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ABSTRACT

This report describes the experimental and analytical results of a

practical earthquake isolation system. The experimental work was carried

out using a 20 ton three-story single-bay moment-resistant steel frame

structure on the 20 by 20 foot shaking table at the Earthquake Engineering

Research Center at the University of California, Berkeley.

The soft story isolation system is composed of elastic natural rubber

bearings and a highly nonlinear energy-absorbing device, all placed beneath

the base floor of the model structure. The bearings allow for lateral move

ment of the base of the model and are designed so that no adverse column p-~

effects can occur. The energy-absorbing devices act as highly efficient

dampers, and are based upon the two-way plastic torsion of steel bars.

For small earthquakes, the structure behaves as with a rigid foundation.

For large earthquakes, the structure's first mode period increases from 0.6

to 1.0 seconds, and equivalent first mode damping is between 30% and 35%.

Thus, for destructive earthquakes, the use of the isolation system typically

reduces the structure's response by over 50% of that of a conventional rigid

foundation structure.

An inelastic time history analysis gives good correlation with experi

mental test data. A simple design procedure based upon elastic response

spectra is suggested.

A full scale structure located in a seismic zone and built with such

an isolation system achieves two major cost benefits over a conventional

structure: (1) Lower initial construction costs due to reduced lateral

load requirements; (2) Lower earthquake-caused repair costs, due to

decreased structural and non-structural damage.
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1. Introduction

The concept of limiting the earthquake-caused forces in a

structure by the use of a special foundation system is not new. In the

past, there have been two basic approaches to this problem.

One approach was to put the structure on a simple vibration

isolation system. Various solutions have been suggested (1, 2, 3, 4,5,6).

These include natural or synthetic rubber bearings, rollers, and seT~

centering rocking mechanisms. The principle of these solutions is to

lower the structure's lateral stiffness so that its first mode period is

well separated from most earthquake energy. The two major drawbacks to

this kind of isolation system are the large base deflections possible (one

foot or more) and the wind excitation problems.

The other approach was to limit the forces transmitted to the

structure by the use of a 'soft' first story. First floor columns would

be intentionally designed to yield at a low level, and then be able to

absorb large deflections, and dissipate energy through the yielding of their

connections. Thus, the structure would behave as a simple e1asto-p1astic

system. Preliminary studies indicated that the design yield level of the

soft story would be the maximum shear possible in the structure (7,8, 9, 10).

Later studies showed that higher mode effects would have significant con

tributions to the structure's response (11,12, 13). However, the real draw

back to the soft first story approach is the column P-6 effects under the

large lateral deflections necessary for adequate performance.

This report describes in detail the experimental test results of

a realistic and workable soft story earthquake isolation system which is

a combination of the above two solutions. The 'soft' story is in fact a

very short story only six inches tall, comprised of elastic natural rubber
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bearings and highly nonlinear energy-absorbing devices, both placed beneath

the base floor of a half-scale model steel frame structure. The bearings

allow for lateral movement of the base of the model and are designed so

that no adverse column P-~ effects can occur. The energy-absorbing devices

act as highly efficient dampers, and are based upon the two-way plastic

torsion of steel pars.

Unlike the rollers, hydraulic dampers, friction plates and yielding

columns that have been suggested in previous work, the rubber bearings and

torsion devices do not require maintenance,do not leak oil, do not rely

upon highly variable long-term friction coefficients nor require repair or

replacement after every earthquake. The bearings and devices rely only on

the well known material properties of natural rubber and mild steel.

A large number of earthquake simulator tests were conducted on

this soft story model structure. The response of the structure depended

upon earthquake intensity. For small earthquakes, the structure behaved

as with a rigid foundation, and strongly amplified the ground motion. For

large earthquakes, the soft story yielded, and this increased the effective

first mode period of the structure. Under these circumstances, the torsion

devices absorbed large amounts of energy, equivalent to 30% - 35% of critical

viscous damping. Maximum base deflection due to the El Centro 1940 NS

earthquake scaled to peak acceleration of 0.627g was only 2.56 inches, while

peak acceleration of the model structure was only 0.6259. The Parkfield

and Pacoima Dam earthquake motions produced similar results. The higher

mode frequencies and responses of the soft story structure were not signi

ficantly altered due to the yielding of the energy-absorbing devices.

The model structure with a normal rigid foundation was subjected

to the same earthquake motions as the soft story model structure. The soft

2



story isolation system reduced the structure's response typically by a

factor of 2, sometimes more.

Unlike results presented in other research (9, 10), the yield

level of the soft story does not directly limit the forces in the structure.

Analyses show that the key parameters which directly define the structure's

response are its effective first mode period after the soft story yields,

its higher mode responses, and the energy absorption by the torsion device.

It is concluded that the additional foundation detailing costs of a

soft story isolation system will probably be easily offset by the lower

forces the structure so designed will have to be built for. With the soft

story foundation design, a structure can be designed to remain totally

elastic, even during a severe earthquake, and have very little damage either

to it or its contents.
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2. Isolation System

The isolation system on which the experimental test program was

carried out has two main components; a mild steel energy-absorbing device

which also serves as a mechanical fuse, and a set of natural rubber bearings

which couple very low lateral stiffness with high vertical stiffness. These

components are described in detail in the following sections.

2.1 Energy-Absorbing Devices

The energy-absorbing devices used in this experimental program are

of the type originally designed at the Engineering and Physics Laboratory

at the New Zealand D.S. LR. by Kelly, Skinner, and Heine (14). The operating

principle of the devices is the large plastic torsion of rectangular mild

steel bars. Due to the interest of the New Zealand Railways in using the

devices in a railway viaduct of an innovative design, considerable research

and development work was carried out on the devices, the design of which~1s

felt to be optimum in so far as they are fabricated from hot-rolled low

carbon mild steel. The devices are simple, purely mechanical, and in both

previous testing (15, 16) and in the present program have been demonstrated

to have very favorable characteristics for the use in an isolation system.

The key energy-absorbing element in the device (Figure 2.1.1) is

the rectangular torsion bar to which torque is applied through the moment

arms. The devices were arranged in such a way that they applied a hori

zontal force to the model structure. Three different types of devices

were used, being distinguished by their yield force levels, their post

yielding stiffnesses and their material compositions. In each type, the

displacement at which the device yielded was on the order of 1/10 inch and
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the maximum displacement during the test was on the order of 2-1/2 inches.

The devices were thus subject to very large plastic strains. The ductility

characteristics of mild steel, in particular resistance to low-cycle

fatigue~ enabled the two mild steel torsion bar devices to withstand many

cycles of such deformation without deterioration. The third device, made

by a high alloy TRIP steel, showed significant deterioration due to

fatigue and weld cracking.

The devices play two distinct roles in the response of the soft

story foundation system to earthquake loading. Since they are elastic for

small displacements and their elastic stiffness is high relative to that

of the rubber bearings, they act as mechanical fuses and cause the model

structure to behave as a rigid foundation system for small excitation. Thus,

under small excitation, the structure typically amplifies the ground accelera

tion. As the excitation increases in intensity, the device yields, and

produces large hysteretic loops as the structure oscillates. The mild

steel device's tangent stiffness when yielded is between 5% and 10% of its

elastic stiffness. Thus the fundamental frequency of the structure drops,

and the system acts as an isolator with a very high effective damping value.

The accelerations induced in the structure are of course somewhat greater

than if only a simple rubber bearing isolation system were used, but the

displacements at the bearings are reduced.

The degree of damping due to the torsion bar devices depends very

much on the intensity of the ground motion. It will be shown that they

produce damping equivalent to 30% to 35% critical viscous damping.
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2.2 Natural Rubber Bearings
I

The bearings used in thi,s is.olation system are a development

of bearings currently used as vibration isolators in buildings constructed

in areas of high traffic disturbance such as, for example, above under

ground railway systems (l). These vibration isolation systems have been

in use since the mid-sixties and are a logical extension of bearings used

in highway bridges (17). They provide isolation against groundborne

viprations in the range of 20 to 50 Hz. Earthquake isolations require

ments are quite different. Most earthquake vibration is in the range of

0.3 to 5 Hz. To isolate a structure from earthquake vibrations requires

that the structure's first natural frequency is lower than the excitation

frequencies. The rubber bearings in an earthquake isolation system must

have very low lateral stiffness, be able to accept very large lateral

deflections, and to.perform well under long term loadings. Natural rubber

is well suited for these purposes.

Natural rubber can accept strains on the order of several hundred

percent without failure. The ultimate tensile strength of natural rubber

is higher than that of any artificial rubber. Another advantage is that

the ratio of the bulk modulus to shear modulus can be extremely large;

for example, for soft natural Ylubber it can be as large as 1000 (7),

allowing the design of bearings that are very soft horizontally and very

stiff vertically. Natural rubber has additional advantages for a seismic

isolation system with regard to long-term performance because it creeps

very little, is highly resistant to fire (18), and can be made to be

effectively immune to oxidation attack.

The bearings used for these tests were constructed by the

Malaysian Rubber Producers' Research Association. Figure 2.2.1 shows the

6



actual bearings, and Figure 2.2.2a, b, th~ details. To provide sufficiant

cross-sectional area of rubber for stability under the light experimental

dead load, it was necessary to develop specially low modulus compounds. By

multilayer construction, it was possible to increase the rocking stiffness

of the isolated model structure enough to prevent bending of the bearings.

At the same time, the multilayer construction provided bearings that were

four hundred times stiffer in the vertical than in the horizontal direction.

Each laminate of rubber is 0.079 inches (2 mm) thick. Total rubber thick

ness in each bearing is 2.83 inches (7.2 cm).

The first natural frequency of the light model structure using a

simple rubber bearing isolation system was 0.6 Hz. Thus, the model structure

was isolated from earthquake vibrations over 0.9 Hz. The increased mass

of a full-scale structure would allow the rubber bearings to be designed

to achieve a natural frequency of 0.3 Hz or less.

It was not possible for these experimental bearings to be made

by the usual commercial process of direct chemical rubber-to-steel bonding

vulcanization. They were hand-fabricated from sheets of rubber vulcaniza

tion bonded to aluminum foil. The aluminum was in turn bonded to the mild

steel interleaves using industrial quality double-sided adhesive tape over

two-thirds of the surface area, and epoxy resin for greater shear strength

over the remaining one-third area. The bearings made in this way were

adequately strong for these tests, being capable of sustaining repeated

shear deformations in excess of 100%, but were clearly not as strong nor

as durable as equivalent commercially produced bearings would be. The

theoretical vertical stiffness of these bearings is about 500,000 lbs-per

inch. Due to the method of construction the measured effective vertical

stiffness at the working load was in the area of 150,000 lbs-per-inch.
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The vertical stiffness characteristics of the bearings are shown

in Figure 2.2.3. The pronounced soft lead~in is primarily the result of

the method of construction and would not normally be present to this extent.

The bearings were cycled from 5 to 20 kip vertical loads. The bearings

showed litt1 e' hysteresi s after the first soft 1ead-in cycl e. Each bearing I s

ultimate vertical strength was 30 kips, which was three times the static

dead load on them due to the model structure's weight.

The horizontal stiffness characteristics of the rubber bearings are

shown in Figure 2.2.4. The hysteresis loops represent approximately 10%

critical damping. The tangent stiffness at zero deflection is 320 lbs/in

and the tangent stiffness at 2-1/2·inch deflection is 250 lbs/in. Thus,

the rubber bearings are essentially linear to shear strains in excess of

100%.
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3. Experimental Set-Up

3.1 Experimental Model and Test Facility

The experimental work was carried out using the Earthquake

Simulator Laboratory at the Earthquake Engineering Research Center at

the University of California, Berkeley. The work was performed in

two phases, in September 1976, phase I, and May 1977, phase II.

The model steel frame structure used in both phases of the

experimental work is shown in Figures 3.1.1 and 3.1.2. Except for the

base floor and associated isolation systems, this model sturcture was the

same as that used by Clough and Tang (19). The model weighed 39.5 kips,

was twenty feet high, and was twelve feet by six feet in plan dimension.

Each of the three floors and the base floor was loaded with a-kip concrete

blocks, so as to simulate the dead weight of a real structure and to

provide a period of vibration in the range appropriate to actual steel

and concrete buildings. Still, these a-kip loads produce dead load girder

stresses under 9 ksi. The girders and columns both have fy = 45.9 ksi

(mill test report). Evidently, this test frame is greatly overdesigned

for the resistance of lateral loads. Estimated weights of the steel com

ponents and measured weights of the concrete blocks are listed in table 3.1.1.

Figure 3.1.3 and 3.1.4 show how the frame was mounted on the

rubber bearings. The heavy H10x49 base floor girders ensure that the

rubber bearings will have little tendency to undergo bending deformations.

Figure 3.1.5 shows how the energy-absorbing device was connected to the

base floor. The device is effective only for motion of the frame in the

same direction as the motion of the shaking table.

A large number of transducers was used in the testing program to

collect the time history data presented in this report. Horizontal floor

accelerations and displacements were monitored with linear potentiometers
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and accelerometers. Load cells were placed under each rubber bearing to

measure shear forces at the base level. Accelerometers and potentiometers

were used to check the uplift tendencies of the rubber bearings due to

vertical ground motion. Strain gages recorded most girder and column

axial forces and bending moments. A load cell recorded all forces through

the energy-absorbing devices.

The output of these transducers and load cells was recorded

by a Neff System 620 Analog Digital Processor and a Diablo Model 30

magnetic disk cartridge drive controlled by a NOVA 1200 .computer. The

data was scanned at approximately 50 samples per channel per second and

ultimately stored on magnetic tape. Phase I and Phase II of these tests

incorporated 58 and 96 channels of data respectively.

3.2 Experimental Test Program

Phase I of the test program was conducted to (1) determine the

feasibility of rubber bearings in earthquake isolation systems, (2) examine

the design of low damping rubber bearings, and (3) to study the effects of

large amounts of damping in an isolation system. The test results of the

Phase I program are reported in reference 20. The Phase II tests to be

reported here were conducted to (1) test newly designed 'high damping

rubber bearings, (2) to check the response of the isolation system to

vertical motion, (3) to test the effect of simple breaking fuses that ltie

down' the structure under wind loading, and (4) to study the use of energy

absorbing devices coupled with the rubber bearings to produce a workable

'soft story' isolated structure.

The two phases of the experimental test program incorporated

over 130 separate earthquake tests. Four different types of foundations
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were used for the model, representing a fixed (rigid) foundation and three

types of isolation systems. A simple rubber foundation was used which

incorporated rubber bearings beneath each column, with no wind restraint.

A rubber bearing and shear pin foundation was used that had steel pins

that kept the model structure rigid under wind loads, while breaking under

large earthquake loading, after which the model was isolated. A rubber

bearing and energy-absorbing device foundation was used that causes the

model to behave as a building with a soft first story. In another paper

by these authors (21), detailed results are presented for the isolated

structure on a rubber foundation with and without wind restraints. In

this paper, reference will be made to the fixed foundation (FIX), rubber

bearing with no wind restraint foundation (RUBBER), and the soft story

foundation (ENERGY ABSORBER or EA).

Three earthquake records were used in the testing program: (1) the

El Centro N-S (1940), (2) Parkfield N65E (1966), and (3) Pacoima Dam

S16E (1971). Different amplitudes of these earthquakes were used. The

span setting associated wit~a particular amplitude earthquake defined the

maximum displacement of the input motion. In the current tests, a span

1000 test porduced an earthquake with maximum table displacement of ±5

inches. A span 500 test produced a maximum displacement of about ±2.5

inches. The maximum associated table acceleration did not depend on the

span setting, but on the nature of the earthquake motion. Table 3.2.1

shows the peak displacements and accelerations of the three earthquakes

used at various span settings. No Pacoima Dam tests were run for the FIX

base foundation.

The three different types of energy-absorbing devices used will

be designated EA1, EA2, and EA3. Table 3.2.2 shows which devices were used

for the different earthquake motions, and the properties of the devices.
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4. Reduction of Test Data

The following descriptions apply to the plots presented in this

report. Positive results represent responses to the North. Negative

responses represent responses to the South.

Response Spectra

Response Spectra were generated using a computer program by

Nigam and Jennings (22). The input to this program is the recorded table

acceleration for a given earthquake test run. Each response spectra

was calculated at 1,3, 10,25,30,35,40, and 45 per cent damping

ratios. At periods close to the natural periods of the experimental

structure, responses were calculated at 0.01 second intervals. In all,

a total of 98 responses were calculated at each damping level. As the

spectra are not presented on four way log paper, the actual (not the pseudo)

accelerations and velocities are plotted. The pseudo velocities obtained

from displacement x ware within ,15% of the actual velocities. Pseudo

and actual accelerations are almost identical.

Table Displacement

Actual recorded table motion during the test.

Rubber Pad Displacement Relative to Table

The two traces plotted, solid and dash, respectively represent the

lateral deflections of the rubber bearings (pads) on the west and east

frames (A and B) of the model. Discrepancies between these traces would

indicate torsional response of the structure. Positive indicates relative

motion North of the table displacement.
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First, Second and Third Floor Displacement Relative to Table

This data is obtained by subtracting the recorded table dis

placement from the absolute motion of each floor.

Table Acceleration

Actual recorded table acceleration.

Base, First! Second and Third Floor Absolute Acceleration

Recorded accelerations of the concrete blocks on each floor.

The accelerometers were mounted 8-1/4 inches above the center1ines of the

floor girders, and thus were 2 inches below the center of mass of each

floor.

Energy Absorber Forte

The lateral force exerted between the base floor and the energy

absorbing device.

Energy Absorber Displacement

The pin displacement at the inner arms of the energy-absorbing

device. This data is obtained by averaging the rubber bearing displace

ments along frames A and B.

First Story Drift

First floor displacement relative to table minus rubber pad

displacement relative to table. Positive represents the first story

drifting North of the base floor.
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Second and Third Story Drifts

Second minus first and thtrd minus second relative floor displace

ments, respectively.

First, Second and Third Floor Shear

The inertia force at each floor level was determined from the

product of the story mass and the measured story acceleration. The first

story shear represents the summation of the first, second and third story

inertia forces. This is equivalent to the total shear force in the four

columns between the first and base level floors.

Base Shear

The base shear represents the summation of the base, first, second

and third floor inertia forces. This same shear was also recorded by

the load cells beneath the rubber bearings and energy-absorbing device.

The difference between these two forms of data was negligible.

Base, First, Second and Third Floor Overturning Moments

The floor overturning moment is the summation of the floor inertia

forces about the floor level in question. Base shears and overturning

moments are not meaningful for the fixed foundation model.

All tests of a particular earthquake, regardless of span setting

or base fixity condition, have been shifted in time so that the peak

table displacement occurs at the same instant. This is to allow for

easy comparison between tests.
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5. Test Results

In this section the results obtained from the first 18 seconds

II

II

II

II
Fix
EA1
EA2
EA3

1 - E1 Centro 400
2 - E1 Centro 900
3 - E1 Centro 750
4 - El Centro 750

5 - Parkfield 500
6 - Parkfield 500
7 Parkfield 500
8 Parkfield 500

of ten selected test runs are presented in the following sequence:

Rubber Foundation
Fix II

EA1 II

EA3 II

9 - Pacoima Dam 500 EAl
10 Pacoima Dam 500 EA3

II

II

The minima and maxima results of six additional test runs are presented

in tabular form. The largest load-deflection curves for each type of

energy-absorbing device are also presented.

5.1 E1 Centro Tests

El Centro span 750 was the largest E1 Centro test performed

during Phase II of the test program, and had a peak ground (table)

acceleration of 0.627g. The actual E1 Centro N-S component had a peak

ground acceleration of 0.32g. However, it was found that the acceleration

intensity of the shaking table could not be compared with that of the

original earthquake record. Clough and Tang (19) report that the velocity

spectrum of their E1 Centro 900 test (peak table acceleration 0.61g) was

only about 30% greater than the true E1 Centro velocity spectrum, while

the peak accelerations varied by 90%. Therefore, peak acceleration inten

sity of a table motion must be interpreted carefully.

The E1 Centro 900 test on the model with a fix foundation was

performed by Tang in 1974. This table motion is almost identical in
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magnitude to the Phase II E1 Centro 750 test performed in 1977. The

response spectr~ for these two tests ~re very similar in shape and inten

sity. The span settings differ due to modifications in the shaking table

control systems.

The response spectra for E1 Centro 750 are shown in Figure 5.1.

Tables 5.1 and 5.2 give the minimum and maximum response values for the

El Centro tests.

5.1.1 E1 Centro 400/350 Rubber Foundation

This medium intensity test is presented to demonstrate the

behavior of the model structure on a simple rubber bearing isolation system.

No energy-absorbing devices are used, and energy dissipation arises mostly

from the viscous damping action of the rubber bearings.

First mode damping was evaluated by logarithmic decrement from

free vibration decay to be 10%.

Both a horizontal table motion tspan 400) and a vertical table

motion (span 350) were used. The vertical motion is taken from the

recorded El Centro 1940 vertical acceleration.

Figures 5.1.1.1 and 5.1.1.2 show that while the simply isolated

structure sustained peak accelerations of about O.lOg to this 0.30g earth

quake, it also underwent a large base floor displacement of nearly 3 inches.

There was almost no story drift in the structure. Figure 5.1.1.3 shows

that there was no amplification of the vertical table motion in the struc

ture. There was no frame rocking action or rubber bearing uplift during

the test. This is important, because rubber has low tensile strength. In

all, the simple rubber bearing isolation tests were very successful.

Some soft story EA foundation tests were run with horizontal and
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vertical earthquake components. As expected, the structure's horizontal

and vertical responses were uncoupled, and in no case was the vertical

response significant. For these reasons no vertical response data will

be presented for the EA foundation tests contained in this report.

5.1.2 El Centro 900 Fix Foundation

This test was performed in 1974 by Tang on essentially the same

model structure as was used in the current soft story isolation tests,

except that it had no base floor. Fixed foundation tests on the model

with and without the base floor indicated first mode natural frequencies

of 2.05 and 2.25 Hz respectively. The softening of the model with base

floor is attributed mostly to the reduced fixity of the first floor column

connections to the base floor.

The El Centro 900 FIX foundation test produced a modest amount of

yielding in the frame members. The dynamic first floor girder moments

exceeded the 333 kip-inch yield level. The dynamic first floor column

bottom end moment also exceeded its 393 kip-inch yield level. Significant

first floor girder and column post-yield end rotations occured. The first

floor girder sustained a permanent end rotation of about 1/4 of its yield

end rotation. More detailed results can be obtained in (19).

The first floor overturning moment and shear shown in Figure 5.1.2.3

of 457 kip-feet and 33.3 kips were calculated from floor inertia forces

and are in excellent agreement with shears calculated by strain gage data.

Peak first floor story drift of 1.33 inches was 1.8% of first story

height. A large amount of damage to partition walls would be expected.
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5.1.3 fl Centro 750 fAl Foundation

The total length of the fl Centro input table motion is 31

seconds. There is mostly small amplitude vibration after 13 seconds, and

the plotted results are arbitrarily cut-off at 18 seconds.

The rubber pad displacement shift of -0.25 inches after time 13

seconds is the same as the final shift at the end of the test. This shift

is due to the plastic deformations of the device.

The device's displacement of 2.56 inches during this test was

the most severe loading of any device during the entire test program.

Even after this test, the mild steel device showed no signs of deterioration.

Figure 5.1.3.1 shows the two distinct types of response characteristics

of the soft story EA foundation. The table displacement between 2 and 7

seconds is the strongest part of the E1 Centro motion, and the structure

responds at an effective frequency of 1.0 Hz. The table displacement

between 7 and 12 seconds is relatively small, and the structure responds

at a frequency of 1.6 Hz.

Figure 5.1.3.5 shows that between 2 and 7 seconds, the energy

absorbing device is almost always well beyond its 4 kip yield point.

Between 7 and 12 seconds, the device rarely yields. The change in the

structure's frequency is due to the large change of stiffness by the

device. Figure 5.1.3.6 shows that the elastic stiffness of device fAl is

near 15 kips/inch and the post-yield stiffness ranges between 0.2 and 1.3

kips/inch. By adding to these values the near constant rubber bearing

stiffness of 1.2 kips/inch, we obtain an Jlelastic ll base stiffness of 16

kips/inch, and a IIpost-yie1dll base stiffness of about 2 kips/inch. This

change in base stiffness accounts for the observed frequency shift. Section

8 discusses freqaency and mode shape changes in mor:e detail.
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The first, second and third floor displacements are all similar to

the base floor (rubber pad) displacements, indicating that there should

be small story drifts. However, Figure 5.1.3.2 shows that the second

mode accelerations are dominant on the base and third floors. In fact,

maximum first mode accelerations are less than one half the peak table

accelerations of -0.627g. The second mode response causes a significant

amount of story drift, as shown in Figure 5.1.3.5. Peak drifts do not

~ways occur at the same instant as peak displacements. Still, the peak

first story drift of 0.73 inches is only 0.95% of first story height, or

half that of the fixed foundation testis peak drift. A small or moderate

amount of damage to partition walls would be expected.

There was no yielding in any of the frame members. The maximum

dynamic bending moment inthe first floor girder was just 66 kip-inches, or

20% of its yield value.

5.1.4 El Centro 750 EA3 Foundation

From 2 to 7 seconds, the structune responds at about 1.1 Hz,

and from 7 to 12 seconds the structure responds at 1.6 Hz. The post-yield

stiffness of the EA3 device is between 2.5 and 7.3 kips/inch. This accounts

for the higher post-yield frequency of the EA3 versus EAl foundation.

Unlike what occured in the EAl test, there is almost no permanent

shift in the rubber pad displacement at the end of this test. The peak

rubber pad displacements were +1.93 and -1.62 inches. This is smaller than

the +1.79 and -2.56 inches that occured with the EAl device. Closer

observation shows that the EAl device deflects and shifts more, due to

its increased tendency to undergo large one-way plastic deformations. This

is due to EAlis lower post-yield stiffness.
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This test caused the most severe motion (1.93 inches) of the EA3

device. Small fatigue cracks appeared in the torsion bar. These cracks

did not appreciably degrade the device's capacity.

The structure with the EA3 foundation responds more severely

than the structure with the EAl foundation - peak third floor accelera

tion of 0.987g versusO.625g and peak first story drift of 0.97 inches

versus 0.73 inches. The peak EA3 force of 16 kips is more than double

the EAl force. The peak EA3 base shear of 18.9 kips is 1.73 times the

EAl base shear of 10.9 kips. Still, these EA3 response values are well

below those of the fixed foundation.

5.2 Parkfield Tests

The response spectra for the Parkfield table motion are shown in

Figure 5.2. The spectra reveal that this table motion has significant

energy at periods near the elastic base period of the soft story structure,

but relatively little energy at its post-yield period. Table 5.3 gives the

extreme value results.

5.2.1 Parkfield 500 Fix Foundation

This table motion did not cause any yielding in the frame members.

although peak third floor accleration was 0.85g. The small amount of

normal structural damping (under 1%) allows the structure to oscillate for

many cycles after its initial response. This moderate earthquake still

produces maximum first story drift of 0.98 inches (1.3% of first story height).

Maximum overturning moment and first floor shear are 264 kip-feet and 18.9

kips. The structure has greater response in this test than in any of the

soft story foundation tests.
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5.2.2 Parkfield 500 EA1 Foundation

The peak third floor acceleration of 0.315g is only 1.33 times

this 0.237g earthquake, and is just 37% that of the fixed 'foundation test.

The only significant yielding of the energy-absorbin9 device takes

place between 3 and 6 seconds. The frequency shift at this time is not

as great as it is with the El Centro motions, due to the shorter time

intervals when the device is yielded. There is a rubber pad displacement

shift of +0.28 inches at the end of the test.

5.2.3 Parkfield 500 EA2 Foundation

The response of the structure with the EA2 device and the EA1 device

is similar, the major difference being that the EA2 device tends to shift

less. The final rubber pad displacement shift is just -0.09 inches. Other

wise, the EA2 tests exhibit about a 15% increase in most other response

parameters. The slightly increased yield force level and post-yield stiff

ness of the EA2 device (see Figure 5.3.3) accounts for this.

5.2.4 Parkfield 500 EA3 Foundation

The response of the structure with the EA3 device is more intense

than with the EA1 or EA2 devices. In particular, the post-yield type

oscillation at 5 to 6 seconds is greatly increased. It is also observed

that the elastic-type vibration occuringafter 6 seconds exhibits a longer

period of vibration than in the EAl or EA2 tests. During this time, there

was no corresponding yielding of the device.

It was noticed in this test that the jaws of the moment arms

holding the torsion bar had opened up slightly due to cracked welds. This

allowed the torsion bar to rotate freely a small amount at the peak of
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each half cycle. This accounts for the observed lengthening of the elastic

base frequency. Still, there is only a final rubber pad displacement

shift of -0.16 inches.

The torsion bar showed considerable fatigue cracks at the beginning

of this test. These cracks reduced the stiffness of this trip steel device

somewhat, but did not significantly reduce its energy-absorbing capability.

5.3 Pacoima Dam Tests

The response spectra in Figure 5.3 indicate that the Pacoima Dam

table motion is very severe for periods between 0.1 and 0.5 seconds, dips

low at the elastic period of the soft story structure, and increases again

near the post-yield period of the structure. Inspection of the table dis

placement time history shows that between 3.5 and 5.5 seconds, the motion

is almost a perfect sine wave, very close to the post-yield frequency of

the structure. In fact, the structure acts almost 900 out of phase with

the input motion during this time interval. Table 5.4 gives the extreme

value data for the Pacoima Dam tests.

5.3.1 Pacoima Dam 500 EAl Foundation

The rubber pad displacement plot in Figure 5.3.1.1 seems to show

three types of basic response frequencies: 1) A post-yield frequency of

0.85 Hz, 2) An elastic frequency of 1.5 Hz, and 3) An even higher frequency

response between time 5.5 to 6.7 seconds, and 7.4 to 8.6 seconds.

The energy absorber force plot in Figure 5.3.1.3 shows that during

the two high frequency time intervals, the device is almost always in its

elastic range. The first, second and third floor displacement plots indi

cate that this high frequency response is in fact the elastic first mode
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response with a strong second mode response superimposed. The floor

acceleration plots also show this clearly.

This severe table motion produced no yielding in the frame members.

Maximum first floor girder dynamic bending moment was only 53 kip-inches.

Maximum first story drift was only 0.50 inches, or 0.65% of first story

height. Maximum base shear and overturning moment are 11.2 kips and 123

kip-feet. Little or no damage .to the structure and its contents would be

expected. This accompanies a large rubber pad peak displacement of 2.49

inches.

The rubber pad displacement time history indicates that large

one-way displacement shifts occured three times during the test. The

final rubber pad displacement shift was +0.48 inches. Between 7.5 and

8.7 seconds, the shift was +0.94 inches. Some authors (23) suggest that

subsequent earthquakes tend to cause additional shifts in the same direction

as the original shift. This is not so with the soft story EA foundation.

This Pacoima Dam 500 test was immediately followed by an identical

test with reversed table motion. Peak table motion of this second test was

+2.38, -2.78 inches, as compared to the first testis peaks of +2.77, -2.37

inches. The initial rubber pad displacement shift was +0.48 inches, due

to the previous test. The results of the second test were almost identical

to the first test results, except in sign. The final rubber pad displacement

shift was -0.20 inches, or a net shift of -0.68 inches.

This ·overshift l result i.s explained by the increased post-yield

stiffness of the device with increased deflection, as shown in Figure 5.3.1.6.

If the device is deflected a large amount to one side, it takes less force

to reduce the device1s deflection than to continue increasing it. Thus

the device always tends to oscillate about zero deflection, where it is softest.
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~Ihen the devi ce lsi nner arms defl ect enough, the changed geometry

of the device causes the input force to be resisted partly by torsion and

partly by bending in'the torsion bar. If the inner arms rotated a full

900
, representing a horizontal deflection of about 4-1/2 inches, then the

input force is resisted only by bending action of the torsion bar. Since

the rectangular torsion bar has much higher stiffness in bending than in

torsion, the device's post-yield stiffness increases with increasing inner

arm deflection.

5.3.2 Pacoima Dam 500 EA3 Foundation

The peak base floor displacement for the EA3 test was 1.81 inches

versus the 2.49 inches of the EAl test. The EA3 test shows very little

shifting during the test, with a final shift of +0.20 inches. This small

shifting is attributed to the increased post-yield stiffness of the EA3

device.

However, the EA3 first story drift of 0.89 inches was 80% larger

than the EAl first story drift. The base floor shear and overturning

moment for the EA3 foundation were 16.1 kips and 222 kip-feet, much larger

than in the EAl test. Maximum first floor girder dynamic bending moment

was 83 kip-inches, although still much lower than its 333 kip-inch yield

moment.

As with the Parkfield 500 EA3 test, the connection of this device's

moment arms to the torsion bar had degraded, causing a lengthening of the

elastic base frequency.

5.3.3 Pacoima Dam 400 EA2 Foundation

The only figure shown is the load-deflection curve for the EA2 device.
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Its post-yield stiffness ranges from 0.66 to 2.82 kips/inch.

Table 5.4 gives comparitive data of the Pacoima Dam 400 EAl and

EA2 tests. As with the Parkfield tests, the EA2 Pacoima Dam 400 foundation

test caused slightly greater structural response than did the EAl test.

The EAl test had a peak shift of +0.47 inches and a final shift

of +0.12 inches. The corresponding EA2 shifts were +0.59 inches and +0.56

inches. Thus, the EA2 device shifted slightly more after the first major

pulse of the earthquake, but shifted much less due to the second smaller

pulse.

Both the EAl and the EA2 devices were made of the same mild steel.

However, the EAl device's post-yield stiffness was lower, only ranging from

0.2 to 1.3 kips/inch. The EA2 device's inner moment arms were shorter than

those of the EAl device. As explained in section 5.3.1, the torsion bar of

the EA2 device acted as a bending element at lower deflections than did that

of the EAl device, thus increasing its post-yield stiffness.

Since the EA2 device had shorter moment arms, it required higher

forces to produce the yield torque in the torsion bar element. The EA2

device yielded at about 5 kips, while the EAl device yielded at about 4 kips.
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6. Discussion of Results

6.1 Effect of Increasing Earthquake Intensity

Since the model structure behaved in two very distinct ways

depending upon the shaking intensity, we may expect that linearly increasing

input motion may cause extremely nonlinear changes in the structure's response.

To test this hypothesis three input motions of three intensities each were

run. These motions and respective foundaton conditions were;

E1 Centro 450,600,750 on EA1 foundation

E1 Centro 450,600,750 on EA3 foundation

Pacoima Dam 200,400,500 on EA1 foundation

In none of these nine tests did any yielding occur in the frame members.

6.1.1 E1 Centro Motion with EA1 Foundation

Figure 6.1.1.1 shows that the energy absorber displacement plots

were very similar in frequency content for the increasing El Centro input

motion. This is because the smallest test, E1 Centro 450, was not small

enough to keep the device below its yield point during the test. But it

is noted that peak values for :the three tests did not increase in a linear

correspondance with increasing table motion. In fact, the peak displacements

increased 9% and 80% for table displacement increases of 33% and 66%

respectively. Table 6.1.1.1 lists the peak values of various response para

meters versus input motion intensity.

The three energy absorber displacement peaks occur at different times

due to the amount of shifting that took place during the tests. These

tests were not run in successive order, so that conclusions based upon past

behavior cannot be made directly. However, it can be concluded that increased

shifting is likely to occur with increased displacement. This is due to the

increasingly unsymmetrical directional stiffness characteristics the devices
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assume with incre~sed deflection.

A better comparison between energy absorber deflections is the maxi-

mum peak to peak displacement the device goes through in one cycle. This

would cancel out the effects due to shifting. The results for this analysis

are:

Max. Peak to Peak
Displacement

El Centro 450

El Centro 600

El Centro 750

2.50 inches

2.95 inches

3.69 inches

+18%

+48%

Figures 6.1a-f graphically display that all response parameters

for the EAl El Centro foundation tests rise in a linear fashion, except

for energy absorber displacements. First story drift and third floor

acceleration response parameters rise at a much faster rate than the other

parameters due to their very strong dependence upon second mode participation.

It is concluded from these results that once the input motion is

large enough to produce significant yielding in the energy absorber soft

foundation, further increases of the input motion produce only small increases

in the first mode response of the structure, but may produce large increases

in higher mode response of the structure.

6.1.2 El Centro Motion with EA3 Foundation

As with the EAl El Centro test, the EA3 El Centro 450 test was

still large enough to cause significant yielding in the EA3 device. Thus

there is little difference in the shape of the time history response for

the EA3 foundation to either El Centro 450, 600 or 750 motions.
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As expected. Figure 6.1.2.1 shows that the EA3 foundation has little

tendency to shift. even with the increasing magnitude E1 Centro motions.

6.1.3 Pacoima Dam Motion with EA1 Foundation

Unlike the E1 Centro 450 tests, the Pacoima Dam 200 test was small

enough to keep the EA1 device from yielding during a portion of the test

when the large span Pacoima Dam tests did yield the device. Figure 6.1.3.1

shows this happening between 3.5 and 5.5 seconds.

Table 6.1.3.2 gives the comparative data for the first 6.5 seconds

of the Pacoima Dam motion. This table shows that the yielding soft story

is very effective in keeping the structure from responding to the input motion.

The jump from span 200 to span 400 ( a 101% increase in table displacement

and a 108% increase in table acceleration) produces only a 30% to 70%

increase in the structural response parameters. First story drift and third

floor accelerations do not follow this pattern as they are strongly dependent

upon higher mode response.

As discussed in section 6.2.2, the effective change in the first

mode frequency shifts the structure to another portion of the response

spectra, and the energy absorption by the device effectively increases the

structure's damping ratio to a very high value. These two factors explain

the nonlinear increases in response parameters as the base condition yields.

Unlike the E1 Centro tests, the maximum peak to peak displacement of the

device changes in a nonlinear fashion. A similar analysis as done for the

E1 Centro tests yields the following:

Max. Peak to Peak
Displacement

6%

Pacoima Dam 200

Pacoima Dam 400

Pacoima Dam 500

1.42 inches

3.18 inches

4.62 inches
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It is concluded from these results that by doubling the input motion

so that the base does yield. deflections may increase by double or more.

depending upon shifting, change in period, and energy absorption by the

device. However, the forces in the structure will only moderately increase,

due to these same factors.

6.2 Comparison of Base Conditions

6.2.1 Rubber Foundation

There ;s no doubt that a structure on a simple rubber foundation

will experience very little destructive 'motion during a severe earthquake.

The basic problem with using a simple rubber bearing isolation system is

that a large earthquake may require lateral deflections of the rubber bearings

of one foot or more. While rubber bearings for a full scale structure can

be designed to easily accept such deflections, it is undesirable to have a

typical structure moving so much during an earthquake. Utility connections

pose restrictions on allowable base floor deflections. For special structures

such as hospitals and nuclear power plants, the additional costs of special

foundation details may well be a small cost to pay for the very low forces

and damage experienced by such an isolated structure.

6.2.2 Fix Foundation Versus Soft Story Energy Absorber Foundation

Figures 6.2a-d show that all soft story foundation structures had

lower accelerations, story drifts, shears and moments than fixed foundation

structures. This was independent of the type of energy-absorbing device.

This result was also independent of earthquake intensity or earthquake

motion.
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The soft story foundation structures differ from fixed foundation

structures in three major attributes; normal condition (elastic base) first

mode frequency, earthquake condition (yielded base) first mode frequency,

and earthquake condition damping value. The fixed and elastic base

frequencies were kept as nearly equal as possible so that comparisons would

be made more valid. The fact that they differ (Tl = 0.6 versus 0.5 seconds)

is not very important, as the peak response of the soft story foundation

structure is almost independent of its elastic base frequency.

The two important factors affecting the response of the highly

nonlinear soft story system are the energy absorption by the device and

the change in the first mode period due to the softening of the device.

There has been much discussion by engineers as to which of these two factors

is most important. In fact, for this structural isolation system, both

factors are very important, and when combined will almost always reduce the

structure's response much lower than that of a conventionally fixed founda

tion structure.

Both the elastic analysis presented in section 8 and the test

results show that peak displacement response is strongly dependent upon

the effective first mode period that the structure vibrates at maximum

displacement. For earthquakes similar in frequency content to those in

California, structures with first mode periods over one second will typically

be past the acceleration dominated high frequency end of the response

spectrum. The three earthquake motions used during the tests all roughly

follow this fact. Thus, the large decrease in base stiffness due to the

yi~lding of the energy absorber, which increases the model structure's first

mode period from 0.6 to about one second, tends to move the structure out of

the range of most of the earthquake's energy. Then, the yielded base
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condition effectively isolates the structure from the typical earthquake.

Also discussed in section 8 is the fact that the hysteretic action

by the energy-absorbing device proves equivalent to about 30% to 35~ of

critical viscous damping. This is clearly a very beneficial effect in

strongly reducing the large displacements associated with long period

structures.

True, it is difficult to compare the response of two different

frequency structures to the same earthquake. However, it is interesting

to note that of the three input motions used in the tests, Parkfield

decreases a lot in intensity from 0.6 to 1 second, Pacoima Dam decreases

slightly, and El Centro increases substantially. (This is qualitative, based

upon all acceleration, velocity and displacement response spectra.) Yet

there were significantly lower forces in the soft story foundation structures

versus fixed foundation in response to all three earthquakes.

We can conclude that the lengthening of first mode period past

one second of any structure will be beneficial for most California earth

quakes. This, coupled with viscous damping values over 30%, almost

ensures that soft story foundation structures will have less damage than

corresponding fixed foundation structures.

6.2.3 Effect of Yield Force and Post Yield Stiffness of Energy-Absorbing Devices

The effect of increasing the device's yield force and post yield

stiffness are threefold: a) There will be reduced amount of shifting; b) The

post yield frequency will decrease slightly less; c) Shears, moments~ accelera

tions and drifts, and hence damage, will increase in the structure. Figures

6.2.3.1,2 and 3 all display the shifting and frequency differences. Figures

6.2a-d show the other response parameter differences.
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From the experimental data alone, it is difficult to differentiate

the response effects of yield force and post~yield stiffness. Simple

analysesconducteq by Clough, Clough and Chopra (11) for a soft story

eight story shear~type building indicated that the lowest possible yield

force along with almost zero post~yield stiffness will produce the best

results. Actually, this limit state approaches putting the structure on

rollers or a simple rubber bearing system. The problems for this are already

mentioned in section 6.2.1.

It is obvious from the results that the EAl foundation fared

better than either EA2 or EA3 foundations. The post~yield stiffness of

the EAl foundation of about 1 kip/inch, or about 5% of the elastic

stiffness, is about as low as obtainable using low carbon steel energy~

absorbing devices. Since the shifting associated with low post~yield stiff~

ness does not directly cause excitation of the structure, and the geometry

of the devices puts a positive limit to maximum base displacement, designing

for the lowest possible post-yield stiffness is probably best.

A yield force close to zero is not practical, as it is not

advisable to have the building swaying in the wind. Depending upon the

climate and location of the site, 50 or 100 year return wind forces may

reach 2% to 4% of a structure's weight. The associated base shear with

these static wind loads may be 3% to 6% of the structure's weight.

The EAl foundation had a yield force of about 4 kips, or 10% of

the model structure's weight. The sturctural responses with the EAl

foundation were quite small. Due to the nature of second mode response plus

the fact that lower yield forces means smaller energy absorber loops and

hence lower effective damping, further reduction in yield force mayor may

not always result in lower structural response. Analytical studies currently
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being carried out are investigating this problem.

From the test results, and practical considerations, a post-yield

stiffness near 5% of elastic stiffness coupled with yield forces between 5%

and 10% of the structure's weight should provide an optimal soft story

foundation isolation system.
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7. Nonlinear Analyses

The test results showed that there Were significant nonlinearities

in the energy-absorbing devices, and these strongly affected the response

of the structure. The force-displacement figures in section 5 indicate

that a bilinear hysteretic nonlinear element might well describe the EAl

energy-absorbing device. A computer program DRAIN-2D (24) was used to

analyse the time history response of a twelve d.o.f. elastic structure

with a bilinear energy-absorbing foundation. A modified truss-element

was used to describe the devices.

The elastic and post-yield stiffnesses of the energy absorber

used in the nonlinear analysis, as taken from the experimental data, were

15 k/in and 0.85 k/kn. First and second mode critical damping values were

3% and 1%.

Figures 7.1, 7.2 and 7.3 show the comparison of the analytical

and experimental results in response to the El Centro, Parkfield and Pacoima

Dam earthquake inputs. Table 7.1 compares the maximum results. The

analytical model predicts the highly nonlinear displacement response within

10% for the El Centro test, 18% for the Parkfield test, and 9% for the

Pacoima Dam test. The model accurately predicts the change in effective

first mode frequency due to yielding of the energy-absorbing device. The

shifting effects that the analytical model predicts are reasonably accurate.

The nonlinear model gives floor shears typically within ±15% of the

experimental results. The computed first story drifts are 25% to 50% lower

than experimental results. This indicates that the analytical model is

not adequately describing second mode response. It is strongly suspected

that the bolted column-girder connection on the first floor level was not

sufficiently rigid, and allowed small but significant rotations to occur
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at these connections. These rotations strongly excited the model structure

into a higher mode response. This did not strongly affect the relative

floor displacements, but did affect floor accelerations and story drifts.

The bilinear element was modified to model the EA3 device. As with

the EA1 analyses, the EA3 analytical time history results were very close

to experimental results. As with the EA1 results, maximum floor displace

ments and shears were in good accordance, while first floor drift was not.

The nonlinear analyses give a good approximation of the basic

behavior of the experimental model. It does not give good results for

higher mode behavior, but this is a problem with approximations of assumed

joint rigidity, and may easily be refined. Then, on at least a general

scale, this model can be used to test the sensitivity of the structure's

response to changes in the assumed behavior of the energy-absorbing device.

It is easy to analyse the beneficial effects of hysteretic

energy absorption by the device. A nonlinear analysis was done using the

same bilinear element for the E1 Centro 750 test (as in Figure 7.1),

except that the bilinear element was modified to always remain elastic.

The force displacement behavior of the original and the modified elements

are shown in Figures 7.4 a and b.

The comparison of the results is shown in Figure 7.5. As

expected, until the first yielding of the device, the analytical models

are identical. After three seconds, the device does yield, and the

elastic model shows oscillations of +4.79 and -4.14 inches, 102% larger

than the hysteretic model. Maximum base shear for the elastic model was

14.5 kips, 58% larger than for the hysteretic model. Thus the damping

effect of the device is extremely beneficial in reducing structural

response. Table 7.1 gives the full comparison between the analyses.
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The elastic model dies out very quickly after 6 seconds. This

was not due to energy absorption or damping effects. Closer inspection

of the input El Centro displacement motion shows a pulse 1800 out of

phase with the structure's motion between 6 and 6.5 seconds. To determine

the effect of this pulse, the structure was further analysed, using the

bilinear elastic element, in response to just the first 6 seconds of the

El Centro input motion. Without the motion arresting pulse, the structure

continued in free vibration after 6 seconds with 62% larger displacement.

It was finally damped out by the 3% viscous damping of the rubber bearings.
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8. Elastic Analysis and Design Methods

8.1 Mode Shapes and Frequencies

The frequency and mode shape values given in table 8.1.1 for fixed

foundation models are taken from free vibration tests. For the three floor

model this was done by putting a small shaker on the first floor. The

results are considered to be very accurate. For the four floor model,

the results are taken from free vibrations following forced vibration earth

quake tests. The results are considered to be reasonable.

The analytical results in this table for the rubber foundation model

are in excellent agreement with observed responses of the structure. The

analysis used was a twelve degree of freedom system representing four

horizontal floor displacements and eight joint rotations. The joint

rotation d.o.f. are eliminated using static condensation. The accuracy

of the higher mode shapes indicated that simple changes to the base member1s

stiffnesses in this analysis would give good analytical results for the

soft story EA foundation models.

It is clearly understood that the nonlinear action of the soft

story foundation cannot be completely described by an elastic analysis.

However, the test results showed that there are distinct and major frequency

shifts occuring when the energy-absorbing device yields. The simple eigen

value analyses presented in table 8.1.2 are used only as a tool to help

explain the observed behavior of the model.

The stiffness used in the yielded energy absorber analyses is an

average post-yield stiffness of the device. This stiffness value was varied

to test the sensitivity of the results. By changing the assumed post-yield

stiffness from 0.8 klin to 1.1 klin (38%), the first mode frequency only

changed from 0.68 Hz to 0.73 Hz (7%). Thus the use of an average post-yield
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stiffness is reasonable in trying to describe the model's behavior.

8.2 Elastic Analysis

The elasti~ energy absorber analyses are an accurate description

of the model except for the seven seconds of the El Centro tests, three

seconds of the Parkfield tests and five seconds of the Pacoima Dam tests,

when significant base yielding occurs. Logarithmic damping taken from the

free vibration decay at the end of the Pacoima Dam test gives elastic first

mode damping ratio between 3% and 4%. This is larger than the 0.5% observed

with the fixed foundation model due to the hysteresis loops of the rubber

bearings. It does not equal the 10% damping ratio observed on tests with

rubber bearings alone due to the strain energy of the EA device.

If the energy absorber yields in both directions during one cycle,

then there are four major transitions of base stiffness during this cycle.

This causes the base floor to behave as if sudden forces were being applied

to it at each transition. These initial conditions do cause significant

higher mode response in the structure. Neglecting them, consider the basic

behavior of the structure in each mode.

38



For the elastic EAl foundation, the mass and stiffness matrices

(after static condensation) used were

.02438 0 0 0

0 .02438 0 0
kip-sec2/inchM =

0 0 .02514 0

0 0 0 .02832

46.28 -66.21 22.89 -2.96

-66.21 143.5 -97.38 20.07
K = kips/inch

22.89 -97.38 129.8 -55.35

-2.96 20.07 -55.35 54.24

For the post-yield EA1 foundation, the stiffness matrix was

46.28 -66.21 22.89 -2.96

-66.21 143.5 -97.38 20.07
K = kips/inch

22.89 -97.38 129.8 -55.35

-2.96 20.07 -55.35 40.24

If L = ¢M (1), then the mode superposition method givesn n - -

y.( t)

where y.( t) = floor displacement vector

Mn
t= ~n tin ~n

wn = circular frequency for mode' n

Vn(t) = pseudo-velocity response for SDOF system of
frequency wn.
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If the ~ vectors are normalized so that the maximum value in each

modal vector is unity, then Mn and Ln are

Foundation Ml M2 Ll L2

EAl elastic .0616 .0505 .0764 .0188

EAl post-yield .0922 .0579 .0970 .0034

EA2 elastic .0581 .0509 .0733 .0217

EA2 post-yield .0873 .0564 .0942 .0053

EA3 elastic .0540 .0534 .0692 .0259

EA3 post-yield .0791 .0540 .0893 .0088

Allowing

Vn(t) = wn °n(t)

and

An(t)
2= wn °n(t)

the floor displacements and acceleration responses can be written as

~(t) = ~l Pl 01 (t) + ~2 P2 °2(t) +

y.( t) = ¢, Pl Al (t) + ~2 P2 A2(t) +

where Pn
Ln is the mode participation factor.= Mn

The values of Pn are

Foundation Pl P2

EAl elastic 1.24 0.372

EAl post-yield 1.05 0.059

EA2 elastic 1.26 0.426

EA2 post-yield 1.08 0.094

EA3 elastic 1.28 0.485

EA3 post-yield 1. 13 0.163
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Thus, the mode superposition response of the EAl foundation

would be

~(t) = ~le (1.24) Dle(t) + ~2e (0.372) D2e (t) + (elastic)

~(t) = ~lY (1.05) Dly(t) + 12y (0.059) D2y(t) + (post-yield)

and the acceleration response is similar, substituting Ale(t) for Dle(t), etc.

This simple analysis shows that second mode participation of the

structure is strongly decreased when the base condition is yielded. In

effect, observed second mode response results when the base condition

is elastic, or from changes in base stiffness. The net effect is

that a soft story structure of similar proportions to the model structure

may experience smaller second (and higher) mode response than the same

structure on a conventional rigid base. This is in keepingwilhresults

given by Veletsos (25) where he says that the closer the first mode shape

is to rigid body translation of the floor masses, the smaller the higher

mode contributions. Inspection of the analyses' first mode shapes shows

that the first mode shape does approach rigid body translation after the base

condition is yielded.

For the yielded base condition, the second mode shape varies almost

linearly from +1.00 to -1.00 from the top to bottom of the structure. This

result is not far different when the base is elastic. Thus, as the floor

masses of this structure were almost equal, second mode response column

shears will cancel at the base level, and be greatest at the first and

second floor levels. This was observed in the test results.

If the stiffness of the model had tapered significantly with height,

as is typical with tall buildings, second mode shears will not necessarily

be small at the base of the structure.

To see how accurate this analysis is by substituting maximum
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values from response spectra for Dle(t)~ etc., modal viscous damping values

must be assumed.

As mentioned earlier, the rubber bearings provide about 10% first

mode viscous damping when no EA devices are used. Second mode damping values

of about 1% are appropriate for both the elastic and post-yield base condi-

tions. However, it is difficult to assign a viscous damping value to the

post-yield base condition.

The energy dissipation mechanism for the energy-absorbing device

is clearly stiffness dependent, and varies with peak displacements of the

device.

Let wd be the area under the force-displacement diagrams of the

devices and rubber bearings, i.e., the energy loss per cycle. Then

wd = 4 Y d FEA + 2~R ~ kR d
2

where

d = one-half of maximum peak to peak displacement of the
energy absorber

FEA = one-half of maximum peak to peak force of the energy
absorber

y = shape factor of the energy absorber

~R = %critical damping of structure on rubber bearings
alone

k = horizontal shear stiffness of rubber bearingsR

For a rigid-plastic system, y = 1. Figure 8.2.1 describes how y

varies with d. While ~R for rubber varies with displacement and frequency

in general, it is nearly constant for the range of values observed during

the tests.

To equate the actual hysteretic energy behavior with viscous

damping, a spring stiffness kEA must be assumed. A simple assumption that
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proves to give good analytical results is

kEA = F/d

the secant stiffness at maximum deflection. Figure 8.2.2 describes this

relationship for the EA1 device. The data for Figures 8.2.1 and 8.2.2 are

derived from the EC 750 and Pacoima Dam 500 EA1 foundation tests. Since

the hysteretic energy loss by the devices is not frequency dependent,

these results should apply for any type of structural system above the base.

The associated strain energy is

+

The viscous damping ratio is defined as

s =

Substituting values for wd and Ws gives

<1 eff = (~- <R) [kE:E~ kR] + <R
The test results showed that maximum displacements always occured

when the base condition was yielded. This indicates that displacement

response may be described by

and

where the subscript 1eff, 2eff, etc. denotes t, P, D and A values

associated with the effective natural frequencies the structure is vibrating

at (f1eff , f 2eff , etc.) after the base has yielded.
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Since the base is changing from elastic to yield and yield to

elastic conditions four times every large displacement cycle, neither the

elastic nor yielded base analyses (as in tabJe 8.1.2) will accurately

predict the actual fn eff' One expects that the further the device yields,

the lower will be f leff , as the structure will be at the yielded frequency,

fly' for a longer duration of time. Figure 8.2.3 describes this phenomenon.

The data for this figure are taken from the experimental data for the EAl

foundation tests. The correlation coefficient for the linear regression

equation for this data

Tleff = 0.271 d + 0.582

where
1

f leff

is

r = 0.969

If we assume that ~le changes to ~lY and Ple changes to Ply in

a linear fashion depending upon f leff , then

Tleff - TleC =
Tly - Tle

and

~leff = ~le + C(~lY - ~le)

and

Pleff = Ple + C(Ply - Ple )-

The experimental tests showed that the second mode shape is much

closer to ~2y than ~2e' Since C is directly proportional to the amount of
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yielding in the base, then

~2eff = ~2e + CC~2y - ~2e)

and

To account for second mode participation by elastic and yield base

transitions, P2e is used in the analysis. The may be conservative

as P2eff is typically very small.

A simple preliminary design technique based upon response spectra

can be developed using these formulas. Since the structure actually under

goes frequency changes durini the test, the SDOF response spectra values

may not give the true maximum response of the structure, but shoulrl pro

vide an upper bound on the response.

8.3 Elastic Design I - Design Building

Do a normal design based upon code vertical loads and wind loads.

The structure should be completely elastic.

II - Design Rubber Bearings

Vertical strength of the bearings = F.S. x W, where W= maximum

dead load + live load. F. S. = factor of safety and should exceed 2. If

we assume that there will be no tension forces in the pads due to overturning

moments, then the maximum possible vertical load on one-half the bearings

will be the total weight of the building (this will depend on the configura

tion of the columns of course).

Minimum Nertical stiffness of the bearings, kvert
2

kvert = 4n2fvert ~I/ g

where f = minimum desirable vertical frequency to minimize rocking motion.

(f t during the tests was near 9 Hz. Preliminary analyses indicate thatver
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values as low as 6 Hz may still be sufficient.)

Lateral stiffness, kR, should be chosen to provide in combination

with the energy-absorbing devices a suitable post-yield base stiffness

(high for small base shifts, low for small base shears).

III - Design Energy-Absorbing Devices

The yield level should be above the maximum base shear due to

maximum wind loading and small earth.quakes. The ideal yield force is a

function of the cost to replace the devices, and possible utility repairs,

and the benefit of reduced building damage and lower initial construction

cost.

IV - Do Analyses

Do eigenvalue analyses for both the elastic and yielded base conditions.

V - Evaluate Damping Values

Assume a peak displacement of the energy absorber. As explained

in Section 6.1.1, this should be one-half the maximum peak to peak dis

placement. Calculate fn eff, ~n eff' and Pl eff' From the properties of

the device, get the equivalent first mode damping value, ~l eff' Assume

~2 eff' ~3 eff' etc., to be appropriate with higher mode damping values for

normal structures. Figure 8.3.1 gives the response spectra for the Pacoima

Dam motion for 30, 35, 40 and 45% critical damping.

VI - Evaluate Response

From the appropriate design spectra, get

'!... max = ~l eff Pl eff D(fl eff'~l eff) + </>2 eff P2e D(f2 eff52 eff) + .•

~max = ~l eff Pl eff A(fl eff'~l eff) + j modes

Base shears and overturning moments are then evaluated by

v =o

n
l:

j=l

46



where

M =o
n
h

j=l

m. = floor i mass
1

Xi = height of floor mass i above base.

If the computed base displacement is not equal to the assumed

displacement, new values for ~n eff and f n eff should be assumed and step

VI repeated.

The results for these elastic analyses are in Table 8.3.1 a and b.

The experimental floor displacment values are different from those in

Table 5.1 as thay are one-half peak to peak displacements. The assumed

base displacement was taken from the experimental data.

In general, the elastic analysis first mode displacement and

acceleration results are very good. Since these results are fairly depen

dent upon the assumed damping value, the initial decision to use secant

stiffness for kEA seems reasonable.

The second mode accelerations and shears are not as well correlated

to the experimental data. There are two reasons for this. First, there

is the somewhat arbitrary (and from the results, conservative), choice for

P2eff = P2e · Second, as pointed out in section 7, the experimental second

mode vibration may have been increased due to the non rigid first floor beam-

column connections.

The root mean square combination of the first two modes gives

excellent displacement correlation between experiment and elastic analysis.

However, the elastic analysis gives no indication of the true peak dis

placements, as it does not take into account nonlinear base shifting.
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9. Conclusions

9.1 Soft Story Energy~Absorbing Foundation Structure versus a Fixed

Foundation Structure

It is difficult to make direct comparisons between fixed base

and soft story based structures due to their inherently different fre

quencies. However, for a single structure designed with a soft story EA

foundation rather than a conventional fixed foundation, the following can

be expected:

- The soft story structure will respond at a frequency one half

or less than that of the fixed base structure.

- The soft story sturcture will respond with effective first mode

critical damping of 30% or more.

- The soft story structure will exhibit localized yielding in

the energy-absorbing device. A mild steel device has an expected low-cycle

fatigue life well over 300 cycles and need not be replaced after every

earthquake. There may be no yielding in any of the frame members.

- The soft story structure will require foundation level utility

connections capable of a few inches of drift.

- The design cost of the special foundation is easily offset by the

structure's lower cost due to decreased lateral loads. In addition, the

soft story structure's long term cost is much less due to reduced earthquake

caused damages.

- Since a soft story structure requires less lateral bracing and

shear walls, it is architecturally more flexible. Due to the reduced

number of lateral support systems, the structure has increased floor space

than a conventional fixed foundation structure.
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9.2 Response of the Soft Story Structure

For wind loading and small earthquakes, the soft story structure

behaves as a stiff rigid foundation structure.

A large earthquake will cause the soft story to yield. This is

accompanied by an increase in first mode period and a large increase in

first mode damping. Thus the yielding of the energy-absorbing device will

strongly reduce the first mode response of the soft story structure.

The second and higher mode response of the soft story structure is

not greatly changed by the yielding of the devices.

The combination of first, second arid higher mode responses may

give maximum floor level shears above the base level for regularly propor

tioned structures.

9.3 Energy-Absorbing Device Performance

The two mild steel energy-absorbing devices performed well in

over 20 earthquake tests. Neither showed fatigue or weld cracks.

The special TRIP steel device did show fatigue cracks after a

large number of cycles. These did not seriously decrease its capacity.

However, TRIP steel's high alloy content makes it a poorly weldable material.

The cracked welds between torsion bar and moment arms did significantly

reduce the device's performance. To date, soft mild steel is the best

material for these devices.

The torsion devices are ideally suited to earthquake isolation

systems as their two way plastic behavior is unaffected by tension-compression

buckling problems; they provide a positive limit to the maximum deflections

of the base floor; they have long life under low-cycle large plastic

strains; they can easily be adapted for displacements in two directions.
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9.4 Natural Rubber Bearings

The rubber bearings performed well during over 130 earthquake tests.

The vertical stiffness of the bearings should be as high as possible

to reduce possible frame rocking.

The horizontal stiffness of the bearings should be as low as

possible to reduce the post-yield stiffness of the soft story EA founda

tion systems.

Natural rubber is an excellent material for the bearings.

9.5 Base Floor Shifting

The nonlinear nature of the soft story foundation allows the

base floor to have permanent shifts at the end of an earthquake. The

amount of final shift is not necessarily proportional to the magnitude

of the earthquake. The amount of shift is a function of both the soft

story's post-yield stiffness and the peak deflections of the energy

absorbing devices. Shifting will not tend to increase in the same direction

with subsequent earthquakes.

9.6 Effects of Energy-Absorbing Device Yield Force and Post-Yield Stiffness

The device's yield force should be chosen so that maximum base shears

due to wind loads (3% to 6% of the structure's weight) will not cause the

device to yield. The best performing device during the tests had a yield

force of 10% of the model structure's weight. In general, the lower this

yield force is, the lower the structural response will be.

A large post-yield stiffness (greater than 20% of elastic stiffness)

wi 11 reduce the tendency for base floor shifti ng. Thi s will in general

increase the structure's response. The best performing device during the
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test had a post-yield stiffness of 5% of its elastic stiffness. As

deflections are limited by the device',s geometry, the post-yield force

should be as low as possible.

9.7 Analysis and Design

A nonlinear analysis was shown to give reasonable prediction of

structural response for the soft story foundation system. The properties

of the nonlinear torsion device element were varied to show that the

energy absorption by the device reduces structural response by a large amount.

The elastic analysis described shows that the highly nonlinear

system can be reasonably modelled as the root-mean-square combination of

effective first and higher mode responses.

Based upon the elastic analysis, an approximate design method is

suggested. This design method gives good results for the actual earth

quake tests performed, with the aid of simple elastic SDOF response spectra.
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BASE 1ST 2ND 3RD
FLOOR FLOOR FLOOR FLOOR

Concrete 8100 8250 3000 8160Blocks

Columns 203 358 310 155

Girders 1780 288 288 288

Cross 0 360 360 360Beams

Misc. 740 460 460 1160

Rubber 120 0 0 0Bearings

TOTAL 10,943 9,716 9,418 9,423(In Lbs.)

TOTAL, 39,500 poundsALL FLOORS

TABLE 3.1.1. Weight of Structural Components
and Concrete Blocks

Preceding page blank
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i
I DISPLACEMENT ACCELERATIONI

IEARTHQUAKE SPAN Max. Min. Max. Min.,
(inch) (inch) (inch) (inch)I

I
I

450 2.47 -1.92 .270I -.325I
I EL CENTRO 600 3.28 -2.56 .348 -.445
I
I 750 4 • 11 -3.21 .486 -.627I
I
I PACOIMA 200 1. 10 -0.94 .254 -.243I
I 400 2.21 -1.90 .529 -.504I DAMI 500 2.77 -2.37 .628 -.616,
I

PARKFIELD 500 2.45 -1 . 31 . 161 -.237

TABLE 3.2.1- Input Earthquake Record s

DEVICE

TYPE

ELASTIC
STIFFNESS

: POST YIELD
: STIFFNESS 
:1, OF ELASTIC
: STIFFNESS

EARTHQUAKE
AND SPAN

EL CENTRO
450
600
750

PACOIMA DAM
200
400
500

PARKFIELD
500

EA1

Mild Steel

15 Kip/in

0.2-1.3 klin

1. 3-8.7%

x
X
X

X
X
X

X

EA2

Mild Steel

19 Kip/in

.66-2.8 klin

3.5-15%

X

X

X

EA3

Trip Steel

27 Kiplin

2.5-7.3 klin

9.3-27%

X
X
X

X

X

TABLE 3.2.2. Tests Performed On Energy Absorbers
and Energy Absorber Characteristics
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i ~-~, ~~~-- - - -~ - - -~- - - --I - -~----~~ ,---------. I

: : EC 900-1 I : EC 750 : EC 750 : EC 400-350 :
: : Fix Base : EA 1 : EA3 : Rubber :
I 1 1 I I I

: : Max. Min.: Max. Min.: Max. Min.: Max. Min.:
I I I I 1 I

Floor Disp.: 3RD 3.05: -3.24 2.77 : -3.31 3.71 1-2.77: 3.09 : -2.25 :
ReI. To I 2ND 2.34: -2.42 2.60 : -3.19 3.36 : -2.58 3.05 : -2.22 ;
Table : 1ST 1.33: -1.30 2.31 : -2.93 2.84 : -2.27 3.02 : -2.15 :

(Inches) I BASE : 1.79: -2.60 1.94 : -1.62 2.88 : -2.15 :
1 I I I

Table Disp. (Inches) 4.18 -2.50 4.11 : -3.21 4.12 : -3.22 2.19 :-1.71
I I

, I

Absolute : 3RD 1 • 95 -1 • 56 • 57 I - • 63 • 99 I - • 79 • 11 -. 11
Floor : 2ND 1.28 -1.37 .36 : -.52 .61 : -.64 .10 -.11

I I

Acceleration: 1ST : 1.02 -1.02 .40 : -.52 .84 : -.55 .10 -.10
(G) I BASE : .48 : -.37 .86 : -.50 .09 -.09

1 I I 1 I

Table Acceleration (G) ! .61 -.57! .49 : -.63 ! .57 : -.54 ! .27 -.29

U"1
-.....J

TABLE 5.1 Extreme Values El Centro 900, 750, 400

-------~I;--- ,------ I -------.

: EC 450 : EC 450 : EC 450 :
: Fix Base : EA 1 : EA2 :
I 1 1 I

EC 450
EA3

-. :n

-.59
-.49
-.1.11
-.3R

: Max. Min. I Max. Min. I Max. Min. 1 Max. Min.
I I 1 I I

Floor Disp.: 3RD : 2.64 : -2.56 1.86 -1.40: 2.07 : -1.40 '2.48 l -2.01
ReI. To : 2ND : 2.09 : -2.07 1.76 -1.34: 1.94 : -1.29 2.24 : -1.82
Table : 1ST : 1.24 : -1.27 1.56 -1.26: 1.72 : -1.17 1.88 : -1.59

(Inches) I BASE: I 1.42 -1.09: 1.40 : -0.96 1.28 : -1.06
, I I ,

Table Disp. (Inches) : 2.38 -1.77 2.47 -1.92: 2.46 -1.92 2.47 ; -1.92
i i

Ab so I ute : 3RD : 1. 29 -1 • 10 • 31 -. 39 : • 48 - • 49 , • 62
Floor : 2ND : .99 -.96 .21 -.29: .35 -.42: .41

IAcceleration: 1ST : .67 -.70 .27 -.25: .42 -.37: .59
: (G) I BASE: I .33 I -.30 : .42 -.41:.59

__ L___ _ ~ I _ _ --------.......
, I t ------------r~--~ -- I • ----of -- -------~ ---- --....r- --- ---- - -- I

! Table Acceleration (G) ! .30 : -.36 ! .27 : -.33 ! .30 : -.35 ! .26 I

TABLE 5.2 Extreme Values El Centro 450
\



(J'l

00

.------- - - t i , , t

: : PARKFIELD : PARKFIELD : PARKFIELD : PARKFIELD :
: : 500 : 500 : 500 : 500 :
: : Fix Base : EA 1 : EA2 : EA3 I
I I I I I

I I M M· I M M· I M M· I M M·I I ax. In. I .ax. In. I ax. .In. I .ax. ,In.
• ••• I

I I I

: Floor Disp.: 3RD 1.99: -1.52 : 1.99 : -1.05 : 1.50 : -1.33 : 1.92 : -1.79
I Rel. To : 2ND 1.58: -1.22 : 1.92 : -0.97 : 1.37 : -1.25 : 1.76 : -1.64
I Table : 1ST 0.98: -0.75 : 1.77 : -0.85 : 1.19 : -1.15 : 1.48 : -1. 1q
: (Inches) I BASE :: 1.60 : -0.66 : 0.96 : -0.92 : 1.04 : -0.98
I. :':: I :

Table D1Sp. (Inches) 2.48: -1.30 : 2.45 : -1.31 2.45 : -1.31 : 2.1~5 : -1.32
i i

I I 8 '8 I 0 I 32 3 I 8 I IAb so 1ute I 3RD I. 7 I -. 5 I • 3 I - • • . 9 : - • 3 I • 33 I -. 37
Floor : 2ND : .58 ! -.63 : .2lJ ! -.25 .30 : -.35 : .29 ! -.36

Ac c e 1era t ion: 1ST :. 44 I - • 52 : • 22 I - • 26 • 29 ' - • 39 : • 27 I -. 35
(G) I BASE: ! : .27 ! -.29 .35 ! -.33 : .33 ! -.28

i I i I I I I I

Table Acceleration (G) ! .19 : -.25 ! .16 : -.24 ! .21 : -.21 ! .16 : -.18

TABLE 5.3 Extreme Values Parkfield 500

PACOIMA
DAM 500

EA3

r------- -----~-- I I -----------.- I

: : PACOIMA : PACOIMA : PACOIMA
: : DAM 400 : DAM 500 : DAM 400
: : EA1 : EA1 : EA2
I I I I I

: : Max. Min.: Max. Min.: Max. Min.
• I • A t

Max. Min.
I I . I 8' I 6 8 I: Floor Disp. I 3RD : 2.19 I -2.0 13.23 I -2.7 12.5, 1-1.73: 3.30
: Rel. To : 2ND : 2.03 : -2.01 : 3.10 : -2.66 : 2. 1W : -1.61 : 3.00
: Table : 1ST : 1.80 : -1.89 : 2.82 : -2.48 : 2.12 : -1.45 : 2.51
: (Inches) I BASE : 1.57 : -1.67 : 2.49 ! -2.15 : 1.72 ! -1.18 : 1.48

! Table Disp • (Inches) ! 2. 21 :-:'.-89! 2. 77 T~-2 ~ 37- U! 2. 21 : -1. R9! 2. 78 :
t L ~_______ __.1 I

T - ---.--------------~-- - t --~--~- --- -- r--·-~---------- I

: Absolute : 3RD : .43 : -.51 : .58 : -.59 : .59 : -.55 : .60 :
: Floor : 2ND :.34: -.36 : .45 : -.42 : .40 : -.46 : .48 :
IAcceleration: 1ST : .28 : -.35 : .3lJ : -.49 : .38 : -.42 : .45 :
: (G) I BASE : .33 : -.42 : .51 : -.44 : .51 : -.46 : .58 :

J _L _ I ~ I
r------ " I , • I ' ---.

! Table Acceleration (G) ! .53 : -.47 ! .63 : -.62 ! .53 : -.50 ! .69 :

TABLE 5.4 Extreme Values Pacoima Dam 400, 500

-2.79
-2.55
-2. 14
-1. 81 I

-2.3

-.67
-.57
-.41
-.43

-.57



t - ----T----- - I --~~-- - -- -------- ,

: : SPAN AT TIME : SPAN AT TIME /\% :
: : 450 (SEC.): 600 (SEC.) -' :
I I I I

SPAN
750

AT TIME
(SEC.) /\"1,

+661

+80%

+~5%

+1.2%

+31'1,

+13%

+205%

+n2%

3.65

5.23

5.21

2.66

5.21

2.68

2.68

2.72

4. 11

2.56

7.91

10.80

10.90

117.

.73

.63Accl.

Drift

Table Displacement 12.47 inch 3.65 : 3.28 3.65 +33%
I ,

Ene r g y Ab so r be r Dis p • : 1. 42 inc h 2 • 72 : 1 • 55 12 • 37 + 9%
I I

Ene r g y Ab so r b e r For c e : 5. 85 kip 2 • 70 : 6 . 74 2 • 10 +15%
I ,

First Floor Shear : 7.60 kip 2.64: 9.35 2.64 +23%

Base Floor Shear 18.20 kip 2.70 I 9.23 2.70 +13%
I ,

Moment : 104. k-ft 2.64 : 112. 2.62 + 8%
I I

: .24 inch 2.66 I .42 2.64 +74%
I ,

i .39 g 2.62: .45 2.58 +16%

Overturning

First Floor
I

iThird Floor

TABLE 6.1.1.1. Effect of Increasing EI Centro
Input Motion to EA1 Foundation

(J1
~

I

: : SPANAT TIM E : SPANAT TIM E 1\.%
: : 450 (SEC.): 600 (SEC.) - I

SPAN
750

AT TIME
(SEC.) /\%

+66%

+52%

+35%

+30%

+~5%

+32%
+59%

+5R%

3.65

2.70

2.68

2.72

2.68

2.66

2.14

3. 12

4. 12

1. 93

15.8

15.2

18.9

202.

.91

.99

Drift

Accl.

MomentOverturning

First Floor

Third Floor

i I -~.

ITable Displacement 2.47 inch 3.65 I 3.29 3.65 +33% I, ,t
Energy Absorber Disp. 1.27 inch 2.70: 1.58 2.68 +24%:

I I

Energy Absorber Force 11 • 7 kip 2. 68 : 13 • 7 2 • 66 +11 % I
I I

First Floor Shear 11.7 kip 2.62: 13.6 2.64 +16%:
I I

Base Floor Shear 14.0 kip 2.68 I 16.6 2.66 +19% I
I ,

153. k-ft 2.66: 183. 2.66 +20%:
I I

.61 inch 12.14: .75 2.72 +23%:
I I

.63 g 3.12 i .88 3.10 +40% i
TABLE 6.1.2.1. Effect of Increasing EI Centro

Input Motion to EA3 Foundation



-,-- .- -. I

: : SPAN AT TIME : SPAN AT TIME /\% :
;___ _ ~: 20~ .~SEC.) ---.l_ 400 (~E~.)__ - ;

-.. ------,--- ------.--~----..-_r_ i

ITable Displacement ' 1.10 inch 4.25 I 2.21 4.25 +101%
I I

: Energy Ab sorber Disp. 1.09 inch 7.21 : 1.66 3.90 +52%

lEnergy Absorber Force 5.09 kip 7.19: 6.70 4.47 +32%
I

First Floor Shear 6.37 kip 7.13: 8.81 7.15 +38%

Base Floor Shear 6.91 kip 7.21 l 8.99 4.47 +30%,
Overturning Moment 100. k-ft 7.15 : 133. 7.15 +33%

I I

First Floor Drift : .26 inch 3.84: .34 9.76 +30%
I I

Third Floor Accl. : .33 g 9.23: .51 7.11 +52%

SPAN AT TIME /\%500 (SEC.)-
2.77 4.25 +152%

2.44 4.53 +124%

7.91 4.51 +C)l)%

9.44 9.41 +J~8%

11.2 4.51 +62%

137. 9.39 + 3%

.50 9. 113 +J~9%

.59 9.78 +76%

0'1
o

TABLE 6.1.3.1. Effect of Increasing Pacoima Dam
Input Motion to EA1 Foundation

I I .---------------------------... ---I

: I SPAN AT TIME : SPAN AT TIME /\x : SPAN AT TIME M
I ,200 (SEC.), 400 (SEC.) ,500 (SEC.) - I
I Iii i

:Table Displacement : 1.10 inch 4.25 : 2.21 4.25 +101%: 2.77 4.25 +152%:
I , I I I

:Energy Absorber Disp. : 0.44 inch 3.86 : 1.66 3.90 +277% I 2.44 4.53 +J~54%:
I I I I

:Energy Absorber Force: 4.84 kip 3.80: 6.70 4.47 +38% 7.91 4.51 +63% :
I I I ,

:First Floor Shear : 5.53 kip 4.02: 7.33 4.65 +33% 8.51 4.49 +54% :

IBase Floor Shear 5.73 kip 4.06: 8.99 4.47 +57% 11.2 4.51 +95% :
, I ,

:overturning Moment 86.5 k-ft 3.80 : 116. 4. 1J3 +34% 135. 11.47 +16% ;

lFirst Floor Drift .26 inch 3.84: .24 5.35 - 7% .43 5.13 +77% l
I , I

iThird Floor Accl. .24 g 3.80 i .41 6.47 +69% .36 5.35 +49% i
TABLE 6.1.3.2. Effect if Increasing Pacoima Dam Input Motion

(Just First 6.5 Seconds) to EA1 Foundation



EL CENTRO
750
EA3

.---- ---- ---. -,- ----~ ----~----- ---- --~--~---~--r- -.------- - - I

: : EL CENTRO : PARKFIELD : PACOIMA :
: : 750 : 500 :. j)AM 500 :
: : EA 1 : EA 1 : EA 1 :
I I I I I

I IE· Alt· 1 I I II I X pe r 1- nay 1 c a 1 I 1 I

: : t 1 H t t· 1 El t· 2 Exper. Anal. :Exper. Anal. :Exper.
, I men a ysere 1C as 1C I I
.-- I 'I
11:"1 D· I I IIl' 00r 1 s p. I I I

: 3RD : 3.31 inch 2.90 5.41 1.99 2.31: 3.23 3.14: 3.71
: 2ND : 3.19 2.70 5.34 1.92 2.26 I 3.10 3.05: 3.36
: 1ST : 2.93 2.52 5.13 1.77 2.11: 2.82 2.88: 2.84
: BASE : 2.60 2.37 4.80 1.60 1.89 I 2.44 2.65: 1.94

Anal. l

3.50
3.27
2.89
2.41

I .............-- .---~-- .--- I

~ I Id'loor Shear I I
: 3RD : 5.89 Kip 6.18 8.16: 2.97 4.56 5.54 7.60; 9.30
: 2ND : 7.06 8.42 10.50: 5.18 5.80 8.15 9.02: 11.67
: 1ST :10.83 10.20 12.50: 6.79 6.48 9.44 9.44: 15.23
: BASE :10.85 9.17 14.50: 8.31 7.65 11.16 10.66: 18.89
.l..-.- ._~_._. ... L_ _ _1-..____ Ien......
:Story Drift
: 3RD
: 2ND
I 1ST

.22 inch

.35

.73

.23

.33

.39

.31

.42

.47

• 14
.25
.30

• 16
• 19
.23

.24

.34

.50

.30

.32

.35

.36

.53

.97

7.78
10.64
14.82
19.81

.26

.44

.57

NOTES
1 - Using Bilinear Hysteretic Element
2 - Using Bilinear Elastic Element to Show Effect of Energy Absorption

TABLE 7.1. Nonlinear Analysis Comparisons



I I I
:FIX FOUNDATION :FIX FOUNDATION: RUBBER FOUNDATION
: 3 Floor Model : 4 Floor Model: 4 Floor Model
I = I - I

12.27 Hz :7.83 Hz 12.05 Hz :7.33 Hz 10.58 Hz :3.84 Hz :8.89 Hz
" I' I I

! lST l 12ND 1 ! 1ST l 12ND 1 ! 1ST2 12ND2 13RD2
: Mode : Mode : Mode I Mode : Mode : Mode I Mode
I , I iii ,

" I', II, I' I ,
'I ,I I I
I, 1.00 , 1.00 1.00 I 1.00 : 1.00 I 1.00 I 1.00

I I I I
',0.77 1-0.62 0.78 '-0.25 I 0.98 I 0.42 1-0.85

I I I I

',0.41 '-1.23 0.46 '-1.00 I 0.96 1-0.33 '-1.10
I I "1 I I: 0.92 I -1 .02 I O. 88

FREQUENCY
I,
"'ODE SHAPE
13RD FLOOR
~ND FLOOR
~ST FLOOR
JjASE FLOOR

1 - Experimental Results. 2 - Analytical Results

TABLE 8.1.1. Frequencies and Mode Shapes for
FIX and RUBBER Foundations

I,
I ELASTIC YIELDEDI
I ENERGY ABSORBER ENERGY ABSORBER,
I
I
I 1ST MODE 2ND MODE 1ST MODE 2ND MODEI
I
I EAl ELASTIC STIFFNESS YIELDED STIFFNESSI

: FOUNDATION = 15 KilN = 0.8 KilN,
IFREQUENCY 1.56 Hz 4.64 Hz 0.682 Hz 3.84 Hz
I "

:3RD FLOOR 1.000 -0.773 1.000 -0.969
12ND FLOOR 0.883 -0. 161 0.977 -0.398
11 ST FLOOR 0.696 0.529 8:g~§ 0·aa6
: BASE FLOOR 0.461 1.000 1. 0
i
I EA2 ELASTIC STIFFNESS YIELDED STIFFNESSI

: FOUNDATION' = 19 KilN = 2.0 KII N
I

IFREQUENCY 1. 66 Hz 4.86 Hz 0.846 Hz 3.91 Hz
I

: 3RD FLOOR 1.000 -0.755 1.000 -0.941
:2ND FLOOR 0.869 -0. 114 0.965 -0.370
: 1ST FLOOR 0.658 0.578 O'gOT 0'a56
IBASE FLOOR 0.397 1.000 o. 3 1. 00
i
I EA3 ELASTIC STIFFNESS YIELDED STIFFNESSI

:FOUNDATION = 27 KilN = 4.5 KilN,
IFREQUENCY 1. 79 Hz 5.23 Hz 1.08 Hz 4.05 Hz
I

13RD FLOOR 1.000 -0.751 1.000 -0.890
:2ND FLOOR 0.849 -0.039 0.943 -0.318
11 ST FLOOR 0.609 0.669 0.848 0.394
!BASE FLOOR 0.313 1.000 0.727 1.000

TABLE 8.1.2. Frequencies and Mode Shapes for
EA Foundations
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I EL CENTRO PACOIMA DAMI
I 750 500I,
Assumed En er g y
Absorber Displacement 1. 85 2.28

(Inch·es)

T1eff (Seconds) 1. 03 1 . 21

f 1eff (Hz) :).923 0.826

Y 0.65 0.70

~R O. 10 O. 10

KE!-\ (K II N) 3.30 3.00

KR (K/IN) 1. 20 1. 20

~1eff· 0.33 0.35

P1eff 1. 14 1. 18

1 .000 1.000

16 1eff
0.933 0.947
0.825 0.861
0.689 0.751

:T 2eff (Seconds) 0.239 0.246
I
I (Hz) 4. 18 4.06:f2eff
I

1~2 0.01 0.01
I
I

!P2 0.372 0.3'72
I
I -0.877 -0.906I
I -0.287 -0.322
:162eff 0.426 0.398
I 1.000 1.000I
I
I

!D1(f1eff ' ~1eff) (Inch) 2. 17 2.78
I

!D2(f2eff ' ~2) (Inch) .:) • 897 1. 35
I

!A1(f1eff ' ~1eff) (G) 0.291 0.277
I

lA2(f2eff ~2) (G) 1. 54 2.39
I

TABLE 8.3.1a. Elastic Analysis Calculations
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HIGH DAMPING RUBBER BEARING
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FIGURE 3.1.1 MODEL STRUCTURE

70



~ 121 -0" §(
W6xl2

8000 LB.

-f-
51-4"

W6xl2
8000 LB.
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BASE FLOOR
WIOx49

3/B" STIFFENER

~W5XIS

~ORIGINAL COLUMN
FOOT ASSEMBLY

lO"

I 1/4" I I I I I I I I! I I
II i ' I 1

I 1/2

r-
I

A'I
~

I

ORIGINAL
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FOOT
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LOAD CELL
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FIGURE 5.1.4.1 EC 750 EA3, DISPLACEMENTS
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FIGURE 5.2 PARKFIELD RESPONSE SPECTRA
~ = 1, 3, 10, 25%
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FIGURE 7.1 EL CENTRO 750 EA1, ANALYTICAL VERSUS EXPERIMENTAL
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