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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives
and property. The emphasis is on structures and lifelines that are found in zones of moderate' to
high seismicity throughout the United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to system response investigations.

The long term goal of research in Existing and New Structures is to develop seismic hazard
mitigation procedures through rational probabilistic risk assessment for damage or collapse of
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies
on improved definitions of seismicity and site response, experimental and analytical evaluations
of systems response, and more accurate assessment of risk factors. This technology will be
incorporated in expert systems tools and improved code formats for existing and new structures.
Methods of retrofit will also be developed. When this work is completed, it should be possible to
characterize and quantify societal impact of seismic risk in various geographical regions and
large municipalities. Toward this goal, the program has been divided into five components, as
shown in the figure below:

Program Elements:

, Seismicity, Ground Motions I
and Seismic Hazards Estimates I

+
I Geotechnical Studies, Soils Iand Soil-Structure Interaction -

+
I System Response: I ~

Testing and Analysis I
+ r ,

I Reliability Analysis I
and Risk Assessment I

Expert Systems

III

Tasks:
Earthquake Hazards Estimates,
Ground Motion Estimates.
New Ground Motion Instrumentation,
EarthqUake & Ground Motion Data Base,

Site Response Estimates.
Large Ground Deformation Estimates,
Soi~Structure Interaction.

Typical Structures and Crttical Structural Components:
Testing and Analysis;
Modern Analytical Tools.

Vulnerabiltty Analysis,
Reliability Analysis,
Risk Assessment.
Code Upgrading.

Archfteetural and Structural Design.
Evaluation of Existing Buildings.



System response investigations constitute one of the important areas of research in Existing and
New Structures. Current research activities include the following:

1. Testing and analysis of lightly reinforced concrete structures, and other structural compo­
nents common in the eastern United States such as semi-rigid connections and flexible
diaphragms.

2. Development of modem, dynamic analysis tools.
3. Investigation of innovative computing techniques that include the use of interactive

computer graphics, advanced engineering workstations and supercomputing.

The ultimate goal of projects in this area is to provide an estimate of the seismic hazard of
existing buildings which were not designed for earthquakes and to provide information on typical
weak structural systems, such as lightly reinforced concrete elements and steel frames with
semi-rigid connections. An additional goal of these projects is the development of modem
analytical tools for the nonlinear dynamic analysis of complex structures.

The greatest effort in the Existing and New Structures area concentrated on the evaluation and
response-prediction of existing "weak" buildings that are common in regions of low seismicity.
Most of these lightly reinforced concrete buildings and steel buildings with semi-rigid connec­
tions were not designed for seismic forces and many not evenfor wind loading. The coordinated
research program on concrete buildings has included full-scale tests of frame joint regions,
flat-plate structures, and shake-table tests offrames at various scales. These tests were done at
Cornell University, University at Buffalo, and Rice University. One of the main goals of this
effort has been the development of analytical tools for the complete nonlinear analysis of such
structures so that realistic estimates of their expected response can be made to aid practicing
engineers and researchers in the risk/reliability research area.

This report summarizes the results ofshake-table tests on a two-story building with weak design
details. The results show that the structure did not collapse when subjected to increasing ground
motion levels because the large flexibility reduced the energy input. However, the P-delta effect
may become serious, especially for taller buildings.
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ABSTRACT

A 1/6 scale 2-story one-bay by one-bay lightly reinforced concrete building was tested on the

Cornell University shake table. The model structure was designed solely for gravity loads

without regard to any kind of lateral loads (wind or earthquakes), and had no walls or partitions.

The reinforcement details were based on typical reinforced concrete frame structures constructed

in the Central and Eastern United States since the mid 1900's, and characterized by (a) low

reinforcement ratio in the columns, (b) discontinuous positive moment beam reinforcement at the

columns, (c) little or no joint confinement, and (d) lap splices located immediately above the floor

leveL The model was tested using the time-compressed Taft 1952 S69E at different amplitudes.

Auxiliary tests (static loading and free-vibration) were performed before and after each seismic

test to study the changes in the model building properties.

Test results indicated that this type ,of reinforced concrete frame will experience very large

deformations associated with a considerable stiffness degradation during a moderate earthquake.

Although the non-seismic reinforcement details may form a potential source of damage for lightly

reinforced concrete buildings, it was found experimentally that they did not lead to collapse or a

complete failure mechanism. The model failures occurred outside the joint region, indicating that

the lack of joint confinement was not a potential source of damage. Also, the location and details

of the column lap splices did not cause a serious problem to the modeL

Both experimental and analytical results indicated that the inclusion of the slab contribution to the

beam flexural strength is a vital step in the assessment of the performance of lightly reinforced

concrete structures during earthquakes since it has the potential of altering the relatively ductile

strong column-weak beam mechanism to the more brittle soft-story mechanism.
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CHAPTER 1

INTRODUCTION

1.1 Background information

There are many thousands of low-rise reinforced concrete frame buildings existing in the

Central and Eastern U.S. that were designed for primarily gravity loads. These structures can be

characterized as "lightly reinforced", which is defined as (a) low reinforcing ratios in columns,

(b) lap splices in column reinforcement just above floor levels, (c) minimal column ties, (d) no

confining ties in the beam-column joint regions, and (e) discontinuous positive moment beam

steel at some (or all) of the columns. Very little is available in the literature on the performance

of such buildings under seismic hazards. It is believed that, with a better understanding of the

behavior of these structures, evaluation of their safety during earthquakes can be done on a much

more reliable basis than that at the present time. In addition, improved code provisions and

schemes for retrofitting can be develop~ and analytical capabilities incorporating improved

behavior models can be perfected.

The current work is part of a comprehensive research effort being carried out at Cornell

University to investigate the behavior of lightly reinforced concrete frames, and frame

components under dynamic loads at small scale.

In the first phase of the reduced scale model research, two prototype cantilever type

specimens and four 1/6 scale model specimens were fabricated and tested under cyclic

(quasi-static) loading [10]. It has been shown that the prototype concrete stress-strain curve can

be accurately modeled by careful selection of aggregates, aggregate grading, and water/cement

ratio. Also, by using properly heat-treated threaded rods as model reinforcement, the prototype

cracking and hysteresis loops were successfully reproduced, even after severe loadings with

ductility factors up to 6.

In the second phase of the model building study, which is described in this

report, the improved modeling techniques are applied to a complete structure (2-story building),

tested dynamically on a shake table. The prototype structure is designed, detailed, and constructed

to reflect typical eastern United States design features. Test results are compared with those of

a similar building but with modern seismic detailing tested at 70% scale at the U.C. Berkeley.

Results from the full-scale frame component experiments are summarized in [19].
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1.2 Objectives and scope

A 1/6 scale reinforced concrete two story office building was fabricated and tested on the

Cornell University shake table to study the building performance at different levels of seismic

excitation. The building design is similar to that of a building tested at 70% scale at the

University of California at Berkeley, except that the current building was designed and detailed

to support gravity loads only.

The experiment was designed to serve the following purposes;

1. To gain a better understanding of the behavior of lightly reinforced concrete buildings

under earthquake hazards, and to provide preliminary answers to questions such as;

- What magnitude of seismic excitation can this class of buildings resist without

significant structural damage?

- How does the response of the non-seismically detailed model compare to that

of one with seismic details?

- Is it possible to reproduce a specific seismic test at a different scale, and to what

extent can results be compared?

2. To provide data for calibrating the available analytical tools for more accurate

prediction of the response of such structures during earthquakes.

3. To gain experience with seismic testing, including shake table control, seismic

qualification tests, application of small-scale modeling techniques [10], instrumentation,

and data acquisition.
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CHAPTER 2

CORNELL UNIVERSITY SHAKE TABLE

2.1 Table Configuration

The shake table (figure 2.1) is composed of a 4" thick aluminum plate with a working

area of 60" x 84". The plate is uniformly supported by a massive, 7" thick, precision ground

granite block. A thin oil film is used to minimize the friction between the aluminum plate and

the granite block.

The table can move in one horizontal degree of freedom along the centerline of the long

direction (84"). The motion is guided by two hydrostatic journal bearings, each with a maximum

capacity of 10,000 lb.

A 6" stroke L.A.B. hydraulic actuator (model HV-21-6) with maximum capacities of

14,000 lb dynamic force and 21,000 lb static force is used to drive the shake table. The

pressurized (3,000 psi) oil flow to the actuator is regulated by an electrically controlled

servo-valve, which is sized to allow for high frequency operation of the system. The interface

between the servo-valve and the hydraulic power supply is provided by a hydraulic manifold

model L.A.B. HM-40. The manifold ensures clean, full-pressure oil flow to the servo-valve. It

also has a special circuit to provide a soft start/stop function fOf the hydraulic actuatof.

The reaction mass for the system (table and actuator) is composed of several concrete

blocks, post-tensioned together to form a massive block of a total weight of approximately

100,000 lb. A 3/4" thick plywood sheet is used to separate the reaction mass from the laboratory

floor.

2.2 Table Control

The table runs under closed loop displacement control using a L.A.B. servo-controller

model 8830. The controller, acting as the link between the command signal and the hydraulic

actuator, sums the command signal supplied by a DEC VAX II/GPX station and the measured

actuator LVDT output, and generates an error signal which causes the servo-valve to port oil into

the actuator and produce the required motion.

A L.A.B. automatic pump controller model 8837 is used to remotely monitor and control

the hydraulic power supply. It has a logic interlock to protect the system by shutting down the
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Figure 2.1: CorneD. University Shake Table.
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power supply during a fault condition. It also continuously monitors the oil temperature, pressure,

oil level and filter condition alerting the operator for any problem by displaying an error message

on its 20 digit vacuum fluorescent display.

The control system also includes a sine vibration monitor,an automatic frequency sweeper,

and an automatic level control. These features are used for other kinds of applications and were

not implemented in the present work.

2.3 Displacement Measurements and Reference Frame

Figure 2.2 shows the reference frame used to support the displacement measurement

devices. The frame is attached to the reaction mass. The natural frequencies of the frame obtained

from free vibration test were 12,45, and 56 hz. Although the first fundamental frequency is close

to the expected frequencies of the tested model buildings, the reference frame displacements

obtained under equivalent load conditions were found to be very small (of the order of 0.005").

The frame can be adjusted to a maximum height of 10' above the table surface, and to a

maximum width of·5'.

2.4 Data Acquisition System

The data acquisition system is composed of a NEFF 620 analog to digital converter, and

20 Vishay 2300 signal conditioners. The NEFF system does 15 bit analog to digital conversion

(including sign). It can simultaneously sample and hold data for 20 different channels with a

maximum conversion rate of 50 K samples/second. The VAX II/GPX station simultaneously

controls the command signal and the data gathering functions.

The Vishay signal conditioners provides; (a) excitation for most transducers, (b) bridge

completion, (c) amplification (from 1 to 11,000), and (d) anti-aliasing filtering.

2.5 System Limitation

The maximum specimen size is limited by the available working surface on the shake

table (S'x?'), and the height of the reference frame (10'). The specimen weight, and its mass

spatial distribution, are constrained by the following limitations as recommended by the table

manufacturer;

1. Maximum vertical load on the shake table should not exceed the vertical capacity of
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Figure 2.2: Reference Fra.me.
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the journal bearings (2 x 10,000 = 20,000 lb).

2. Maximum overturning moment (pitch) moment, assuming uniformly distributed load

on the table, should not exceed 125,000 lb.ft. (figure 2.3).

3. Maximum concentrated moment in any local zone (under any of the structure legs) on

the table should not exceed M= a3 x 3.0, (Eqn. 2.1),

where M= maximum local moment in lb.inch, and a= footprint dimension in inches.

4. Maximum tensile force T in any of the structure legs should not exceed the foot print

area multiplied by the atmospheric pressure: Trnax= a2 x 14.7, (Eqn. 2.2), where Trnax=

maximum tensile force in lbs, and a= footprint dimension in inches.}

5. Maximum dynamic force applied by the driving actuator is 14.0 kips.

Limitations 2, 3, and 4 are intended to prevent the rupture of the oil film between the

aluminum plate and the supporting granite block.

The mass on the table also limits its dynamic capabilities. Figure 2.4 shows the interaction

between the load, acceleration, and maximum frequency of the table. It can be seen that the

unloaded table can produce a 5.0 G acceleration at 100 Hertz. When the table is fully loaded with

20 kips (assuming other safety limitations are met), it can not be driven by more than 0.7 G,

dictated by the maximum capacity of the hydraulic actuator (14.0 kips dynamic force).

2.6 Pretest Seismic Qualification

The main objective of this process is to reproduce a specific earthquake trace with

minimum distortion when the shake table is loaded with the model structure. Table-structure

interaction and the shake table's own response function are considered in this study.

Since the Cornell University shake table runs under closed loop displacement control, the

displacement trace of the desired earthquake was used as the drive waveform. The resulting

displacements were obtained by double integrating the corrected acceleration record to avoid

problems associated with the non-correspondence between the corrected acceleration, velocity,

and displacement records available in the literature [9]. This step can also be justified as

the reproduction of the acceleration trace was the final purpose of the simulation.
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Procedures used to account for the table-structure interaction, for off-line compensation,

and for the evaluation of the table performance will be discussed in the following sections.

2.6.1 Table-structure interaction

All seismic qualification tests were carried out with the shake table running under loading

conditions resembling as much as possible those developed when the actual concrete model was

mounted on the table.

For the 2-story building test, an equivalent, single degree of freedom steel frame was used

to simulate model load. The frame (figure 2.5) was designed to have the mass, overturning

moment, and leg spacing similar to those of the model structure. The stiffness of the frame legs

was selected in such a way that the natural frequency (10 Hz.) of the frame was between the fIrst

and the second mode frequencies of the concrete model (6.25 Hz and 17.0 Hz respectively).

2.6.2 Off-line compensation

The off-line compensation technique used in the present work accounts for offsets (or

distortions) in the measured signal at different frequencies. The principal step in this process is

to determine the transfer function of the shake table H(f) as expressed by equation 2.3.

y ( f) = H (f) x X ( f) (2.3)

where:

X(f) =Fourier transformed input (drive signal).

Y(f) =Fourier transformed output (measured signal).

H(f) =Transfer function of the system.

The only requirements for the complete description of the frequency response function

H(f) is that the input and output signals be Fourier transformable, a condition that is met by all

physically realizable systems, and that the input signal be non-zero at all frequencies of interest

[21]. Some investigators have proposed the use of a banded white noise source to obtain the

transfer function [9].

In the present case, the desired earthquake displacement record (which is always Fourier

transformable) was used as the input signal. The measured table displacement then forms the

output signal. The transfer function H(f) was then obtained by direct division of the Fourier
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transforms of the input and the measured displacements:

_ Y(f)
H(f) - X( f) (2.4)

The transfer function determined using equation 2.4 is unique only if the system is linear

and time-invariant [9]. In the current study, the system non-linearity due to the continuously

changing structure properties during the test was ignored.

Once the system transfer function is detelmined, a signal correction waveform DX(f) can

be created as follows;

DY(f) = X(f) -Y(f)

DX(f) = H-1(f)x DY(f)

(2.5)

(2.6)

Where:

DX(f) = frequency domain drive signal correction.

DY(f) = frequency domain measured signal offset.

Hi(f)= Inverted transfer function (complex function).

The correction signal DX(f) in the frequency domain (or a fraction of it) is added to the

Fourier transformed original drive signal X(f), then the new corrected Fourier transformed drive

signal given by equation 2.7 is transformed to the time domain to be as the new drive signal for

the shake table.

X(f) carr = xCf) + DX(f) (2.7)

The amount (percentage) of drive signal correction at selected frequency ranges was

manually monitored to account for the system non-linearity and time variance in an attempt

to obtain the best possible performance.

2.7 Evaluation of the table performance

The reproduction of the desired acceleration record was of primary importance in the

simulated earthquake tests. The different criteria used to evaluate the adequacy of the achieved

table acceleration are discussed in the following sections.
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2.7.1 Power spectrum (frequency domain analysis)

Comparing the power spectra of the measured and the desired accelerogram provides a

direct evaluation of the energy content of the two traces at all frequency levels of concern. The

comparison also helps detecting the ranges of frequencies to be enhanced, and the ranges to· be

suppressed during the off-line compensation process.

Special attention was always paid to the ranges of frequencies expected to affect the model

structure. Figure 2.6 shows the Fourier transform of the original, uncompensated, and the

compensated acceleration records for the 2-story model case. It can be seen that the off-line

compensation technique significantly changed the table response especially in the second mode

range (10 Hz. to 17 Hz).

2.7.2 Response spectrum

The response spectrum curve of the measured and the required accelerogram is another

manifestation of the maximum response of the two traces at different periods. It can be seen from

figure 2.7 that the off-line compensation technique enhanced the high period (low frequency)

components, and suppressed the low period (high frequency) components of the measured table

acceleration, resulting in a better reproduction of the desired accelerogram. Deviation of the

response spectra of the measured table acceleration from the original Taft S69E 1952 spectrum

at periods larger than first mode range were neglected.

2.7.3 Frequency ensemble work

The frequency ensemble work (equation 2.8) was proposed by Housner and Jennings [21]

to represent the capacity of a ground motion to supply energy to a linear structure.
t 1

W = ~f a 2 dt (2.8)
f 2

aWhere:

We = frequency ensemble work.

t1 = waveform time length.

Figure 2.8 shows the variation of the energy supplied to the structure with time (computed

using equation 2.8) for the original Taft record, uncompensated table motion, and the

compensated table motion for the 2-story building test. It can be seen that at the end of the

acceleration history (at time 10.50 seconds), the uncompensated table motion provided about 9%
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more energy than the original Taft earthquake, while the compensated table motion provided

only 2% less energy than the original Taft earthquake.

2.7.4 Direct comparison of the acceleration traces

This comparison was simply done by examining the first 3 or 5 spikes of the acceleration

traces (figure 2.9). It can be seen that for the 2-story model test, when the maximum acceleration

in the original time compressed Taft earthquake and the compensated records were almost the

same, the second spike was underestimated by about 8%, while the third spike was overestimated

by 7%.

2.8 Concluding remarks

The behavior of the Cornell University shake table has been characterized. Procedures

implemented to minimize the displayed motion distortion were discussed and evaluated.

Experience at Cornell using the available control system showed that it is always possible

to reproduce with acceptable accuracy a specific earthquake trace within a certain frequency band

(l Hz. to 15 Hz. in the present case). Attempts to improve the obtained trace beyond that limit

resulted in over-correction of the drive signal. This was not considered as a serious problem since

the dominant response of the tested models had a fundamental frequency range of 1.0 Hz. to 6.0

Hz.
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CHAPTER 3

EXPERIMENTAL PROGRAM

This chapter is divided into two sections. The first section describes the test structure,

including design and fabrication, mechanical properties, materials, and finally, the load set-up and

instrumentation. The second section deals with the test procedure for the model structure. The

three types of tests- static, free-vibration, and simulated-seismic are introduced and discussed.

3.1 Test structure

The test structure was a 1/6 scale, 2-story, one-bay by one-bay office building. It was

designed and detailed to resist gravity loads only, with no consideration for any kind of lateral

forces due to wind or earthquakes. Several buildings with similar design and reinforcement details

were reported to suffer significant damage during Mexico City earthquake [19]. Details of the

prototype building design are provided in appendix A of this report.

3.1.1 2-Story building model

Model design

The 2-story building is shown in figure 3.1. The model structure represented only one bay

with two side half bays of the prototype structure (a center-line to center-line cut). The model

was designed according to the similitude requirements provided in table 3.1. Geometric

dimensions of the model were obtained by directly scaling the prototype dimension by the scale

factor SL=6.

Since the rnicroconcrete used in this model had an ultimate strain Se of 0.003 in./in. in

contrast with a 0.002 in./in. prototype concrete ultimate strain (figure 3.2.a), a distorted model

design was inevitable. The model reinforcement yield stress was modified to keep the strain

distortion factor Se constant and equal to 0.67 (figure 3.2.b). The required yield strength of the

model reinforcement fym was obtained using the following equation;

(3.1)

Where fyp= yield strength of the prototype reinforcement, fym = yield strength of the model
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(c) Model on shake table

Figure 3.1 (Continued)
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reinforcement, ccup= ultimate compressive strain of the prototype concrete, and ccwn= ultimate

compressive strain of the model concrete.

Table 3.1: Similitude Requirements For The Model Structure

Quantity Symbol Dimension Scale Factor

Linear dimension L L SL

Displacement <5 L Se X SL

Angular displacement e --- Se

Time T T St

Frequency f r l S -1
t

Velocity V LT l
SL X S -1

t

Acceleration a LT2
SL x S -2

t

Energy E FL Sf X S3L

Area of reinforcement A, L2
Sf X S2 S-/

L x e

Concrete stress fc FL-2
Sf

Steel stress f, FL-2
Sf

Concrete strain feu --- Se

Steel strain e, --- Se

Concrete modulus Ee
FL-2

Sf X S -1
e

Steel modulus E, FL-2 1

Mass density p FL-3
Sf

Concentrated load Q F Sf X s2L

Line Load W FL- l
Sf X SL

Pressure q FL-2
Sf

Bending moment M FL Sf X S3L

3-5



The required model reinforcement areas were then modified according to the similitude

requirements (equation 3.2) to provide the scaled bar yielding force [15].

A = Se x A = O. 6 6 7 x A = O. 217 A (3.2)
m Sf x S/ PO. 854x 62 P P

Where Am= tensile stress area of the model re:inforcement, Ap= prototype reinforcement area,

Se= strain scale factor = 0.667, Sr stress scale factor = 0.854, and SL= length scale factor.

After the selection of the model bar sizes, the yield stress of each bar size was modified

to account for any differences between the required and the selected bar areas in order to

correctly scale the bar yield force. The required model reinforcement yield stress became;

A
f = f x mr6qUir<ld

ym ymC'l!lC'ull!t<ld A
mchosen

(3.3)

The heat-treatment process was then carried out separately for each bar size to achieve the

required yield stress according to equation (3.3).

Model Materials

(a) Model concrete:

The microconcrete used in the current model was based on the results of a previous study

conducted at Cornell University on improving the modeling techniques of small scale concrete

structures [10]. The microconcrete mix ratio was ( Water: Cement: Model sand (Sm): Model

aggregates (Am)= 0.7 : 1 : 3 : 3 ); where model sand was defined as particles that pass a #8

sieve and were retained on #200 sieve, and model aggregates were defined as particles that pass

#4 sieve and were retained on #8 sieve. Figure 3.3 illustrates the grading curve for the

aggregates. Type III cement was used since it has more rapid curing than type I cement.

Superplastisizer EUCON 537 was added by the: ratio of 1.% of the cement weight to increase the

mix workability. The stress-strain curve of the microconcrete is shown in figure 3.4. where it can

be seen that the strain distortion factor Se is equal to 0.667 and the stress distortion factor Sf is

equal to 0.854. Model concrete properties at time of testing are given in table 3.2.
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Table 3.2: 2-Story Model Concrete Properties

Prototype Model Concrete Model Concrete

Property Concrete (2 weeks age) (8 months age)

f' 4000 psi 4600 psi 5300 psic

E:cu 0.002 in/in 0.003 in/in 0.0029 in/in

Eo .45f'" 3600 ksi 2400 ksi 2900 ksi

f' 380 psi 450 psi 510 psiI

(b) Model reinforcement:

It has been shown in reference [10] that the use of threaded rods as model reinforcement

is the best available option for small scale mode:ling of reinforced concrete structures since this

type of reinforcement provides (a) nearly perfect modeling of low level flexural cycles, (b)

correct ultimate strength even after severe loading, and (c) an acceptable cracking behavior

through the different stages of loading. It was also reported [10] that cold forming of the threaded

rods significantly increases the yield strength, and a heat-treatment process was essential to

reduce the yield strength to the required level and to produce an adequate yield plateau. A full

account of the heat-treatment technique adopted in the current work can be found in references

[8] and [10]. A sample of the model reinforcement stress-strain curves before and after the

heat-treatment is shown in figure 3.5.

A fundamental aspect of the model construction was to adopt realistic reinforcement

details that reflected construction practices during the 1950 to 1970 period. Special attention was

paid to critical details such as the beam-column joints and column lap splices. Figure 3.6 shows

a non-seismically detailed joint and a modern seismically detailed joint. The differences between

the two joints can be summarized in the following points:

For a seismically detailed joint (Figure 3.6.a): (a)FuU development length is provided for

both top and bottom beam reinforcement, (b) Beam and column concrete zones are highly

confined around the joint area to provide joint ductility, (c) Column stirrups continue through the

joint length, (d) Lap splice is positioned at the middle half of the column length and the splice

length is longer, and (e) Lap splice is confined by stirrups over its entire length.
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On the other hand, the basic features of a typical 1950-1970 beam-column

JOInt (figure 3.6.b) were: (a) Discontinuous bottom beam reinforcement with a very short

embedment length (6"), (b) No beam or joint confinement except for several stirrups at a spacing

of 3" (usually) located at 3" distance below the beam bottom face. These stirrups were meant to

resist the reaction of the sloping column steel, (c) No joint reinforcement. The column stirrups

do not continue through the joint length, (d) Lap splice is designed as a compression splice (short

splice) and located immediately above the beam top face, and (e) No special confinement was

provided for the lap splice.

Although the ACI-318 code recommended the use of a compression lap splice in

reinforced concrete columns, inspection of the reinforcement details of actual projects executed

during the period 1950-1970 indicated that it was a common practice to use an empirical splice

length varying from 24 to 30 bar diameters. This resulted in a longer splice than required by the

ACI code. For the 2-story model, a splice length of 30 bar diameter was used. The full

reinforcement details of the prototype structure main supporting frame are shown in figure 3.7.

The fabrication procedure of the model building was designed to resemble as closely as

possible the construction steps of full scale buildings. The technique can be summarized in the

following steps;

1. Footings were cast in wooden forms and cured for 1 week under wet burlap and plastic

sheeting.

2. First story columns were cast on the footings, extending up tp 1/2 in. below the bottom

surface of the beam.

3. The individual footings and columns assemblages were positioned accurately on a

stiffened wooden base table (figure 3.8a).

4. Formwork for the beams and slabs were positioned and the steel cages put in place

(figure 3.8.b).

5. Slab and beam concrete was placed (figure 3.8c) and wet cured for 1 week.

6. The second story was built following similar procedures.

Load set-up and model instrumentation

(a) Load set-up

Additional masses were· used to simulate the dead weight of the prototype building
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3-13



according to the similitude requirements in table 3.1. For the first story, the added masses were

computed as follows;

M = Mpl - M = 44.1 - 0.14 1. 29 kips (3.4)
ml S / x Sf mo.... 36 x O. 854

Where ~1== additional mass to be added on the model first story, ~1== prototype first story dead

load. ~o.w == own weight of the model floor.

For the second story, the additional mass Mm2 was equal to 0.75 kips. The loads actually

added were slightly less than those required according to the similitude laws due to the fixed size

of the steel blocks (figure 3.9).

The slab loads on each floor were lumped at two points as shown in figure 3.9, where two

6 x 2 steel channels were used to collect the steel blocks load and transfer it directly to the

beams at their third points through two, one inch wide steel blocks.

Blocks simulating the exterior wall loads were needed only on the first floor. These blocks

were mounted directly on the transverse beams where two rectangular 1/4" x I" x 4" aluminum

washers were used for the load transfer. The stiffened portion of the transverse beams due to this

loading scheme was 4" long.

(b) Model instrumentation

The model displacements were measured using linear displacement transducer (MTS

Temposonic) at two points 25" apart at each floor level (figure 3.10). This set-up would also

capture any rotational motion of the model during vibration. More information about these

devices can be found in [13].

The table acceleration along with the floor accelerations were measured using

ENDEVECO piezoresistive accelerometers model 7265 [6].

3.2 Test procedure

3.2.1 Introduction

The model structure was subjected to a series of tests to evaluate its performance before,

during, and after earthquakes of different magnitudes. The general behavior of the model was

studied through the following parameters: (a) base shear, (b) inter-story shear, (c) inter-story drift
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(time history), (d) flexibility matrix coefficients, (e) natural frequencies, (f) damping ratios

(assuming visGOUS damping model), and (g) cracking behavior and visual damage.

Three types of tests were conducted to study these parameters: (a) flexibility matrix

determination test (static test), (b) free vibration test, and (c) simulated earthquake tests (seismic

test).

The first two tests were carried out before and after each seismic test to evaluate the

changes in structural properties from the seismic test. The third test consisted of applying the

time scaled Taft S69E 1952 earthquake component to the model structure at different amplitudes

until significant damage was observed. The techniques used to perform these tests are discussed

in the following sections.

3.2.2 Static flexibility matrix determination

Figure 3.11 shows the load set-up used to determine the static flexibility matrix

coefficients of the 2-story building. A 200 lb static concentrated load (applied in 4 increments)

was applied at each floor level using a 1000 lb capacity manual jack. The flexibility matrix

coefficients were computed at each load increment and finally all four values were averaged to

obtain a 2 x 2 symmetric matrix.

The obtained flexibility matrix along with the mass matrix were used to compute the

eigenvalues (natural frequencies) of the system using equation 3.5. These frequencies were

compared with those obtained from the free vibration test to check the validity of the two tests.

[M] x {q} = 1 x [F] x{q}
c..>2

(3.5)

Where [M] = measured mass matrix, [F]= measured flexibility matrix, {q}= eigen vector(s), and

00= circular frequency.

3.2.3 Free vibration test

Figure 3.12 shows the load set-up used for the free vibration test of the 2-story model.

The model structure was pulled back (displaced) by 0.05 inches at the second floor level using

a steel wire. The wire was then suddenly released (cut) and the structure was allowed to vibrate

freely. Accelerations and displacements were measured at each floor level until the structure
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motion damped out. A typical data gathering time was about 20 seconds.

The gathered data was used to compute the natural frequencies of the model using a Fast

Fourier Transform algorithm (FFT). Knowing the natural frequencies of the model, the same data

was band-pass filtered to isolate the response corresponding to each vibration mode (figures

3.l3.a and 3.l3.b). These separated motions were again used to obtain the damping ratios of each

mode using the well-known "Logarithmic Decrement" technique, assuming a viscous damping

model.

The second story acceleration data was used to evaluate both the natural frequencies and

the damping ratios of the model structure after every seismic test. A curve fitting algorithm was

then used to obtain the logarithmic curve that best fit the envelope of the acceleration trace

within the concerned range. The viscous damping ratio for both modes were directly obtained

from the fitted curve equation (figures 3.l3.a and b).

3.2.4 Simulated earthquake tests

The first 10 seconds of the Taft S69E 1952 earthquake (figure 3.14) were applied at

different amplitudes to evaluate the model structure performance under seismic excitation. The

used record was time-compressed by a factor of St= SL1I2 to satisfy the similitude requirements.

This resulted in the shift of the response spectrum curve shown in figure 3.15. Although the

active seismic excitation time was about 10 seconds (after time compression), the model

responses were recorded for 30 seconds to capture the free vibration response after the

earthquake.

The magnitude of the earthquake was defined as the maximum ground acceleration

applied to the model building. Although the shake table was "prequalified" using a loading

condition similar to that of the reinforced concrete model, it was still difficult to reproduce a

certain earthquake with specific maximum amplitude during the actual test. This was due to the

fact that the transfer function of the shake table was determined using a linear elastic structure

while the actual reinforced concrete model was highly non-linear.

All seismic tests were video taped for later, slow motion display. This was found to be

useful in reviewing and visually comparing different tests.

3-19



.08 Acceleration (g)

5

Oa.plng rallo (zela)' 2.S9 1

Y· a.aS6( • e·(·a.719( • ~)

. 00 ~m~JU~MM;mmrQ;~'J!;}lt?QI~~~.'"'~ ..---+~---11,..----+01---+1---
5 7 a 9 10

.02 .

.0

T1 •• (seconds I
-.02

-.04

-.06

-.08
(a) First Mod'e Response.

.08 Acceleration (g)

.06
o

.04 Y· 0.0575 • e·(·2.015 • Xl

.02

.00

-.02

J 5 6 7 8 9 10

-.04

-.06

-.08 . (b) Second Mode Response.

Figure 3.13: Sample Results of The 2-Story Building Free Vibration Test.

3-20



TAFT S69E 1952 EARTHQUAKE ACCELERATION RECORD
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CHAPTER 4

2·STORY BUILDING TEST RESULTS

4.1 Introduction

The model structure was tested using the time compressed Taft S69E 1952 earthquake at

different amplitudes. Traces of the story displacement, story acceleration, and table motion were

recorded during each test. Also, the main structural properties of the model (natural frequencies,

damping ratios, and flexibility matrix coefficients) were determined before and after every

seismic test. Results of these tests will be presented and discussed in this chapter. Results will

also be compared (when feasible) with those of a similar seismic detailed model tested at 0.7

scale at the UeB (University of California at Berkeley) [4].

4.2 Test program

Since the model structure was not seismically detailed, i[ was difficult to predict the

ground motion magnitude that would develop sufficient damage without risking an unsafe

complete destruction of the model. It was decided that the series of one weak (0.079 g) and two

strong ground motions (0.57 g, and 0.65 g) used for the UCB test could cause significant damage

to the model building and possibly to the model instrumentation. On the other hand, a gradually

increasing earthquake amplitude may not reveal the actual seismic resistance of the structure

since the accumulative damage of the building will continuously reduce its stiffness, and

consequently lower the magnitude of the lateral forces acting on it as the fundamental period of

the structure moves towards the descending portion of the response spectrum curve of the given

ground motion (figure 4.1).

The test program was thus selected as an intermediate solution between the two extreme

cases. First the model was exposed to two consecutive runs of amplitude 0.26 g representing a

mild earthquake, where the second run was carried out to investigate the response of the cracked

building with minor damage to the same ground motion. After that, two runs of amplitudes 0.36

g and 0.45 g were performed to increase the level of damage to the building, then two runs of

amplitude 0.75 g were applied to simulate a strong ground motion case. Finally a 0.90 g

amplitude run was carried out to study the failure mechanism of the structure.
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4.3 Initial properties of the model structure

Initial properties of the model structure along with those of the DCB model (scaled to the

Cornell model scale) are presented in table 4.1. It can be seen that the Cornell model fundamental

frequencies were lower than those of the DCB model by about 20% and 14% for the first and

the second modes respectively. Less discrepancy was observed in the flexibility matrix

coefficients where the maximum difference was less than 13%.

Table 4.1: Initial Properties Of Cornell Model Versus DCB Model

DCB Model at
Property DCB Model Cornell Scale Cornell Model Difference%

First natural
frequency 3.80 (Hz) 7.79 (Hz) 6.25 (Hz) -19.8%

Second natural
frequency 9.80 (Hz) 20.08 (Hz) 17.19 (Hz) 14.4%

Flexibility 0.148 x 10-4 0.888 X 10-4 1.000 X 10-4 12.6%
Coefficient fIl (in/lb) (in/lb) (in/lb)

Flexibility 0.167 x 10-4 1.002 X 10-4 1.130 X 10-4 12.8%
coefficient fI2 (in/lb) (in/lb) (in/lb)

Flexibility 0.393 x 10-4 2.358 X 10-4 2.250 X 10-4 -4.58%
coefficient f22 (in/lb) (in/lb) (in/lb)

Differences can be attributed to many factors such as the different material properties of

the two models, loading scheme, testing technique, and even the prototype design of the two

structures. For example, table 4.2 shows that the two models had almost the same prototype

weight on each floor, but comparison of figures 4.2 and 3.10 illustrates the substantial difference

in the loading technique of the two models.
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Table 4.2: Loading of Cornell and DCB Models [4]

First Story Load Second Story Load
Model Scale (kips) (kips)

Model Prototype Model Prototype

Cornell 1/6 1.21 43.56 0.82 29.52

DCB 7/10 21.44 43.76 13.44 27.43

4.4 Runs Taft 0.26 g-l, and Taft 0.26 g-2

Run Taft 0.26 g-1 was applied to the model structure to examine its response during a

mild earthquake and to produce a modest level of damage. Figures 4.3.a through 4.3.e represent

the measured story displacements, story accelerations and base shear during the seismic test. The

inter-story shear is also plotted against the inter-story drift in figures 4.4.a and 4.4.b.

Inspection of the recorded displacements indicates that both stories were moving in phase,

with their peak values occurring at the same time. It was concluded that the fIrst mode of motion

dominated the response in this run. The same result could also be reached by inspecting the story

acceleration records.

The fundamental frequency of the model was reduced by about 29% after this run due

to concrete cracking (table 4.3). It was also observed that the natural frequencies obtained from

the free vibration test were consistently higher by about 10% than those obtained from the static

test. This can be attributed to the loading rate effects in reinforced concrete structures where the

concrete modulus Ec increases with increasing the rate of loading.

The stable, narrow banded shear-displacement hysteresis loops of each of the two stories

(figure 4.4) indicate that although the model stiffness was reduced due to cracking, minor damage

occurred to the building at this stage and the response was nearly elastic.

When the same run was repeated (run Taft 0.26 g-2), very minor changes in the model

deformations and base shears were recorded (fIgures 4.5.a through e). The maximum story

displacement was increased by 7% and 2% for the fIrst and the second stories respectively. On

the other hand, the maximum story acceleration increased by 37% and 21 % for the fIrst and the

second stories, but the two maximum values did not occur simultaneously resulting in only 7%

increase in the maximum base shear.
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Table 4.3: Variation of Natural Frequencies and Damping Ratios

Natural Frequencies Damping ratio

Test Free Vibration Static (% Critical)

f l f2 f l f2 ~I ~2

Uncracked 6.25 17.19 --- --- --- ---

Taft 0.26g-1 4.44 13.18 4.06 12.15 2.64 2.44

Taft 0.26g-2 4.07 12.10 3.69 10.87 3.06 3.14

Taft 0.36g 3.66 11.70 3.46 10.74 4.19 3.85

Taft 0.45g 3.61 11.48 3.24 10.47 4.76 3.72

Taft 0.75g-1 2.93 10.31 2.70 9.54 4.49 3.46

Taft 0.75g-2 2.93 10.30 2.52 9.07 4.50 3.43

Taft 0.90g 2.45 9.48 2.52 8.65 4.53 3.42

The level of damage in terms of cracking at the joints was slightly increased after this run,

where the natural frequencies of the model were reduced by an average value of 8%, and its

flexibility matrix coefficients were increased by about 20% (Table 4.4). The first mode damping

ratio increased from 2.64% to 3.06%.

Table 4.4: Variation of Static Flexibility Matrix Coefficients

Flexibility Matrix Coefficient inch/lb x 10-3

Test
fl1 f12 f21 f22

Uncracked 0.100 0.113 0.113 0.225

Taft 0.26g-1 0.254 0.292 0.292 0.532

Taft 0.26g-2 0.300 0.350 0.350 0.660

Taft 0.36g 0.345 0.406 0.406 0.733

Taft 0.45g 0.426 0.473 0.473 0.773

Taft 0.75g-1 0.544 0.682 0.682 1.192

Taft 0.75g-2 0.640 0.763 0.790 1.338

Taft 0.90g 0.775 0.995 0.995 1.578
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The total energy dissipated by the model at this run was about 31 % higher than that of

run Taft 0.26 g-l (table 4.5). This increase can be explained by comparing figures 4.4.b, and

4.6.b, where it can be seen that the high second story shear forces in this run caused cracks to

develop resulting in wider hysteresis loops and consequently more energy absorption.

Table 4.5: Energy Dissipation

Energy Dissipated (kips.inch)
Test

First floor Second floor Third floor

Taft 0.26g-1 0.423 0.289 0.712

Taft 0.26g-2 0.418 0.513 0.931

Taft 0.36g 0.692 00408 1.099

Taft 0.45g 1.148 0.379 1.527

Taft 0.75g-1 3.667 1.841 5.508

Taft 0.75g-2 1.597 0.451 2.047

Taft 0.90g 2.484 0.330 2.814

405 Runs Taft 0.36 g and Taft 0.45 g

Run Taft 0.36 g (figures 4.7 and 4.8) was associated with a significant increase in the

model deformations, with maximum displacements of both stories 44% higher than those obtained

during the previous run. Maximum story accelerations recorded -3% and 20% increase in the fIrst

and the second stories respectively, resulting in 11 % increase in the maximum base shear (table

4.6).

It was clear that the level of cracking of the model was increased as the fundamental

frequency was reduced by about 10%, and the flexibility matrix coeffIcients were increased by

an average value of 14% (Table 4.4). The total energy dissipated by the structure was 18% higher

than that dissipated during the previous run.

At run Taft 0.45 g (figures 4.9 and 4.10), the amount of damage introduced to the model

was less than that caused by the run Taft 0.36 g. This was manifested in the very minor changes

in the model natural frequencies (1 % and 2% reduction for the 1st and the 2nd modes), and a
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comparatively small increase in all the flexibility matrix coefficients (an average of 11 %

increase).

Table 4.6: Summary of SimuJlated Earthquake Test Results

Maximum Story Maximum Story
Test Displacement First Story Acceleration Maximum

(inches) Drift (g) Base Shear

151 story 2nd (%)
151 2nd (Kips)

story story story

Taft 0.26g-1 0.229 0.370 1.27% 0.542 0.706 0.943

Taft 0.26g-2 0.224 0.377 1.36% 0.745 0.914 1.005

Taft 0.36g 0.348 0.545 1.93% 0.720 1.096 1.119

Taft 0.45g 0.405 0.600 2.25% 0.540 1.167 1.156

Taft 0.75g-1 0.741 1.227 4.12% 0.767 1.343 1.307

Taft 0.75g-2 0.789 1.036 4.38% 0.643 0.920 1.104

Taft 0.90g 0.911 1.146 5.06% 0.367 0.525 0.569

The maximum story responses (displacements and accelerations) also showed less changes

than those recorded for run Taft 0.36 g as shown in table 4.5 and figure 4.9. As a result, the

maximum base shear was increased by only 4% over the previously recorded value. On the other

hand, as a result of the damage accumulation, the extension of old cracks and the generation of

new ones, the energy dissipated at this run was about 39% higher than that dissipated by the

previous run.

4.6 Runs Taft 0.75 g-l and Taft 0.75 g-2

At run Taft 0.75 g-l, large flat portions of the story drift-story shear curves were obtained

in both directions for the first story, indicating that the first story columns yielded in both

directions. This was associated with pull-out of the discontinuous beam bottom reinforcement

under positive moments, resulting in very large deformation of the two stories (figures 4.11.a and

4.11.b). The first story maximum displacement was 83% higher than that recorded during run

Taft 0.45 g, and 223% higher than that of run Taft 0.26 g-1, while the second story maximum

displacement was 105% and 231% higher than the values for runs Taft 0.45 g and Taft 0.26 g-1,
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respectively (table 4.6).

The increase in maximum story accelerations was less than that of the story displacement

(figures 4.11.c and d). An increase of 42% and 15% over the previous run values was recorded

for the first story and the second story, respectively. The two peak values were synchronized

resulting in a maximum base shear increase of 13% over the previous run and 39% increase over

the Taft 0.26 g-l maximum value (figure 4.11.e).

The total energy dissipated by the model during this run was 261 % higher than that

dissipated during the previous run and 674% higher than that of run Taft 0.26 g-l. This can be

attributed to the yielding of the first story columns and the increased level of cracking of the

second story. It was also observed that the first story dissipated 67% of the total amount of

energy while the second story dissipated only 33% as its columns did not yield (figures 4.l2.a

and b).

The model stiffness was significantly reduced due to this run as the model flexibility

matrix coefficients were increased by an average value of 42% while the natural frequencies were

reduced by 19% and 10% for the first and the second modes respectively. The total increase in

the flexibility matrix coefficients after this run as compared to the elastic uncracked model values

were 440%, 504%, and 430% for f11' f12, and f22 respectively (table 4.4).

A 6% reduction in the first mode damping ratio was recorded due to this run. For the

second mode, only a 1% damping ratio reduction was obtained (table 4.3).

As a direct result of the significant change of the model properties due to run Taft 0.75

g-l, the measured model responses during run Taft 0.75 g-2 were less than those of the previous

run. The maximum story accelerations were reduced by 16% and 31 % for the first and the second

stories respectively. This resulted in a 16% reduction in the maximum base shear (figures 4.13.c,

d and e).

The combined action of the model softening, and the reduction of the model lateral forces

resulted in only a 6% increase in the first story maximum displacement and 16% reduction in the

second story maximum displacement (figures 4. 13.a, and b). The flexibility matrix coefficients

were increased by an average value of 14% over the previous run values, indicating an increase

in the damage level.

The total energy dissipated by the model during this run was reduced by 63%, while no

changes were detected in the natural frequencies and the damping ratios after this run.
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4.7 Run Taft 0.90 g

At run Taft 0.90 g, the level of lateral forces was significantly reduced due to the model

softening. The maximum story accelerations were reduced by 43% for both stories, resulting in

a 48% reduction of the maximum base shear, while the maximum story displacement recorded

an increase of 23% and 11 % for the first and the second stories respectively (figure 4.15).

The natural frequencies of the model were reduced by 16%, and 8% for the first and the

second modes respectively, while the flexibility matrix coefficients were increased by an average

value of 22%. The total increase of the flexibility matrix coefficients after this run as compared

to the uncracked model values were 675%, 745%, and 601 % for f11 , f12, and f22 respectively. The

corresponding reduction of the model natural frequencies was 61 % and 49% for the first and the

second modes, respectively.

The total energy dissipated at this run was 37% higher than that of the previous run but

still 49% less than that dissipated during run Taft 0.75 g-1 (table 4.5).

After run Taft 0.90 g, the critical sections of the building at the construction joints of the

first story columns, and at locations of the discontinuous bottom beam reinforcement, were

severely damaged. It was decided to terminate the seismic testing at this stage, since no

additional useful information could be obtained.

4.8 Summary

The 2-story office building model was tested on the Cornell University shake table using

the time-compressed Taft 1952 S69E earthquake at different amplitudes. The model response was

characterized by the domination of the first mode of vibration and high flexibility and stiffness

degradation. Pull-out of the discontinuous positive beam reinforcement did occur, resulting in an

even higher degree of flexibility.

A complete failure mechanism was not achieved, but the model was so damaged in terms

of large cracks, steel pullout, and stiffness reduction that it was impossible to increase the base

shear to cause failure using the same earthquake record with the current shake table capabilities.
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CHAPTER 5

ANALYTICAL RESULTS

5.1 Introduction

Results of the numerical analyses performed for the 2-story model structure using program

IDARC (Inelastic Damage Analysis of Reinforced Concrete structures) [16,18] are presented,

discussed, and compared with the experimental results in this chapter. A brief description of the

program organization, model idealization, and input data is provided first, followed by a detailed

presentation of the analytical results for the 2-story model. Since the current model did not have

any internal force measurements, only the global response of the model (story displacements and

story shears) was compared to the theoretically predicted response.

5.2 Program IDARC

5.2.1 General

The program was developed at the State University of New York at Buffalo [1985-1987]

to perform complete damage analysis of reinforced concrete structures subjected to earthquakes.

The library of elements includes beams, columns, shear walls, edge columns, and transverse

beams for proper modeling of concrete structures. The program is organized into three

computational phases: (a) system identification, (b) dynamic response analysis, and (c) damage

analysis.

In the first phase, information such as the structure configuration, material properties, and

element reinforcement are used to determine the component properties, ultimate member

capacities, fundamental period, and the static failure mode. In the second phase, a dynamic

analysis of the structure is performed using the Newmark-~ method to solve the equations of

motion based on the three parameter hysteretic model to trace force-deformation relationships.

In the final portion of the program, a damage analysis is performed, resulting in damage indices

for individual members, for stories, and for the whole structure.

5.2.2 Structural modeling

The structure as a whole is modeled with one degree of freedom at each floor level,

ignoring any axial deformations in the members. Individual members (beams, columns, etc.) are
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represented by non-linear springs, taking into consideration the effect of the flexibility

distribution along the members and the rigid zones at the ends of each member. During the

dynamic analysis, the force deformation relationship of each critical section is traced by the three

parameter hysteretic model shown in figure :5.1, in which stiffness degradation, strength

deterioration, and pinching behavior are connulled by the three parameters a, p, and y,

respectively. With the proper selection of these parameters, the response of different reinforced

concrete elements can be simulated. The monotonic loading behavior of reinforced concrete is

described by the tri-linear envelope shown in figure 5.2, in which the two break points

correspond to the cracking and the yielding moments of the section. The additional load capacity

due to the reinforcement strain hardening is represented by the additional strength beyond the

yield point. More information on the structural modeling can be found in references [16,18].

5.3 2.Story model analysis

5.3.1 Input data

The input information of program IDARC used to perform the seismic test simulation is

summarized in the following data sets:

1. Structure configuration

The model structure (figure 5.3) is composed of two one-bay by 2-story identical frames

with a centerline to centerline span of 24", and a story height of 18". A total weight of

1.21 and 0.82 kips was assigned to the first and the second stories respectively for the

dynamic analysis.

2. Material information

One type of concrete was used for all members, where the measured microconcrete

properties defined in figure 5.4. A reduced modulus of elasticity of E0.45fC'= 1400 ksi was

used to account for the effect of concrete cracking due to the static loads and shrinkage.

For the steel reinforcement, a yield stress of fy= 40 ksi and a Young's modulus Es=

29,000 ksi were adopted. The strain hardening portion of the steel stress-strain curve was

assumed to start at a 3% strain and a strain hardening modulus of Esh=500 ksi was used

beyond that point (figure 5.5).

3. Element information

All columns had the same cross section of 1.33" x 2.0" and a clear span of 15.33". The
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column reinforcement and confinement ratios were obtained from figure 3.7. Beams had

a common cross section of 1.33" x 2.67" and a 32" clear span. Tee sections had a slab

thickness of 0.67" and an effective width of span/4= 5.5".

Both web and slab reinforcement are illustrated in figure 3.7. Since program IDARC

requires the static reactions on each member, an elastic analysis was conducted using

program STRAND-2D [20] to obtain the axial forces on the columns and the bending

moments at each beam end.

4. Dynamic analysis information

The measured table accelerations were used as the input ground motion to eliminate any

error in the calculated response due to the differences between the required and the

measured acceleration traces. The first mode damping ratio obtained from the

free-vibration test performed prior to the seismic tests was used in the analysis. Based on

the values recommended in references [17] and [18], the three parameters a, 13, and y

were taken equal to 2.0, 0.05, and 1.0 respectively. It should be kept in mind that these

parameters were based on prototype tests, and not on small scale models that have

properties resembling those of the present model. Also, these parameters do not account

for the positive beam steel pull-out.

The same data was used for run Taft 0.26g-2, but with two exceptions: (1) the

concrete modulus of elasticity was modified to 0.5 E0.45fc'= 1000 ksi to account for the

stiffness reduction caused by run Taft 0.26g-1, and (2) the ground acceleration trace

measured at the shake table surface during that run was used as input.

5.4 2-Story Model Analysis

5.4.1 Run Taft O.26-G-l

The computed story shears are plotted against the measured shears in figures 5.6.a and

5.6.b for the first and the second stories respectively. It can be seen from both figures that the

computed shears were significantly less than the measured shears. The computed base shear

recorded a maximum value of 0.576 kips, which was 61 % of the measured value of 0.943 kips.

The same observation was true for the second story where the maximum computed shear of

'0.318 kips represented only 66% of the maximum measured value of 0.484 kips. Figures 5.7.a

and 5.7.b show the computed story displacements during this run. The two figures indicate the
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large drift caused by accumulated numerical errors.

The lack of correlation between the analytical and the experimental results for the current

case could be attributed to the fact that the column moment-normal force interaction, which is

believed to play an important role in the present building response, was ignored in the analysis.

The program relies only on the static reactions given at the beginning of the analysis and assumes

that they will not change during the earthquake. This approach may be acceptable for buildings

with extremely low height to length ratio, but is not for the current type of buildings.

Another factor that may have contributed to the aforementioned discrepancy is neglecting

the p-~ effect which was proven from other Cornell tests to be of vital importance in the analysis

of this type of buildings.

5.4.2 Run Taft O.26-G-2

The analysis performed for the Taft O.26-G-2 resulted in the same conclusions of the

previous run where the story shears (figure 5.8) was highly under-estimated, and the story

displacements (figure 6.9) showed large drift.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary

6.1.1 Experimental work

A 1/6 scale one-bay by one-bay by two story office building was tested on the Cornell

University shake table. The model was designed for gravity loads only and detailed in such a way

to reflect as closely as possible the common design practice during the 1940-1970 period. The

model contained no walls or partitions. Experimental results are summarized in the following

section.

Test results

The 2-story model building was tested using the Taft 1952 S69E recorded ground motion

at peak accelerations of 0.26g, 0.36g, 0.45g, O.75g, and 0.90g. The behavior of the bare frame

during these runs can be summarized in the following points:

1. The building response was dominated by the first mode of vibration during all seismic

tests.

2. The model experienced very large deformations associated with severe stiffness

degradation even during the low amplitude runs.

3. Hinging zones formed in the columns outside the joint panels, and not in the beams.

4. Column lap splices (location and reinforcement details) did not form a potential source

of damage to the columns.

5. Most of the deformation and energy dissipation took place in the first story columns.

6. Column cracks were concentrated at the top and bottom construction joints.

7. Discontinuous positive beam reinforcement pullout was detected after run Taft 0.45 g,

causing a significant reduction in the model stiffness.

8. The high model flexibility prevented the formation of a complete failure mechanism.

Maximum base shear was reached at the 0.75 g-l run (1.307 kips) and decreased sharply

to 0.569 kips at the 0.90 g run.

6.2 Analytical results
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The non-linear dynamic analysis for reinforced concrete program IDARC [18] was used

to predict the response of the model buildings. The input data included geometric information,

material properties, hysteretic rules parameters, and the ground motion (measured table

acceleration). The findings of the analysis can be summarized in the following points:

1. A poor correlation between the experimental and the analytical global responses was obtained

for the 2-story model test. This was attributed to (a) ignoring the overturning moment, and (b)

neglecting the p-~ effect.

2. The effect of the continuously changing axial forces in the columns was not taken into account

when evaluating the yield status of the columns. IDARC recognizes only the initial static axial

forces in the analysis. This is expected to misrepresent the exterior column behavior where large

axial force changes might occur.

3. The effective slab width was found to be of vital importance in the analysis since it can

directly affect the structure failure mechanism by increasing beam flexural strength to the point

that column behavior governs.

6.3 Conclusions

The experimental work presented in this report is the first to address the performance of

lightly reinforced concrete buildings tested under realistic seismic loading conditions. Test results

of the 2-story model building revealed many important aspects of the behavior of such buildings

during earthquakes. Based on the current experimental results and the analytical study, the

following conclusions may be drawn:

1- Although the inadequate reinforcement details of lightly reinforced concrete structures

may form a potential source of damage, they are probably not sufficient to develop a local

failure mechanism under moderate earthquake forces. In fact, a large increase in the

structure period might shift it to a descending part on the response spectrum of the given

ground motion, resulting in a reduction in the level of lateral forces.

2. The currently existing lightly reinforced concrete (LRC) buildings may be subjected

to very large deformations associated with a significant reduction in stiffness during a

moderate earthquake.

3. Due to their high flexibility, the p-~ effect is significant in LRC structures and should

be considered in the analysis.
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4. Low and medium height LRC buildings most likely will collapse in a soft-story

mechanism due to the higher flexural strengths of beams with respect to the columns. The

situation is aggravated by the very low ductility of these columns caused by their high

axial forces and poor confinement of primary longitudinal reinforcement.

5. Small-scale reinforced concrete models can be used as a powerful tool to study the

performance of complete buildings or large subassemblies.
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Appendix A

2-Story Prototype Building Design

A.I Design Loads

The prototype 2-story building (figure 3.1) was designed for gravity loads of self

weight, and live loads of 50 psf for the first floor and 20 psf for the roof. Detailed

design loads are given in table A.I.

A.2 Load Distribution on Girders

Slab is continuous in the transverse direction (12 ft span) and simply supported in

the longitudinal direction (17 ft span) (figure A.l).

Aspect ratio = ~~ = 0.7

W, = 0.95 x 12 x W = 11.4 W

Wt =0.05 x 8.5 x W =0.425 W

0.05 W

~w
17'

Load on longitudinal girders;

Self weight = 0.15 x 8f~3 = 0.1 kip/ft

A-I

12'

FiSure A.1: Slab Load Di.tributioll.



Bottom story girder;

Dead load = WD = 11.4 x 0.052 +0.14 +- 0.10 = 0.833 k/ft

Live load = WL = 11.4 x 0.050 = 0.57 :[/ft

Table A.1: Loads on Prototype 2-Story Building

Item Bottom story Top story

Dead load

Slab (4 inches thick) 0.1050 k/ ft 2 0.050 k/ ft 2

Ceiling (10 lb/ ft 3 x 1.2") 0.1001 k/ ft 2 0.001 k/ ft 2

Roofing - 0.010 k/ ft 2

Exterior Wall on transverse

girders (Hollow brick wall) 0,,200 k/ ft -

Glass 0,,007 k/ ft -
Permanent wall on

longitudinal girders 0.140 k/ ft -
Weight of columns and

girders for both stories 9.5 kips -
Live Load 0.050 k/ ft 2 0.020 k/ ft 2

Top story girder;

= 11.4 x 0.061 +0.1 = 0.794 k/ft

= 11.4 x 0.02 = 0.228 k/ft

A-2



Load on transverse girders;

Bottom story;

WD = 0.425 x 0.052 + 0.207 + 0.10 = 0.329 k/ft

WL = 0.425 x 0.050 = 0.021 klft

Top story;

WD = 0.425 x 0.061 + 0.10 = 0.126 klft

WL = 0.425 x 0.02 = 0.0085 klft

A.,3 Design Load Cases

The building was designed for the load cases shown in figure A.2.

0.10 I

0228 k/ft. ,
0.10 +

p:::o::o:::r::::o:::o:::rr::r::rr:::q

1.51

0.794 k/ft. •

1.51

+

3.95 3.95

+ 0.833 k/ft. +

0.25 0.25

+ 0.570 k/ft. +

(a) Dead Load. (b) 'Live Load.

Figure A.2: Design Load C&8eI.

A-3



A.4 Relative Member Stiffness

Column; (8" x 12")

I 8x12' 1152' 4col = --rr- = tn

Beam: (8" x 16")

Span length = 17' (204 in.)

Effective width = C.L. to C.L. distance = 72 in

= span / 4

= 8 + 16 x 4

heam = 5602 in4 (figure A.3)

!wm. - 5602 4 863
leal. - 1152 = .

51"

= 51.0 in. (governs)

= 72 in.

12" Centroid

Figure A.3: Longitudinal Bea.m Crosl Section.

A.5 Stress Resultants

The bending moment, shearing force aIld normal force diagrams of the main sup-

porting frame (in the direction of motion) are shown in figure A.4. Critical sections

of the frame (figure A.5) were designed using a load combination of (1.4 D.L.+ 1.7

L.L.) presented in table A.2.

A.6 Design of Members

Assume I, = 40 ksi

E, = 29,000 ksi

I~ = 4 ksi

Ec = 57000v'4000 = 3,610 ksi
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204 0913

-826

-121

-19.29

Axial Force

-2.04 -204

-026

-7.14 -714

/7"n "r,.

Axial Force

6.75

2.04 1.94

2.04 0.91 1.94

6.75
7.08

4.84
0.91

7.08
4.84

083 0.83 0.66 0.66

Shear Force Shear Force

3.51 3.51
3.51 3.51

4.73

Bending Moment Bending Moment

(a) Due To Dead Load. (b) Due To Live Load.

Fip.re A.4: Streal Resultant. on The Main Frame.
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3

Figure A.5: Main Frame Critical Section•.

Table A.2: Design Loads

Section Moment Shear Normal

D.L. L.L. Ult. D.JG. L.L. Ult. D.L. L.L. Ult.

1 18.91 4.73 34.5 -- - - - - -

2 9.77 3.51 19.65 6.7'5 1.94 12.75 - - -

3 9.77 3.51 19.60 2.04 0.91 4.41 8.26 2.04 15.53

4 8.63 4.71 20.10 2.04 0.91 4.41 8.26 2.04 15.53

5 13.61 8.65 33.80 7.08 4.84 18.14 - - -

6 16.49 11.94 43.40 -- - - - - -
7 5.00 3.94 13.70 0.83 0.66 2.28 19.29 7.14 39.14

8 2.50 1.97 6.80 0.83 0.66 2.28 19.29 7.14 39.14
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A.G.l Bottom Story Column:

A typical column cross section is shown in figure A.6.

I I
8"

-$-
2.4"

I 7.2"

2.4"

I I

12"

= 13.70 k.ft

= 6.80 k.ft

Pu = 39.14 kips

Strong axis;

ICTbeam = 5602 in4

lcg = 8xl~23 = 1152 in4

Fisure A.6: Typical Column Cross Sectioa.

lu = 108"

~/'A Elcol/l. - 2x1152x17 - 0 78
'fI - EI"fln. - 5602x9 - •

For a fixed base assume that 1/JB = 1.0

K = 1.4 (conservatively estimated)

r = 0.3 h = 3.6

.Kb.. = 42 > 22
T

em = 1.0 (unbraced column)

MD.L = 7.0 k'

ML.L = 6.7 k'

f3d

EI

= 7+
7
6.7 = 0.78

- 1152x3600 - 1100 X 103 k':ps ';n2
- 2.5x1.511 - • .•

= ?r:.~~~ x 103 = 475 kips

Weak axis;

Elg

= Y:ff- = 512 in4

= 512x3600 = 488 X 103 in2
2.5x1.511

= ?r2
x488xl0

3 = 184 kips
1.4xl082
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Magnification factor

- 19.14 = 1.13
1-~

M = 1.13 x 13.7 = 15.53 k'

A"min = 0.01 b.d = 0.768 in2

Use A" = A~ = 2~6 (0.44 in2
)

Check;

e = ~~:i~ = 0.4' = 4.76" e'= 4.76 + 3.6 = 8.36"

Pn = 27.2 a - 3.009

8.36 Pn =27.2 a (9.6 - a/2) + 233.22

From equations 1 and 2;

a = 5.77"

Pn = 108 kips

Design for shear;

~ = bw • d . (1.9 /fc + 2500 p",.ll;~)

111 111 N. 4h-d
~Y..Lm = ~Y..Lu - U'-r

M u = 13.7 k'

Nu = 39.14 kips

Vu = 2.28 kips

Mu = 13.7 - 39.14 (4XN;t4 ) = -2.0,4

For members under axial compression Nu use the equation;

= 3.5 /Fe bw • d . V1 +~

= 3.5 V4000 x 8 x 9.6 x JI + 5J~184~12

= 22.9 kips> !f
Vn > 0.5 <p~ (no shear reinforcemeJnt is required)

A-a

(1)

(2)

(ACI eqn. 11.6)

(ACI eqn. 11.7)

(ACI eqn. 11.8)



EI

According to ACI code section 7.10.5.1, use minimum shear reinforcement

of ~3 bars at maximum spacing S given by;

S '1 16 x 0.75 '1 12"

S '1 48 x 0.375 '1 18"

S '1 least dimension of the member '1 8" (governs)

Use ~3 bars at 8" spacing all over the column length.

A.6.2 Top Story Column

!lli. = 66 > 22r

f3d = 0.6

- 3610x512 462 X 103
- 2.5x1.6

.,..2x462x108
= (l.4x10sf'

= 199 kips

</> = 0.70

Pu. = 12.75

8 = 1 lus = 1.10
- tr.'TXTlRJ

= 106 kips > 12.75 (tension failure)

= 20.1 k'

p

e

e'

e'
II

= 4.41 kips

= 12.75 kips

= 1.1 x 20.1 = 22.11

22.11 12 20 8"= 12.75 X = .
= 20.8 + 3.6 = 24.41"

= 2.543"

= o.7 x 0.85 x 8 x 9.6 x -p +1 - 2.543

+ y'1.5432 + 2p(10.76 x 0.75 + 2.543)
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From equilibrium (figure A.7);

= 182.78 x (-p -1.543 +~+21.23 x p)

For p = 0.0115 -+ Pu = 11.96 kips

Use 4"7 p = 0.0125 -+ Pu = 13 kips

For shear reinforcement, use "3 at 8" spacing.

A.G.3 Bottom Story Girder

M = 33.8 k'

b = 8"

0.85 x 4000 x a x 8 = A, x 40,000

C.L
33.8 kIt I

~.::....---."-
Sectlon (1~

43.4 k.ft

(a) Design Moments

51"
I

1

++ 4"

0 bE As f
y

I

(d- ~ )12"
aI C

1----1 t----1

8" 0.85 f~

(b) Stress Distribution on Section (1).

(1)

Figure A.7: Design of The Negative Mc)ment Section of The Bottom Story Longi-

tudinal Beam.
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As x 40,000 x (13.6 - j) = 33.8 x12,000

From equations (1) and (2);

As = 0.79 in2 = 2~6

Development length Ld = 30 dia. = 22.5".

Mid. section:

(2)

As

Shear design:

Vu = 18.17 kips

</> X ~ = 0.85 X 2J4000 X 13.6 X 8= 11.7 kips

AlI = (Vu~tVc)(~)

( 18.17-11.7)( 6) 0 084 t' "3= O.85x40 13.6 =. ---+ S Irrup II

Maximum spacing of the stirrups is given by:

s

s
f ~ f ¥ f 6.8" (governs)

--I.. A" Xl: --I.. O.22x40,OOO --I.. 22"
r 50x r 50x8 r

Use ~3 stirrups at 6" spacing.

The design of the top and transverse beams was carried out in a similar fashion.
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