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ABSTRACT

This report presents an evaluation of the different stages involved in a

experimental study of the seismic behavior of a reinforced concrete structure,

by means of an earthquake simulator (shaking table). The discussion is focused

mainly on how representative the test structure and the table input motions are

with respect to the actual, "real life" buildings and seismic ground excitations.

The design of the structure is then reviewed from the point of view of a

current seismic code, and the experimental results are compared with analytical

expectations as well as with the design demand levels.

The last chapter summarizes the conclusions obtained and points out areas

for future research.
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1

1. INTRODUCTION

1.1 Objective of Study

During the past few years, a considerable amount of research regarding the

behavior of reinforced concrete structures under seismic excitation has been

carried out at the University of California, Berkeley. An important part of

this research has been done using the shaking table facility at the Earthquake

Simulator Laboratory located at the Richmond Field Station, Richmond, California,

as part of the research program "Energy Absorption Characteristics of Structural

Systems Subjected to Earthquake Excitations," sponsored by the National Science

Foundation.

Five reinforced concrete frames, in reduced scale have been tested on the

shaking table, and an impressive amount of valuable information regarding vari

ous types of structural behavior under different levels of seismic excitations

has been obtained from such tests. The results from these experiments have been

published in several reports (References [1] to [6]) or are in process of prep

aration for publication.

However, it has become apparent that a global evaluation of the diverse

procedures involved in the development of each phase of the experiments, and of

the information obtained from the tests, would be desirable before proceeding

with further testing. The main purpose of the evaluation would be to obtain an

overall view of what has been learned from the experiments, presenting the

acquired knowledge in a systematic way, not as the results of a series of iso

lated tests. It is expected that the study would provide guidelines for future

testing.

In order to fully achieve the stated goal, it would be necessary to evalu

ate the following aspects of the testing procedure:
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1) The design of the test models, and their capability to adequately sim

ulate actual structures subjected to realistic earthquake-induced ground motions

and/or to perform according to a selected type of structural behavior.

2) Selection of the test program; this involves the selection of shaking

table inputs to the structure, the number of tests to be performed and the

instrumentation needed to record the desired information. Of particular interest

is whether or not the selected table motions are representative of actual ground

motions produced by earthquakes.

3) Prediction of structural behavior; this is necessary in order to verify

whether the design of the models and the test program is adequate to obtain the

desired structural performance. Both "standard" and "state-of-the-art" tech

niques to predict response behavior, should be examined.

4) Data reduction and interpretation of results; this is a crucial phase

of the process, since it leads to an evaluation of the validity and accuracy of

the analytical techniques used to predict the behavior of the test structure.

Hence, it identifies 'areas where more research is needed to provide understand

ing of the mechanisms responsible for the observed behavior of the models during

dynamic excitation.

This report summarizes the first step towards the goal outlined above. Its

scope is limited, since only one of the structures tested has been examined, and

only some of the factors discussed above are studied. However, it is expected

that the results from this study will provide useful guidelines for further

evaluations.

The basic aim of this study has been to provide answers to the following

questions:

(a) Do the tests adequately simulate the behavior of a real reinforced

concrete building subjected to earthquake-induced dynamic excitations?
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(b) Does the design of the test structure satisfy current code requirements

for structures to be built in regions of high seismic activity? If so, is the

observed behavior of the structure adequate from the point of view defined by

the code philosophy?

(c) How reliable are "standard," or code-related techniques, for predicting the

dynamic behavior of reinforced concrete buildings under seismic excitations?

The second reinforced concrete test frame (RCF2) has been chosen for this

study. The principal reasons for having chosen RCF2, among the five structures

tested, can be summarized as follows:

1) Its design is simple from the point of view that it is derived directly

from a typical two-story office building, basically by means of a dimensional

reduction of about 30%. Also its structural behavior was controlled predomi

nantly by flexure, in contrast with RCF3 and RCF4, where significant design

distortions were introduced in order to produce models whose behavior would be

controlled by shear.

2) Close inspection and control was exercised during its construction

process, thus avoiding errors such as those found in RCF1[lJ, and guaranteeing

uniformity in the material properties, and close correspondence with the struc

tural plans.

3) The test program selected for this frame was particularly convenient

since it consisted of a strong shaking applied to an essentially undamaged

structure (simulating service conditions), followed by a strong aftershock. The

table motion was applied along the major axis of the frame, thus simplifying

interpretation of the results as compared with RCFS which was subjected to

shaking simultaneously along its two principal axes.

To facilitate and make this study more general, only the global behavior of

the test structure is examined. Thus, the parameters used to define the struc

tural performance are the story shears and drifts and the lateral stiffness and
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strength of the frame; the parameters used to define the table excitation are the

peak table acceration, the shape of the acceleration response spectra, and the

spectral intensity.

Finally, it should be noted that the conclusions of this investigation can

be applied directly only to structures with characteristics similar to those of

the prototype from which RCF2 was derived. Specifically, they apply to low rise

RiC buildings for which behavior controlled by flexure can be guaranteed, and

where the interference of so-called non-structural elements is minimized.

1.2 General Organization of Report

The first problem to be described and analysed in this study arises from

the fact that the test structure presents deviations with respect to an ideal

model obtained by applying similitude laws to the prototype building. These

deviations and their probable effect on correlation between the performance of

the test structure and that of the prototype are described in Chapter 2.

Chapter 3 is devoted to evaluation of the input motions, considering

whether the table excitation corresponds to possible seismic ground motions, in

prototype scale.

In Chapter 4, the design of the model is verified with reference to the

Uniform Building Code, 1979[111. This evaluation is considered necessary

, because the design of the prototype from which the test structure was derived

[9]. [10]
was based on UCB 1970 and ACI 1971 , codes which no longer are in use.

The overall performance of the structure is described in Chapter 5, and is

compared with expected behavior indicated by analyses. Of particular interest

is the comparison between the "ultimate" lateral forces specified by the code,

and the corresponding inertia forces developed by the structure during the sim-

ulated seismic excitations, i.e. the relationship between the design lateral

strength and the actual capacity demonstrated by the structure.
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General conclusions are drawn in Chapter 6, providing answers to the ques

tions defining the aims of this study, and emphasizing areas of needed research.

A number of appendices are included at the end of the report in which the orig

inal design of the structure, and the computations of section properties accord

ing to several idealizations are presented.
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2. PROTOTYPE, IDEAL MODEL AND ACTUAL TEST STRUCTURE

7

2.1 General Objectives

The test specimen which was the object of the present study can be regarded

as the result of a series of modifications performed on a selected prototype

structure representative of typical design and construction procedures. The aim

of this chapter is to determine if the significant structural and dynamic char

acteristics of the prototype have been retained in the test structure, in order

to ascertain whether the performance of the test structure during the dynamic

tests simulates adequately the response of the prototype under strong seismic

excitations.

In the following sections, the evolution of the test structure from the

prototype building is studied, evaluating the relevance of each phase of the

process with regard to the correlation between test structure and prototype.

Most of the information presented here regarding the genesis of the test

structure, has been obtained from References [1] and [2], in which the structure

design is described in detail.

2.2 The Prototype Structure

One of the basic features sought for the test specimen was that it should

be a simple but complete structure, reproducing a "practical situation,,[l]. The

need for simplicity led to the selection as prototype of a building whose seis

mic deformations are predominately flexural, and not very sensitive to shear

and axial forces. This type of behavior is desirable in framed structures sub

jected to seismic excitations. In addition it is the most studied- and

understood- deformation mechanism in reinforced concrete structures, and a large

number of computer programs and analytical techniques are available to predict

such behavior.
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It appeared suitable to select as a prototype structure a portion of the

resisting frame of a narrow two story office building. Its dimensions are shown

in Figure 2.1, and the computation of the story weights is summarized in Table

2.1. It should be noted that these values differ slightly from those computed

in Reference [1] due to a different estimation of the weights of the girders and

columns. It is assumed that the "non-structural" elements (such as walls and

partitions) contribute to the weight but are isolated from the resisting frame.

Thus, they do not contribute to the structural stiffness and strength of the

building.

After having defined the essential characteristics of the building config

uration, the resisting frame was designed according to UBC 1970[9] and ACI 1971

[lO]codes. Appendix A, which has been taken from Reference [1] summarizes the

philosophy and the procedures involved in the design of the prototype structure.

2.3 Scaling Process

When the prototype structure had been defined, further considerations in

design of the test specimen were imposed by limitations of the shaking table

system, by test convenience, and by economic factors. The limitations of the

earthquake simulator facility are discussed extensively in Reference [7], the

most significant for the case under consideration being that the specimen had to

fit conveniently on the 20 x 20 ft table, with a total weight not in excess of

100 kips. Also it was considered desirable for the fundamental natural fre

quency to be in the range of 2 to 5 Hz.

Based on these considerations, it was decided to perform a length scale

reduction of about 30% on the prototype structure. Accordingly, several other

scaling ratios were selected and/or derived using similitude laws to establish

the correspondence between model and prototype. A list of the scaling factors

employed is presented in Table 2.2.



9

Strict application of the similitude laws to the prototype structure would

lead to an ideal reduced model. Due to several reasons, which are discussed

briefly in the next section, the actual test specimen has some significant dif-

ferences from the ideal model; however, the test structure will be capable of

simulating the global behavior of the prototype if its overall performance under

lateral loads is comparable to that of the ideal model.

2.4 Ideal Model vs Test Structure

The most relevant discrepancies between ideal model and test structure

result from the decision to reduce the distance between longitudinal frames as

much as possible. This was done for test convenience ~d economic reasons, and

was permissible because the frame was intended to be excited in one direction

only. The term longitudinal refers here to the direction of the shaking table

motion.

This reduction of width was performed taking into consideration the need for

maintaining the T-beam action of the girders by providing the slab width recom-

[10]
mended by the ACI code However, it should be noted that the ACI specifica-

tions concerning T-beam action are based on strength considerations, therefore

there is a possibility that the stiffness contribution of the model floor dia

phragm might be different from that in the test structure. This problem has not

been dealt with in the present study.

Additional masses had to be included on both floors of the test structure,

for the following reasons: to simulate the weight of the portion deleted by the

reduction in width, to account for the weight of the non-structural elements not

included in the test specimen and also to compensate for the fact that the

material density was not scaled. Both the prototype and the test specimen were

to be made of normal weight concrete.



10

These additional masses were added to the frame in the form of concrete

blocks attached to the longitudinal girders. Their weight was computed to sim

ulate only the dead load condition in the prototype; additional live load was

not included for test safety reasons. The fact that the concrete blocks are

attached to the longitudinal girders at "discrete" supports, caused the load

distribution in the test structure to differ substantially from that of the ideal

model, where the slab loads would be distributed over the longitudinal and trans

verse girders by two-way action. Furthermore, because of its reduced width, the

slab in the test structure behaves as one-way slab, transmitting almost all its

load to the longitudinal girders. These changes in distribution of the gravity

loads acting on the test structure cause changes of the distribution of the

internal forces, and hence would lead to a different pattern of cracking under

service loads.

The presence of the concrete blocks on the test structure might also have

affected the distribution of inertia forces during the dynamic excitation,

because the blocks might suffer a "rocking" motion, thus inducing extra dynamic

effects on the supporting girders. Since no recordings were made of the block

motions during the tests, this effect was not taken into account in evaluating

the experimental data, nor in the mathematical idealization of the test struc

ture employed in various analyses made during this study.

Some other test structure features (such as the force transducers located

at midheight of the columns to measure internal forces during the tests, the

presence of lateral bracing to avoid torsional deformations, and a slight dif

ference in lengths of the test structure columns compared to the ideal model's)

might have some effect in the correlation process, but certainly to a much

lesser extent than those discussed in the previous paragraphs.

Front and side elevations of the test structure are presented L~ Figure 2.2,

and simplified sketches to compare the geometry and loads of the model and the
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test structure are shown in Figure 2.3. The original procedure for designing the

test structure is presented in Appendix B, which is taken directly from Refer-

ence [1]. The details of the reinforcement of the test structure are shown in

Figure 2 A; those of the ideal model are very similar. The main differences in

reinforcement of the test structure are the use of undeformed #2 bars for the

stirrups and the concentration of stirrups near the force transducers. Also

there was a slightly inaccurate conversion of the reinforcing bar areas between

the prototype and test structure (see Appendix B) .

In order to quantify and evaluate the main difference between model and

test structure, a number of analyses (elastic and elasto-plastic) were performed

for both structures. The basic features to be examined and compared in these

calculations are: the distribution of section forces; possible patterns of crack-

ing under gravity loads; the lateral strength, ductility, and stiffness; the mass

and lateral elastic flexibility matrices; and the vibration mode shapes and fre-

quencies.

The assumptions made to idealize the structures, the limitations of the

analyses performed and a discussion of the results obtained are presented in the

following sections. The calculations leading to the numerical values employed

in the analyses are detailed in Appendix C for the ideal model, and in Appendix

D for the test structure.

2.5 Static and Elastic Vibration Analysis

The computer program ETABt
l3 ~as been used to compute the distribution of

section forces due to gravity loads as well as the vibration mode shapes and fre-

quencies of both structures.

The following assumptions have been made, for both structures, for reasons

of simplicity or to conform to the limitations of the program.

a) Each structure is a 3-D frame, in which the floor slabs are infinitely
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rigid in their own plane. The story masses are concentrated at the floor levels.

b} The members are linear elastic. Their stiffness characteristics are

based on gross section geometric properties. The contribution of the slabs to

the stiffness of the structure is considered by assuming a T-beam section for

the girders, using slab widths and modulus of elasticity as recommended by the

1979 UBC code. The geometric characteristics of the transverse sections of the

members are presented in Figure 2.5.

c) The joints are infinitely rigid, and the supports are completely fixed.

Figure 2.6 shows a view of the idealized frames in the longitudinal direc

tion. The dimensions shown are center-to-center of members, those of the test

structure correspond to the values measured in the laboratory and those of the

ideal model were obtained by applying the appropriate scaling factor to the pro

totype. The computations of story masses and member loads are given in Appen

dices C and D. The results of these analyses can be summarized as follows:

2.5a Distribution of Internal Forces

The section forces on both structures, induced by gravity loads (dead load

only) are presented in Table 2.3. As expected, the distributions of internal

forces are very dissimilar, with differences as much as 150%. However, the

stress levels associated with these static loads are very small compared with

those developed under strong dynamic excitations, hence they would not be expec

ted to significantly affect the overall inelastic behavior of the structures.

The dead load bending moment diagrams for both structures are shown in Figure

2.7, along with the respective cracking moment levels. It can be seen that the

patterns of cracking are different, the test structure being cracked in the

central regions of the bottom girder and in zones near the ends of the upper

columns, whereas the ideal model would be practically uncracked. However, con

sidering the effect of shrinkage, and the possibility of previous loading of the
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model (due to live load or a mild seismic excitation), it seems reasonable to

assume that the levels and patterns of cracking of both structures would be

similar, prior to the "strong" shaking simulated by the tests.

The low stress levels associated with shear and axial forces due to gravity

loads also demonstrate the predominant role of flexure in the behavior of the

structures. For instance, the axial load in the bottom story columns of both

structures is about 10 kips, which is well below the balanced load (about 50

kips, computed using "standard" procedures) and produces an average compressive

stress of about 200 psi (0.05 fl). This indicates that the columns would behave
c

practically as flexural members.

The average shear stresses in the top story columns are

for the ideal model, and

v
c

v
c

V 1.20xlOOO
bd = 5.66x6.86

V 1. 62xlOOO
= =bd - 5.75x6.75

30.9 psi

41. 7 psi

for the test structure. Comparing these values with the conservative estimate

of the shear strength of the concrete given by 2~ (126.5 psi), it can be seen

that under gravity loads, the shear forces are of little relevance.

2.5b Dynamic Properties

The natural mode shapes and frequencies of vibration of both structures were

calculated; in addition, lateral flexibility matrices were generated by the appli-

cation of unit lateral forces at each floor level of the structures.

The results of these analyses, which summarize the dynamic characteristics of

ideal model and test structure in the elastic range, are presented in Figure 2.8.

It can be seen that the differences, although significant (up to 15%), are within

acceptable limits; thus the structures have rea~onably similar dynamic properties.
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2.6 Elasto-plastic Analysis

In order to compare the lateral strength and deformation capacity of the

ideal model and the test stucture, a number of elasto-plastic analyses have been

f d
. [14]

per orme us~ng the computer program ULARC , which is based on simple plastic

theory. The basic assumptions used to idealize the structures and the manner of

loading are:

a) The structures are assumed to be 2-D frames, composed of linear members,

connected at nodal points.

b) The section flexural behavior is elasto-perfectly plastic. The section

stiffness is based, as in the case of the elastic analysis, on the gross section

characteristics, considering T-beam action for the girders. The flexural capac-

ity is based on the specified material properties, and is computed according to

procedures suggested by the UBC and ACI codes. Two sets of flexural capacities

have been derived in order to obtain bounds for the lateral strength of the

frames. The rotational deformation capacity of the sections is assumed to be

sufficient to allow the development of the structural collapse mechanisms.

c) Since the program does not handle distributed loads on the members, only

concentrated nodal loads are considered. The distributed loads are simulated by

equivalent concentrated loads, computed using the replacement theorem of simple

plastic theory. For simplicity of comparison the concentrated loads are assumed

to be applied at the same points in both structures; their locations correspond

to those of the supports of the concrete blocks on the test structure.

d) The lateral loads applied to both structures are approximately propor-

tional to the inertia forces associated with the first mode of vibration, as

computed in the elastic analysis.

e) The loads are applied in two stages. First the gravity loads (dead load

only) are applied in full, and then, proportional monotonically increasing

lateral forces are applied at the floor level until a mechanism is formed, and



15

the frame collapses.

f) The inelastic deformation is assumed to be concentrated at point plas~

tic hinges, which can develop only at the ends of the members.

g) The following effects are disregarded: strain hardening of the rein-

forcing steel, spalling and the effect of confinement on the concrete, possibil-

ity of shear failure, finite size of the joints and the inelastic regions, p - t::.

effects, and axial force-bending moment interaction for the column capacity.

The idealized frames with the corresponding loads are shown in Figure 2.9,

the calculations leading to the numerical values employed in the idealization

process are presented in Appendices C and D.

The following results have been obtained:

2.6a Section strength

In order to obtain bounds for the section strengths (and hence for the

structural strength) these have been computed according to two different assump-

tions. A lower bound (Case I) was estimated using the specified material prop-

erties for fl (4.0 ksi) and f (40.0 ksi) and reducing the nominal strength thus
c y

obtained by a factor ¢. Conservatively, ¢ has been set equal to 0.7 for the

columns, and to 0.9 for the girders. An upper bound (Case II) was obtained by

considering an increase of the yield stress of the steel of 25%, (thus consid-

ering f = 1.25 f specified = 50.0 ksi) and deleting the capacity reduction
y y

factor ¢.

The additional assumptions used to estimate the strength of the sections

are those recommended by the ACI and UBCcodes: linear distribution of strain

along the depth of the section, a rectangular block of compressive stress for

the concrete (attained when the maximum concrete strain is 0.003), elasto-plastic

behavior of the reinforcing steel, and perfect bond between reinforcing steel

and the surrounding concrete.



16

The flexural ("plastic" moment) capacity of the girders has been determined

assuming T-beam action of the slab, and considering the contribution of compres

sion reinforcement. The participation of the slab reinforcement has been

neglected. The capacity of the columns has been calculated using the computer

program RCCOLA[15]; the results are given in the form of axial force-bending

moment interaction diagrams (Figure 2.10). However, bE:cause the computer program

ULARC used to perform the elasto-plastic analysis cannot handle the effect of

axial force-bending moment interaction for the section capacity, it has been

assumed that the flexural capacity of the columns is constant, and corresponds

to the "ultimate" moment that the section can develop if submitted to the axial

force resulting from gravity loads acting on the structure. This is a reasonable

assumption since the variation of the flexural capacity due to the change in

axial force produced by the overturning effect is approximately equal and oppo

site for the two columns when they are subjected to low gravity axial forces,

which is the present case.

The geometric characteristics of the sections of both structures can be seen

in Figure 2.5, and the two sets of section strengths used for the analysis of

the ideal model and the test structure are listed in Table 2.4. These results

show that the capacities of the girders differ by up to 20%; the discrepancy due

primarily to the fact that the required area ratio (prototype-model) cannot be

obtained with standard reinforcing bars in the prototype and the test structure

(see Appendix B). Fortunately this effect is not significant for the columns;

the interaction diagrams for the columns of both structures, shown in Figure 2.10,

are remarkably similar based on analoguous assumptions of material properties.

2.6b Structural Performance under Lateral Loads.

The overall behavior of the structures under lateral loads was evaluated by

studying their story shear-story drift relationships, and the sequence of plastic
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hinges fonnation leading to the development of the collapse mechanisms. The

lateral deformations of the structure in the inelastic range that occur before

fonnation of collapse mechanism is indicated by the story drift ductilities (flo).

The drift ductility is defined for this study as the ratio of the interstory

displacement (drift) corresponding to the fonnation of the last plastic hinge to

the drift that would have been obtained if the structure had remained elastic

until attaining its lateral capacity. Figure2.ll illustrates the definition of

flo. It should be noted that these ductility ratios are dependent on the relative

floor lateral loads and on the idealized section behavior. Therefore, great care

should be exercised in comparing the values presented here with those obtained

for other structures, under different loading patterns, definitions of ductility

and assumptions of section behavior.

The story shears, displacements and drifts are shown in Tables 2.5 and 2.6,

for each structure and each set of assumed section strengths. The story shears

are plotted versus the story drifts in Figures 2.12 and 2.13; the associated

collapse mechanisms and sequence of plastic hinge formation can be seen in Figure

2.14, and the drift ductilities are presented in Table 2.7.

The following observations can be drawn from these results:

1) The results of Case I (lower bound for the section capacities) are

highly unrealistic, since the predicted ultimate strength is about 50% lower

then the maximum base shear actually developed by the test structure during the

dynamic tests (see Chapter 5). The "upper" bound of the lateral strength (com

puted for Case II) is about 18% lower than the corresponding experimental value;

consequently, only the results of Case II are used for the present discussion.

2) The lateral stiffness, strength and ductility of the ideal model and

the test structure are reasonably similar, as can be seen in Figures 2.12 and

2.13.

3) The collapse mechanism of both structures is of the soft-story type,
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the inelastic deformation being concentrated mainly at the ends of the bottom

story columns. This is due to the fact that the capacity of the bottom story

girder is about 50% larger than that of the column. Under these circumstances,

the overall behavior of the structures in the inelastic range is controlled by

the columns' strength and deformation capacities.

To complete this discussion, the distribution of section forces at collapse

are presented in Table 2.8, and Figures 2.15 and 2.16. In this case the differ

ences are not as large as in the case of the structural behavior under gravity

loads; furthermore, the section forces of the bottom story columns are reasonably

similar (particularly, the bending moment distributions are practically identi

cal). As was seen in the previous paragraphs, the global behavior of the frames

is controlled by the strength of the lower columns; hence, the observed differ

ences in section forces are not very important for the correlation of the overall

behavior of the test structure and the prototype. Regarding local damage in both

structures, it is expected to be concentrated in the end zones of the columns,

and the bottom story girders. Also, the bending moment in the central region of

the bottom story girder of the test structure is very close to its plastic moment,

therefore some damage can be expected in that zone of the test structure which

would not be present in the ideal model (and prototype). As noted previously,

this is due to the fact that the weight of the concrete blocks is concentrated

in the central region of the test structure longitudinal girders.

2.7 Conclusions

The most significant differences between the behavior of the test structure

and the ideal model (and hence between test structure and prototype) arise from

the dissimilar distribution of section forces due to the concrete blocks on the

test structure. This fact suggests that forces associated with any particular

section would be different for both structures. However, since the model and the
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test structure have similar global dynamic characteristics and similar global

strength, stiffness and ductility capacity, it can be predicted that their

overall behavior under dynamic excitations will be similar. Consequently, the

overall dynamic behavior of the prototype structure when subjected to seismic

excitations will be simulated adequately by the test structure during the shaking

table tests, if the dynamic excitations of both structures can be correlated

according to appropriate similitude relations.
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MODEL

I SHEAR DISPLACEMENT DRIFT
'Pfa~tic Load (kips) (inches) (inches)
Hinge !Multiplier

Top Bottom Top TopNo. A Bottom
Storv Storv Storv Storv Storv

1 4.103 16.66 8.45 .189 .323 .134

2 4.672 18.97 9.62 .231 .400 .169

3 4.785 19.43 9.86 .243 .419 .176

4 5.251 21.32 10.82 .387 .614 .227

5 5.366 21. 79 11.05 .477 .723 .246

TEST STRUCTURE

SHEAR DISPLACEMENT DRIFT!Plastic Load (kips) (inches) (inches)Hinge Multiplier
No. A Bottom Top Bottom Top Top

Storv Storv Storv St-.orv ~+-nrv

1 4.019 16.32 8.28 .163 .301 .138

2 4.541 18.44 9.35 .197 .369 .172

3 4.971 20.18 10.24 .236 .436 .200

4 5.564 22.59 11.46 .401 .667 .266

5 5.609 22.77 11.55 .417 .687 .270

-
TABLE 2.5

STORY SHEARS, DISPLACEMENTS AND DRIFTS OBTAINED FROM ELASTO-PLASTIC
ANALYSIS. CASE I: LOWER BOUND OF SECTION STRENGTH
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MODEL

Plastic Load
SHEAR DISPLACEMENT DRIFT
('IF ......", (.; """,ho",) r.; "" "''''~'''l)

Hinge iMultiplieJ
No. Bottom Top Bottom Top Top

Story Story Story Story Story

1 2.746 11.15 5.66 .127 .216 .089

2 2.897 11.76 5.97 .138 .237 .099

3 3.096 12.57 6.38 .158 .270 .112

4 3.401 13.81 7.01 .253 .397 .144

5 3.409 13.84 7.02 .255 .401 .146

6 3.421 13.89 7.05 .260 .408 .148

I I ,

TEST STRUCTURE

Plastic Load
SHEAR DISPLACEMENT DRIFT
(kins) (inches) (inches)

Hinge Mu1.tiplieI
Bottom Top Bottom I Top TopNo.
Story Story Story Story Story

1 2.436 9.89 5.02 .099 .183 .084

2 2.616 10.62 5.39 .111 .206 .095

3 2.804 11.38 5.78 .127 .236 .109

4 3.114 12.64 6.41 .157 .294 .137

5 3.119 12.66 6.43 .158 .296 .138

6 3.183 12.92 6.56 .187 .328 .146

7 3.299 13.39 6.80 .351 .587 .236

TABLE 2.6

STORY SHEARS, DISPLACEMENTS AND DRIFTS OBTAINED FROM ELASTO-PLASTIC
ANALYSIS. CASE II: UPPER BOUND OF SECTION STRENGTH
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FIG. 2.3 IDEAL MODEL VS. TEST STRUCTURE: DIMENSIONS AND LOADS
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Preceding page blank

3. EVALUATION OF THE INPUT MOTIONS

3.1 Preliminary Observations

The first reinforced concrete structure (RCF1) tested on the shaking table

00 ' tdt 'f" 'tt' 'th' " ,[1]was s ]ec e 0 a ser1es 0 Se1Sffi1C eXC1 a 10ns W1 1ncreas1ng 1ntens1ty ,

consequently, it was significantly damaged before being subjected to the strongest

simulated earthquake. For the second structure, RCF2, it was decided to study

the behavior of an essentially undamaged structure under a strong seismic exci-

tation, 1I1hich seemed more representative of typical field conditions. This test

concept also provided the opportunity to evaluate the effect of strong previous

shaking on the response of reinforced concrete structures.

The signal selected as basic input for the shaking table system, was the

N69W accelerogram recorded at Taft during the Arvin-Tehachapi earthquake of

July 21, 1952, because it had been used with satisfactory results for the tests

performed on RCF1. In order to simulate ground motions with different intensi-

ties, the acceleration values of the record were scaled by appropriate factors,

which were selected according to the experience gained in the previous tests.

However, as in the case of RCFI, the earthquake time scale remained unchanged;

hence, the required similitude relations between model and prototype (see Table

2.2) were not satisfied.

The consequence of not time scaling the Taft acceleration record, is that

the frequency content of the model test table excitation no longer corresponds

to a prototype motion equivalent to that recorded at Taft. Instead, the seismic

excitation of the test structure simulates a ground motion in prototype scale

with different frequency content. The aim of this chapter is to determine if

the shaking table inputs used to excite the test structure are representative

of possible earthquake induced ground motions in the field.
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3.2 Description of Test Motions

As mentioned in the previous section, the aim of the RCF2 experiments was

to simulate the effect of a strong earthquake on a practically undamaged

structure. In order to start with a degree of cracking representative of

normal field conditions, it was decided to subject the test structure to a pre-

liminary mild seismic excitation having a peak acceleration of about 10 percent

of gravity. The structure then was excited with the main strong seismic input,

and this earthquake was followed by a simulated aftershock of comparable inten-

sity. After these tests the structure was repaired by epoxy injection and the

test sequence was repeated in order to observe the effect of the repairs on the

structural performance.

Table 3.1 lists the shaking table control "span" setting with the respec-

tive peak table acceleration obtained for each "run." The input table acceler-

ations for the unrepaired structure can be compared with the Taft accelerogram

in Fig. 3.1. In addition, elastic response spectra have been computed for

selected table motions and for the Taft record using the computer program

[17 ]
SPECEQ ; the results are shown in Figures 3.2 and 3.3. The spectral values

are computed over the range 0.1 to 0.9 seconds since the natural periods of the

structure varied between those limits during the tests (see Table 3.2). It can

be seen that the spectral shapes corresponding to the table excitations are

reasonably similar to that of the Taft record, demonstrating the capability of

the shaking table to simulate the selected ground motion.

3.3 Effect of Time Scaling

It has already been noted that the accelerogram recorded at Taft was used

as a basic input for the shaking system, modifying the acceleration amplitudes

to simulate various seismic intensities but with time scale remaining unchanged.

.'
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However, according to the similitude laws, if the length ratio between

model and prototype is A
L

, and the acceleration ratio is maintained equal to

one, different time scales should be used with the two structures.

The required time ratio can be deduced as follows:

if

then

=
[acceleration of model]

[acceleration of prototype] 1.0

hence

-2
L

M
T

M 1.0
-2

L T
P P

Since the length ratio A
L

is 0.707, the corresponding time ratio is

A =~ = 0.8409. Consequently, the shaking table excitation simulates a
T

ground motion in the field (i.e. in prototype time-scale) with a larger content

of long periods, because

The pseudovelocity and pseudoacceleration spectra of the original Taft

record and of the ground motion in prototype scale simulated by runs Wl (Taft

100) and W2 (Taft 8501(1» are shown in Figures 3.4 and 3.5, to illustrate the

effect of the time scaling on the test signal. It can be seen that the peak

spectral values corresponding to the prototype time scale are shifted relative

to those of the Taft earthquake. Consequently, the simulated prototype ground
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motions have a different frequency content than the Taft earthquake.

The spectra of the test structure and the corresponding prototype excita

tions are compared in Figures 3.6 and 3.7, in which the range of variation of

the fundamental period of both structures during each test is shown. The pro

totype natural periods have been computed from those of the test structure,

assuming that they satisfy the similitude time ratio (which is a reasonable

assumption, according to the findings of Chapter 2.) It can be observed that

the pseudoacceleration spectral values for both structures are the same for each

test, which corroborates the assumption of unit acceleration ratio between model

and prototype, and points out the similarity of the excitations for both struc

tures. Figure 3.8 shows the acceleration time histories for run W2 and the

corresponding time scaled prototype ground motion.

The question that remains to be answered is whether the ground motion sim

ulated by the tests are representative of possible actual earthquake motions in

the field.

3.4 The Prototype Ground Motions

From the point of view of structural engineering, the most relevant para

meters of a strong ground motion induced by earthquakes are the spectral shape,

the maximum ground acceleration and the duration of the event. In this section

the ground motions (in prototype scale) simulated by the shaking table tests

are analysed with respect to the first two of these parameters. Duration is not

evaluated because it is thought that the slight time scaling of the present case

does not have a significant effect in this parameter.

Only run W2(Taft 850(1» will be analyzed, because run WI corresponds

to a very mild earthquake, and run W3 has the same general characteristics as

W2. A first approach (perhaps the most obvious) to evaluate the ground motion

simulated by run W2,denoted as time-scaled Taft 850(1), is to compare its re

sponse spectra with those of several recorded actual earthquake ground motions.
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Four records of different earthquakes were selected for this comparison.

Figures 3.9 and 3.10 show their respective response spectra together with that

of the time-scaled Taft 850(1) test. The most significant characteristics of

the four records used are listed in Table 3.3. A spectral intensity parameter

has been computed as the area under the pseudovelocity response spectrum over a

region comprising the range of variation of the first mode period of the proto

type, as an additional parameter of comparison.

It can be seen in the mentioned figures that the spectra of time-scaled

Taft 850(1) do not show any striking difference from those of the other records.

Moreover, its pseudovelocity and pseudoacceleration spectra are reasonably close

to those of the Pacoima Dam and Managua records, and its spectral intensity is

bounded by that of these two records. Hence, a ground motion such as the time

scaled Taft 850(1) record apparently could be generated by a seismic event.

However, the spectra shown in Figures 3.9 and 3.10 correspond to ground

motions recorded at stations located in regions with different geological and

soil conditions (in particular, the Pacoima Dam record was obtained in a very

unusual site, not likely to be the location of a reinforced concrete building);

hence, with the information provided by these figures it seems difficult to

ascertain under which conditions a ground motion such as the time scaled Taft

850(1) could act on a typical building.

It is recognized that the site soil conditions have a significant influence

on the character of the ground motions induced by a given earthquake. Seed

et al[18]obtained average acceleration spectra (normalized with respect to maxi

mum ground acceleration) for different soil conditions, from a large number of

records; these are shown in Figure 3.11. Figure 3.12 shows the correlation of

the Taft 850(1) (run W2) spectrum curve, which is similar to that of the Taft

record, with the average normalized spectrum for stiff soil conditions (the

Taft record was obtained at an alluvium site); it can be seen that the Taft
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spectrum lies reasonably within the range defined by the mean plus or minus one

standard deviation. Comparing the spectral shape of the time-scaled Taft 850(1)

(corresponding prototype motion) with the average spectral curves for different

sites, it is observed that a similar correlation is established with the average

normalized spectrum for sites underlain by deep cohesionless soils (see Figure

3.13), particularly in the period range of interest for this study (O.l<T<l.O

sec).

It is apparent, then, that the consequence of not having performed the

required time scaling on the Taft signal, is that the test excitations corres

pond in an average sense, to a ground motion which would be obtained under dif

ferent site conditions ("softer" soil) than those on which the original ground

motion was recorded.

It is also necessary to determine if the levels of acceleration produced in

the tests (and hence those which would correspondingly occur in prototype scale)

could be caused by a seismic event. Since the peak accelerations of the test and

prototype excitations are similar (Figure 3.7), but they correspond to ground

motions occurring in sites with different soil conditions, they will also corre

spond to earthquakes of different magnitude (assuming that these movements cor

respond to sites located at the same distance of the causative fault).

In order to estimate the magnitude of the earthquakes which could induce

the strong ground accelerations produced in the shaking table tests and the

corresponding prototype excitations it is necessary to use site-dependant attenu

ation laws. Trifunac and Brady (1976) have proposed attenuation laws for differ

ent soil conditions, which relate peak displacement, velocity and acceleration,

with earthquake local magnitude, epicentral distance, and direction of ground

motion (horizontal or vertical.) These have been taken from Reference [19], and

used to determine the earthquake local magnitude corresponding to Taft 850(1)

(run W2 on the test structure) and the corresponding time-scaled signal (proto

type ground motion.)
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The relationships presented by Trifunac and Brady are of the form

log a = M + log AO(R) - log YO(M,p,S' ,v')

where

log YO = a' p
2

+ b'M + c' + d's' + e'v' +"f'M

in which

and

a = peak ground acceleration (em/sec)

M = local magnitude

R = epicentral distance (km)

P confidence limit (0.5 for mean)

s' = side coefficient (equal to 0 for stiff sites and 1
for" intermediate" sites

v' = direction of ground motion (equal to zero for hori
zontal components)

a' = -.898; b' = -1.789; c' = 6.217; d' = 0.060; f' = 0.186

Using those relationships and assuming that the prototype and test structure are

located at a distance (R) of 20 km from the epicenter, the following values are

obtained

i) Prototype ground motion:

2a = .572g = 561 em/sec

-log A
O

= 1.833; a' = 1 (intermediate site)

then

and

which leads to

log YO

log 561

5.823 - 1.789M + 0.186M2

= M - 1.833 - (5.878 - 1.789M + . 186M
2

)

M = 7.0

(i) Table motion (run W2)

s' = 0 (stiff site); a
2

56l/crn/sec
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in this case

log Ya = 5.768 - 1.789M + a.186M
2

~d

log 561 = M - 1.833 - (5.768 - 1.789M + .186M2)

from which

M = 6.75

Hence, the ground motion in prototype scale corresponds to ~ earthquake

with a slightly larger local magnitude than that of the shaking table tests.

3.5 Conclusions

From the rather simple ~alysis described in the preceding sections it may

be concluded that the shaking table excitations imposed on the test structure

simulate ground motions which could possibly occur in the field due to a seismic

event. The diverse modifications performed in the records from which the table

input signals are obtained, such' as scaling the acceleration values ~d changing

the time scale, can be used to simulate ground motions induced by earthquakes of

different magnitude, and affecting sites with different soil conditions.
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Total number of records analysed: 104 Spectra for 5% damping
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4. EVALUATION OF THE DESIGN OF THE TEST STRUCTURE

4.1 Preliminary Considerations

71

In order to complete the evaluation of the RCF2 test procedure undertaken

by this study, it is necessary to determine if the test specimen under consider-

ation corresponds to a normal structure designed for adequate performance in a

region of high seismic activity.

The structural design of the ideal model of the prototype two story office

building, described in Chapter 2, is examined in the following sections with

. . .,. d" [11]respect to prov~s~ons of the Un~form Bu~lding Code, 1979 E ~t~on , to

determine if it complies with the requirements for ductile moment-resisting

space frames (DMRSF) located in zones of the highest seismic activity in the

USA (Seismic Zone 4.) The decision to examine the structural design of the

model rather than that of the prototype structure and/or the test structure, is

based on the results of this study presented in Chapter 2, where it is shown

that the test structure and the ideal model have basically the same structural

characteristics. Hence, if it is determined that the ideal model can be qual-

ifield as a DMRSF meeting the Code requirements, it will be evident that the

test structure (and, of course, the prototype building) are also adequately

designed according to the Code philosophy. The ideal model is therefore used

as a "link" between the prototype structure and the test specimen, as it was

in the previous chapters.

The prototype structure has been designed to meet the requirements provided

in the UBC 1970[9] and ACI 1971[lO]codes. The design procedure is presented in

Appendix A. For the purpose of determining the design loads corresponding to

the current (1979) Uniform Building Code, the distribution of gravity loads in

the model has been derived from that used for the design of the prototype,

applying the appropriate scaling ratios (Table 2.2); however, the seismic
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lateral loads do not correspond to those originally employed, due to a differ-

ent estimate of the total weight of the prototype and to the different expres-

sion used in the 1979 UEC to compute the seismic base shear. Furthermore, the

load combinations used to produce the ultimate design loads recommended by the

current code are slightly different from those used in the original design. As

a result, the ultimate design loads used in this study to verify the adequacy

of the design of the model do not correspond to those used in the design of the

prototype building. Since it is not within the scope of this study to evaluate

the effect of the change of Code requirements on the seismic-resistant design

of reinforced concrete buildings, these differences will be pointed out only

when it is considered convenient for clarification purposes.

4.2 Determination of Seismic Lateral Forces

1) Total base shear

The minimum total lateral force specified by the 1979 UBC, Section 2312(d)

to be used for the seismic resistant design of any structure is given by

V=ZIKCSW

In which

Z = 1.0 for buildings located in Seismic Zone 4

I = 1.0 is the occupancy importance factor corresponding to
office buildings (non essential facility)

K = 0.67 for buildings in which the total lateral force is
resisted by a DMRSF

1 Where T is the fundamental period of the structure inC =
15 IT the direction under consideration

S

and

W

is a numerical coefficient for site - structure resonance,

is the total dead weight (including partitions) of the
building.

Hence, in this case



_._------

73

v = 1.0 x 1.0 x 0.67 x CS x W = 0.67CSW

In addition, CS ~ 0.14

and C ~ 0.12

The fundamental period T has been computed in the elastic analysis described

in Chapter 2; its value is

T = 0.23 sec.

In addition, the Code provides two formulas to estimate the natural periods of

buildings:

a) T
0.05 h

n

Where h is the height of the building (ft), and D its base dimension in feet
n

in the direction parallel to the seismic forces, thus

T = 0.05 x
(

2X76.37) •

12 j
1

144.25
12

.18 sec.

b) T 0.1 N, for DMRSF where N is the number of stories, hence

T 0.2 sec.

The highest value of the seismic coefficient C corresponds to the lowest

estimate of T, hence, the value T = .18 will be used to estimate conservatively

this factor, although the code permits the value obtained by analysis to take

precedence.

For T .18,

C = 1
-~-- = .157
15 y:TIf

but C ~·12; hence C = .12 is used

The coefficient S is taken to be 1.5, since the natural period of the soil

underlying the site is unknown.

Consequently,

CS = 0.12 x 1.5 = .18
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but CS , .14, hence CS = .14 is used.

The total weight of the prototype has been estimated as 82.61 kips. The

weight of the model is consequently

w= 0.5 x 82.61 = 41.305 kips,

leading to the total seismic base shear

v = 0.67 x 0.14 x 41.305 = 3.875 kips.

This corresponds, in prototype scale,to a total lateral force of 7.75 kips.

The seismic base shear used to design the prototype building, required by the

1970 DBC, was 4.7 kips (about 40% less than the load required by the 1979 UBC.)

2) Distribution of lateral forces along height.

The UBC specifies (Section (2312(e»

(V-F }w h
t x x

F = --:;:..-.=-=
x

Where

F = lateral force at level xx

w ,w. = weight corresponding to levels x, ix 1.

h ,h. = height above the base of levels x, ix ~

and F = 0 since T < 0.7 sec.
t

The forces thus calculated for each level are presented in the table below.

The values of the story weights and heights can be seen in Figure 4.1.

STORY

TOP

BOTTOM

TOTAL

WEIGHT
(kips)

17.445

23.86

41. 305

HEIGHT
(ft)

12.77

6.36

221. 90

151. 75

373.65

Fx
(kips)

2.301

1.574

3.875

In order to compare the design earthquake loads with the lateral strength

computed in Chapter 2, and the inertia forces developed in the test structure
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during the dynamic tests, it was decided to compute the lateral load corres-

ponding to each level as being proportional to the inertia forces associated

with the first mode of vibration. This procedure is allowed by the Code

(Section 2312(i». The computation of the ratio between the lateral forces at

each level is presented in Appendix C. The lateral forces associated with the

Code base shear are listed in the following table

LATERAL
LOAD FORCE

STORY MULTIPLIER (kips)

TOP 1.031, 1.965

BOTTOM 1.001, 1. 91

TOTAL 2.031, 3.875

Where A is determined as follows:

for V 3.875 kips = 2.031"

A =
3.875
2.03

= 1. 9088

A broad comparison with the loads computed using the formula provided by

the Code suggests that in this case a uniform distribution of lateral forces

(as used in the original design) seems more rational than the "triangular"

distribution provided by the Code formula.

4.3 Determination of Gravity Loads on Girders

The loads acting on the girders due to gravity forces were obtained from

those derived in Reference [1], applying the corresponding ratios to reduce them

to model scale. It should be noted that the loads due to the two-way action of

the floor slabs have been computed using Method 3 in the 1963 ACI recommenda-

t ' [8] h" h' t' 1 d d' th t ACI C d~ons w ~c lS no lnc u e In e curren 0 e. The equivalent frame

method (1979 UBC Section 2613(e» has also been used to compute the distri-

bution of the slab loads along the girders; a brief discussion of the discrep-

ancies of the two methods mentioned is presented in Section 4.6. Another
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assumption worth mentioning is that the live loads have been considered acting

in full, i.e. no reduction was made, although the UBC recommendations allow

for it (Section 2306).

The distribution of dead and live loads on the longitudinal and transverse

girders assumed for the model is shown in Figure 4.1.

4.4 Elastic Analysis

In order to determine the required strength for the girders and columns of

the ideal model, an elastic analysis using the computer program ETABS[13] was

performed using the gravity and seismic loads computed in the previous sections.

The assuwptions used to idealize the structure have been described in Section

2.5, and the dimensions and loads are summarized in Figure 4.1.

The ultimate design loads were obtained from the following combinations of

dead, live and seismic loads, according to UBC Sections 2609(d) ~~d 2626{a)

U
l

= 1.4D + 1.7L

U2 = 1.4D + 1.4L + 1.4E

U3 1.4D + 1.4L - 1.4E

U
4

= 0.9D + 1.4E

Us = 0.9D 1.4E

The results of the elastic analysis for each load condition are summarized in

Table 4.1. Only the results concerning the longitudinal frames are presented.

The weight of the columns is considered in the computation of the axial loads.

In the next sections, the most revelant Code requirements from the point

of view of the structural seismic behavior are examined. Figure 4.2 shows the

geometric characteristics and the location and amount of the steel reinforcement.

Unless otherwise specified, and in accordance with the assumptions made for the

static analysis, the specified material properties (f~=4.0 ksi and fy=40.0 ksi)
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are used. Numbers within paranthesis refer to the appropriate 1979 USC

sections. The notation used corresponds to that of the 1979 usc.

4.5 Code Requirements for Columns

1) Dimensional limitations (2626(f)1)

a) Minimum col~mm thickness ~ 4
• ? o.

Maximum column th~ckness

in this case

5.66 = 0 67 >8.49 • 0.4 OK.

b) minimum column dimension;;;;' 12 in.

This requirement is not satisfied. In prototype scale, the minimum dimen-

sion of the column is 8 in. However, this fact does not have any significant con-

sequence in the structural behavior of ~~e prototype (or the model) and can be

disregarded.

2) Vertical reinforcement limitations

a) 0.01 < p=~ < 0.06 (2626f2)
bd

,
0.60in~the columns have A =

s

b 5.66 in. , d 6.86 in.

hence

p = 0.60 = .0155
5.66x6.86

which is within the required limits.

b) P ~ 0.75 Pb corresponding to zero axial load. (26l0d2)

0.85 81 f c
Pb = f

y

hence

.85x.85x4
40

and

87000
x 87000+f

y

87000
x 87000+40000 = .0495

P = 0.0154 < 0.75Pb = .0371 OK.
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3) Approximate evaluation of slenderness effects (2610(1»

These effects will be evaluated in the longitudinal direction only. Since

the columns are not braced against sideways, the slenderness effects should be
k,Q,

accounted for if the ratio --...£ is larger than 22, where
r

t = unsupported length = 70.72 in,
u

r = radius of gyration = 0.3 x h = 0.3 x 8.49 = 2.55 in.

k = effective length factor

This latter factor depends on the end restraints of the column, and the flexural

rigidity of the column and of the restraining members. Since the bottom story

and top story columns have different restraint conditions, their effective

lengths are different, and must be computed separately. The flexural stiffness

. [20]
of the sections (EI) are computed using the expressions proposed by W2nter ,

namely

where

(EI) beams =

(EI) columns

E I
c ct

E I
~+E I

5 s se

E = elastic modulus of concrete
c

= 3605 ksi (2608(c»

57000.j~

E = elastic modulus of reinforcing steels

= 29000 ksi (2608(c»

I = average moment of inertia of the transformed cracked sections
ct

of the girders, corresponding to curvature in opposite senses

I = moment of inertia of the column reinforcing steel about the
g

centroidal axis of the section

I = moment of inertia of tl1e column reinforcing steel about the
se

centroidal axis of the section
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For the computation of the moment of inertia of the transformed cracked

section, a modular ratio n = E IE is taken for both the tension and com
s c

pression reinforcement. The contribution of the slab reinforcement is

neglected. See Appendix c.
a) Bottom story column

The average moment of inertia of the transformed cracked section

of the bottom story girder is

hence

= 1+
ct

+ 347.1+262.4
2

= 304.75 in.
4

E I
c ct

-t-=
n

3605x304.75
135.77

8100 k-in.

where t is the clear height of the girder in inches
n

The geometric properties of the column are

288 in.
4

I =
g

= 2 x 0.6 x (5 '2
23t 8.21ia.

4
I =se

hence

EI =
c

3605x288
5 + 2900 x 8.21 4

. 2
46000k·~n.

and EI
luc = 446.000 = 6310 k.in.

70.72

for the bottom column, and

EI
~ = 446.000
t u 65.05

for the top column

6860 k-in.

The end restraint of the column is measured by the coefficient

\)J =
ICy)C01S

IC¥)beams

which gives for the top end of the column

\)Jtop =
6310+6860

8100 = 1.63
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For the bottom end, ~ is taken equal to zero, assumingbottom

fixed-end conditions.

Using the Jackson and Moreland alignment chart for frames un-

braced against sidesway, taken from Reference [20], the effective

length factor of the bottom story column is found to be

k = 1.23

Then, the effective height of the column is

k£ = 1.23 x 70.72 = 87.0 in.
u

and the slenderness coefficient becomes

k£
u--=

r
87.0 1-- = 34.
2.55

which is larger than 22.

Therefore the slenderness effects must be accounted for, by mag-

nifying the column design moments by a factor 0 given by

where

c
m

I-P
u

¢ p
c

c = 1.0
m

(2610 1 5)

Since the frame is unbraced against sidesway:

p
c

EI =

E I
--.£...9:.

5 +
1 +

E I
s s

and Sd is the ratio of the maximum design dead load moment and the

maximum design total moment.
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For this case:

s = 1.4x18.21 = 0.28
d 90.52

where the value of the maximum dead load moment of the column has been

taken from Figure 2.7. Consequently,

EI
_ 446000 _
- 1+0.28 - 348400 k·in.

and the Euler critical load, p , results:c

p =
c

rr2x348400

(870)2
= 454 k

Hence the moment magnification factor for the bottom column is found

to be
1.0

--~2':""'0-."":""65""- = 1. 07

1. a - o. 7x454

This value has been computed for the maximum design axial load

and for ¢ 0.7, and will be used for all load conditions, to be con-

servative. The ?apacity reduction factor ¢ has been taken equal to

0.7 since
= 20.65 > 0.10 A f'

g c
19.22 k

h-d' -ds
h

8.49-1. 63-1. 63
= = 0.62 <0.7(2609(c»

8.49

b) Top story column.

In this case

then

I =ct

I+ +I
ct ct

2
260.0+185.5

=
2

222.75 in. 4

3605x222.75
135.77

. 4
5910 ~n.

EI
Hence, using the values for ~ computed for the bottom story column

and girder, the end restraint factors become

6860
~top = 5910 = 1.16
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and

14Jb t = 1. 63ot om

Hence

k = 1.40

and

ktu = 1.40 x 65.06 = 91.08 in.

hence

kR-
u 91.08

- = -- = 35.7 > 22
r 2.55

Again it is necessary to take into account the slenderness effects.

Proce~ding as for the bottom column, the following values are

obtained:
1. 4x41.49

103.71 = 0.56

EI =
446000
1+0.56

= 286000 k·in.

For

rr2X286000

(91. 08)2
340 kips

Hence

P = 7.96 < O.lOA ff = 19.22u g c

</> 0.7 + (0.9-0.7) 19.22-7.96= x
19.22

0.82

o =
1.0

1- 7.96
0.82x340

1. 03

i.e., the column design moments of the top story column must be

amplified by 1.03

4) Required flexural strength

The design ultimate loads for the bottom and the top story columns, along
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with their corresponding amplified moments are presented in Table 4.2. These

load conditions have been plotted in a bending moment-axial force coordinate

system, along with the interaction diagram of the columns, computed according

to the requirements of the Code (Fig. 4.3). It is clear that since all the

points representing the design load condition lie inside the "safe" regions

bounded by the interaction curves, the column is strong enough to withstand all

the prescribed load condition.

Moreover, it can be seen that the column core by itself is able to develop

the necessary strength to avoid failure under the design load conditions.

5) Required shear strength

a) Minimum reinforcement (261l(b))

The minimum area of transverse reinforcement in square inches is

given by

50b s
w

f
y

Where b is the width of the section, and s the spacing of the trans
w

verse reinforcement. Hence, the maximum spacing of stirrups is:

A f
s =~
max 50bw

The prototype column transverse reinforcement consists of stirrups

made of 3/8" diameter deformed steel, wi th a transverse area of

0.llin.
2

• Correspondingly, the transverse reinforcement of the model

has an area of 0.055 in.
2

, and

s =
max

2xO.055x40000
50x5.66

= 15 in.

The transverse reinforcement of the prototype has a spacing of 4 in. in

the central region, and of 2 in. in the end zones of the column. These

spacings correspond to 2.88 in. and 1.44 in. respectively for the

model structure, and are significantly smaller than the maximum
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spacing allowed by the Code.

b) Required transverse reinforcement

The required area of shear reinforcement is given by

(2611 (g) )

hence the required spacing becomes

s =
A fvy

(v -v )b
u c w

where

and, conservatively

v
u

V u = ¢b d
w

v = 2..Jf psic c

(2611 (c»

(2611 (e) )

The maximum shear on the columns due to the different load con-

ditions imposed on the structure occurs in the top story left column,

for load condition 3, 1.4(D+L-E), and for the right column for-load

condition 2, 1.4(D+L+E), being

v = 3.10 kips
u

Hence, for ¢ = 0.85 (2609(c», the maximum shear stress in the columns

is v =
u

3.10---=-:..::::.::---- = 0.094 ksi
0.95x5.66x6.86 94 psi

The stress carried by the concrete, v is conservatively given
c

by (2611 (e»

v = 2-v'fi
c c

2~4000 = 126.5 psi> v
u

Therefore the concrete alone is strong enough to withstand the maximum

shear stress induced by the design load conditions.

However, in order to be considered as a DMRSF in Zone 4, the

design of the frfu~e has to comply with the requirements of Section
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2626. In particular, the required spacing of the transverse rein-

forcement should satisfy

s =
A f d

v Y c
V -V

u c
ep

(from formula 26.7)

where V corresponds to the maximum possible shear in the column.
u

This maximum value is the shear developed in the columns when plastic

hinges form at both ends of the columns; therefore it ensures that

failure in shear is avoided. Since the collapse mechanism of the

model involves formation of plastic hinges at the ends of all the

columns of the bottom story, the fulfillment of this requirement is

essential to guarantee ductile behavior of the structure.

The column ultimate moment capacities were determined from the

interaction diagram constructed considering a reinforcing yield

strength 25 percent larger than the specified yield, and without

considering the capacity reduction factor ¢. The axial load P con
e

sidered to determine the ultimate moment capacity of the columns is

taken as the largest design axial load (for the bottom column).

Hence, for P
e

M = 234k-in. and
ec

20.55 kips, the moment capacity of the column is

V
u

Also, since

2Mec 2x234
=~ = 70.72 = 6.62 kips

u

P
~=
A

g

20.65
566x8.49 = 0.43 ksi < 0.12f' =c 0.48 ksi

V must be considered zero
c

Consequently, the required spacing is found to be
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s =
A f d

v Y c
(V !(j))

u

where d is the dimension of the column core in the direction of V
c u

and (j) = 0.85. Hence for A = 0.11 in. 2 ,v

s = 0.11x40x6.36 =
62 3.60 in.6.

0.85

The actual spacing in the test structure is 2.83 in., which is

smaller than required; thus the columns are adequately protected

against shear failure.

6) Special transverse reinforcement

During a strong earthquake, large compressive forces can be induced in the

col~Ds as a result of overturning effects; these forces can produce spalling of

the concrete cover of the columns. In order to increase the strain capacity of

the remaining core, and to avoid buckling of the reinforcing steel, it is

necessary to provide adequate confinement to the section by means of closely

. [12]spaced st~rrups . The intended result of this condition is to guarantee that

the spalled section has strength equivalent to that of the complete (unspalled)

section, and also has the necessary rotation capacity to develop this strength

without suffering severe, irreparable damage.

The minimum required spacing of the special transverse reinforcement must

satisfy the following expressions (2626(f))

0.30h
c

and

(from formula 26.5)

f .hYs ,;;;; A
h sh 0.12h ft

c c

sh';;;; 4 inches

(from formula 26.6)
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where Ash is the total cross-sectional area of hoop reinforcement, having a

spacing of sh' and crossing a section with a core dimension of h , expressed in
, c

inches, and Ach is the area of the confined core measured out-to-out of the hoop,

in square inches.

In this case

0.11 in.
2

Ash

48.0 in.
2

A =
g

6.36 x 3.54

h = 6.36 in.
c

22.51 in.
2

and
,

f
c

4.0 ksi, = 40.0 ksi.

hence the requirements are

0.11
0.30 x 6.36 x 4.0 (48.0 )

40.0 22.51 - 1

0.51 in.

and

0.11 x 40
sh ~ 0.12 x 6.36 x 4.0 1.44 in.
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The provided spacing is 1.41 in. (2 in. in the prototype structure.) Con-

sequently the last two requirements are satisfied, but the first requirement is

not. However,the Code specifies that formula 26.5 need not be complied with

if the column design is based on the column core only. This exception is based

on the fact that the purpose of formula 26.5 is to guarantee that the spalled

section has the same capacity as the complete section.

Hence, if it is demonstrated that the core has the necessarj capacity to

withstand all design load conditions, this requirement is not essential. Figure

4.3 shows the P-M interaction diagram for the coluwn core, and it can be seen that

all load conditions lie within the interaction curve, consequently the core has

enough strength to withstand all load conditions, and the spacing provided for the

transverse reinforcement is adequate.

The special transverse reinforcement has to be provided in the end regions

of the columns, over a lenth l satisfying the following requirements
c

l ~ maximum column dimension = 8.5 in.
c

l ~ 1/6 clear height of the column = 1/6 x 70.72 = 12 in.
c

and

l ~ 18 in. from either face of the joint.
c

The confined length provided in the prototype structure is 18 in. which

satisfies the third requirement; the equivalent length in the model structure

is about 13 in. hence the two other requirements are also satisfied.

The Code also requires that the special transverse reinforcement has to be

placed in the region where the capacity of the column is less than the sum of

the shears (~V ) corresponding to formation of plastic hinges in the girders
u

framing into the column above the level of consideration.

For each beam, V is computed from:
u

V =
u

1.1 (w +w )
D L
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where A,B are the hinge locations. The ultimate capacities M
A

, ~, are computed

without the ~ factor, assuming a reinforcement yield strength 25 percent larger

than the specified value.

The most likely collapse mechanism inVolving formation of plastic hinges

in the girders would be similar to that shown in Figure 4.4, according to the

results of the elasto-plastic analysis performed previously (Chapter 2). The

distribution of bending moments in the most heavily loaded columns can be

obtained approximately assuming that the effect of the finite size of the joints

and the inelastic region (plastic hinges) is small and can be neglected, and

that the plastic moment at the end of the bottom story girder is equally dis-

tributed between the top and bottom columns. The position of the plastic hinge

in the central region of the girders can be determined by means of an elasto-

plastic analysis; for the purpose of the present calculations it will be assumed

that the plastic hinges form at a distance of about 90 in. from the right end

of the girders (from the results of the elasto-plastic analysis performed pre-

viously.) The moment capacity of the column is obtained from the interaction

diagram corresponding to the specified material properties, with a conserva-

tively chosen capacity reduction factor ~ of 0.7.

The region which has to be adequately confined can be identified comparing

the moment capacity of the column (for the axial load P = Ev ) with the bend-u u .

ing moment distribution associated with the assumed collapse mechanism. This

process is depicted in Figure 4.4. It can be seen that the column capacity is

exceeded at both ends of the topcolumn (especially in the upper 13.1 in.), and

in the lower end of the bottom column, where a plastic hinge is formed. The

length of special transverse reinforcement that has been provided is 13 in.;

thus, all zones of possible plastification are adequately confined.
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4.6 Code Requirements for Girders

1) Dimensional limitations (2626(e))

a) width ~ 0 3
depth ~ •

In this case

5.66 5 > OK11.32= O. 0.3

b) width ;;;. 10 in.

In model scale, this requirement becomes

width ;;;. 7.07 in.

The girders have a width of 5.66 in., thus, this requirement is not met.

As in the case of the columns, it is thought that this violation has no sig-

nificant influence on t~e structural behavior.

c) width ~ widL~ of column + 3/4 depth of girder

~ 5.66 + 3/4 x 11.32 = 14.15
or

5.66 ~ 14.15 OK

d) T-beam requirements. (2608(g))

The contribution of the slab considered in the elastic analysis to quantify

the T-beam action must conform to the following requirements:

i) effective flange width ~ 1/4 space length = 1/4 (144.25) = 36 in.

The effective flange width of 36 in. meets this requirement

ii) overhanging width ~ 8 x thickness of slab

= 8 x 2.83 = 22.64 in.

iii) overhanging width ~ 1/2 x clear distance to next beam

= 1/2 x (101.82-5.66) = 48.08 in.

In this case, the overhanging width is

1/2(36-5.66) = 15.17 in.

which meets the above requirements.
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Similarly, for the transverse girders, which have a flange in one side

only:

i) effective overhanging flange < 1/2 span length

= 1/12 x 101.82 = 8.49 in.

ii) effective overhanging flange ~ 6 x thickness of slab

= 16.98 in.

and

iii) effective overhanging flange ~ 1/2 clear distance to next beam

= 1/2 x (144.25-8.49)

= 67.88 in.

Accordingly, a overhanging flange width of 8.49 in. was considered in the anal-

ysis.

2) Longitudinal reinforcement limitations (2626(e»

The longitudinal reinforcement ratio for top and bottom reinforcement

must lie within the following limits

200f ~ p~0.025

Y

or, for f
y

40000 psi,

0.005 ~ P ~0.025

where

p =

The reinforcement ratios provided for the bottom story girder are:

Bottom reinforcement
0.60

O.OllP = 5.66x9.68 =

Top reinforcement
0.60

0.017P 5.66x9.83 =

and for the top story girder:

Bottom reinforcement
0.44

0.008P = 5.66x9.73
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Top reinforcement p = 0.40 = 0.007
5.66x9.83

using the width of the stem of the T-beams (2610 (f» to compute the reinforce-

ment ratios. It can be seen that the provided reinforcement ratios satisfy the

Code limitations.

In addition, p ~ 0.75 Pb(2610(d» where Pb = 0.0495 for fy = 40 ksi and

fl = 4.0 ksi. Obviously, this requirement is met.c

Reinforcement must be provided such that the positive moment capacity at

the face of the columns is at least 50 percent of the negative moment capacity

(2626 (e) ).

For the bottom story girder,

M+ = 232. 9 > ~ M -
u 2 u

and for the top story girder

Mu+ = 171.3 > t x 139.0 = 69.5 k-in. OK

3) Required flexural strength

The bending moment envelopes obtained from the elastic analysis for the

bottom and top story girders are shown in Figures 4.5 and 4.6, respectively.

The envelopes represent the required flexural capacity for the girders to with-

stand all load conditions. Since the frame is not braced against sidesway, the

moments at the face of the columns have been magnified by the appropriate

factor 0, obtained from the analysis of slenderness effects on columns (2613(e».

In the case of the top story girder, the magnification factor 0 has been taken

equal to the value obtained for the top story column. For the bottom story

girder, 0 has been taken equal to the average of the magnification factors

obtained for the top and bottom columns,

Thus, 0 = 0 = 1. 03Top Girder Top Column

o . = ~ (0 + 0
COlumn)Botton Girder 2 Stop Column Bottom

1
(1.03 + 1.07) = 1. 05= 2 x
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In addition, the bending moment distribution due to gravity loads (1.4D +

1.7L) computed using the equivalent frame method (2613(e)) is also plotted,

for comparison with the results of the "standard" elastic analysis results.

Figure 4.5 shows that the provided flexural strength ~M is adequate for
n

all load conditions, at every section along the span of the top story girder.

Furthermore, the bending moment distribution for gravity loads obtained from

the elastic analysis and the equivalent frame method show good agreement in

the girder midspan, (the maximum positive moment from elastic analysis is

106.12 k-in., and that obtained with the equivalent method is 105.39 k-in.).

However, the elastic analysis yields a larger negative moment (97.34 k-in.),

hence, at least for this case it is more conservative.

With respect to the bottom story girder, the flexural capacity provides

for positive curvature, (<PM + = 232.92 k-in. is much larger than is required
n

M + = 132.08 k-in. from the elastic analysis or 139.72 k-in. from the equiv
u max

alent frame method.) However, the strength provided at the face of the column,

<pM = 199.35 k-in. is about 12% lower than is required, oM = 226.26 k-in.,n u max

hence resulting in a slightly unsafe design.

One the other hand, the negative moment at the face of the column obtained

from the equivalent frame method for load condition 1: 1. 4D + 1. 7L (115.64 k-in.}

is about 36% smaller than the corresponding moment obtained from the elastic

analysis (157.56 k-in.), and since the moment produced by gravity loads (D+L)

in load condition 2: 1.4 (D+L+E) is about 70% of the total moment, the flexural

strength required at the face of the column would be as much as 20% less than

that given by the elastic analysis. Therefore, the design of the bottom story

girder might be considered adequate.

In addition, it should be noted that no reduction of live load has been
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considered (2306) to determine the ultimate design loads, and that the proto-

type has been designed for ultimate lateral loads (total base shear of 4.7 kips)

significantly smaller than those determined for the present study (total base

shear of 7.75 kips.)

From these considerations, it is reasonable to assume that the girders

have adequate flexural strength.

4) Required shear strength

a) Minimum reinforcement (26ll(b»

As for the case of the columns, the maximum spacing of the trans-

verse reinforcement, with a total area in square inches A , is
v

s
max

A f
= -.::!-Y

50 b
w

Since the reinforcement that is provided has an area of 0.01

square inches this requirement results in

- 0.01x40000 _ 15 .
smax - 50x5. 66 - ~n.

The spacing provided at the midspan of the girders is 4.24 in.

(Figure 4.2), which is significantly smaller than the maximum allowed

spacing.

b) Required transverse reinforcement

The maximum shear force due to the design loads occurs at the

right end of the bottom story girder, for load condition 2: 1.4(D+L+E),

as shown in Figure 4.7. Hence,

v = 8.88 kips
u

and consequently, the shear stress is

v
u

Vu 8800
~bwd = 0.85x5.66x9.83

(2611c)

v = 186 psi
u
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The stress carried by the concrete, v , is conservatively given by
c

vc = 2~ = 126. 5 psi

Hence, the required specing for the transvered reinforcement is

in.
O.l1x40000

= (186-l26.5)x5.66 = 13

A f
vy

(v -v )b
u c w

s =

(2611 (g) ) :

which is larger than the spacing provided at any location along the

girders, and shear failure is avoided.

Additional requirements with respect to spacing of transverse

reinforcement are (2626(e»:

;) s ~ i = 9.83 = 4 92 .... "'" 2 2 • ~n.

ii)

throughout the length of the girders, and

d 9.83
s ~ 4" = -4- = 2.46 in.

iii) s ~ 8 bar diameters = 8 x 0.707 x (t) = 2.83 in.

corresponding to the smallest bar diameter used in the prototype

structure (#4),

iv) 3s ~ 24 stirrup-tie diameters = 24 x 8 = 9 in.

at critical location such as the ends of the girders, along a distance

of at least 2d, (20 in.) or wherever plastic hinges may be developed

or wherever compression reinforcement is required.

The spacing provided at the girder midspan is 4.24 in., hence

requirement (i) is satisfied. The spacing has been reduced to 2.14 in.

within 24 in. of the column faces, therefore the other requirements

are met. Note that the compression reinforcement that has been pro-

vided is not required for strength purposes, and the likelihood of

formation of plastic hinges at midspan of the girders is very small,

as determined by the elasto-plastic analysis presented in Chapter 2.

This demonstrates that the collapse mechanism to be expected in the
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model structure is of the panel type, involving plastic hinge formations at the

ends of the columns.

4.7 Requirements for Joints

As required by the 1979 UBC (2626(g)), special transverse reinforcement

has been provided through the entire beam-column connection. In order to

determine if the transverse reinforcement provides adequate shear strength in

[121
the joints, an appro?.imate analysis based on the shear panel analogy has

been performed.

Figure 4.8 shows the assumptions used to determine the shear stresses at

the bottom and top story beam-column joints.

Hence, for the top story joint

v = A f = 0.40 x 40000 = 16000 lb.
u s y

and the required spacing, assuming that L~e concrete does not contribute in

resisting the shear stresses, is (from formula 26.7)

s =
A f d

v Y c =
V

u

T

O.llx40000x6.36
16000
0.85

= 1.49 in.

The spacing provided is 1.41 in., which is smaller than required, and therefore

the joint is properly reinforced.

For the bottom story joint

V A f - V
u s Y col

The shear force, Vcol ' coming from-the top story column was computed

assuming formation of plastic hinges at both ends of the column, while the

maximum earthquake design axial load was acting.

For load condition 3: 1.4(D+L-E), the axial force at the left column is

P = 7.96 kips
e
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The moment capacity of the colwnn corresponding to P , for f = 1.25 f speci-
e y y

fied, and without capacity reduction~, from the corresponding interaction

diagram (Figure 4.3) is

M 202 kip-in.
ec

Hence

Therefore

V
col

2M
ec-,e.-=
u

2x202.0
65.05 = 6.21 kips

v = 0.60x40-6.2l = 17.79 kips
u

and the required spacing of the transverse reinforcement through the joint is

found to be

s = 0.11x40000 x6.36
17790
0.85

= 1.34 in.

which is 5% smaller than the 1.41 in. spacing provided. Since the shear panel

analogy yields conservative estimates for the shear stresses in the joints,

the reinforcement that has been provided is considered adequate.

4.8 Strong Column-Weak Girder Design

The UBC requires that at any beam- column connection where P /A ~ O. 12 f'
e g c

the sum of the moment strengths of the columns under the design earthquake

loads must be greater than the sum of the moment strengths of the framing

beams (2626(g». This requirement is intended to minimize the possibility of

formation of plastic hinges at the column ends, and to ensure that most of the

inelastic deformation takes place at the critical regions of the beams.

From the analysis for the required transverse reinforcement for the

columns:

P
Ae = 0.43 ksi < 0.12 f~

g

0.48 ksi



98

In consequence, the behavior of the columns is predominantly flexural and

the strong column-weak girder requirement is not applicable.

4.9 Drift Limitations

The maximum allowable interstory drift due to the design lateral forces is

o = 0.005 h
max

where h is the interstory height.

(2312 (h»

The inters tory drift computed from the elastic analysis of the structure

should be multiplied by the factor

1 1
K = 0.67 =

To determine the maximum drift.

1.49 > 1

The results obtained for the model structure are summarized in the follow-

ing table

Displacement Drift (6) Height(h) 6
Story (in. ) (in. ) (in. ) Kh

TOP 0.0853 0.0324 76.37 0.0006

BOTTOM 0.0529 0.0529 76.37 0.0010

The displacements shown above have been obtained by computing the flex-

ural stiffness of the sections assuming gross area sectional properties. This

assumption leads to a somewhat- larger structural stiffness compared with that

obtained assuming cracked sections. However, noting that the calculated under-

story drifts are much smaller than the maximum allowable, it may be concluded

that the structure complies with the code drift requirements.

4.10 Conclusions

Through the analyses performed in the previous sections it has been demon-

strated that the ideal model of the prototype structure satisfies the Uniform

Builing Code requirements for earthquake resistant design of reinforced concrete
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moment-resisting space frames located in Seismic Zone 4.

The fact that the actual test structure also can be regarded as a ductile

moment-resisting space frame is'based on the following findings from Chapter 2:

1) The model and the test structure have similar overall dynamic charac

teristics.

2) The detailing of the reinforcement of the model and the test structure

are essentially similar. The fact that undeformed #2 bars were used as trans

verse reinforcement in the test structure is not of great consequence in its

dynamic performance, since its behavior is controlled by flexure. As a result

the strength and deformation capacities (stiffness and ductility) of the ideal

model and test structure are very similar.

3) In spite of the fact that the model and the test structure have dif

ferent distributions of section forces due to gravity loads (and hence due to

design ultimate loads) the test structure can withstand (remaining in elastic

condition) lateral loads significantly larger than the ultimate lateral loads

specified by the Code for the model structure, and consequently its strength

is more than adequate.

As a consequence, it is possible to conclude than the test structure is

also a ductile moment-resisting frame, as defined by the Uniform Building Code;

therefore, its behavior under seismic excitations should be "adequate" in the

sense dictated by the design philosophy on which the Code requirements are

based.
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(ASSUMED)

PLASTIC
HINGE

COLLAPSE MECHANISM M~=153.62

MB

T= 135.6 kiln.

Units, kips, in. Bottom Story Girder Top Story Girder

MA
320.5 236.5

M
B

271.2 187.9 I

I
1. 1 (WOH1

L
) I 0.091 0.066

I I
v

u
10.67 7.69

v
u

M +M
A B
-- +

LAB

Special transverse reinforcement is required where M
mech

. ~ M
u

; M
u

(moment

capacity of the column) is computed from the column interaction diagram for

4.0 ksi, f = 40 ksi, ¢ included)
y

1) Top story column: 2) Bottom story column

a) Top end a) Top end

pT v
T

= 7.69 kips pB v
T B

7.69 10.67+ V = +u u u u u

T
126.37 k/in.

18.36 kips
M

u

< 187.90 k/in. M~
B

153.62 k/in.N
u

within R, 14.5 in. > 135.60 k/in. M~/2c

13.1 in. from face Z 0
of joint c

b) Bottom end b) Bottom end

T
126.37 k/in.~1 M - M (plastic hinge)

u mech. u

< 135.60 k/in. M~/2

within .~
c

2.2 in.

0.8 in. from face
of joint

FIG. 4.4 DETE~!INATION OF REQUIRED CONFINEMENT LENGTH FOR IDEAL MODEL

COLUMNS (SECTION 2626f - UBC79)
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L.c.CD = 1.4 0 + 1.7L
ELASTIC ANALYSIS
EQUIVALENT FRAME

METHOD
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(Mij)max =215.49
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I
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c
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FIG. 4.5 FLEXURAL STRENGTH REQUIREMENTS FOR IDEAL MODEL BOTTOM STORY GIRDER
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TOP STORY GIRDER
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FIG. 4.7 SHEAR DISTRIBUTION IN GIRDERS. IDEAL MODEL ELASTIC ANALYSIS
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5. GLOBAL RESPONSE OF RCF2 DURING TESTS

III

5.1 Motivation

In the previous chapters of this report, it has been shown that the test

structure, RCF2 is representative of a typical low-rise reinforced concrete

building, whose design is in accordance with the latest code specifications

for earthquake-resistant-construction, and that the excitations to which it was

subjected on the shaking table realistically simulate possible seismic ground

motions.

The next step in the evaluation process is to examine the actual response

of the specimen during the dynamic tests. The motivation for performing such

studies a~ises from the fact that the experiments performed provide an oppor

tunity to verify not only the adequacy of the seismic behavior of the test

structure but also the reliability of the analytical techniques on which the

design procedure is based.

The overall performance of RCF2 during each "run" in the first phase of

the testing sequence (unrepaired structure) is examined in the following sec

tions, with emphasis on correlating the observed behavior with that inferred

from the analyses performed previously. A detailed description of the test

results, complemented with analytic verifications based on several mathematical

models, can be found in Chapter 4 of Reference [2].

5.2 Run WI: Taft 100.

The Taft N69Wacceleration was scaled "down" in amplitude to generate a

horizontal table motion with peak acceleration of about 0.1 g,which is consid

ered a "mild" excitation,with the purpose of inducing in the virgin structure

a level of cracking representative of "normal" service conditions.
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The response of the structure to this table motion can be characterized

by the time histories of floor displacements with respect to the table. These

are plotted in Figure 5.1, in which the dashed line corresponds to the top, and

the continuous line to the bottom floor level.

A brief examination of this graph reveals important information about the

characteristics of the response of RCF2 during this run. The motion of each

floor can be described as a sinusoid with slowly varying amplitude and phase.

This type of response is characteristic of resonant-prone systems (like linear

elastic, slightly damped structures) to excitations with a wide-band frequency

( h .. d') [21]spectrum suc as se~snu.c groun mot~ons • Also, it is evident that both

floors oscillate in phase, following similar patterns. This indicates that the

structure is responding basically in the first mode of vibration.

In order to confirm these observations it is necessary to examine the

actual force-deformation relationship developed by the structure during the

test. This information is available in a global sense since the horizontal

floor accelerations were measured during the experiment, permitting the compu-

tation of the inertia forces induced at the floor levels, from which the inter-

story shears could be found. (The force transducers located at the column

midheights also provided indications of the shear forces in the column, but

since these do not agree with those obtained from acceleration records, they

seem to be unreliable, and they have not been used in this investigation.)

The motion of the top floor with respect to the bottom floor level (top

story drift) is presented in Figure 5.2, and the bottom and top story shears

in Figures 5.3 an 5.4, respectively. These graphs show basically the same

characteristics of linear elastic behavior as those in Figure 5.1.

The interstory shear-drift relationship shown by the structure during the

test under considerstion is plottecfin -Figures 5 .5 and 5.-6 for the bottom and

top stories, respectively. From a "practical" point of view it can be said
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that the behavior of RCF2 during this test was basically linear, however, some

nonlinearities were present.

It seems evident that since the main reinforcement in the elements was

stressed well below its yield point (the strain in the reinforcement at critical

points was monitored) the main cause for the mild nonlinear, hysteretic behavior

by the structure was the development of cracks in the concrete and their subse-

quent opening and closing as the structure oscillated around its equilibrium

configuration. This observation suggests that the overall stiffness of the

frame had to decrease during the test, from that corresponding to a virgin,

uncracked specimen, to that of an elastic but moderately cracked structure.

In order to confirm the previous statement, the interstory shear-drift

relationship shown by the structure during consecutive 5 second time intervals

has been plotted in Figures 5.7 and 5.8 (a) through (e), which show that basi-

cally, the nonlinear effects (and thus the cracking) were significant mainly in

the first story members, and that the most noticeable change in stiffness took

place in the time interval from 5 to 10 sec after the beginning of the test.

In summary, the response of RCF2 to this mild first excitation can be

described as that of an elastic, underdamped, single-degree-of-freedom system.

The findings of the analyses performed in the initial stage of this study

(Chapter 2) are substantially in accordance with the experimental results. The

[22 ]
effective modal masses associated with the vibratory parameters (mass and

flexibility matrices, mode shapes and frequencies) presented in Figure 2.8, for

the test structure, are

for the first mode

and
for the second mode of vibration

(M
TOT

is the total mass of the structure)

This result indicates that the response of RCF2 should be highly "dominated" by
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the first mode of vibration, as was observed.

The maximum level of lateral forces which the structure can withstand in

an elastic regime, as predicted by the elastoplastic analysis, correspond to

a horizontal ground acceleration of about .46g; this result agrees with the

observed "elastic" behavior shown by the structure when subjected to a

(dynamic) excitation with peak acceleration of about O.IOg.

It seems worth noting that, as is widely accepted, the stiffness predicted

under the assumption of "gross section" geometry and elastic modulus given by

the Code formula is unrealistically large with respect to the actual struc-

tural stiffness. This is dramatically demonstrated in Figure 5.9 (a) and (b)

where the predicted lateral stiffness can be compared with the initial stiff-

ness corresponding to a practically uncracked structure-and the "average"

stiffness developed by the structure during a 5-second interval. The gross

section-and the "code" elastic modulus-formulation to compute stiffness is

clearly very unrealistic, and should not "be used as a basis for prediction of

structural displacements. This formulation was used in Chapter 2 because of

its computational convenience and because the analytical results were to be

used in a "relative" way, to compare the characteristics of two structures.

5.3 Run W2: Taft 850(1).

The objective of this test was to study the effects of a violent seismic

base motion on a well-built structure without significant previous seismic

history. For that purpose t the Taft signal was amplified to yield a table

motion with peak acceleration of 0.5 to O.6g t which according to the experience

[1]
gained with the first structure tested would be strong enough to produce

significant damage on the specimen.

The lateral floor displacement response of the structure during this test

is presented in Figure 5.10. It shows noticeable differences from the
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displacement response during the previous run, indicating the presence of

significant nonlinear behavior.

The most relevant feature of the behavior of the frame revealed by this

graph is that in this case the structure did not oscillate with respect to a

fixed position ("equilibrium" configuration.) The position of the "center" of

oscillation varied during the first half of the test, but it stabilized about

IS-seconds after the beginning of the base excitation, showing that the bottom

story suffered a permanent deformation with respect to its original position

on the shaking table. The fact that, as in the previous run,' both floors

oscillated in phase, following similar displacement patterns shows that the

nonlinear effects occurred mainly in the first story members, and that the

structure can still be considered (globally) as a single degree of freedom

system.

In addition, it is possible to observe an increase in the period of the

oscillations at the end of the test with respect to the initial period, which

is evidence of significant stiffness deterioration.

In order to study the actual force-deformation developed by the specimen

during this test, the time histories of the second story drift (the first

story drift is the displacement of the first floor with respect to the table)

and the interstory shears have been computed and plotted.

Figure 5.11 shows the variation of the second story drift during the test.

It can be described as an "irregular" oscilatory motion (compared with a sinu

soid, or with the drift response of the structure during run WI.) There is no

indication of significant displacement of the center of the oscillations,

therefore no permanent drift was produced. However, the irregularity of the

time history curve indicates the nonlinearity of the response.

The interstory shear time histories can be seen in Figures 5.12 (bottom

story) and 5.13 (top story). The top story shear curve seems to have more
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high frequency components than the corresponding bottom story curve. A

possible explanation for this phenomenon is that the small second modal com

ponent (if it is still possible to describe the system in these terms) is more

noticeable in the acceleration response than in the displacement response.

The interstory shear versus drift relationships developed by the specimen

have been plotted on Figures 5.14 and 5.15 for the bottom and top stories,

respectively. They show, as expected, a significant nonlinear hysteretic

behavior, especially in the first story. In order to observe with greater

detail the force-deformation response of the structure, these curves have been

presented in consecutive five second intervals for the whole duration of the

test, and then for I-second intervals during the "strongest" part of the

shaking (in Figures 5.16 and 5.l7(a) through (f) for the bottom story and in

Figures 5.18 and 5.l9(a) through (f) for the top story.)

The behavior of both stories can be compared in Figure 5.20, which shows

their shear-drift relationship during the time interval 5 to 107seconds after

the beginning of the test.

The main features of the response of the specimen are clearly demonstrated

in the mentioned figures. For example, it is evident that the frame suffered

a significant lateral stiffness degradation, caused by the occurrence of a few

cycles of large inelastic deformation during the first 10~seconds of shaking.

Afterwards, its behavior became more regular, ("almost" linear) but with

"pinched" force-deformation curve indicative of the occurrence of undesirable

phenomena (in earthquake resistant construction) such as deterioration of bond

between steel reinforcement and concrete, which is responsible for the slip

page of the rebars as the cracks on the surrounding concrete open and close.

It is also evident that most of the energy input to the structure through

the shaking table motion was dissipated by the bottom story members, as demon

strated by Figure 5.20 and by the distribution of structural damage after the
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test: the steel reinforcement of the first story columns was strained beyond

its yield point near the columns end zones; noticeable flexure cracks appeared

at both ends of the first story columns, the bottom end of the second story

columns, and in the longitudinal girder near the column joints. Minor crack-

ing was also observed on top of the first floor slab; and, of course, the

permanent drift of the first story was evident.

Now the performance of the test structure will be evaluated in terms of

the "adequacy" of its seismic behavior. This seems a difficult task, in the

sense that there is not an universally accepted quantifiable parameter to

measure quality of structural response. However, the fact that the structure

"survived" a test comparable to a major seismic event not only without collaps-

ing, but remaining in a "repairable" condition even after a similarly strong

"aftershock" is the best proof of the adequacy of its performance and therefore

of its design.

Some other factors can be pointed out which also show that the test

specimen had indeed desirable structural characteristics, like, for example,

its ability to dissipate seismic energy through stable hysteretic behavior,

and its capacity for developing large inelastic deformation. With respect to

the last concept, a rough attempt to quantify it is presented in Figure 5.21.

This graph shows that the maximum lateral bottom story drift is about three

times the "yield" drift (as defined in Figure 2.11); similarly, the maximum

top story drift is about two times this "yield" drift. The parameter "inter-

[23]
story drift ductility" 110 reached a value of about 3 for the bottom story

and about 2 for the top story. These numbers represent in a very crude (but

very popular) way a lower bound for the capacity of the frame to withstand

lateral inelastic deformations, and, from a practical point of view, they are

representative of "adequate" design.

The correlation between expected and observed performance, and between

design and "actual" seismic excitations is summarized in Figures 5.21 and 5.22
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in which the interstory shear-drift relationships as predicted by the elasto

plastic analysis can be compared with the envelopes of the actual story shear

drift relationship developed by RCF2 during the test under consideration. The

levels of "ultimate" interstory shear corresponding to the 1970 UBC (used in

the design of RCF2) and the 1979 UBC Codes (l.4E) are also shown, for compari

son with the analytical ("collapse") and experimental story shears experienced

by the structure. As a reference for stiffness comparison, a straight line

representing the initial lateral stiffness of the frame also is drawn in these

figures.

The main conclusions that can be drawn from these figures are:

1) The strength of the structure computed using specified material

properties and Code-related procedures is substantially below the capacity shown

by the structure during the test.

2) The design ultimate lateral loads (1.4E) are disproportionally low

with respect to the inertia forces induced over the structure by the dynamic

base excitation. The lateral loads,proposed by the Code are in this case,

totally unrealistic, in the sense that if the shear capacity provided to the

structure had been equal to the design ultimate shears, the behavior of

the structure would have been highly unsatisfactory under the (simulated)

seismic excitations.

3) As expected from results of previous tests, the lateral stiffness of

the structure, corresponding to gross section geometry and elastic modulus com

puted using the formula proposed by the Code, is unreallistically large, as

compared with the stiffness shown by the structure, even at the initial stages

of the test.

These results appear as a consequence of the assumptions and limitations

of the analytical techniques and of the design philosophies involved in the

design process. For example, it is obvious that the computation of stiffness
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based on gross section is inconsistent with the very nature of reinforced con

crete behavior; therefore the discrepancy in the analytical and experimental

lateral stiffness values are not surprising. In the case of the prediction of

lateral strength, the "upper bound" found using the code formulations (specified

concrete strength, 25% increase over specified reinforcement strength, and no

~ capacity reduction factor) proved to be significantly lower than the capacity

demonstrated by the structure during the test (which is in turn a lower bound

for the actual structural capacity.) This fact demonstrates the conservatism

in the design procedures, and thus their limitation for accurate prediction of

structural strength.

Finally, the fact the structure showed a large overcapacity with respect

to the design ultimate loads can be due to the conservatism of the design tech

niques (which produces members with larger strength than the "target" design

value) and to the fact that the design ultimate gravity forces are "dominating"

in the computation of the section capacity demand, therefore when actual (non

magnified) gravity loads are acting there is a "reserve" of structural capacity.

Before presenting the concluding remarks, the performance of RCF2 during

the "aftershock" shaking table test is examined in the next section.

5.4 Run W3: Taft 850(2)

A severe "aftershock" was simulated in this test, by repeating the shaking

table motion with the same "span" setting as in the previous run. The resulting

base excitation was slightly stronger than in the previous case (peak accelera

tion of 0.65g versus 0.57g) but with the same general frequency and duration

characteristics.

The response of the structure is presented in Figures 5.23 to 5.33, which

are arranged in the same sequence as for run W2 (Figures 5.10 to 5.20.) In

addition, Figures 5.34 and 5.35 show the response of the test specimen (as
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characterized by its force-deformation curves) to the last two tests (runs W2

and W3), in five-second intervals, to facilitate comparison.

The information contained in these figures can be summarized briefly, by

comparing the response of the test specimen to these similar excitations.

In general, the response of RCF2 during run W3 has the same characteris

tics as in the previous run: the structure suffered several cycles of signifi

cant inelastic deformation at the beginning of the test, mainly in the bottom

story, followed by a more "regular" type of response. Therefore the structure,

even after having been significantly damaged by the first strong test, showed

that its strength and deformation capacities were not diminished. It should be

mentioned however, that due to the fact that the structure was already damaged

before test W3,its degradation in lateral stiffness was not so dramatic as com

pared to that in run W2 (it did not have as much stiffness to lose.) Also the

effect of shear cracking, bond deterioration, and concrete spalling were more

important this time. These undesirable phenomena contributed to the more pro-

nounced "pinched" characteristics of the force-deformation 'relationship shown

by the structure in this test.

Another interesting fact is that the top story behavior was similar in

both runs (Figure 5.35), since most of the damage (source of nonlinearities)

was concentrated in the bottom story members.

To summarize, the performance of the test structure during this second

very strong excitation was satisfctory, since it showed a great capacity to

dissipate energy through ductile behavior.

5.5 Conclusions

The information obtained during the earthquake simulator experimentation

proved to be extremely useful for the study of the seismic performance of the

test specimen. It provided significant insight on the limitations and
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reliability of "standard" analytical techniques and the accepted philosophies

involved in design of a seismic-resistant structural system.

The most important conclusion that can be drawn from the test results is

that even though the Code requirements for seismic safety of framed reinforced

concrete structures contain inconsistencies with respect to the specification

of the (design) seismic excitation, the resulting design proves to be effective.

This is due,of course, to the very strict reinforcement detailing requirements,

which guarantee ductile, flexural behavior of the structural members, as was

observed during the experiments.

Another important point that deserves to be mentioned is that in order to

predict with satisfactory accuracy the dynamic behavior of reinforced concrete

structures, it is necessary to utilize more sophisticated and realistic anal

ysis and modelling techniques than those employed in the "standard practice" of

structural design.
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6. SUMMARY OF CONCLUSIONS

6.1 Initial Remarks

In accordance with the objectives of this investigation, the different

phases of a particular research program on the seismic response of reinforced

concrete buildings were critically evaluated. As a result, a number of signif

icant conclusions were obtained, and presented at the end of each chapter.

In order to provide an overall view of what has been learned through the

different studies, these conclusions are restated and summarized in the next

sections. However, it is important to emphasize that caution must be exercised

in the interpretation of the results presented, since in many cases they are a

consequence of the particular characteristics of the structural system under

study, and therefore, they are applicable only to systems with similar charac

teristics. For example, test findings about the response behavior of RCF2

cannot be freely extrapolated to predict behavior of structures in which non

structural elements could play an important role in the response, even if all

the other conditions are similar.

Finally, the results presented are used to point out areas in which more

research needs to be done, to increase the "state of the art" knowledge on

seismic response of structural systems.

6.2 Restatement of Conclusions

The most important findings of this investigation, which were listed in

preceding chapters of this report, have been selected and restated in the

following paragraphs.

6.2.1 Design of Test Specimen

In this study the objective was to simulate a "real life" building,

designed in accordance with the current seismic resistant Code specifications.
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Due to physical limitations in the testing equipment, to economic considera

tions, and for testing convenience and safety, important modifications had to

be made on the prototype building to obtain the actual test specimen.

In spite of these modifications, it was possible to maintain in the test

structure the most significant structural characteristics of the prototype. In

particular the global stiffness, strength, and vibratory properties were sat

isfactorily preserved, thus guaranteeing that the response of the test struc

ture adequately reflected that of the prototype.

6.2.2 Selection of Seismic Excitation

There exist many possibilities of simulating seismic excitation using the

shaking table system. In this study, it has been shown that by adequate, mod

ification (by scaling in time and/or amplitude) of existing seismic records,

it is feasible to generate table input s.ignals which are representative of

ground motions corresponding to seismic events of specified intensity on a

diversity of local soil conditions.

However, it is necessary to be aware of the limitations imposed by the

earthquake simulator system, such as, for example, the fact that only one hori

zontal direction of motion can be simulated together with the vertical, and

that the table-specimen interface obviously affects the way in which the

seismic energy is input into the structure.

6.2.3 Structural Response

The data obtained during the shaking table tests provide extremely valu

able information about the response of the structural specimen under study, but

it must be acknowledged that its quality and usefulness is directly related

to the data acquisition characteristics and the instrumentation set-up on the

specimen. This is a point which has not been thoroughly discussed in this

study, but it is nevertheless worth mentioning.
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In addition, as already expressed, it is very important to take into

account that the results obtained from such data are representative of the

structural system under study, when subjected to the conditions simulated on

the shaking table. In other words, the extrapolation of results to other

structural configurations and/or other excitations is a very delicate opera

tion, and should be done with special care.

6.2.4 Experimental Results versus "State of the Practice"

In the case under study, the test specimen, whose design complied with

strict Code requirements for seismic safety, showed excellent behavior during

a succession of very strong simulated seismic motions. However, some of these

Code requirements proved to be inconsistent with the seismic experience. In

particular, the ultimate design lateral forces specified by the Code were

shown to be disproportionally low, as compared with the inertia forces devel

oped on the specimens during the tests. The "good" performance of RCF2 was

due to the reinforcement detailing requirements of the Code which exclude the

possibility of non-ductile behavior.

Similarly, the calculated results obtained using standard, Code-related

analysis techniques, proved to be conservative and. simplistic, with respect to

the corresponding test results. This is particularly evident in the estimation

of structural strength, stiffness and deformation capacity (ductility) which

are the most critical factors in the seismic response of structures.

6.3 Final Remarks

The results obtained during the earthquake simulator testing proved to

be extremely valuable for the realistic study of the seismic behavior of struc

tural systems under seismic excitation. The importance of this kind of experi

ments resides in the fact that they constitute a test not only of the specimen

under study but also of all the techniques and philosophies involved in its
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development and of the available theories to explain its behavior.

In the case of RCF2, the test results pointed out important drawbacks of

widely used techniques to predict structural performance under lateral loads,

and deficiencies in the current Code specification of the seismic demands on

the structure.

The complexity of the response of reinforced concrete buildings when sub

jected to earthquake loads was also evident from the experimental results.

Clearly, there is no simple answer to the problem of prediction of seismic

response of reinforced concrete structures, and a considerable effort should

be made in the study of important aspects of this problem, like the action

deformation characteristics at the section, member, and structural levels, in

terms of realistic descriptions of the material properties and of the seismic

excitation.
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Preceding page blank
A.l Analysis

A.I.l Loads

Assume the weight of reinforced concrete to be 0.150 kip/cu. ft.

a) Dead Load

Slab 4 in. thickness

Ceiling (10 lb./cu.ft. x 1.2 in.)

Floor (10 lb./cu.ft. x 1.2 in.)

Roofing

Bottom Story

0.050 kip/sq. ft.

0.001 kip/sq. ft.

0.001 kip/sq. ft.

Top StOry

0.050 kip/sq. ft.

0.001 kip/sq.ft.

0.010 kip/sq. ft.

Exterior walls (on transverse girders*)

Hollow brick wall

Glass

Permanent partitions (on
longitudinal girders*)

0.2DO/kip/ft.

0.007/kip/ft.

0.140 kip/ft.

Weight of columns and girders for both stories:

b) Live Load

Assume for both stories 9.50 kips

0.050 kip/sq.ft. 0.020 kip/sq. ft.

The live load at the top story will not be considered in the vertical

load to be acting at the same time as the earthquake loads.

c) Earthquake Loads

Consider the total dead load

Top story 0.061 kip/sq. ft. x 17 ft. = 24.9 kip

* The term transverse girders will be used to denote the girders along the
axes perpendicular to the ground motion direction. Longitudinal girders
will be the ones along the axes parallel to the ground motion direction.
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Bottom story 0.052 kip/sq. ft. x 17 ft. x 24 ft. = 21.2 kip

0.207 kip/ft. x 24 ft. x 2 = 9.9 kip

0.140 kip/ft. x 17 ft. x 2 = 4.8 kip

Columns and girders = 9.5 kip

w= 70.3 kip

Base Shear V = ZKCW

Z = 1 ZOne No. 3

K = 0.67 Ductile moment frame resisting the total required
lateral force

C = 0.10 Two-story building

V = (0.67) (0.10) (70.3) = 4.7 kips

V = 2. 35 kips per frame

Uniform distribution = 1.175 kips Top story

1.175 kips Bottom story

Distribution of loads on the girders

Use ACI 318-63 Appendix A.

d)

AB = 0.70 W
A

= 0.95 W

W
B

= 0.05 W

Method 3

I~
A= 12'

T
B =17'

1
Uniform distributed load on each longitudinal girder

W = 0.95 W x 12 ft = 11.4 W
L

On each transverse girder

= 0.05 W x 8.5 ft = 0.425 W

but this load shall not be less than that of an area bounded by the intersec-

tion of 450 lines from the corners. The equivalent uniform load per linear
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foot is
w = w x 12 ft. = 4 w

T 3

However this value will not be used since the building will be analyzed

in the direction of the ground motion only.

i) Uniformly distributed loads on the longitudinal girders.

Assume a 8 in. x 16 in. section (slab thickness included)

8 x 12= 0.150 x 144 = 0.100 kip/ft.

Bottom StOry

Dead load

Live load

Top StOry

Dead load

Live load

11.4 x 0.052 + 0.14 + 0.10

= 11.4 x 0.050

= 11.4 x 0.061 + 0.10

= 11.4 x 0.020

0.832 kip/ft.

= 0.570 kip/ft.

= 0.794 kip/ft.

= 0.228 kip/ft.

When live load is present at the same time as earthquake loads

W
LE

= 0 kip/ft.

ii) Uniformly distributed loads on the transverse girders (only to compute the

additional axial load acting on the columns)

Assume a 8 in. x 16 in. section (slab thickness included)

w (own weight) = 0.100 kip/ft.

Bottom StOry

Dead load

Live load

Top StOry

= 0.425 x 0.052 + 0.207 + 0.10

= 0.425 x 0.050

= 0.329 kip/ft.

= 0.021 kip/ft.

Dead load

Live load

= 0.425 x 0.061 + 0.10

= 0.425 x 0_.020

= 0.126 kip/ft.

= 0.0085 kip/ft.
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When live load is present at the same time as earthquake loads

W
LE

= 0 kip/ft.

e) Load cases to be considered

w =0.794 k/ft

9'

w=0.832 k/ft

w=0.228 k/ft

w= 0.570 k/ft

9'

-- 17'

Dead Load (D)

w=o

w=570 k./ft.

......
~I

1.175 k.

--

Live Load (L)

.- -- --
Live Load combined
with Earthquake Load

(LE)

A.l.2 Moment Diagrams

Earthquake Load
(E)

To compute the relative stiffnesses assume 8 in. x 12 in. sections for

the colUIlUls.
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I = 1 (8) (12) 3 1152 in. 4
=COL 12

I
10.7 in.

3
K = - =

0 L

For the girder let us consider a T-beam action. The maximum flange width

allowed by the ACI Code (ACI 318-71 Section 8.72) is one fourth of the span

length, that is 51 in.

4"

12
11

Y
* = (43) (4) (2) + (8) (16) (8) =

(43) (4) + (8) (16) 4.56 in.

I
GIR

= l~ (43) (4)3 + (43) (4) (2.56)2 + l~ (8) (16)3 + (8) (16) (3.44)2 = 5602 in.
4

K = ~ = 27.5 in.
3

G L

Therefore

The moment diagram values were computed using moment distribution.

Values are expressed in ft-kip and the moments indicated in the diagram on the

following page are assumed to be positive.
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SECTION
DEAD LOAD LIVE LOAD LIVE LOAD EQ. EARTQ. LOAD 1

I

D L LE E I

. EC 18.94 4.72 -1.22 0

CE 9.76 3.52 1.22 ±2.96

CB 9.76 3.52 1.22 ±2.96

BC 8.62 4.73 3.86

I
±2.29

BD 13.62 8.69 8.19 ±7.15

DB 16.48 11.91 12.41 0

BA 5.00 3.96 4.33 ±4.86

I I
AB 2.50 1. 99 I

2.17
I

±5.70

A.l.3 Combination of Loads for Required Strength

The ACI Code (Sec. 9.3) requires the design to be made for the following

ultimate strength conditions

UAI = 1.4 D + 1.7 L

U
A2

= 0.75 (1.4D + 1.7 LE + 1.87 E)

U
A3

= 0.9 D + 1.43 E
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The UBC Code (Sec. 2630) requires

UBI 1.40 (D + LE + E)

U
B2

= 0.9 D + 1.25 E

When these values were computed UAI and UBI proved to govern the design

for strength, and are shown below for the different sections.

a) Flexural Moments. (Values in Ft-kipi sign as indicated in A.l.2)

,--

COLUMNS GIRDEHS

Bottom Story Top Story Bottom Story Top story

AB BA BC CB BD DB CE EC

UA1
6.88 13.73 20.09 19.64 33.84 43..40 19.64 34.54

U
B1

14.50 19.90 20.60 19.55 40.60 40.50 19:55 24.80

b) Shear Force. (Values in kipSi sign corresponds to positive flexural
moments)

COLUMNS GIRDEH.S

Bottom Story Top Story Bottom Story Top Story

U
AI

2.29 4.52 18.14 12.75

UBI 3.82 4.35 17.85 9.93
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c) Axial Force. (Values in kips; positive values denote tension, negative
denote compression)

In these computations the shear transmitted by both the longitudinal and

transverse girder has been considered.

I COLUMNS GIRDERS

Bottom Story Top Story Bottom Story Top Story I

U
Al

-39.14 -15.04 +2.23 -4.52

I
UBl

-35.78 -12.05 +0.53 -4.35 1

I

A.2 Design for Strength Conditions

A.2.l Basic Assumptions

Materials Intermediate Grade Steel f = 40 ksi
y

E = 29000 ksi
s

Concrete fl = 4 ksic

E = 57000 /4000 = 3610 ksic

Sections Columns 8 in. x 12 in.

Girders 8 in. x 16 in. (14 in. slab included)

A.2.2 Bottom Story Column

Slenderness effect (ACI Section 10.11). Consider most unfavorable direc-

tion (transverse direction)

l = 9 t.,
u

k. = 1.4, r = 0.30 (8 in.) = 2.4 in.

k.l
u--=

r
....:.(9"'-'):....(=1=2~)1.4 = 63 > 222.4



c = 1. 0
m

M (dead load alone) = 7.0 ft-kip

Q 7.0 = 0 351
I-'d = 19.90 •
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1
8

3
512 in.

4
I = - (12) =g 12

E I
1 3610 x 512 549 x 103 . 2 k'EI

c g-= = = ~n. - ~p

2.5 (1 + Sd) 2.5 x 1. 351

p =
c

2
1T EI

(k. l )2
u

1T
2

x 549 x 10
3

(1.4 x 9 x 12)2
= 238 kip

h - d' - d
<P

s 12 - 4.8
factor: = = 0.60 < 0.70

h 12

Then <P = 0.70

p
39.14 )0 C / (1

u
1. / (1-= - --) = = 1. 31

m <P p 0.70 x 238
c

Balance Condition

= 0.70 (0.85)2 4 x 8 87000 (9.6)
PB 127000

PB = 106 kips > 39 kips

Therefore the ultimate capacity is controlled by tensile yielding of the steel.

Design for UB1

M = 19.90 ft-kip

P = 35.78 kip

M = 1.31 x 19.90 = 26.1 ft-kip
c
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8.75
11

i I
i i
d=9.6"

1

+85 {-p + ~'l}]f'bd e' /(1 e' 2 + ep [m' (1 -
d'p = + 1 - - + - - ) -)

u c d d d

e = 26.10 12 = 8.75 in. e' = 3.60 + 8.75 = 12.35 in.
35.78

d = 9.6 in. d' = 2.4 in. b = 8 in.

f

m' = m - 1 = 0.8l f' - 1 = 10.76
c

Limits of reinforcement (ACI section A.6.1)

Minimum 0.01 bd 0.768 in.
2

A = =s

Maximum 0.06 bd 4.61 in. 2
A =s

A' 1.20 in.
2 As

0.0156Consider 4#7 A = = , p = -s s bd

Pu = 56.6 kips > 35.78 kips

In fact, 2#6 are enough, but the top story column will need 2#7 and it is

preferable to design the bottom story column with at least the same strength

as the top story.



Check for U
Al

Condition

M = 13.73 ft-kip

p = 39.14 kip

18
12 = 5.52 in.e = 39.14

M 1.31 x 13.73 = 18 ft-kip
c

e' = 3.60 + 5.52 = 9.12 in.
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P = 85.27 kips
u

> 39.14 kips

Check Condition U : large moment and small axial load
~=:.=.-===-==:-.'A3

UA3 = 0.9 D + 1.43 E

M = 11.47 ft-kip

P = 19.05 kip

M = 1.31 x 11.47c 15.05 ft-kip

15.05
e = 19.05 x 12 = 9.50 in. e' = 13.1 in.

P = 49.85 kips
u

> 19.05 kips

It has to be mentioned that since

this column could have also been designed as a flexural member (ACI)

Design for Shear (ACI Chapter 11)

<p = 0.85 v = 3.82 kip M = 19.90 ft-kip P = 35.78 kip

Minimum web reinforcement for columns (UBC 2630, ACI A.6)

Minimum bar size: #3

Maximum spacing: 4 in. #3 @ 4 in.

Nominal shear stress

Vu 3820
v = - = -----.,;:..::::..::..::...-- = 58.5 psi

u <P b d 0.85' 8 • 9.6
w
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Shear carried by concrete

As
Pw = b d = 0.01S6

w

M
m

= M
u

- N
u

4h;d = 19.90 x 12 - 35.78 48-:.6 = 67 in.-kip

~ 3.82 x 9.6
vc = 1.91 4000 + 2500 x 0.0156 x 67 = 141.5 psi governs

or v = 3.S/4000 = 221 psi
c

or v = 2(1 + O.OOOS x 35780 ) /4000 = 150 psic 8 x 12

= 3.S/4000/1 + 0.002 x 35780
292 psior v =

c 8 x 12

Therefore

v < 0.50 vu c

and according to ACI Code we would not need to use shear reinforcement. How-

ever we will use the minimum quantity prescribed by USC Section 2630.

Within 18 in. from the face of each joint, the spacing of the stirrups

will be reduced to 2 in.

A.2.3 Top StOry Column

Slenderness effect

ki..u = 63 > 22
r

M (dead load alont) = 12.06 ft-kip

S = 12.06 = 0 587
d 20.60 •

EI 549 103 1.35 = 465 x 103 . 2 k"= x 1.S9 ~n. - ~p

238
1. 35

202 kipsPc = --=
1.59



<p = 0.70 P = 15.04 kips
u
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~ = 1 /(1 15.04) = 1 12
u • - 0.70 x 202 •

Balanced Condition P
B

= 106 kip> 15 kips

Then the ultimate capacity is controlled by tension.

Limits of reinforcement

4#7 AI 1.20 in.
2

0.0156Use A = = P =s s

Design for U
tU

M= 20.09 ft-kip M = 1.12 x 20.09 = 22.5 ft-kip
c

P = 15.04 kip

22.5
12 18 in. e' 21.6 in.e = x =

15.04

P = 19.9 kips > 15.04 kips
u

Check for UBI

M= 20.60 ft-kip M = 1.12 x 20.60 = 23 ft-kip
c

P = 12.05 ft-kip

23
x 12 = 23 in. e' 26.6 in.e = =

12.05

P = 13.5 kips > 12.05 kipsu

Check Condition U
A2

U
A2

= 1.05 D + 1. 28 LE + 1.4E

M = 17.21 ft-kip M = 1.12 x 17.21 = 19.3 ft-kip
c

P = 9.18 kip
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e = ~~i~(12) = 25.2 in.

P = 12.6 kip> 9.18 kip
u

Design for Shear

M = 1.12 x 17.21 = 19.3 ft-kipc

ep = 0.85 v = 4.52 kip M = 20.09 ft-kip P = 15.04 kip

Minimum web reinforcement

Nominal shear stress

#3 @ 4 in.

4520
v = = 69.2 psi

u 0.85 x 8 x 9.6

Shear carried by concrete

M = 20.09 x 12 - 15.04 x 4.8 = 169 in.-kip
m

V
c

= 1.9/4000 + 2500 x 0.0156 4. 52
16

x
9

9.6 = 130 psi governs.

Therefore v < v and we can use the minimum shear reinforcement
u c

A
v

b s
50 w

f
Y

8 x 4
50 40000 = 0.040 in.

2

The #3 bar specified is enough

Within 18 in. from the face of each joint, the spacing of the stirrups will

be reduced to 2 in.

A.2.4 Bottom StOry Girder

Midspan

UA1 : M = 43.40 ft-kip

Column face

U
Al

: M = 33.84 ft-kip

U
B1

: M = 40.60 ft-kip

v = 0

v = 18.14 kip

v = 17.85 kip

P = 23 kip (tension)

P = 2.23 kip (tension)

P = 0.53 kip (tension)



p factor (axial tension) ~ = 0.90

Influence of axial tension

A (T beam) = 8 x 16 + 43 = 300 in. 2
g
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stress
2330

= 300 = 7.8 psi small enough to be neglected

Limits of reinforcement (ACI Section A.5)

Minimum

Maximum

p = 200 = 0.005
f

y

A = 0.005 x 8 x 13.6
s 0.543 in.

2

Balanced Condition
0.85 kl f~ 87000

f -8-70"';:0~0"::"':;;"+':::'-f- = 0.0495
y y

A = 0.50 x 0.0495 x 8 x 13.6 = 2.69 in. 2
s

Midspan

Depth of neutral axis

A f

y* = 1.18 k sb ~,
1 c

13.6"

51"

----------

12"

a/l
~

2#7, 1. 20 in.
2Assume A =

s

y* 1.18 1.20 x 40
0.33 in. < 4 in.= =0.85 x 51 x 4
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Top reinforcement

Design for shear

~ = 0.85

A = 2 x 2.4 x 51
4

61.2 in.
2

f = 24 ksi
s

Minimum web reinforcement

Nominal shear stress

#3 @ 6 in.

v =
u

12750
-~---"'--'--..;;...;..~-=--":'"= 138 psi
0.85 x 8 x 13.6

Shear carried by concrete

v= 2/4000 (1 + 0.0005 4520)
c 8 x 16

Shear reinforcement

129 psi governs

A
v

= (138 - 129) x 8 x 6 =
40000

O.Oll in. 2

Therefore the minimum reinforcement is enough.

Within 34 in. from the face of the columns, the spacing of the stirrups

will be reduced to 3 in.

A.3 Servi.ceability Requirements

Use ACI Section 9.5

Minimum thickness of girders = 17 x 12
16

= 12.75 in.



¢ = 0.90 - :i~~ 0.20 = 0.88

Influence of axial compression (UBC 2619 b)

191

k
l

= 0.85 b = 8 in. d = 13.6 in.

P = 189 kip > P = 4.52 kip
B u

Then the axial compression effect may be disregarded.

Limits of reinforcement

Same as for the bottom story girder

Midspan

The depth of the neutral axis is smaller than the slab thickness. Use

same procedure as in the bottom story girder.

Consider 2#6 as bottom reinforcement A = 0.88 in.
2

s

M 34.8 ft-kip > 34.53 ft-kip
u

Column face

Neglect compression steel; besides A is approximately equal to A'.
s s

Consider 4#4 as top reinforcement A~ = 0.80 in.
2

M = 30.5 ft-kip > 19.64 ft-kip
u

Distribution of flexural reinforcement

Bottom reinforcement. Same as for bottom story girder

z = 86 kip/in. < 175 kip/in.
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Minimum bar size: #3

. . d 6 .
Max~mum Spac~ng: 2" Use ~.

Nominal shear stress

#3 @ 6 in.

v =
u

v
u

<P b dw

18140---=--'---'---- = 196 psi
0.85 x 8 x 13.6

Shear carried by concrete (axial tension is present)

Shear reinforcement

(v - v ) b s 74 x 8 x 6 2
A = _...::u~_..::.c__w-,,--_ = ...:....;;--.;:.:-..::.~--:;.. = 0.08'9 in.

v f 40000
Y

Then the minimum reinforcement is enough.

Within 34 in. from the face of the columns, the spacing of the stirrups

will be reduced to 3 in.

A.2.5 Top StOry Girder

Midspan

U
A1

: M = 34.53 ft-kip

Column face

UA1 : M - 19.64 ft-kip

UBI: M = 19.55 ft-kip

v = 0

v = 12.75 kip

v = 9.93 kip

P = 4.52 kip (comp.)

P = 4.52 kip (comp.)

P = 4.35 kip (comp.)

p factor (ACI Section 9.2.1.2)

h - d' - d
_ ____=5 16 - 4.8

= 0.70
h 16

0.10 f' A = 0.10 x 4 x 128 = 51.2 kips
c g
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Then a rectangular beam with width b = 51 in. can be considered. Compres-

sion steel. Consider p - p' = 0 and the compression steel not to reach f at
y

ultimate moment. Therefore the effect of compression steel will be neglected

<j> = 0.90, f
Y

40000, f' = 4000,
c

d = 13.6 in., b = 51 in.

Consider 2#7 as bottom reinforcement, A = 1.20 in.
2

s

M = 48.5 ft-kip > 43.40 ft-kip
u

Column face

Neglect compression reinforcement and use same formula as above with

b = 8 in.

Consider 6#4 as top reinforcement A I = 1. 20 in. 2
s

M = 45.9 ft-kip > 40.60 ft-kip
u

Distribution of flexural reinforcement (ACI Section 10.6)

Bottom reinforcement

A = 2 x 2.4 x 8 2
2 = 19.2 in. f s = 0.60 x 40 = 24 ksi

z = 24 ;;2.4 x 19.2 = 86 kip/in. < 175 kip/in.

Top reinforcement

A=
2 x 2.4 x 51

6
= 40 8' 2• ~n. f

s
= 24 ksi

Design for shear

<j> = 0.85

":l

Z = 24 j/2.4 x 40.8 = III kip/in. < 175 kip/in

Minimum web reinforcement for girders
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The original test structure size was reduced using a length scale equal to

0.707.

If the term "prototype" is used to designate the original test structure

and "model" the actual one, the following ratios between model and prototype

apply:

Length ratio

Area ratio

Strain ratio

Stress ratio

= 0.707

= 0.50

= 1.0

1.0 (Assumed)

Concentrated force ratio = 0.50

Gravity ratio

Acceleration ratio

= 1. 0 (Assumed)

= 1.0 (to have inertia forces
scaled by 0.50)

Therefore, the model dimensions are obtained by multiplying the prototype

dimensions by 0.707. The reinforcing steel areas should be reduced by 0.50.

This reduction as achieved in the following way

,

Prototype Model

# bar A (in. 2) # bar A (in. 2)
s s

7 0.60 5 0.31

6 0.44 4 0.20

4 0.20 3 0.11

3 0.11 2 0.05

I
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Since the reduction is not exact, the strength of the different members

has been checked in B.3.

The slab and the transverse girders at both stories were not designed for

the prototype. The slab thickness for the model was scaled by the factor 0.707

but its reinforcement was designed directly for the actual test conditions (the

slab carried no extra load but its own weight in the actual test structure.)

The same can be said for the tran~verse girders. The final dimensions and

reinforcement used in the test are shown in Figures 2.2 and 2.3.

B.2 Loads to be added in the actual test structure to reproduce original
conditions

The actual test structure did not include the walls, partitions, roofing,

ceiling, floor and other non-structural elements that contribute to the dead

load. Besides the distance between the two longitudinal frames was made as

short as possible without affecting the T-beam action in the floor diaphrgm.

As has been noted before (See A.l.2) the contributing width of the slab is

51 in. for the prototype which corresponds to 36 in. in the model. - Therefore,

the distance between the frames in the model was 3 ft.

Due to these facts it was necessary to add mass at each floor in the

actual test structure; this was accomplished by attaching concrete block that

transmitted their weight directly to the longitudinal girders. The evaluation

of these masses follows. It was carried out without considering the mass of

the columns.

24.89 kip

8.13 kip

Total = 33.02 kip

Original Test Structure

Top story dead load

Slab, ceiling, roofing 0.061 x 24 x 17

Girders: longitudinal 0.100 x 18 x 2

transverse 0.100 x 22.67 x 2



Top stOry live load

Bottom stOry dead load

Slab, ceiling, floor

Girders

Walls

Partitions

Bottom stOry live load

0.052 x 24 x 17

0.207 x 22.67 x 2

0.140 x 16 x 2

0.050 x 24 x 17

o kip

21.22 kip

8.13 kip

9.38 kip

4.48 kip

Total = 43.21 kip

20.40 kip
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Actual Test Structure. Each story

2.75 kipSlab

Girders: longitudinal

transverse

0.24 x 6 x 12.71 x 0.15

0.34 x 12.71 x 0.15 x ~

0.34 x 5.04 x 0.15 x 2 1.81 kip

Total = 4.56 kip

It was originally decided to reproduce in the model all the dead load plus

25% of the live load at the bottom story. Then the following masses would have

to be added

Top story: 0.50 (33.02) - 4.56 = 11.95 kips

Bottom story: 0.50 (43.21 + 0.25 x 20.40) - 4.56 = 19.60 kips

Then, concrete blocks weighing 4 kips (8 in. x 5 ft x 8 ft) were designed

and constructed. Three of these blocks would be attached to the top floor and

fi ve to the bottom floor.

However it was afterwards decided to reduce the number of concrete blocks

to two at the top story and four at the bottom; this final condition of loads

is shown in Figure 2.2. Considering the measured weights of the blocks (8.25

kip at the top story and 16.16 kips at the bottom story) this condition was

equivalent to consider no live load in the actual test structure and the
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following reductions in the dead load:

Top story

Bottom story

8.25 + 4.56 0.78 22% reduction=0.50 x 33.02

16.16 + 4.56
0.96 4% reduction=0.50 x 43.21

B.3 Strength design verification

a) Bottom and top story colUIlU1s

Prototype has 4#7 As
= AI = 1.20 in. 2

s

Model has 4#5 = AI =
S

0.62. This corresponds to

A = AI = 1.24 in.
2

in the prototype.s s

For the shear strength a reduction from #3 bars (A = 0.11 in. 2 ) to #2
s

bars (A = 0.05 in.
2

) will be used. Since the shear reinforcement was decided
s

from a minimum requirement which exceeded by a considerable amount the quantity

necessary according to the Code formulas, no problem is presented by this

reduction. The same is valid for all the following sections.

b) Bottom story girder

Midspan

2#7 1.20 in.
2

Prototype has As

Model has 2#5 0.62 in.
2

No problemA = .
s

ColUIlU1 face

6#4 AI 1.20 in.
2

Prototype has =s

6#3 AI 0.66 in.
2

This is equivalent to have 1. 32 in.
2

inModel has = .
s

the prototype.

c) Top story girder

Midspan

Prototype has 2#6 A 0.88 in. 2=s



Model has 2#4 A
s
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0.40 in.
2

• This corresponds to A = 0.80 in.
2

ins

prototype. Check for condition UAl gives

M = 31.7 ft-kip < 34.53 ft-kip
u

Therefore this condition represents a slightly under-reinforced model

Column face

Prototype has 4#4 A' = 0.80 in.
2

s

Model has 4#3 A'
s

0.44 in.
2

• This is equivalent to A' = 0.88 in. 2
s

in the prototype.
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C.l General

The different properties assigned to the ideal model for analysis purposes

have been derived from those of the prototype structure applying the appropriate

scaling ratios. These are shown in Table 2.2.

The units employed throughout the appendix are:

C.2 Geometry

1) Overall dimensions:

force

length

time

kips

inches

seconds

They are shown in Figures 2.1 (Prototype) and 2.3 (Ideal model)

2) Section properties:

The flange widths of the girders comply with the ACI and UBC Code require-

ments. The rotational moment of inertia J has been computed using

J = I (31' b, c, 3
1 1

where b. and c, are the longest and shortest dimension of rectangular component
1 1

i, and S, is a shape factor obtained from Reference [24]. The dimensions of
1

the prototype and of the ideal model (within parenthesis) are shown.

a) Column

y

PROTOTYPE IDEAL MODEL

A(in. 2) 96.0 48.0
.-

I (in. 4 ) 1152.0 288.0
xx

I yy (in. 4) 512.0 128.0

J(in. 4 ) 1230.0 307.5
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b) Longitudinal girders

!
""l<lliE------51"------.-1

(36.0611
)

4,56"11 Itll

{2'83
11

)

(3.22
11

) " IU 12
11

(8.49
11

)

I aliir--t (!5.66
11

)

c) Transverse girders

--'"

PROTOTYPE IDEAL MODEL

A 300.0 150.0

I XX
5602.0 1400.0

J 2200.0 '550.0 I

PROTOTYPE IDEAL MODEL

A 176.0 88.0

I 3406.0 851.5xx

)1 1536.0 384.0

The shear area for the girders has been taken as the area of their web,

A = 8 x 16 = 128 in.
2

for prototype and 64 in.
2

for model.
v

C.3 Inertial properties

The unit weight of the concrete is assumed to be 0.15 kip/ft
3

• The con-

tribution of the girders and columns is taken into account in the computation

of the translational and rotational mass of each floor. No live load is con-

sidered acting on the structure.
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BOTTOM STORY .TOP STORY

PROTOTYPE IDEAL MODE~IPROTOTYPE IDEAL MODEL
, ~---".__.--...

Weight (k) 47.72 23.86 34.89 17.45

k-sec
2

TR.MASS . .123 .0618 .090 .0451
1.n.

2
258. 1557.ROT.MASS k-sec -in. 1033. 389.

C.4 Elastic modulus

According to the ACI and UBC Codes, E
c

= 57000~4000 = 3605 ksi for both

the prototype and the ideal model.

C.s Section cracking moments

The cracking moments MCR corresponding to the girders and columns of the

structure are computed using

M
CR P

f = . Y - -R I t A
g g

therefore

P I

MeR = (f
R

+ -) . 2
A Ytg

where

f
R

= tensile strength of concrete = 7.5~ (psi)

I = gross central moment of inertia of the section
g

A = gross area
g

Yt = central distance of most stressed fiber (in tension)

P = axial load on section (compression is positive), correspond-

to dead load. It is neglected for the girders.

Therefore, for f R = 7.5~4000 = 474 psi = .474 ksi the following values are

obtained
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PROTOTYPE IDEAL MODEL

Long girders
MCR+ (k-i~.) 232.11 82.07

M - 582.31 205.91
CR

Columns
Bottom MCR

132.31 46.78

Top MeR 108.45 38.35

C.6 Transformed cracked properties of longitudinal girders

The moment of inertia of the transformed cracked sections are computed

according to the following scheme

d COMPRESSION

TENSION

i E i:::nA

n =INT( E:) s

(n-I)A's

kd

d-kd

The value of kd is determined equating the first moment of the tension and

compression areas with respect to the assumedposition of the N.A. the equation

obtained (for N.A below top reinforcement) is

b
(kd) 2

2
+ (n-l) AI (kd-d l

) -nA (d-kd) = 0s s

This expression should be appropriately modified if the neutral axis is above

the top reinforcement. The cracked moment of intertia results then:

for

I =! b (kd)3 + (n-l)
ct 3

29000
n = INT( 3605) = 8

A' (kd-d I ) 2 + nA
s s

(d-kd) 2
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and the section characteristics shown in Figure 2.5, the following values are

obtained, where positive curvature corresponds to compression of the top fibers

PROTOTYPE IDEAL MODEL
Bottom Story

Girder 4
l
ct

+ (in. ) 1388.4 347.1

- 262.4I 1049.6
ct

Top Story
Girder

I + 1040.0 260.0
ct

-
I 742.0 185.5
ct

C.7 Lateral loads for elastoplastic analysis

The distribution of lateral loads along the height of the structure(s) is

assumed to be proportional to the inertia forces associated with the first mode

of vibration.

Thus, if the first mode shape is

¢ = {¢lTl
-1 ¢ r

lB)

the associated inertia force vector would be

where p(t) is a scalar function of time

Therefore, if the force acting on the bottom story level is f
B

, the cor-

responding force on the bottom floor is

For the approximate value
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<P = {l.0}
..J:. 0.6

and for m
B

obtained.

= .0572 k-sec
2

in.
m

T
= 0.0352 the following relationship is

C.8 Equivalent concentrated gravity loads for elastoplastic analysis.

The distributed loads acting on the girders of the ideal model had to be

replaced by equivalent concentrated loads, since this is the only type of load-

ing that can be handled by the program ULARC.

The criterion used to determine the equivalent loads consists in replacing

the distributed loads by a statically equivalent system of concentrated forces

which produce the same collapse load as the distributed load.

The plastic moment of the girders is assumed to be uniform along the

length; and the location of the equivalent concentrated loads correspond to the

position of the concrete block supports on the test stucture.

The load factor for a fixed-end beam subjected to uniform loadings is

determined as follows

External work WE =!w L
2e

4 c

Internal work WI = 4M e
p



and from W = WI' it is obtained,
E

16 M
w = It ·w· = p

c w
L

2

and the load multiplier is

16 M
It

p
w

w L2
c

For the case of the concentrated loads the procedure is similar:

Pc Fc Fc Pc

~J 1 l !~
with
Fe ={3. weL

aL

L
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e
'--COLLAPSE MECHANISM

To have statically equivalent loading

2P + 2F = w L
c c c

w L - 2F w L
then, P c c c

(l - 213)= =c 2 2

At collapse,

W = 2F ·aLe = 2a&r L
2e

E c c

W = 4M e
I p

equating external and internal work

2M
w = It w = --E...

colI F 2
a8L
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Therefore
2M

p

aSwL2

Hence, in order to have the same collapse load than in the distributed load

case

or

from where

16M
P -:-z -

L

2M
--p-

2
aSwL

1as = 
8

a is selected according to the geometric characteristics of the test structure

*(
Ft=36"-( P4

1-- 144.25" ·1

aL 144.25 - 36
54.125 in.= =

2

then

54.125 .
0.375CI. = =

144.25

therefore

hence

1
F = - WL

3
and

1 2 1p = -(1 - -)wL - wL2 3 6

The equivalent loads used in analysis were obtained from the distributed loads

shown in Figure 2.5, taking into consideration the column's own weight.
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0.1 General

The methods employed to idealize the test structure for analytical purposes

are the same as those used in the case of the ideal model (Chapter 2 and

Appendix c.)

D.2 Geometry

The overall dimensions of RCF2 are shown in Figure 2.2, the section char-

acteristics in Figure 2.5. The section geometric properties are listed below

a) columns

x
I,

X 8.5

t

A(in.
2

) = 48.88

I (in. 4
) 294.27

xx

I (in.
4

) = 134.66
yy

J(in. 4
) = 313.5

y

b) Longitudinal girders

11-ol...f--------36"-------I~~1 A = 152.56

3.26"t I ; r------...a'f88" I xx = 144.36

8.5" J 588.7

a--..... - L
/... .1
5.75"

c) Transverse girders
A = 78.037

I = 905.73xx

J = 378.55
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D.3 Inertial properties

Assuming a unit weight for the concrete of 0.15 kip/ft
3

, the weight of the

different components is:

ITEM

Slab (each)

Longitudinal girder

Transverse girder

Columns (per unit length)

Concrete blocks and attachments

bottom story

top story

WEIGHT (kips)

2.75

0.576

0.305

.00425 kip/in.

16.32

8.42

Based on these values and on the geometry of the specimen, the inertia proper-

ties result:

BOTTOM STORY TOP STORY
WEIGHT(k) 21. 98 13.51

2
TR. MASs(k~Se~ ) 0.0572 .0351

J.n.

ROT. MASS(k-sec2-in.) 92.01 61.94

D. 4 Loads on girders (dead load only)

From ACI 318-63, for the demensions of the slab

A = 3 ft; B = 12.02 ft,

A
- = 0.25, and the slab behaves in one-way action,
B

transmitting all its weight to the longitudinal girders.

The distributed loads (using center-to-center dimensions) on the girders

result then:

longitudinal girders

transvers girders

w = 0.0135 kline

w = 0.0085 kline
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In addition, the concrete blocks produce "concentrated" loads, in each

support, of 4.1 kips for the bottom story girder, and 2.1 kips for the top

story girder.

D. 5 Section cracking moments

Using the same expression as for the prototype and the ideal model, the

following values are obtained

Longitudinal girders:

+M
CR

= 84.17 (k-in.)

M = 209.38
CR

Columns:

Bottom story M = 46.04
cr

Top story M = 38.0
cr
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