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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 limit 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 limit earthquake and, to a lesser extent, 

decrease the maximum ductility ratio for a larger earthquake. 
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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 Initial Damage Statistics," 
Department of Civil Engineering Research Report R72-17, 
M. 1. 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. 1. T., May 1972. 

3. Anagnostopoulos, S.A., "Non-Linear Dynamic Response 
and Ductility Requirements of Building Structures 
Subjected to Earthquakes, II 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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NOTATION 

FR Force-Resistance Ratio = 

K Story Stiffness K/FT 

Mp Story Moment Capacity, K-FT 

N Number of Stories 

R Story Resistance, Kips 

RB Bottom Story Resistance, Kips 

Rs Story Shear Wall Resistance, Kips 

S, First-mode Spectral Displacement, INS 

S, First-mode Spectral Acceleration, gls 

T, Fundamental Period, Secs o 

W Total Building Weight, Kips 

X Displacement, FT 

XT Top Displacement, FT 

Xav Average Peak Inter-Story Displacement, FT 

Xm Maximum Peak Inter-Story Displacement, FT 

x Acceleration, gls 

Elast Limit Ground Acceleration, gls 

Average Peak Floor Acceleration, gls 

Maximum Peak Floor Acceleration, gls 

Z Design Zone 

S Critical Damping Ratio 

f, First Mode Participation Factor 

~ Maximum Ductility Ratio 

~av Average Maximum Ductility Ratio 
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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 losses 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 alsD 

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 level (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. All 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 adopted 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 l~eal 

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 ZJne 

o (no seismic provisions), Zones 1, 2 and 3 as defined by the 

UBC, and a more severe condition, herein identified as Zone 4, i1 

which the seismic coefficient is taken as twice that for Zone 30 

The last 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. 
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Floor plans of the five buildings included in this study are 

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

1. l7-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 lateral resistance in the design but are 

considered in the dynamic analysis. 

2. ll-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. ll-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. ll-Story RC Shear Wall Building (Fig. 5, short direction). 

This is similar to the l7-Story shear wall structure 

except for the number of shear walls. 
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Building (CSW-17, Short Direction) 
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5. 6-Story RC Moment Resisting Frame Building (Fig. 6, 

long direction). In this case lateral resistance is 

provided by the two exterior rigid frames in the long 

direction. 

In the proportioning of members for these buildings standard 

practice was followed even though theoretically that may not 

provide the most efficient lateral 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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III. 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 (O.lg) 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 O.lg 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 levels and the computed 

dynamic response. The purpose of this study is to determine if 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 

simplified 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 paramete~ of the dynamic 

model. 

The models have one degree of freedom per floor, the masses 

being lumped 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 ll 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 like 

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 ductility, 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 frame 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 involve 

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 compli:~ted, 

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 

elasto-plastic resistance function. These are then superimposed 

to obtain the total force on each flooY' mass. Thus s a time-history 

of the displacement and acceleration of each floor is computed. 

Even with the simpl Hied model, the numerical analysis is 
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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 is 

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 (O.lg) 2% 

Inelastic analysis (0.27g) 3% 

Concrete Buildings 

Elastic analysis (O.lg) 4% 

Inelastic analysis (0.27g) 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 live 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 lateral 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 observed 

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 amo~nt 

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 



28 

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 ll-story steel building 

has much smaller stiffness and resistance than the ll-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 live 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 (XT), interstory displacement (X), and floor accelera­

tion (X). The elastic values in Table 1 are for a peak ground 

acceleration of O.lg, even though this is beyond the elastic 

limit 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 (X av ) 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 (Xe ) 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 or the shear to reach 

the capacity of the walls in some story. In both cases 9 all 

elements are lumped together for this purpose, i.e .• the total 

building stiffness and total shear capacity are used to define 

an elastic iimit. Thus the limit is actually an average value 

for all elements of the structure. 
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The ductility ratio (~av) given in Table 2 is the ratio of 

maximum total displacement to elastic limit 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 

limit 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 little more, of that for Zone O. 

Considering the ll-story buildings, the steel frame has a very 

long fundamental period because of its flexibility. As mentioned 

prpviously~ this is partly due to the fact that these are exterior 

frames in the long 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 long 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 

lines passing through the analytical result for O.lg. However, 

since there are only two data points, the curves between the 

elastic limit and 0.27g are merely indicative of the trend. It 

is important to note that there is a consistent increase in the 

elastic limit, 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 lie 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, X does av 
in fact vary almost linearly 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., Xav for Zone 3 may be greater 

than for Zone O. 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" s tori es where the peak inter-story di spl ace­

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 

1 eve 1 . 

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 to 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. 

Elastic Response. In Table 3 the computed elastic disp1ace-

ments are related to the first mode responses. The spectral 

displacement (Sl) is read directly from Fig. 7 and the modal 

participation factor (r l ) has been normalized for a unit eigenvector 

at the top of the building. Thus, the product r1s1 is the first 

mode component of the roof displacement (XT). It may be noted that 

in all cases there is essentially no difference between rls l 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 (Xav ) is always slightly greater than the roof 

displacement divided by the number of stories. This is true 
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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 XT/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 accelerations 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 sees. For all five build­

ings the periods for Zones 0, 1 and 2 are either identical or 

larger 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 least 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 (rlS l ) with 

the computed inelastic top story and average interstory displace­

ments. Comparing the displacements at the top of the building 

(rlS l vs XT), the agreement is reasonable except for the tall shear 

building (CSW-17) and the steel frame building (SMRF-ll). 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 8.28) 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, probably 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 

(rls l / 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 line 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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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 disolacement 

for the first mode •. 

Elastic Limit and Ductility Ratio. It might be exoected 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 limit and average maximum ductility 

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 limit 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 limit does not increase as rapidly as the resistance. 

However, there does appear to be an almost linear 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, 
.• 0 27 .. 
Xe = • /FR (0.27 appears because S, 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 limit 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. ]6 are not too far from the equality 

line, i.e., the line for which ~av = FR. This line represents 
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the proposal by others that one may design for an acceleration equal 

to the elastic response value divided by~. 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~. 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 limit, 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 limit 

with seismic coefficient or zone. This presumably means a somewhat 

improved performance of the structure, even though the inters tory 

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 limit. 

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 O.lg 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. All 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.e., the 

yielding of a IIsoftll story may reduce the forces in other stories. 
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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 ;s shown in Fig. 20. The average maximum 

ductility ratio generally decreases with zone, but not appreciably 

except for CSW-ll. The reasons for the difference between build-

ings is apparent in the force-resistance ratios computed in Table 

5. For example, CSW-ll 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 seismic coefficient has 

the effect of increasing the elastic limit 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 prooortional to the square root 

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)9 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 the 

above that more effective (i.e., better design control over the 

response parameters affecting damage and resistance to collaose) 

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)J he could also control the 

elastic limit earthquake and the maximum ductility ratio. These 

parameters are probably sufficient to provide a satisfactory struc­

tural performance and a limitations to damage much more directly 

and effectively than current code procedures. 
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VII. 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 (Tl>l 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 aoproximated 

by the elastic spectral displacement (r,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 disolay 

an almost linear 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 resoonse. 
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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 little improvement in this regard. 

3. Increasing the design zone increases the elastic limit 

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 orocedures does 

not greatly reduce damage. 

5. However, by increasing the elastic limit 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 oarameter 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 ductility 
ratio for each story and the peak floor accelerations. 
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ZONE 0 ZONE' I ZONE. 2 ZONG 3 ZOtJE tf 
STORY 

t---....,...~.-:-. -+--:--'.-.--1----.--'-. --+---,-"'-.. ---t-----..,-----1 
}( )( x x X X X X X 

-----+-----+----+----+----f----+-----r----------+----------t-----; 

I .00& /.$1) .DOY 1.4(" .00'3 l.tS .Go?' 
'l. .olLf 3.'?o7 ,010 '1.97 .oaf) 2.91 .007 

3 .019 4./5 .0/5 1/.11../ .013 4.1& .011 

~ .0'24. 1./ .Llz .019 4.B7 .01 & 5.00 .OIU 
S .02.7 /4.51 .023 6.21 .019 5.4& .Oll 
&; .029 I LJ..47 .025 5.41 .022 5.n .0/9 
7 ! .031 ! L/:30 0 0 .028 5.5LJ .024- 5.92 .021 
8 1.032! t4..ILJ .030 f5.J>7 .01 & ? 99 .023 

9 .033 I 4-.011 ~ ~ .031 5.42 .027 5.'63 .024-
/0 .0"54 tI..oo ~ 2 .032 5. 10 .028 !>.45 .020 
II .034 '3.99 ,034 4.70 .029 4.98 .027 

...:) -

1'2 I' .035 3.e~ ~ VI .035 4.30. (!gu £I. SO .021 
13.0)5 3.&5 q .0'35 '3.87.031 3.98,028 
Ii./- .035 3.4/ ~ l.u .03G:> 1,,1-17 .032. '3.51 .028 
15 ,u55 13.09 ~ ~ ,03'- 3.(,0 .0'32 3.8/ .029 
1(" .015 i 3-10 \f) .(J3(" 5.10 .032 5'.153 .029 

17 .ug5 0.19 .03~ 7.76 .cH2. 8.n l.d29 - ___ --+ __ 1--_+-_-+ ______ -- i 

/lVERAG£ .055 ~. 95 .CJz;4 !.J.G?.. .o,{7 4-.85 .03& 

I. 31 
2. (P2. 

3.BS 
'-1-.80 
5>-12 
5,7& 
5·90 
5·88 
~, 73 
5.4~ 
5-. 0(., 

4.1;2 
'3.85 
3.41 
3,89 
'5.& 1 
8,14 

1./.79 
-----+---!..--~-------'--__ ...L.... _ __' __ -'---_~ ___ ..J'__ __ _'__ __ ___' 

x -= INTER- Sl'OR'-( DISPLACEMf::NT, FT 
.. 
)(:.. FLOoR ACCELERATIO~) FT/sEC'L 

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 0 ZONE J 20N€ 2 ZO~E '3 ZOrJE If 
--------.--. --- -~-"'-. "_-... --, . " STOR\( '>( x x x X X X X X -; 

... -- ._-,._- -

I .051 9.87 .050 8.81 .OO~ 11.,('" . 008 9.52 ,00(" 8.92 

2 .0')3 9.72 . 01)(.. 7.72 .0/5 12.71 .018 10.70 .01Ll 3.6" 
3 .05918.09 .OS8 ~.fc7 .023 /3.03 .021 10.93 .010 10.70 

tf o O{,51 8.09 .ot;,(p (..o~ .028 16.59 .03'7 12.36 . o lee. 12. (.() 
% 5 oO~31 7.70 .04-5 5.74 ,032 1'5.110 • oLf I /2.'10 .0.30 13,22 
I' (p .053 f 7.23 .01.9 5.41.. ,031 /Li.l? 1,049 12.03 .03'+ 12·3(., ~ 

a 7 ,042 ro.9'-1 .03tf 4· 9/ .053 1/.11 .OSO 12.f4 .037 12,')9 

I E- o o~5 r;, l/ 9 .0'37 4.13 .055 9.3'1 I .01)3 II. II .04-1 12. "G, 
9 . 0 37 I 5.74 .01.,\0 'i.ot .Ob~ /0.8Lf .05" 1/·28 .04Ll 12."2~ 

" JU ,038 5,55 .044 L/.'30 ,013 13.97 .058 10.28 .OLJQ 11.78 
-r----

II .037 4"'2.1.045 Ij.'Us .092 13.4S .0(03 12.8'l- .051 9.3J 
r. _ 
V) I 

"''S 
,z. . 037 If. 7.~ .OLf2 4.59 100 9. ?Lf , 077 JJ.73 .056 9.17 

-...J /3 .039 ij..Llf.D .04-7 Lf.42 ./01 7.78 ,080 &.90 .057 1,'5 '-l.JV) 
<(; l'f ! .ul/-D 4. II . Olf B 4.11 .IO'/. (".'25- .082 9.7'1 .059 itJ·59 - 15 ;. 04-() 3.3'2. .049 4·05 .103 /0. Lfl.. 5·'n .083 /0,73 ,OfoO 

1'- I . U4 I 4.91 .050 tI,29 .103 7.1.0 .083 /O,~8 .0101 JLI,/5 
11 .040 (.,. ~5 ,OSI ~.2'l. .103 IU.S; .083 17.1 'L .O~I /9.05 

~._H~ 1-----1-"---1-' .. --.---... ~-

AVERAGE .0'15 <0·3'1 .0'-1(; 5.40 ,GuLf 11·00 .05itJ II. ze, .0Il ( /1.'$1) 
--'---. 

x -= fNTER- 5TtH,:y 'DISPLACE /o/I£f\JT 

X .::: FLooR ACCELERATfON FT/SEC '-

Table B.1B - Inelastic AnalysiS Results by Floor 

17-Story Shear Wall BU"liding (CSW-l7) 

0.279 Peak Ground Acceleration 
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ZONE: 0 ZON I:: \ 'ZONE Z ZONE .3 ZON E tJ 
1----- - --'--'--

5TO~Y ~:4-1 Z~~- !·-ti-- ~ 
-----~----~ . 

X \ X X· i)( ·x 
-"-'-""- ---",,", .. _.---.' ~'~-'---'-'- r- ... ----·t------- ----

-
~ 

2 .0&7 I '3.'19 
~ . oc"t.f I 3.:11+ 
~ .OGO 13.'38 

5 .0ro1.! 3:32 
~ .0'58 i 3.40 

7.0593.31 

8 .054 3//3 

9 .058 
10 .0t./-9 
Ii .034 

3.42 

3.ZS 
t.J.{)O 

o I () 
l.u 
< o 
N 

-----+----+--- --+---+ 

04-1 
0&5 
Ob3 
059 

059 

054 
0159 

056 
051 

ot./1 
032 
---

2.9/ .030 3.08 
'3.710 . 049 '3. £13 
3,(,8 .048 4.32 

:3. b? .045 4-.20 
3_(,,~ .045 !.4·22 
3.19 I 01{- I ~.;8 

3.70 .052 4.131 

I ~.83 , OS7 4.73 
'5.79 .063 4. Bra 
3.(0'2 .055 4.6'1 
4.53 .03& 5.82 

r--"-- --
AVERA(,{; ,055 3.'37 054 3. &3 .0147 4. 4~ 

STClr<.Y 

no .1 

t'- 2 
N 

0 3 

I 4 

u::::- <5 
1 (,p 

till. 1 .qCl.( 
8 -.J~ 

1.llV) 
9 "2 -- /u 
JI 

AVERAGE 

Table B.2A - Elastic Analysis Results by Floor 
ll-Story Steel Building (SMRF-ll) 

O.lg Peak Ground Acceleration 

x = /NTER - STORY DISPLACEMENT> f::T. 

X = FLOOR A.Ce £LE RAT ION) FT / SEC 2 

ZONE (j 'ZONE , ZONE" 2 'ZONE. '3 
., 

\) " 
X x x X x- X x 

.049 8.00 .o(g4 . 7.20 ,0717 1,0.14 
,0bO 7. If'1 '0 .015 8.0lf , 10 21 ~.88 

0 .053 7. Z'2 
UJ 1.0 .0&5 7.1c;, .092 q.?o 

.049 &.37 :< "< .054 7.1./(., .OSt. ~.O'2 
~ a 

.O~0 5'. 8ft, to...J .059 7. '5&' .015(", 7.02 

.057 5.(09 til V) .052 7.0'5 .041 8.50 <{ 

.125 5.5:3 
"Z 

• 1'28 ~.~O .120 8.QZ 
.117 Lf.93 '.l.l l1J .12 (0 7A·8 .099 ~ ~ 

9.30 
.144 If. '2..?, '<:!. <;( . II? 9 4.fol .193 fa .tfB 

\I) V) 
.0710 3.7/ .014 4:20 .113 &.~S 

,o?o 2.73 .o~1l '-L ~2 • e)LIB ~.O9 
. --~ c----.-r---- ,--... _--.- .----.~-. 

.o8~ 6.10/ .082 &.47 .090 8.18 

, 
.D19 3. Zit 
.0'19 4.19 
.0'}9 4,83 
.027 5.25 
.031 5.2.2 

.03( 5.28 

.038 5.52 

.039 'i, 90 

'05/f b.03 

· o~Co ~.20 

· 0'3(0 7.B5 
--

.03& 5',t.f/ 

ZONE 4-
" 

'/. X 

.037 10.31 

,o~(., q.30 

.034 I 11.38 

.0Yf 1{J.'2.D 

.072 10·21 

.O~5 (l'75 

.094ICU!l' 
,059 I q.I'S 
, 179 i Q.'32 

~ 

. II 3 I 8. ('3 · 050t 9.00 .... --_.-. ---

.0(.,9 '1.70 

Table B.28 - Inelastic Analysis Results by Floor 

ll-Story Steel Building (SMRF-ll) 
0.27g Peak Ground Acceleration 
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------------- --------------- ---
ZONE 0 z ONE 70 NE 2 ZONE -3 ZONE Y. 

---
" 

X X 

.031 I '.2.40 

.O!;" 3.35 
,053 3.Lt3 

.050 3.34 
.041 3.~1 

.043 '3.35 
, .039 3·39 

.035 3.37 

.030 3.28 
.034 ~.38 

.Oth tf. , " 
r-----
,038 3.3'-1 

.---

X 

o 
IU 
"< 
~ 
Vl 
<z 

'<l: 

.--

.. .. 
)( X X 

--- r-------

o 
!.J.J 
< 
2 

,031 

,05& 

.053 

.050 

.0Lf.1 

,04-3 

! .039 
.0'35 
.030 

.02'+ 

.015 

.038 

1..~1 

3. 3~ 
3.44 
3.3Lj. 

3.3\ 
3. '30 
'3.40 
3.37 
3.27 
3.38 
4.14 
----
.3. "I.} 

' . 
X )< 'x: X 

--------- -." ..... .. ~.~ r----

.01.4 I 1..47 .017 7.55 
.04-3 3.~2 .031 3,15 
.041 3,90 __ 02.9 Lf. (00 

.038 3.88 .01.7 4,61 
.03(", 3.83. .025 4.78 
.033 3.82 .023 4,~1 

.0'30 3.81 .0'21 4-. !N 
,027 3.7~ .019 4.41 
.02'3 1,.75 ,Olb !f.Io~ 

.018 1. os ,012 5,'22 
,010 4.Bb .oO? ~.O7 
----
. 01. 9 3·79 . OZ.) 4,,05" 

----~~---- ---- -- ------,-----,----------- ----------, '-------

Table B.3A - Elastic Analysis Results by Floor 
ll-Story Concrete Frame Building (CMRF-ll) 

O.lg Peak Ground Acceleration 

~ -: J N / E. R.. 5 TORY DIS P L 14 cENt £ N T ~ FT. 
)(:= FLOOR ACCELeRATION? FT/sr;c'-

Table B.3B-Inelastic Analysis Results by Floor 

ll-Story Concrete Frame Building (CMRF-ll) 

0.279 Peak Ground Acceleration 



STORY 
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\JJJ 3 

0 + -... 
d 5 

- ~ \ --• 
S::!"$ 7 

8 ~\f) 
Vl\J 
Q:: 9 

·llJ Iv 

II 

AVERAGE 

STORY 

I . 

~ Z 
N 3 a 4 
I 5 u::::-;:.. ~ 

I() ~ 7 
<::l: Vl 
-...J '-> $ 
L!J 9 < - 10 

II 

AVER.b.G£ 

75 

._-- --<>~. -.~,." - .. -,~-.------

'tON E 0 ZOt-JE I ZONE 2 . ZONE 3 I ZONE 4-
'. -~"-.. -- --"'---""---t--"-------

X Y X X' x )( l( X- X X 
r-----"" .. - ----" r---.----- .-----

.007 '2, 3i./ • DOlt 1.99 .003 

.015 LJ·z 8 0 .010 3.89 .008 

.02:.2 5:Z.7 0 0 () 
·015 5.25 .012... W \.l) 

~ 
w '2 .020 5.70 2 ::2: .0/9 5.85 .01S 

~ 0 0 Q 
.030 5.89 N N N .Oll 5.92 .• 01 '7 , 

1.032 15.08 (.I) V} I/) V'l .O'ltf. 5·78 .019 

.034 5,12 <l; "{ "<:1: ""( 
.02':> 5.118 .0'2.\ 

.03S 4,150 W W ttl lU 
.02~ 4·82- .022 

~ ~ ~ ~ 
.O3~ 3.87 

~ <r «' « . 02. 7 If. 20 . 02'2. 
.030 /f.?'l \f) V) (f) 

.027 5.27 .021-
.035 '1,73 .02.7 8·'2.9 .Ol2 

.0'2.8 Lj.'f't .020 5./f.t, .0/1 
.. 

Table B.4A - Elastic Analysis Results by Floor 
ll-Story Shear Wall Building (CSW-ll) 

O.lg Peak Ground Acceleration 

Xc: INTE:R- STORY DISPLACEMENT) FT. 
)< -= F LOOT< ACCcLC"R,.A -r ION FT / SEC 1. 

I. '72. 
3.38 
4.7& 

5·h2 
5.98 

5.93 
6.54-

4.93 
4.'75 
& .oc., 
8. ')t, 

5.21> 

Z'ONEO ZONE I 'ZONE Z ZONE ~ ZONE Y-., ., 
" )( X >< X x x x x X 

.027 /5 8'3 .033 16.03 ,1(.,2 9,47 .008 If.(. 89 ,005 

.040 /1.80 o~b 11.23 .f'32 8,lJ.9 ,018 I/.lfl ,01'2. 

,o~ 9 /0,05 .OLJ.7 10.00 .IOB /~.O'7 .0'22. 1/.22 .018 
.054 7· 71 .0ssLf 7.99 .09& 7.100 ,017 10,96 ,1)2Lf 
.057 8,32 . 0'57 8.0b .ost., fa·IO .042 12.82 .Ol8 
.0bO 8.52 ,O(PI 8.32 ,075 5.59 .044- 10. LJ. '!> .037 

.002 7. c,(" .0&2 7.S1 .Obtf 5·72 . aLI Ie 10.SI/ .0tJo 

.Ofc~ 7.34 ,oro~ (P. 99 .0'17 4.70 .047 B.oo .04'2. 
,0&:19 4.17 .0&8 l/-,g& , 032. 3/~1 ,Olf7 5. (00 .043 
,070 4-.95 . oro 9 If. 98 . OS3 1/-.05 ,048 0.49 .043 
.070 8./2 . oro 9 8.08 .033 1.5/..." , aLl-8 II. 58 ,01./3 

. U57 8.04- .05 7 8.S5 .079 ~,'10 .030 IO·tH ,034 

Table B.4B - Inelastic Analysis Results by Floor 
ll-Story Shear Wall Building (CSW-ll) 

00279 Peak Ground Accleration 
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X X )( X X X x X X. X 

.U&;" 2.79 
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V1 ';£ ~ .079 3.00 <!: 'i; .057 '3. (,/2 .03& t/.~~ 
WJ I..J.J LLJ W ,O{gY 3.00 ~ ~ ~ ~ .04& 3J;L/. .028 t./.57 

. ()lfq 3.37 « «, «. <r .O~I 4.31 .01'1 5·74 IJ) (f) V) Vl 
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Figure B.SA - Elastic Analysis Results by Floor 
6-Story Concrete Frame Building (CMRF-6) 

0.10g Peak Ground Acceleration 

x,.. INTER-STORY DISPLACEMEtJT) r::r 
)( =: FLOOR t\CCELERATION, FT/SfC'L 

ZONE 0 ZONE I 'ZONE 1. -ZONE '3 ZONE: 4-
Y-

., 
x- X X X 'j, ')( 

(0.94 
0 0 

.249 1..l.J w .ZtJ.S ~.92 .Ofo9 6.28 • /I e 
• 1'2 <0 I? 77 <: z 

.125 5.7fo .107 9. ~I 075 ~ 2 
.100 If.lIfo .100 '1.45 .Z'7~ &.7ft; .0(01 II) (/) 

,258 4·7f.-
« ":( 

· LJ;,2 tJ. 75 ./'32 b.ffO ,0(.,2 
lU llJ if. n .102 IJ-. '34 < ~ · /2£0 4.33 .08'3 .IIZ 

,Ofb'l. 4.43 
<:( 

~ · 0100 1f·55 .079 5'. 21 .029 \f) fJ) 

· I L/ 93 5.11. .j5Z 5./3 ./'ZLj. &,88 .077 

Figure B.SB - Inelastic Analysis Results by Floor 
6-Story Concrete Frame Building (CMRF-6) 
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