewhat
improved performance of the structure, even though the interstory
displacements are not appreciably reduced. However, as discussed

in the preceding sections, the increase in resistance between zones
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is proportionally more than the resulting increase in elastic Timit.
The slopes of the Fig. 17 curves for shear wall buildings are

steeper because the resistance increases more rapidly relative to the
applied forces, i.e., the force-resistance ratio decreases more
rapidly (see Table 5 and Fig. 15).

The average peak interstory displacement for elastic behavior
(computed for 0.1g in all cases) is plotted against design zone in
Fig. 18. Except in one case (CMRF-6), the decrease with design
zone is not large. As demonstrated in the previous section, these .
decreases are entirely due to the decrease in natural period.
Because of the shape of the ground response spectrum, there is
essentially no difference for the zones 0, 1 and 2 designs. The
slope of the CMRF-6 curve is steeper because the natural period
changes more radically with design zone in this case. AlTl of
these effects may be observed in the response spectrum data of
Table 3.

The same general trends are apparent in Fig. 19 where the
inelastic (0.27g) average interstory displacement is plotted.

Again there is not a significant decrease with design zone except
for CMRF-6. However, the Zone 4 design consistently produces
~the smallest displacement. In no case do the Zones 1, 2 and 3
designs provide any substantial improvement over the Zone 0
design. The results for Zones 2 and 3 are somewhat erratic. In
some cases this is due to the effects of shear wall failure, and
in other cases to the interaction between stories, i.é., the

yielding of a "soft" story may reduce the forces in other stories.
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Figure 17 - Effect of Design Zone on Elastic Limit

SEISMIC
COEFRFICIENT
ZONE



S

54

—
B9
0..07.
p }
&« 2
R e
AN
g
o o5}
o~
Zr
b,ot}__
Y
32
UJ\
i\g §.03J
W
< S o
o @
w Y
é Q o4
. + —
e ' ! ~  SEISMIC
; COEFFICIENT
T aIr Ning NN ZONE

Figure 18 - Effect of Design

Zone on Elastic Inter-Story Displacement



INTER- STORY

AVERAGE PEAK

273)

(INELASTIC =0,

DISPLACEMENT (FT.)

S
o~

£

™

<>
oo

&
P

55

YA I 2 SEISMIC
COEFF I CIENT
I I T I ZONE

Figure 19 - Effect of Design Zone on Inelastic
Inter-Story Displacement



(0.27¢)

b
©

56

SMRF -1/

J cswiz

Y/

AVERAGE DUCTILITY RATIO My,
=
o

20
2 SMRF -1
——_ _ CsW-Il
CMRE -/ x r
0. \: CMRF ’,‘
cCsw-1i7
Yy V2 I 2  SEISMIC
| ’ COEFFICIENT
I Ir nT TL ZONE

Figure 20 - Effect of Design Zone on Average Ductility Ratio



57

S, = FIRST MODE RESPOMSE SPECTRUM ACCELERATION (0.27g)
Rg=BOTTOM STORY RESISTANCE ¥

W = TOTAL WEIGHT OF BUILDING

FK= RATIO OF PSEUDO- INERTIA FORCE To TWICE THE

BOTTOM STORY RESISTANCE  _ WIS, /, Ra
N .. I
pesion |1+ | [F S, | s | Re | W |7 | FR
ZONE | SEC E's | £'S | KiPs |kiPs

cswW-|7 O | 3343 1.470 | . 0312 | 124 | 5 | 347000 2 | 2.1
B=.05 13343 LYyr0 .03i2 .24 | TI5 {30700 0.3 | 3.1%
2 12684 1,490 |, 0482 193 |[HYO [ 34700 [0.408 | 2.45

3 1235%3(1.485{.05221.,.2/0 {2760 [367060|0.726 | {.39

4 121161485 1,0630|.25% | 544026700 | /.150 | %5

SMRF- 11 O 13.5%33| (.31 .0334| .1l 283 {1200 0.32% | 2.95
3:.03 [ 13.533 ] 1,311 |.0%334 | .1% 2%3 | 14200 1 0.33% | 2.95
2 {309 [ 1.320].0430 .154 | 360 [14200{0.330 | 3.0/

3 12.%9|1.3%0|.06TH| . 252 | 596 |/4200 ]| 0.%33]| 3,00
4017091435 1,095 | 356 1174 | 14200 0, HLb| 2.15

CMREF Il O | 2656 1.260),04671 .159 | 146 \272700] 155 | 1.33
A=.05 I 12,656 | 1.260, 0467 | .159 | /4/6 {23700 755 | /.33
21265612601, 0467} .159 {1576 | 22700) %37 | /.20

2| 2.046| /260 |. 0607 | .206 | 2206{ 23700 | .G0T | /.11

411474 1.260|. 0840 . 280 | 387 | 23T00| 940 | /.07

CsW-if O 1842 1,465 .0697 | . 2706 230 | 73700 | 101 | G.%7
f=.05 [ | 1.8Y2 | 1,465} ,0647 | . 276 330 | z370¢ | 10f | 9.%7
Z 17,842 | 1.465|. 09T | .27l | 7THR |z22700| .229 | 4.35

211368 | 7.459) .0910| .360 | 1415 | 22700 34L) 7.90

L 17106 |(.470| 1045 . 4i6 | 3170 [ 24700 .64 | /.56

CMRF-G O 1| 2.805! 1265 .0d42. | 1512 ded | 172920 . 47C | 2.10
A=.05 ] 12%05|1.265|. 0482 [.1512 | 464 |1290c | .47l | 2.10
2 |2.805 | /. 265 | .0442 |.1512 464 (12900 | .47¢ | 2.10

212070 | 1265].0600|.206 | 1054 |12900 | . 795 | /.2 &

4112231 /.260|.0%90 | .%03 | /462 | 12900 | . 750 ) 1.3 4

*For rigid frame systems, Rg = shear resistance in bottom story. For
shear wall systems, Rg = moment resistance in bottom story divided by
two thirds the building height.

Table 5 - Force-Resistance Ratios {(FR)
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It is concluded that conventional code design, in which only
lateral resistance is considered, is not an effective way to control
interstory displacements.

It was shown previously that the maximum ductility ratio
generally decreases with force-resistance ratio (Fig. 16). Therefore,
one would expect it to decrease with design zone, but to a lesser
extent because the applied force as well as resistance increases
with zone. This effect is shown in Fig. 20. The average maximum
ductility ratio generally decreases with zone, but not appreciably
except for CSW-11. The reasons for the difference between build-
ings is apparent in the force-resistance ratios computed in Table
5. For example, CSW-11 has the most rapid decrease in FR with
zone.

Implications Regarding Damage. It is concluded in Reference

1 that the best indicator of total damage (structural and non-
structural) to a building is the interstory displacement. It is
apparent from the above that increasing the code seismic coefficient
(or zone) is not an effective way to reduce these displacements.
Therefore, one would not expect a significant decrease in damage
with design zone.

To the extent that floor accelerations cause damage, increas-
ing the design zone may be detrimental, because acceleration always
increases with zone.

On the other hand, increasing the sejsmic coefficient has

the effect of increasing the elastic 1imit earthquake and decreasing
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the maximum ductility ratio for larger earthquakes (although not
greatly in all cases). This must improve the performance of the
structure: First, it will remain elastic under a larger earth-
quake, and second, for an even larger earthquake, the structural
damage will presumably be less, and third, a larger earthquake
is probably required to cause collapse. The last two improvements
mentioned are not significant in all cases. It should also be
noted that increasing the zone implies, at least indirectly, a
greater attention to construction details, both structural and non=
structural., This may be very effective in reducing damage.
Controlling the drift ratio in design has an effect on
damage only as it is reflected in the natural period. The
dynamic interstory displacements do not decrease in proportion to
drift. The period is approximately propoortional to the square roct
of the drift and the displacements are determined by the response
spectrum. For example, if the drift were halved the period would
be reduced by 0.7. Referring to Fig. 7, if the period remained
above 2.7 secs. there would be no decrease in displacement. If
the structure is in the constant velocity region of the spectrum
(T>2.7), the displacement would decrease by 0.7, still less than
the 0.5 decrease in drift.

Improved Design Procedures. It is apparent from all of tha

above that more effective (i.e., better design control over the
response parameters affecting damage and resistance to collapse)
seismic design could be achieved if two refinements were made in

the procedure: (1) Use of an actual response spectrum such as
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Fig. 7, and (2) a more exact computation of natural period. These
improvements, which are certainly not an original proposal, would
not significantly increase the design effort required. The response
spectrum could be inserted in the Code. The fundamental period can
be estimated with sufficient accuracy from the drift calculations
which are normally made.

Using the correlations established in Section IV, the sugges-
ted improvements would enable the designer to directly control the
average interstory displacement. Making use of a parameter similar
to the force-resistance ratio (Table 5}, he could also control the
elastic 1imit earthquake and the maximum ductility ratic. These
parameters are probably sufficient to provide a satisfactory struc-
tural performance and a 1imitations to damage much more divectly

and effectively than current code procedures.
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VIT. SUMMARY AND CONCLUSIONS

The following observations and conclusions are drawn from
the results of elastic and inelastic analyses of the twenty-five
building designs. Because of the limited nature of this study,
further verification of these conclusions is required. Further-
more, all buildings studied had relatively long periods (T]>1 sec.),
and some of the conclusions are not valid for buildings with
shorter periods.

Regarding General Behavior

1. To determine displacements in the elastic range only
the fundamental mode need be considered.

2. For both elastic and inelastic response, the average
peak interstory displacement is closely approximated
by the elastic spectral displacement (T]S]) for the first
mode.

3. Floor accelerations are not easily predicted because
they are influenced by higher modes.

4. The elastic limit earthquake and the average maximum
ductility ratio for a larger earthquake both display
an almost Tinear relationship with the ratio of bottom
story resistance to first mode elastic base shear (or
the inverse).

5. The distribution of story reistances with height may

have a significant influence on response.
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Regarding the Effectiveness of Code Design

1. The increase in resistance provided by increasing the
seismic coefficient (zone) only indirectly affects the
natural period, the parameter which has the greatest
influence on response.

2. Increasing the design zone results in only small
decreases in interstory displacements. Zones 1, 2
and 3 provide very Tittle improvement in this regard.

3. Increasing the design zone increases the elastic 1imit
earthquake and slightly decreases the maximum ductility
ratio for a larger earthquake.

4. Since most damage is related to interstory displace-
ments, seismic design by current code procedures does
not greatly reduce damage.

5. However, by increasing the elastic 1imit earthquake,
code design improves the structure's performance in
small earthquakes. By decreasing the maximum ductility
ratio, it probably increases the earthquake required to
cause collapse, but not always by a significant amount.

Regarding Improved Design Procedures

The effectiveness of seismic design to limit damage and pre-
vent collapse could be substantially improved over current procedures
if (1) an actual response spectrum were used for analysis, and (2) if
the fundamental period were computed more accurately. This would give
the designer more direct control over the response parameter which are

related to damage.
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APPENDIX A

BUILDING PARAMETERS

This appendix contains tabulations of story resistances
and/or stiffnesses for all buildings. In the case of shear
wall buildings, the total moment and shear resistances for all
walls are given. For frame buildings, the total story shear
resistance and stiffness for all frames are tabulated.
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APPENDIX B

TABULATED RESULTS

This appendix contains the detailed results of all analyses.
This includes the peak interstory displacement and the duct111ty
ratio for each story and the peak floor accelerations.



ZONE O ZONE | ZONE 2 ZONE 3 ZONE Y

STORY x | x | x w x | % | x X X | X
b 006 | .65 004 | L4 003 | L5 [ L0UB | 13

Z | .04 | %27 O0to | 2.971,000 1291 | o017 | 2.62

3 1,019 | 4.5 0I5 L Yy O3 LRG| o | 3.85

4 1 .024 | 4.4z 019 L 485,016 | 5.00 | .o | 4.80

5 |.027 | 4.51 L0231 5,21 {019 | 546 | .01T | 542

G 1.029 | 4.47 L0256 | 5.41 1,022 {573 | .019 |59

vy 71,030 {420 | © O |.028 1| 554|.024 1592 |.02( | 590
3 & {.0%2| d.y L030 | 557 .02 | 599 | .023 | 5.88
3 9 |03z od| S | YW |0z |542|.027|582 | .024 | 573
o .o%4 oo | Q | Q |.032 | 5.10].028 | 5.45 | .026 | 5.9

: no}.034 1299 034 | u.10). 029 | 498 |.027 | 500
~ 2 ].0%5 386 v, 035 | 4.301.030 | 450 | .027 |#.52
v~ 3].6% | 365 I | .035 | %.87).031 | 398 |,028 | 3.86
3 4 |.035 0 341 W W | 036 | 2.47|,0%2 | 350 |.028 | 3.4
< 15 ],0% | 3,09 3 S 03¢ | 3.60]. 032|380 |.029 389
3 e |o3igqe| YV W oL.o3 | 510 1,032 1553 |.029]|5.67
17 |.035 | .19 O30 1 7756 1,082 | 873 | 029 8724
AVERAGE | ,055 | 3,95 LO0BY | 4.2 [.047 | 4.5 |.030 49 |

X = INTER - STORY DISPLACEMENT ., FT
X = FLOOR ACCELERATION FT/SECL

Table B,1A - Elastic Analysis Results by Floor
17-Story Shear Wall Building (CSW-17)

0.1g Peak Ground Acceleration
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ZONE O ZONE | ZONE 2 ZONE 3 | ZONgY

STORY X X x | x x | X X x X | %
I |.052 {987 |.050 {8.87 |.006 {1].3|.008 {9.52 | .00 | 8.92
2 |.053 ] 972 |.056 [ 7272 | 015 |12} {.018 [ 1070 | .04 | 9.56
2 1.059]869].058 |6.67 |.022 |13.02 |.027 |10.93|.020 |10.90 |
Y4 |.0651 8.09 |.056 | (.06 | .028 {15.59|.0%5 [12.30 |.026 | 12.60
VW 5 1,063| 770 |.on5 594 |,082 | 1500 | .ot | 1240 | .030 [12.22
1y ¢ |.053 .23 |.029 |5.42 | .037 |25 | .ou9 | 12.03 | .034 |12.%
3 71,042 .94 ].034 4.9/ | 063 [(1.17 {.050 | 2.1 |{.037 {i2.59
| & |.0351 5,491,037 |4.13 1.056 | 9.34 | .053 [ Il.}1 | .0} |12.66
9 1.0371 5.7 1.040 5,01 |.006%|10.84}.056 |28 | .oud | 1226
O 101,038 15,551 044 |4.30 }.073 | 13,97 |.058 |10.28 | .049% | 1/.78
at it.037| 42 |.ous (5.2 {.092 | 12.48].063 | 12,82 .052 | 9.3
< 2 ].037| #2042 |4.59 | /00 | 924 |, 017 | 1173 | .056 | 917
G 131039 44| 04T [ 442 ] 101 | 278 |, 080 | L90 |.057 | .53
29 o0l 4oyl oee | dat {02 | 625,082 | 979 |.059 | 6.59
h i5 . 040| 3.321.049 | 4.05 | 103 | 5321, 083 | 1073 | ,000|/0.42
16 1,041 | 4.9 1,050 [ 4,29 |.103 | 720 (.083 |10.38 | .06! |/4i5
17 1.040 ) 6.25 1,050 ) G.22 | 102 110,59 |.083 | 1712 | .06 |19.05
AVERAGE |.045 | &3 | o4t | 540|064 | 1100 |.056 ) 11-26 | .04} | 11.25

= NTER - STORY  DISPLACE MENT , =T

¥ oz Fi@@?\ ACCELERATION :ﬂv,/Sf”:
Tabfe B.1B - Insiastic Analysis Results by Floor
17-Story Shear Wall Building (CSW-17)

0.27g Peak Ground Acceleration
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ZONE O | ZONE | ZONE 2 | ZONE 3 | ZoNE Y
STORY | % | ¥ X ¥ | x| x | x | X XX
popoody | 278 LO4b 291 1.030 [ 3.08 |.019 | 324
2 1.067 | 349 065 | 376 | 049 | 3,93 |, 029 | 4.19
VO g |.o064] 334 O O 1.06%3 | 308 |.048 | 4.32 | .029 | 4,83
© y 1,060 338 | 1y W [.059 | 3.65|.045 | 4.20 }.027 | 5.25
S 5 0621332 § S |.059 | B0f|.045 | d2p | 031 | 522
| = ¢ |.056 | 240 | N 054 12,79 |, 04 | 4.38 | 03] | 5.28
o 7|59 33| © | I |.059 | 370 .05z | 45 |.038 | 552
=& g |.054 | BHZ © w |.058 | 3.8%2 |, 057 | 473 |,039 ! 5.90
2§ 9}.058 | 342 ) I | ¥ | 057|879 .063|4.86 | 054 6.03
T pl.o49 (325 § | A |.0d47 | 3.62|.055 | 4.69|. 056 6.20
i) .0%4 | 4.00 032 | 4.53(.036] 5.82 |.0%6] 7.65
AVERAGE |, 055 | 3.37 054 | .63 ). 047 | 4.u2]  076| 541 |
Table B.2A - Elastic Analysis Results by Floor
11-Story Steel Building (SMRF-11)
0.1g Peak Ground Acceleration
X =INTER - STORY DISPLACEMENT , FT.
X = FLOOR ACCELERATION, FT /sec?
ZONE O ZONE | ZONE 2 ZONE 3 ZONE Y
STORY ¥ | X X X X % x | X X | X
B¢ A4 1,049 1 8,00 L06Y | 720 1,075 {104 1 .037 | 0.3
™ 21,000 74| o 075 1 804 | 102 | 9.88 1,036 | 9.30
S s los3|72z| | O {065 716 | 092 G20 |.034 |11.38
‘ 4 1.049 1637 2 2 |.054 746 | 056 8.02).034 |10.20
L= 5006 |586] N N }.059]726 |.056] 702 |.072 |19.24
o0 6057 | 569 2 w | 057{70% (.04t | 850 |.065 | 4.565
ok 725|553 11281 620|120 892 |. 094 | 9.6\
AR X S| Y |26 | 748|099 9.30 |.059 | 9.5
>V 9 .7u4 | 422 3 < {159 {46] | 193] 648,179 | 9.82
>~ 6| 016 3.7 N olomid20| .13 ] B8] 1131 8.03
/M| .050| 2.93 o4t | d.22| 048 | (.09 |. 050] F.60
N -
AVERAGE | .086 | 5.6l 082|647 | .0%0]| 8.18|.069 | 9.70

Table B.2B - Inelastic Analysis Results by Floor
11-Story Steel Building (SMRF-11)
0.27qg Peak Ground Acceleration
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ZONE © ZONE | | ZONE 2 | ZONE 3 ZONE 4
STORY | X X X X X X | X X X | X
/] 1.0%1 | 2.40 031 | 2.40 1,024 [ 24T {.017 | 2.55
2 {,056 | 3.35 056 | 3.36 |.043 | 3.L2|. 03] | 398
00 3 1.053 | 343 | O |.053% | 344 | o4l |3.90 |.029 | 4.60
S 4joso|zsH| o | Y |.050|3.34|.038 | 3.88|. 027 48l
o £ 1.047 1331 | 2 S | .047 |23\ |.036 | 382,025 4.78
x> G .o43 4350 N 1 043 1330|033 | 3.82 |,023 | 4.0l
G 710391239 w <1039 |340 | 030 3.81 | 02! | HuY
S 81,035 %371 %—' ,035 | 2,371,027 | 3.76 | .019 | 4.4I
93 9)ozolz2g| I | 3 |.030]327(.028| 275 | 016 0k
~ 10| .034) 238 V Vio1.024 | 338 .018 | 405,012 572
- Il .ote] 46 o5 L uad | ool 4861 0071 ¢.07
AVERAGE |.038 | 3,34 .038] 3.24 1,029 } 279 | .02l | 4.5
Table B.3A - Elastic Analysis Results by Floor
" 11-Story Concrete Frame Building (CMRF-11)
0.1g Peak Ground Acceleration
X = INTER- STORY PISPLACEMENT , FT.
X = FLOOR ACCELERATIGN | FT /sg¢*
ZONE Q| ZOME | ZoNE 3 | zonE 4
STORY X | X 3 Wl ox %
23 958 0% 952 1094
o~ 2 .40 4.0l A99 1 242 a7
o al.o%c |95 + T 647 | 9.55 28
4 1079 (698, % | = 681 | 9.25 5]
=B 125 L oT L =40 069 | B.52 |0 08
By @ 2097 16320 g w108 [ T07 L0778 | 05% | 958
wo; 70.087]548) | .08 681,098 |87 070 9.52
:z §.072 1538 = 2,085 15,521,064 | 8.3 1.055 ] 2,69
X ¢ s ~ = o
= 9057 6ot | & S 1,065 6,201,052 | £.58 | 037 | 968 |
o 16 1,051 | 6.37 LOB1 1 .02 [ O3B | GG L 02T 1125
tE o029 0 779 0281 270,021 101G 1. 018 1/2.7%
AVERAGE 1,087 | 715 L090 | 744 1,071 £,.961.050 /040

Table B.3B-Inelastic Analysis

Results by Floor

17-Story Concrete Frame Building (CMRF-11)
0.27g FPeak Ground Acceleration
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. ZONE 3

ZONE 4

ZONE O ZONE | ZONE 2
STORY X ¥ X X % X X X X %
1 {.007 | 2.34 L0041 198 {.00% |72
2 1.0]5 | 4z8 o |-010 | 389 {.008 |338
o o o)
N 3 {.0t2 | 527 w " w015 | 525 .01 | 476
o 410265701 2| 2 | 2 | g |09 585015502
3 51.020/58 | R | S ! Q | N |02 |592 .07 | 598
\ S b 0321568 v ® w04 | 5.78 1.019 |5.93
oy 7 |.031)5.12 =) ¥ X 1.025 | 5.48 |.021 | 5.54
Lo 8 |.035| U450 W u = § 026 | .82 |.022 | 4.93
Y 9 |,0%6 | 2.87 = & < < |.027 | %20 |, 022 | 4.75
& o |.0%6 | 452 O 027 527 Lo22 | 606
o035 | 173 027 | 8.29(.022 | 8. 7%
AVERAGE |.028 | 4.99 020 516 (.07 | .22
Table B.4A - Elastic Analysis Results by Floor
11-Story Shear Wall Building (CSW-11)
0.1g Peak Ground Acceleration
X = INTER- STORY DISPLACE MENT , FT.
X= FLOOR ACCELERATION FT/sect
7ZONE O ZONE | ZONE Z Z20NE 3% ZONE 4
STORY X % X X X X X X X X
11.027 |15.63|.033 {1503 {12 | 947 |.008 |19.89|.005 [9.4b
0 2 oo | 8o 036 12.23|.132 | 849|018 |14l |.012 |9.92
g 2 [.049 | 10,05].047 [10.00|,108 |1%.071.022 [11.22 |.016 |9 GO
¢ L.osd { 7.1 |.o54 1999 |.0% {7.60 |.027 {1098 |. 024 |/0.4
Q‘J: 5 |.057|8.321{.057 | 8.00!|.086 |6.10 |.042 |12.821.,028 |9.97
~ & |.060 {852 |0l |8.32 |,015 | 5,59 | 044 [10.43 . 037 |/0.55
Q% 71.002 | 766 |.0027.51 |,004 |5.72 |.046 |10.84}.040 | /0.49
ﬂ Q 8 | .06k | 7.34 |,065 | 6.99 {047 {420 }.047 | B.ou |, 042 | 10.04
> 9 1,069 | 477 1,068 4 861,032 3,61 }.047 |560 | 043 | 9.43
~ 101,070 | 4.95 1,069 | 4.98 |.033 | 4.05 |.046 | .49 |.043 | 0.3/
I ]1.070 | 8.12 } 009 [ 8.08|.033 | 25( |.u48 [1.58 [.043 | /5.46
AVERAGE | .057| B.} 057 | 8.55 |.0717 | (40 |.036 |10.8]|.03¢ |10.50

Table B.4B - Inelastic Analysis Results by Floor
11-Story Shear Wall Building (CSW-17)
0.27g Peak Ground Accleration
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ZONE O ZONE | ZONE 27 ZONE 3 ZONE 4
STORY | x ¥ oo X | X ¥ | x | ¥ [ x | %
D oeel279 | D1 G | S | S |ou9 | 3.05 | 033|339
oS 2 |.102]297| 3 3 F Z |, 075|368 }.051 |4.63
2 = N & S
= 3].091|2.98] - i N, 06713.59|.044 {4 0l
Qo 4 |.079]3.00 z N N £ 1,057 |2.62|.036 | 4. %
7 5 06300 = | T | E | § | 040|3.54/.028 |4.5)
bl.ov|z37] & | & | S| & |03 |43 .07 |5MH
AVERAGE |.074 | 3.02 LOBH 13,631,035 | 455
Figure B.5A - Elastic Analysis Results by Floor
6-Story Concrete Frame Building (CMRF-6)
0.10g Peak Ground Acceleration
X= INTER-STORY DISPLACEMENT, FT
X = FLOOR ACCELERATION, FT/ggc?
ZONE O | ZONE | ZONE 2 | ZONE 3 | ZONE U
STORY x | X ¥ X X % % %
e o
ro].249 | 694 W “2" 248 1692 | .09 | 8.28 | .18 | &
vy 2|az6|577| 3 S |.125 | 576 |.107 | 9.51 | 015|835
= 3 1100 | 4.46 | o o |-100 [49.45].276 | .76 |.067 | 8.3
<% v lzsslun | S| Y |252| 475|032 | 680|002 |BuE
HE 5 |oo2|usu| T | 2 |26 | 437085472 | 112 |59
= ol.opz|du3| & | & |.060| 4.55].079 | 521 |.029 L1016
. AVERAGE |.1493] 5.12 52 | 5.3 (124 | 6. 88 |.077 | 882

Figure B.5B - Inelastic Analysis Results by Floor
6-Story Concrete Frame Building (CMRF-6)
0.27g Peak Ground Acceleration
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