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Abstract

This study investigates the seismic response of isolated bridge superstructure to
incoherent ground motions. %sth scale bridge model supported on edastric isolation
bearings was tested on two independently controlled shake tables using harmonic and
earthquake excitations. Ground motion incoherency due to wave passage effect was
generated by phasing the harmonic motions applied at the ends of the lyi@¢ and
18C. The local site effect was modeled by modifying the table motions at each end of the
bridge to represent, in turn, surface motions on rock, stiff soil and soft soil profiles
respectivel y. Anal yti cal S t uaderagesaccelezation per f
method and the SAP 2000 computer program. Combinations of structure period and
ground motion periods that give critical bearing displacements were calculated ding 3
spectra for i ncoherent mot i on.membenesulissr k 0 s
with good accuracy but SAP 2000 underestimated the response, possibly due to errors in
the calculation of acceleration time histories from the input displacement time histories. It
was observed that when the phase and amplitude differbatiesen the support motions
were small, the response to incoherent motion could be estimated by the average of the
responses to coherent motions. However, response to incoherent motion can be greater
than or smaller than that due to coherent motions, valpghed in transverse direction
and when there is large difference between support motions. Estimation of response using
the displacement equation given in AASHTO Guide Specifications for Seismic Isolation
Design was greatly improved when the @@eond sectral acceleration was used, rather
than the peak ground acceleration.
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Chapter1: Introduction

1.1 Introduction

Current bridge seismic design provisions assume that all supports are
simultaneously excited by the same ground motion. Thus, analysis can be simply carried
out by either aresponse spectrum method or a time history solution by selecting a
particular earthquake acceleration record. However, this assumption is true only for
vertically propagating shear waves and for bridges of limited overall length. Studies show
that when thalistances between supports are large, their foundation experience different
seismic motions. It is believed that differential support motion is one of the reasons of
deck unseating of simply supported bridges which is a common failure mechanism
observed dring large seismic events. Moreover, structural behavior may vary
significantly compared to that when excitation is uniform input motion. Thus, overall
safety of these extended structures should be evaluated for the effects of differential
ground motion gecially those located in high earthquake risk areas.

Spatial variability of ground motion is the result of or combination of: wave
passage effect, incoherency effect and local site effects. The wave passage effect is due to
difference in arrival time o$eismic waves at different locations. The incoherency effect
is due to differences in load path and the superposition of waves as they propagate. The
local site effect is due to difference in local soil conditions at different supports (e.g. one
support § on rock and another on soft soil).

Three methods of structural response analysis can be used to account for ground
motion incoherency: timdistory analysis, random vibration analysis and response
spectrum method. Timkistory analysis uses a set ofteleninistic compatible input
ground motions. Random vibration analysis uses probabilistic modeling of spatial
variation of ground motion. The more practical approach usually favored by designers is
the response spectrum method. Response spectrum fromemblgeound motion is
modified to account for ground motion incoherency.

1.2 Previous Studies

Extensive studies on the spatial variation of ground motion and its effects on
bridges have been conducted. Some researchers have studied modeling and timnestima
of spatial variability in the ground motion, while others have studied the response of
structures to spatially varying ground motion. Most of the structures studied are bridges
since they are more likely to experience incoherent ground motion thanatdlsses of
structures.

Nazmy and AbdeGhaffar (1992) studied the effects of spatial variability of
ground motion on the structural response of caldged bridges. Two threkmensional
models were utilized to represent the modern and future trenclblestayed bridges.
Differential ground motion records are used as uniform andundorm support
motions. The bridge response to Aaamform ground motion is compared to its response
to uniform ground motion. It was shown that the response quantiti@y increase



substantially from the neaniform input ground motion, especially for more rigid
bridges and for bridges having different dynamic properties of the local soils at the
supporting points, but the degree of increase depends upon the speddifien in
particular upon aspects of span length, rigidity and structural redundancy. Careful
consideration of response to noniform input ground motion is recommended.
Dumanogluid (2003) also investigated the stochastic response of astadd bridg

under spatially varying ground motion. It is shown that each component of spatially
varying ground motion model has important effects on the dynamic behavior of the
structure.

The effects of spatially varying ground motion in short bridges were stbgied
Price and Eberhard (1998). It is shown that for variable support motion, the contribution
of antisymmetric modes tended to increase, whereas the contribution of symmetric modes
generally decreased. The authors introduce a method that relies on ngpthifyimodal
participation factor for incorporating the effects of mslipport excitation. Analysis of
long-span bridges by frequencpmain analysis were carried out by Ettourney et al
(2001). It was observed that large shifting of resonant frequentige structure and
large redistribution of bridge response and internal forces may result undenifanm
seismic motions. Other studies concerning response ofdpalg bridges to spatially
varying ground motion were done by Harichandran et al (1996).

Studies have also been conducted to extend the classical response spectrum
method to account for the effects of imperfectly correlated seismic excitations on
multiply supported structures (Berrah & Kausel, 1992). A procedure is proposed to
modify the reponse spectrum by adjusting each spectral value by means of a correction
factor which depends on the structural properties and on the characteristics of the wave
propagation phenomenon. Development of response spectrum method for seismic
response analysief linear, multidegreeof-freedom structures under mutipport
excitation based on random vibration theory was carried by Li et al (2005). Der
Kiuerghian and Neuenhofer (1992) made comprehensive studies on developing response
spectrum method that can lapplied for structures under mudtipport excitation.
Nakamura et al (1993) used this response spectrum to analyze-ditheesional model
of the Golden Gate Bridge. Studies on response spectrum method as applied in columns
were made by Trifunac et €1997).

Numerical studies on the nonlinear response of bridges subjected tesupytrt
excitation were carried by Monti et al (1996). This study assessed the effects on the peak
inelastic response of bridge structures and the extent of validity dotbe reduction
factor approach for the design.

Other studies involving incoherent ground motion were done for suspension
bridges (Rassem et al, 1994), taman beam (Harichandran et al, 1990), repain beam
(Zerva, 1990), simple beam (Harichandraraket1988; Hao, 1997), muspan simply
supported bridges (Zanardo et al, 2002),-sp&n frame and reduced model ofspan
bridge (Yang et al, 2002), rigid foundation (Luco et al, 1986) etc.



These studies show that incoherent ground motion can hasgdeaable effect
on structure response especially for lapgn bridges. Depending on the structure,
seismic wave characteristics and soil properties, incoherent ground motion may
underestimate or overestimate the response compared to coherent grouod. moti
However, no significant experimental tests on shake table usingdeatg bridge model
have been conducted to validate the analytical results.

1.3 Objectives and Scope

The main objectives of this study are:

1 Investigate the effect of differential @md motion on bearing displacements of
simply supported bridge superstructure.

T Compare the experimental results to ana
acceleration method and the SAP 2000 computer program.

1 Evaluate the adequacy of displacement &goa used in the AASHTO Guide
Specifications for Seismic Isolation Design.

In order to achieve these objectives, a-tyimer, simply supported model of a
slabon-girder bridge superstructure was subjected to coherent and incoherent motions.
The groundmotions consist of harmonic motions and real time earthquake excitations.
The sinusoidal harmonic motions had periods of 0.3 sec and 1.0 sec. Phased motions that
reflect wave passage effect were generated by phasing the support motioAgt 7
sec ad 0.25 sec) and 1800.15 sec and 0.5 sec). The earthquake records were measured
on rock during the 1989 Loma Prieta, 1992 Landers and 1986 North Palm Springs
earthquake. The Proshake (2004) computer program was used to generate the
corresponding stiff gb (shear wave velocity of 500m/s) and soft soil (shear wave
velocity of 180m/s) ground motions.

The experiment was performed for two types of elastomeric bearings as supports.
Thetimehi st ory analysis was perfor memethadsi ng N
and SAP 2000 (Computers and Structures Inc., 2004). The bearing properties, like
stiffness and damping ratios, measured during the experiment were used in the analysis.
Using these measured bearing properties, bearing displacements were alstedalcula
using the equations in AASHTO Guide Specifications for Seismic Isolation Design
(1999).



Chapter 2Experimental Program

2.1 Introduction

This chapter describes the bridge model, isolation bearings, ground motions, and
instrumentation useit the study. The model was based on a prototype bridge scaled by a
factor of%/s and was subjected to uniform and incoherent ground motions. Two sets of
elastomeric bearings were used as supports at both ends. The ground motions were
applied in longitudial, transverse and biaxial directions. The first set of ground motions
consisted of harmonic motions with periods of 0.3 sec and 1.0 sec. Wave passage effects
were modeled by phasing the motions at opposite ends of the bridge by 90° and 180°.
The second s$ef motions were earthquake records recorded on rock. These records were
then passed through a soil layer with shear wave velocities of 500 m/s and 180 m/s which
represent stiff and soft soil, respectively. Variations in soil conditions from one eral of th
bridge to the other were modeled using the combinations of rock, stiff soil and soft soil at
each support in turn. Test matrices for the entire experiment are shown in Appendix 2 for
each set of bearings.

2.2 Description of Bridge Model

The overall gemetry of the bridge model was taken from a prototype bridge
designed to represent a straight, seismically isolated, -spdti steel bridge. This
prototype bridge consisted of four 150 ft isolated simple spans and two steel girders as
shown in Figure 2.1However, for reasons of limited space and budget, and to keep the
scale as large as possible to capture nonlinear effects, it was decided to model only one
span. The spacing between the two girders in the prototype was 11 ft, the thickness of the
deck slabwas 8°g in. and the cross frames were spaced at 25 ft apart.

The two girder bridge prototype was then scaled by a factdg oésulting in 60
ft long girders as shown in Figure 2.2. The web and flanges of these girders weuog built
from plates whib were welded with/g in. fillet welds along its length. Cross frames,
deck slab, shear studs and isolation bearings are also scaled down from the prototype
bridge. Intermediate cross frames were placed 10 ft apart along the length of the bridge
model. Tke constructed bridge model is shown in Figure 2.6 and details of its
components are shown in Figures 2.3 to 2.5.

The calculated weight of the bridge model was 32 kip and the additional lead
weight required for similitude was 48 kip. The measured weiglhe bridge using a
crane scale at one end was 38.3 kip at the north end and 38.4 kip at the south end. Load
cells confirmed that the weight is equally distributed between the bearings. Detailed
discussions of the design and analysis of the bridge moelelescribed by Carden et al
(2004).

2.3 Isolation Bearings



Two types of elastomeric bearings were used in this investigation: Type #3 and
Type #1 bearings. Type #3 bearings consist of nine layers of 0.236 in. thick rubber
sandwiched between 0.1196 iteed shims. Total isolator height including 1.0 in. outer
end plates is 5.08 in. and the bonded diameter is 9.0 in. The design earthquake
displacement of this isolator is 4.0 in. The shear modulus is 0.065 ksi, the elastic stiffness
is 12.7 kip/in and theharacteristics strength is 0.3 kip. The effective stiffness at design
earthquake displacement is 2.01 kip/in. Properties of Type #3 bearings are summarized in
Appendix 1 and the detail is shown in Figure 2.7.

Type #1 bearings consist of twelve layer9@36 in. rubber sandwiched between
0.1196 in. steel shims. The total isolator height including 1.0 in. outer end plates is 6.15
in. and the bonded diameter is 7.0 in. The design earthquake displacement is 3.0 in. The
shear modulus is 0.091 ksi, the alastiffness is 8.0 kip/in and the characteristic strength
is 0.2 kip. The effective stiffness at design earthquake displacement is 1.29 kip/in.
Properties of Type #1 bearings are summarized in Appendix 1 and the detail is shown in
Figure 2.8.

The two barings supporting the north end of the bridge model were designated as
Bearing 1 and Bearing 2. They were placed on top of load cell 1 (LC1) and load cell 2
(LC2), respectively. The bearings supporting the south end of the bridge model were
designated asdaring 5 and Bearing 6 and sat on load cell 5 (LC5) and load cell 6 (LC6),
respectively. Load cell positions are shown in Figure 2.27. LC1 and LC2 are located on
shake table 1 while LC5 and LC6 are located on shake table 3. Shake table 2, where load
cell 3(LC3) and load cell 4 (LC4) are located was used only in thespyam bridge tests.

2.4Harmonic Ground Motions

As noted above one series of experimental tests used sinusoidal input motions that
were phased to represent both uniform and incoherentingromotions. To reflect
uniform motions in rock at both supports, sine waves having a period of 0.3 sec were
input at both supports. The amplitudes of these sinusoidal motions were 1.5g and 1.6g for
Type #3 and Type #1 bearings, respectively. For softcamitlitions at both supports,
sine waves were input having a period of 1.0 sec and amplitude of 0.03g and 0.05g for
Type #3 and Type #1 bearings, respectively.

Wave passage effect, that causes a difference in arrival times of seismic waves at
the supportswas modeled using phased motions. To create a difference of 0.075 sec and
0.15 sec in arrival times of seismic waves for the 0.3 sec sine motion, the south end of the
bridge was phased at 90° and 180° respectively. A similar procedure was performed for
1.0 sec to generate the wave passage effect. Local site effect runs were studied using the
combinations of 0.3 sec and 1.0 sec harmonic motions. All the uniform and phased
harmonic motions were applied in the longitudinal, transverse, and biaxial directions

25 Ground Motion Generation



Earthquake motions were obtained from the PEER Database (PEER 2004). These
ground motions were recorded on rock and ProShake (2004) was used to obtain the
corresponding surface ground motions on stiff and soft soils. Tdle motions at one
support and the generated ground motions at the other were then combined to cause
differential ground motions (i.e. local site effects).

2.5.1 Rock Ground Motions

Rock ground motions were all based on USGS Site Class A with shear wave
velocity greater than 750m/s. This type of soil corresponds to Soil Profile Type I in
AASHTO (2002). The peak ground accelerations, velocities, and displacements and other
data as obtained from PEER database are tabulated in Tdbl&ife histories and
response spectra at 5% damping of these earthquake records are shown in Figures 2.9 to
2.14. To account for the scaling of the bridge model, these earthquake records were then

scaled in the time domain W = 0.632. To avoid instabilitgf the isolation bearings,

it was decided that the maximum displacement should not be larger than 50% of the
design displacement. The magnitude of the acceleration was then scaled to attain this
condition. Scale factors for each run are indicated in #isé matrix for each set of
bearings as shown in Appendix 2.

The dominant component for each earthquake or the component having the larger
peak acceleration was used when considering ground motion in one direction only. For
example, in the Loma Prieta #agjuake, the eastest or 90 degree component was
chosen as the dominant. For runs in one direction only, e.g., longitudinal run only or
transverse run only, this component was used. In biaxial runs, the dominant component
was oriented in the nortsouth drection. The minor component was oriented in the-east
west direction.

2.5.2 Soil Ground Motion with VS = 500 m/s

The ground motions from rock mentioned above were passed through a simulated
soil layer using ProShake (2004). The soil layer overlyingdbk was 30 ft of sand with
shear wave velocity of 500 m/s (1640 ft/s) and density of 118 pcf. This corresponds to
stiff material for Soil Profile Type Il in AASHTO (2002). To achieve satisfactory results
for output time history at the top of soil layére entire layer was divided into five equal
thicknesses with identical properties. It was assumed that the water table was well below
the ground surface. Average Seed and Idriss (1970) models for the modulus reduction
curve and damping curve were useduo this computer program.

ProShake generates corresponding acceleration, velocity, and displacement time
histories at the ground surface. Also, spectral acceleration, velocity, and displacement can
be selected as output at a specified damping valuardsg.15 to 2.17 show the time
histories of the resulting ground motion at the top of soil layer. Response spectra with 5%
damping are shown in Figures 2.18 to 2.20.

2.5.3 Soil Ground Motion with VS = 180 m/s



This type of soil corresponds to soft maaérfor Soil Profile Type Il in
AASHTO (2002). Using the ProShake computer program, ground motions on rock were
passed through a 30 ft of sand layer having shear wave velocity of 180 m/s (591 ft/s). It
was assumed that this soil had a density of 118 pgberGssumptions were the same as
those used for the soil with a shear wave velocity of 500 m/s.

The output time histories at the top of soil layer for each earthquake record are
shown in Figures 2.21 to 2.23. Response spectra with 5% damping are shéwures
2.24 t0 2.26.

2.6 Instrumentation

Instruments were placed throughout the bridge model to measure displacements,
accelerations and forces. The location of these instruments is shown in Figures 2.27 to
2.29. Type of instrument, location and diten of measurement can be identified by the
naming convention used in the test setup. For example in Figure 2.28, DK15DisT
identifies an instrument that is located on thek, 15ft from north end, measuring
displacement irtransverse direction. In Figug29, DK60AccL identifies an instrument
that is located on thded, 60ft from north end, measuringceleration inlongitudinal
direction.

Multi-axial load cells were used to measure the forces below the bearings. These
load cells measured all six connents of force, i.e, axial force, shear and moment in x
and ydirections. Load cell positions and numbering are shown in Figure 2.27.

Displacement transducers were attached between the deck slab and a fixed
reference point. A similar arrangement wasedor the top of isolation bearings. Thus,
the measured displacements were all absolute displacements. To obtain bearing
displacements, the shake table displacement were subtracted from the recorded
displacements. Longitudinal and transverse displaceméetsch bearing were measured
for each test. The locations of these instruments are shown in Figure 2.28.
Accelerometers were used to measure the acceleration at the deck slab level. The location
of these accelerometers is shown in Figure 2.29. Shake taixdelerations and
displacements were measured by the instrumentation installed within the tables
themselves, and included in the experiment output.



Chapter 3. Experiment Results for Bridge Model under
Harmonic Ground

3.1 Introduction

This chapter presents the shake table testing of the bridge model subjected to
harmonic motions. Equations of dynamic equilibrium for multiple support excitation and
frequencyresponse curves are discussed first. Since the input motion was sinusoidal and
the bridge model is effectively singtlegreeof-freedom system, frequencgsponse
curves are used to check the experimental results against theory. These results are
discussed in four sectionis uniform, phased, incoherency due to local site effects
(combnation of 0.3sec and 1.0 sec harmonic motion) and biaxial motions. The bearing
displacements, achieved and target shake table displacements, and hysteresis curves for
each run are presented. Included in this chapter are the calculated period and damping
ratio for each run. Due to large amount of data and numerous runs, only those that are
considered important are presented here. The complete list of shake table simulations and
description of each run are shown in Appendix 3.

3.2 Equations of Dynamic Equilbrium for Multiple Support Excitation
For multisupport structures, the equation of dynamic equilibrium in partitioned
form is:

éem mg;a,ané#p ec ceet#u ek kqeup e 0aq
uté

gm mggu[%{] & ngul f/ 8< ggufugf/ |pg(t)y

in which m, c, kare mass, damping and stiffness matridésg’ ,u' are vectorof the

absolute acceleration, velocity and displacement in the superstruéjieg;,u, are

(3.1)

vectors of the support motions; argy is the vector of support forces. The response
in linear structues may be described as the sum of two components:

u' =u®+u (3.2)
where u® is known as the pseudiktatic response and is the dynamic response.
Substituting Equation (3.2) into the first okthwo partitioned equations (3.1) leads to:

méH+ cdf+ ku = p, (t) (3.3)
where the vector of effective earthquake force is:
Pes (1) =- (M +myu, ) - (cdf +c d) - (ku® +k,u,) (3.4)

The static displacement and support displacement are related through:
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ku® +k,u, =0 (3.6)

(3.5)

Therefore

Correspondingly
u® = -k 'k, u, u® =iu, (3.7)
i describes the influence of support displacements on the structural displacements hence
calledinfluencematrix. Substituting Egations (3.6) and (3.7) into Equation (3.4) gives
Per (1) = - (Mi+m, )& () - (ci +c, ) (1) (3.8)

The damping term in the above equation is usually small relative to the inertia
term and may therefore be dropped. Also, for structures with mass idealized as lumped at
the DOFs, the mass matrix is diagonal, implying thmaj is a null matrix andm is

diagonal. Thus, Equation (3.8) reduces to

Per (1) = - mi () (3.9)

The superstructure of the bridge model is relatively rigid and can be madeled
shown in Figure 3.121. The displacement of the deck is designatedad the ground
motion at each support is designatedasndug,. Displacements are represented by:

eu, U
i
U=jUgg (3.10)
Iy 1
i Ugay
and the total stiffness matrix is
e2 -1 -1g
k=k,gl 1 0 (3.11)
g1 0 1y
wherek; is the stiffness of bearings at each eftereforefrom Equation (3.5)
é- 10 el Og
k=k|2] k,=k(-1 -1 kI =k,i 0 K, =k,g ° 3.12
b[ ] g b< > g b%_ ]yl;' [ol¢} bg) 1H ( )
From Equation (3.7),
. . /11
i =-k'k i=(= = 3.13
=3 3 (313)

Substituting this to Equation (3.9) gives
el 1ge¥ (10
Per =M Sol e 0
&2 2t e, (ty
Equation (3.14) will give the effective earthquake force based on the assumption that
superstructure is relatively rigid and that the dispiments are mainly at the supports.

(3.14)



Table 37 shows the effective earthquake force using Equation (3.14). It shows
that when#{ is the same at both endg,, is that of a simple harmonic force. The

excitation isthen called uniform. When the ground motion is phased by 180,

becomes zero. This implies that the bridge superstructure is stationary during these runs
and that the absolute displacement is also zero. Since the absolute displaseresy)
the bearing displacements are equal to the table displacements.

3.3 FrequencyResponse Curve

A plot of the amplitude of a response quantity against the excitation frequency is
called frequencyesponse curve (Chopra, 2000). The developmernheadge curves is
discussed in this section.

Consider a single degree of freedom system subjected to a sinusoidal ground
motion having the following equation:

Ugy (t) =u, sin(ut) (3.15)

where uy is the amplitude of ground motion and/ is its natural frequency.
Correspondingly, the ground acceleration is

# (t) = - w’u, sin(ut) (3.16)
The equation of motion governing the response of SDF systems is

MéH i+ Ku = - mé, (t) (3.17)
Substituting Equation (3.16) into (3.17) gives

Mét+ ciF+ ku = miw’u, sinut) (3.18)

Note that this is the same as SDF subjected to harmonic fpgsm(ut), where
Po=m qug. The particular solution of the above differential equation is

u(t) = Csin(ut) + D cosin) (3.19)
where
° 2
Q
1- 18 Yyl
c=Ps ¢V = p=Po W (3.20)
Ke g cfﬂz e o0 Ke 5,80 & awed
> w W
é- %v g u u él- %V gu +e}2 8J
s C n+H e c s ¢ n_H € n =

Equation (3.19) is the steady state solutiorufpy. In Equation (3.20k is the stiffness of
the system ang is the damping ratio.

Equation (3.19) can be rewritten as
u(t) =u, R, sint - f) (3.21)

where f is the phase @ and is equal tdan’(-D/C). Ry is called the displacement
response factor and is equal to
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Therefore, the maximum bearing displacement is given by
u., = ugR; (3.23)
Accordingly,
R, = mex (3.24)
u

g

The displacement response factor is plotted against frequencyuatignand is
shown in Figure 3.122 for 5%, 15% and 30% damping ratio.

3.4 Bridge Response under Uniform Harmonic Motions
3.4.1 Bridge Model Supported on Type #3 Bearings

Bridge model supported on Type #3 bearings was first subjected to harmonic
motions wth periods of 0.3 sec and 1.0 sec. Target acceleration for 0.3 sec harmonic
motion was 1.5g and for 1.0 sec harmonic motion it was 0.03g. Time histories for
achieved shake table displacements, relative bearing displacements, and hysteresis curves
are shan in Figures 3.1 to 3.12. The relative bearing displacements were obtained by
subtracting table displacements from recorded displacements which are total
displacements. A summary of maximum bearing and table displacements at steady state
along with stiffress, periods, and damping are tabulated in Taftle 3

Achieved vs. Target Shake Table Displacements

Achieved shake table displacements are often different than the target
displacements. For a harmonic motion with a period of 0.3 sec and amplitude,dhé&.5¢g
target displacement is 1.32 in. using the following equations,

i
W
:2_’0

T

where T is the period of input motion. For Run-Z2which is run in longitudinal
direction, experiment output showsat the table displacement is 1.18 in. (averaged for
both shake tables) as shown in Tabld and Figure 3.1. This is equivalent to an
acceleration of 1.34g. In the transverse direction (Run 13) the achieved shake table
displacement is 1.08 in. as shownFigure 3.4. For the 1.0 sec harmonic motion with
0.03g, the target displacement is 0.29 in. The achieved table displacement is 0.27 in. in
both the longitudinal and transverse direction as shown in Figures 3.7 and 3.10. The
discrepancies may be attriledtto amplitudgohase controllers which were not on during

u=
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some of the runs. This explains why in some runs there is good agreement between target
and achieved shake table displacements and in some runs there is discrepancy. The
amplitudephase controllerscommand the shake tables to adjust to the target
displacement when it is running below or above the target value. Also, filtering of input
motion to the shake table (which is done within the control software for the shake tables)
could lead to this discpancy. In the analysis these achieved table displacements and
corresponding accelerations will be used.

Bearing Displacements

For longitudinal run with 0.3 sec harmonic motion (Run2)2the average
bearing displacement was 1.31 in. as shown in Talill@®d Figure 3.2. In the transverse
direction (Run 13) the bearing displacement at steady state is 1.13 in. as shown in Figure
3.5. This is 14% smaller than the observed bearing displacements for longitudinal run.
This is due to smaller table displacemientransverse run. Other factors are difference in
stiffnesses in the longitudinal and transverse direction and difference in damping. The
average bearing displacement in Rur221..0 sec at 0.03g in longitudinal direction, was
2.60 in. at steady stats ghown in Figure 3.8. In the transverse direction (Run 22), the
average displacement at steady state was 2.18 in. at the north end while at the south end it
was 2.49 in. North end displacements correspond to Bearings 1 and 2 displacements
while south enddisplacements correspond to Bearings 5 and 6 displacements. This
difference in bearing displacements at north end and south end is attributed to torsional
effects when excitation is applied in transverse direction. Bearing displacements are
tabulated in @ble 31.

These bearing displacement are plotted against the frequesmpynse curves
shown in Figure 3.123. It is shown that they are positioned along the fregesponse
curves thus there is good agreement between experiment and theory.

Bridge ModelDynamic Characteristics

The computed stiffness of the bearings is calculated as the ratio of shear force to
the displacement measured from tip to tipi(A) of the hysteresis curves as shown in
Figure 3.3. The calculated bearing stiffness from eaohare given in Table-3 based
on Figures 3.3, 3.6, 3.9 and 3.12. The average of the values in Fabke 1381 kip/in.
Therefore, the total stiffness of the system is 7.24 kip/in and the corresponding period
was equal to 1.04 seconds using:

where m = 0.199 kised/in which is the total mass of the bridge model including the
lead weights.

The torsional period is also included in Tablé 8 determine if torsional mode
affects the response. This period was calculated usirfgltbeing equations:
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where

k, =Sk, (y*) + Sk, (x*)
The torsional stiffness of the individual bearings is small compared to component due to
eccentricity, and is neglected in computikg. ks andky are the translational stiffnesses

of each bearing in x and y directioa.is the width and is the length of the bridge deck.
x andy are the distances of each bearing from the center of lateral stiffness of the bridge
deck.

The equivalent damping ratio as given by AASHTO Guide Specifications for
Seismic Isolation Design (1999) is:

. 1 EDC

2,0 Keff ur?lax
whereEDC is the total energy dissipated per cycle or the area of hysteresis curve shown
in Figure 3.120.

EDC = pQ,U,
Qq is the characteristic strength of the bearing. The maximum shear force is given by,
Fmax = Keff umax
Thus, the equivalent damping ratio is:
7=1Q
2F, .
The parameters needed to calculate the equivalent dgmadio can be determined from
hysteresis curves.

For Run 122 and Run 13 the average damping ratios are 11% and 16%
respectively. Because of their elliptical shape the hysteresis curves shown in Figures 3.3
and 3.6 indicate that damping may be viscousature. However, when the excitation is
1.0 sec harmonic motion, Run 21 and Run 22, the computed damping ratio is only about
4%. It suggests that damping is displacement dependent which implies hysteretic
damping. Based on the equation above, as tipdagisment increaselS,axalso increases.

Thus, the larger the bearing displacement, the smaller the damping becomes. Note that
the displacement in Run 21 and Run 22 is about two times the displacement in-Run 12
and Run 13.

3.4.2 Bridge Model Supportedn Type #1 Bearings
Time histories and hysteresis curves for Type #1 bearing subjected to uniform
harmonic motion are shown in Figures 3.13 to 3.24. Bearing displacements, stiffness,

13



periods and damping were computed using the same method as thoseTgpeah#3
bearings. These values are tabulated in Tatde 3

Achieved vs. Target Shake Table Displacement

The achieved shake table displacements for Rug (@@ngitudinal run) and Run
13 (transverse run) are shown in Figures 3.13 and 3.16, respectivalytafdet
acceleration amplitude for 0.3 sec sine motion is 1.6g which corresponds to a table
displacement of 1.41 in. The achieved table displacement shows good agreement with the
target as it was equal to 1.40 in. and 1.37 in. in longitudinal and traesdeection,
respectively. For Run 21 (longitudinal run) and Run 22 (transverse run) the target
displacement was 0.49 in. corresponding to 1.0 sec sine motion at 0.05g. The achieved
displacement, however, was only 0.35 in. for longitudinal direction ad8 . for
transverse direction as shown in Figures 3.19 and 3.22, respectively. These achieved table
displacements will be used in the analysis.

Bearing Displacements

The average bearing displacements for Rw2 I{Bbngitudinal run) and Run 13
(transvese run) were 1.48 in. and 1.46 in., respectively. Time histories are shown in
Figures 3.14 and 3.17. For Run 21 (longitudinal run) the bearing displacement was 0.71
in. as shown in Figure 3.20. In Run 22 (transverse run), the average bearing displacement
at the north end was 0.52 in. while at the south end it was 1.05 in. as shown in Figure
3.23. This difference in displacements at both ends is due to torsional effects. It is shown
in Table 32 that the torsional period during this run was 0.86 sec. Shitose to the
period excitation which is 1.0 sec.

The above bearing displacements are plotted against the theoretical frequency
response curves as shown in Figure 3.123. The points corresponding to the 0.3 sec
harmonic motion perfectly lies along theres. Thus, there is good agreement between
experiment and theory for this case. In the response to 1.0 sec harmonic motion, it is
shown in Figure 3.123 that there are two points (represented by triangles in the figure)
that are not positioned along the wewr These are the points that correspond to the
response in Run 22 (transverse run) where the response was affected by torsional mode of
the bridge model. However, there would be less scatter if it is the average of the north
and south end displacementattis plotted against the frequergsponse curve. This is
because torsional effect is canceled by averaging the end displacements. This suggests
that torsional effects should be taken into consideration when excitation is in transverse
direction especif) when period of excitation is close to the torsional period of the
structure. Simplified theory can underestimate or overestimate the response in this case.

Bridge ModelDynamic Characteristics

Figures 3.15 (Run 12) and 3.18 (Run 13) show hystereops with unusual
shape. It is believed but not proven in this study that the shapes are due to instability
occurring in the bearings. For the purpose of calculating stiffness, the slope of a line
passing thru the points-B (as shown in Figure 3.15) islculated rather than the tip to
tip. Based on the design data for this type of bearing, the design stiffness is 1.29 kip/in.
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From the hysteresis curves for Run22nd Run 13, the calculated average stiffness was
0.64 kip/in. This is 50% smaller than tliesign value and is due to the observed
instability in the bearings as noted above. On the other hand, when the excitation was 1.0
sec harmonic motion (Run 21 and Run 22), the calculated bearing stiffnesses were 0.98
kip/in and 0.88 kip/in. The correspand hysteresis curves are shown in Figures 3.21 and
3.24 and they do not show the unusual shape observed in Figures 3.15 and 3.18 although
there are observable irregularities.

The computed equivalent damping ratios for Rur21#hd Run 13 are 22% and
20%, respectively. As observed in Type #3 bearings, when the excitation was 0.3 sec
harmonic motion, there is viscous damping present in the hysteresis curves. For runs with
1.0 sec harmonic motion, the computed damping ratios are 7%. The observation in Type
#3 bearings that damping is displacement dependent (i.e., the larger the displacement, the
smaller the damping ratio) does not hold true for Type #1 bearings. Note that the
response to 0.3 sec motion is higher than the response to 1.0 sec motion in Type #1
bearings. The reason is due to differ€gtvalues observed here. In Run-22and Run
13, Qq is equal to 0.30 kip while in Run 21 and Run @4,is equal to 0.10 kip. That is
why the computed damping ratio from Run22nd Run 13 is about three timesrthie
damping ratio in Run 21 and Run 22. The observed increase in apparent damping close to
instability may be due additional modes of deformation in the bearings (e.g. flexure and
warping of steel shims)

3.5 Bridge Response under Phased Harmonic Motions
3.5.1 Bridge Model Supported on Type #3 Bearings

Experiments with harmonic motions that are phased by 90° and 180° were
conducted to represent ground motion incoherency due to wave passage effects. The
bearing displacements, table displacements andrbgstecurves are shown in Figures
3.25 to 3.59 for Type #3 bearings. The maximum values of displacements at steady state,
the stiffnesses, the periods, and the damping ratio for each run are summarized in Table
3-3.

Achieved vs. Target Shake Table Dispéacent

As discussed in Section 3.4.1, the target displacement for 0.3 sec harmonic
motion at 1.5g is 1.32 in. Figures 3.25 and 3.28 show that the achieved table
displacements was only 1.18 in. for Run 15 (run in longitudinal direction). For Run 16
(run in transverse direction), the achieved table displacement was 1.17 in. as shown in
Figure 3.32. For 1.0 sec harmonic motions, the achieved table displacements were 0.27
in. as shown in Figures 3.44 and 3.748is is close enough to the target displacement of
0.29 in. Although the achieved values are lower than target, it is shown that the shake
tables are perfectly phased by 90° with each other.

For harmonic motions that are phased by 180°, the achieved table displacements
were 1.18 in. and 1.16 in. for lomgdinal (Run 18) and transverse (Run 19) runs as
shown in Figures 3.36 and 3.40, respectively. For the 1.0 sec harmonic motions, the
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achieved table displacements were 0.27 in. as shown in Figures 3.52 and 3.56. The
figures show that the shake tables ardqxrtly phased by 180° with each other.

Bearing Displacement

The bearing displacement for Run 15 (longitudinal run) was 1.25 in. as shown in
Figure 3.28. It also shows that bearing displacements are phased by 90° with each other.
In transverse run (Rub6), the bearing displacements were 1.46 in. at north end and 1.41
in. at south end as shown in Figure 3.32. Although relatively small, this difference in
displacements is due to torsional effects as mentioned before when excitation was applied
in transvese direction. Also, observe that the response to transverse excitation is about
15% higher than the response to longitudinal excitation. This is due to additional
flexibility offered by the superstructure in transverse direction.

In Run 24 (longitudinakun), south end displacement (2.35 in.) is about 18%
larger than the north end displacement (2.00 in.). This difference in displacement cannot
be attributed to torsional effects because excitation was applied in longitudinal direction.
Also, observe thabearing displacements are not phased by 90° but they-pleage as
shown in Figure 3.45. This is due to resonahgeeriod of harmonic motion is 1.0 sec
and the natural period of the structure is also about 1.0 sec as shown in-Bableis3is
also obsrved in Run 25 (transverse run) as shown in Figure 3.49 although the difference
in bearing displacement is smaller compared to that in Run 24.

Although the frequencyesponse spectrum curves were intended only for uniform
excitation, the response to 9pRased harmonic motion is plotted against these curves to
determine the extent of possible agreement. As shown in Figure 3.123, the points that
correspond to these cases (represented by squares in the figure) are positioned along the
frequencyresponse awes although some are slightly off the curve. Thus, the frequency
response curve can give a good estimate of the responsepb&@#d harmonic motions.

It is stated in Section 3.2 that when excitation is phased by 180°, bearing
displacements will eqlido table displacements. This is confirmed from the response to
longitudinal excitation as tabulated in Tabl8.3However, when the excitation is applied
in transverse direction, bearing displacements can be larger or smaller than table
displacements duéo torsional effects. Figures 3.37, 3.41, 3.53 and 3.57 show that
bearing displacements at north end and south end are phased by 180° with each other.

Bridge Model Dynamic Characteristics

The calculated bearing stiffnesses from runs with harmonidonstthat are
phased by 90° are about the same as those from uniform harmonic motions. The average
bearing stiffness from these runs is 1.81 kip/in.
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From runs with 0.3 sec harmonic motions that are phased by 180°, Run 18 and
Run 19 has 1.77 kip/in whidk approximately the same as the stiffness above. However,
in the case of 1.0 sec harmonic motions that are phased by 180°, Rurag2.49 kip/in
and Run 28 has 2.90 kip/in. These are about 40% to 60% higher than previous calculated
stiffnesses due tavsaller bearing displacements observed during these runs. The bearings
become stiffer at small displacements which indicatelmaarity.

The observation from uniform runs in bridge model supported on Type #3
bearings that damping is displacement depenhidealso true for phased motions with the
same type of bearings. The damping ratios from Runs 15, 16 18 and 19 are about 12%
while damping ratios from Runs 24 and 25 are 4%. The damping ratio from Runs 24 and
25 is smaller because of larger bearing @dispients.

In Runs 272 and 28, the damping ratio is expected to be higher than the damping
ratios in other runs because these runs have the smallest bearing displacements. However,
the calculated damping ratios are about 7%. This leads to the possiblasgan that
damping is not only displacement dependent but is also frequency dependent. Note that
the damping ratios when excitation is 0.3 sec harmonic motion are higher than the
damping ratios when excitation is 1.0 sec harmonic motion. When the dpearin
displacement becomes extremely small, displacement dependency is no longer valid but
the effect of excitation frequency on damping becomes more evident. In Type #1
bearings, displacement dependency is not valid due to bearing instability but it is shown
that damping ratios when excitation was 0.3 sec harmonic motion are higher than
damping ratios when excitation was 1.0 sec harmonic motion.

3.5.2 Bridge Model Supported on Type #1 Bearings

This section presents the experiment results from bridge mqo@bded on Type
#1 bearings subjected to phased harmonic motions. Displacement time histories and
hysteresis curves are shown in Figures 3.60 to 3.89. Maximum displacements, stiffnesses,
periods and damping are presented in Table 3

Achieved vs. Targebhake Table Displacement

As discussed in Section 3.4.2, target displacement for 0.3 sec harmonic motion at
1.6g is 1.41 in. and for 1.0 sec harmonic motion at 0.05g is 0.49 in. Achieved shake table
displacements for runs with 0.3 sec harmonic motion w&® ih. as shown in Table®
Time histories shown in Figures 3.62, 3.66, and 3.70 indicate that the tables are perfectly
phased by 90° with each other. Thus, there is good correlation between target and
achieved. The achieved shake table displacememuiferwith 1.0 sec harmonic motion
was 0.45 in. Although this is lower than the target displacement, the difference is
relatively small. Figures 3.74, 3.78, 3.82 and 3.86 show that the tables are perfectly
phased by 180° with each other.

Bearing Displacenents
The bearing displacement in Run 15 was 1.43 in. and in Run 16 it was 1.45 in.
Run 16 has excitation in transverse direction but the response was not affected by
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torsional effects because torsional period is far from period of excitation. The tbrsiona
period for Run 15 and Run 16 is 1.06 sec and period of excitation was 0.3 sec. As for
Type #3 bearings, the responses from Type #1 bearings subjected to harmonic motions
that are phased by 90° are also plotted against the frequesmmynse curves. As @hin

in Figure 3.123, the points (represented by circles) corresponding to response in Runs 15
and 16 are positioned along the frequeregponse curves. The points corresponding to
response in Run 24 is slightly off the curve but the agreement is conlsatkrguate. The

points corresponding to response in Run 25 can be seen above the fragspooge

curves. This run is in transverse direction and as shown in TaBlen8rth end
displacement is about 37% higher than displacement at south end. Alsee Bigl

shows that bearing displacements are phased by more than 90° with each other. These are
attributed to torsional effects since the calculated torsional period in Run 25 is 0.86 sec
which is close to the period of excitation of 1.0 sec. It was cdeduwn previous
observations that theory can underestimate or overestimate the response to transverse
excitation due to torsional effects.

It was shown that when the excitation is phased by 180°, bearing displacement is
equal to table displacement. This particularly true when excitation was applied in
longitudinal direction. Table-8 shows that the bearing displacements in Run 18 and Run
27 were equal to table displacements. These are runs in longitudinal direction. However
when excitation is applieith transverse direction, bearing displacement can be smaller or
larger than table displacement. As shown in Table Bearing displacement in Run 19
was about 7% higher than table displacement. Again, this is attributed to torsional effects.
The differene was much higher in Run 28. As shown in Tablg Bearing displacement
was about 900% higher than table displacement. The difference was much higher because
in this run the calculated torsional period is 1.0 sec which is exactly the same as the
period ofexcitation.

Bridge Model Dynamic Characteristics

For bridge model supported on Type #1 bearings and subjected to 0.3 sec phased
harmonic motions, the calculated average bearing stiffness was 0.59 kip/in. This is
approximately the same as the stiffneakuated when excitation was uniform 0.3 sec
harmonic motion. This is about 50% of the design stiffness and is due to instability in the
bearings as shown in Figures 3.61, 3.64, 3.65, 3.76, 3.77, 3.80, and 3.81. On the other
hand, when the excitation wdsO sec phased harmonic motion, the average calculated
stiffness was 0.98 kip/in. A higher bearing stiffness was calculated on these runs because
of smaller bearing displacement and there was no instability observed. An exception is
Run 28 where the excitan was 1.0 sec harmonic motion phased by 180°. The
calculated stiffness in this run was 0.65 kip/in and is due to very high bearing
displacement. Note that the bearing displacement during this run was about 4.0 in. which
is 133% higher than design beayidisplacement.

In Section 3.4.2 it was stated that displacement dependency of damping does not
apply for Type #1 bearings due to differ€p values and bearing instability. In Section
3.5.1 it was found out that not only the damping is displacemeridept but can also
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be dependent on the frequency of excitatiotne higher the excitation frequency, the
higher the damping ratio. Displacement dependency of damping does not apply for Type
#1 bearings as shown in Table23and 34 but it clearly showshat damping is
frequency dependent on this type of bearings. When excitation was 0.3 sec harmonic
motion, damping ratio is about 22%. When excitation was 1.0 sec harmonic motion,
damping ratio is about 7%. This is true on uniform and phased harmonimmofiaus,
depending on the type of bearings, damping can be displacement dependent or frequency
dependent.

3.6 Bridge Responsender Combined 0.3 sec and 1.0 sec Harmonic Motions

Combination of 0.3 sec and 1.0 sec harmonic motions was assumed to tepresen
ground motion incoherency due to local site effects. The 0.3 sec harmonic motion will
represent rock ground motion while the 1.0 sec harmonic motion will represent soft soll
ground motion. Both harmonic motions have acceleration amplitude of 0.03g sihgn u
Type #3 bearings and 0.05g when using Type #1 bearings. Shake Table 1 (north end) will
have 0.3 sec harmonic motion while Shake Table 3 (south end) will have 1.0 sec
harmonic motion.

3.6.1 Bridge Model Supported on Type #3 Bearings

For bridge modesupported on Type #3 bearings, the achieved shake table
displacement at north end was 0.03 in. and at south end it was 0.27 in. These are very
close to the target displacements which are 0.03 in. and 0.29 in. at north end and south
end, respectively. Ska table displacement time histories are shown in Figure 3.116a.

Bearing displacements at north end and south end are shown in Figure 3.116b.
Bearing displacement at north end was 0.64 in. and at south end it was 0.39 in.
Apparently, these bearing displaments do not correlate with frequesiegponse curves.

The ratio ug/umax at north end is about 21.0 and far exceeds the frequespgnse
curves. Thus, the conventional frequemegponse curves discussed in Section 3.3 does
not apply when ground motiaa combination of 0.3 sec and 1.0 sec harmonic motions.

The calculated bearing stiffness was 2.41 kip/in. This is about 30% higher than
bearing stiffness calculated in the uniform harmonic motions runs and is due to small
bearing displacements. The adbted damping ratio was 5% which is approximately
equal to the damping ratios calculated when the excitation was uniform and phased 1.0
sec harmonic motions. Hysteresis curves for this run are shown in Figure 3.117.

3.6.2 Bridge Model Supported on Typé& Bearings

For the run using Type #1 bearings, achieved shake table displacement at north
end was 0.04 in. and at north end it was 0.45 in. These are very close to the target
displacements which are 0.04 in. at north end and 0.49 in. at south end. &itakene
histories are shown in Figure 3.118a.
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The bearing displacement at north end during this run was 0.31 in. and at south
end it was 0.70 in. If plotted against the frequeresponse curves, these are also way off
the curves. Bearing displacemeime histories at north end and south end is shown in
Figure 3.118b.

The calculated bearing stiffness during this run was 1.10 kip/in. This is 10% to
90% higher than stiffness calculated during uniform and phased harmonic motions and is
due to smaller king displacements. The calculated damping ratio was 11%. Hysteresis
curve is shown in Figure 3.119.

3.7Bridge Response under Biaxial Harmonic Motions
3.7.1 Bridge Model Supported on Type #3 Bearings

Displacement time histories and hysteresis curvaes foridge model supported
on Type #3 bearings and subjected to biaxial harmonic motions are shown in Figures
3.90 to 3.97. Maximum displacements, stiffnesses, and damping ratios are tabulated in
Table 35.

Achieved vs. Target Shake Table Displacements

The achieved shake table displacements for uniform and phased 0.3 sec harmonic
motions applied in biaxial direction was 0.82 in. as shown in Tafle This is about
40% smaller than the target displacement which is 1.32 in. This was due to high
frequency ofinput motion and the fact that it was applied in biaxial directions. In the 1.0
sec harmonic motions, the achieved shake table displacement was 0.27 in. This is very
close to the target table displacement of 0.29 in. The good correlation between t@rget an
achieved was due to longer period of harmonic motion.

Bearing Displacements

Like in uniform harmonic motions applied in one direction only, the response to
uniform biaxial harmonic motion is plotted against the frequaesponse curves shown
in Figure3.124. It is shown that even when the harmonic motion was applied in biaxial
directions, the frequenergsponse curves give good estimate of experimental results. It is
seen that the points corresponding to the response to uniform biaxial harmonic motions
(represented by circles in the figure) are positioned along the frequency response curve.

Also, the responses to harmonic motions that are phased by 90° are plotted
against the frequenagsponse curves as shown in Figure 3.124. The responses are
repregnted by squares in the figure. Like the observation when the 90° phased harmonic
motion was applied in one direction, there is good correlation between the experimental
results and the frequencgsponse curves. Note that these frequeasgonse curvesea
actually intended for uniform motions only. But in this study, they are also used to see if
they can estimate the response to 90° phased harmonic motions with sufficient accuracy.
In the figure, the points that are slightly off the curves are the lgedigplacements in
transverse direction.
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It was stated in previous sections that when harmonic motions were phased by
180°, bearing displacements are equal to shake table displacements particularly in
longitudinal direction. This is also true for harmomotions applied in biaxial direction.

It is shown in Table % that bearing displacements in longitudinal direction are equal to
shake table displacements. In transverse direction, TaldesBows that bearing
displacements can be larger or smaller thiaake table displacements and is attributed to
torsional effects.

Bridge Model Dynamic Characteristics

The calculated bearing stiffnesses from runs with excitation in biaxial direction
ranges from 1.78 kip/in to 2.49 kip/in. These are the same asiffthesstes calculated
when excitation was applied in one direction only. The higher bearing stiffness (2.49
kip/in) was calculated in Run 29 and was due to small bearing displacements. Also, the
damping ratios are approximately the same as damping ratigsubed when excitation
was applied in one direction only. Damping ratios ranges from 3% to 11%.

3.7.2 Bridge Model Supported on Type #1 Bearings

Time histories and hysteresis curves for bridge model supported with Type #1
bearings subjected to biaxial rh@onic motions are shown in Figures 3.98 to 3.115.
Summary of results including calculated stiffness, period and damping for each run are
shown in Table &.

Achieved vs. Target Shake Table Displacement

There was good correlation between achieved andettaishake table
displacements during the biaxial runs on bridge model supported with Type #1 bearings.
In 0.3 sec harmonic motions, the achieved shake table displacement was 1.40 in. in
longitudinal direction and 1.36 in. in transverse direction. The ttatigplacement for
these runs was 1.41 in. in both directions. In 1.0 sec harmonic motions, the achieved
shake table displacement was 0.45 in. in both directions. This is very close to the target
displacement of 0.49 in.

Bearing Displacement

The responsef Type #1 bearings to biaxial uniform and 90° phased harmonic
motions are also plotted against frequenesponse curves as shown in Figure 3.125. For
0.3 sec harmonic motions, experimental results show good agreement with frequency
response curves asetipoints (represented by circles for uniform motion and squares for
harmonic motions that are phased by 90° in the figure) corresponding to the response are
along the curve. For 1.0 sec harmonic motions, the points corresponding to bearing
displacements iongitudinal direction are positioned along the curve. However, the
points corresponding to bearing displacements in transverse direction do not lie on the
curves. These are the points that are above and below the fregqaspoyse curves.
This is consient with previous observation that transverse response is affected by
torsional mode of the bridge model.
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For 0.3 sec harmonic motion phased by 180°, bearing displacement in
longitudinal direction was equal to table displacement. This is in good agreearitle
theory. The transverse bearing displacement was 5% to 10% larger than table
displacement.

For 1.0 sec harmonic motion phased by 180°, difference in longitudinal bearing
displacement and table displacement ranges from 5% to 40%. In transvecsiergire
bearing displacement go as high as eight times larger than table displacement. In this run,
torsional period was 1.04 sec which is very close to excitation period thus torsional
effects are very significant. Note that because the torsional perisdverg close to
period of excitation, not only the transverse response was affected but also the
longitudinal response.

Bridge Model Dynamic Characteristics

The computed stiffness and damping ratios during the biaxial runs were
approximately the same #wse during longitudinal runs and transverse runs. This is due
to the fact that bearing displacements during these runs are approximately the same.

3.8 Summary

The response of the bridge model to uniform and incoherent harmonic ground
motions has beerrg@sented in this Chapter. The uniform motions consisted of 0.3 sec and
1.0 sec harmonic motions. Incoherent motions consisted of harmonic motions phased by
90° and 180°. The other incoherent motion used was combined 0.3 sec and 1.0 sec
harmonic motion. Thee harmonic motions were applied in longitudinal, transverse and
biaxial directions. Included in this Chapter are the theoretical freqtre@sppnse curves
which are used to compare experiment results with theory.

In the uniform motion input, experimehteesults show good agreement with
theory specially when considering response in longitudinal direction. It was shown that
bearing displacements in longitudinal direction were well predicted by the frequency
response curves. When considering responseais\erse direction, it was shown that
theory can underestimate or overestimate the response due to torsional effects. Torsional
effects were particularly significant when period of excitation was close to torsional
period.

Although intended only for urskm motions, the frequenagsponse curves were
also compared with the response to 90° phased harmonic motion. It is shown that
frequencyresponse curves can give a good estimate of the response in longitudinal
direction. As in uniform motions, transvergesponse can be underestimated or
overestimated by these curves. The phased harmonic motions further increase the
torsional effects when applied in transverse direction.

Theory indicates that when harmonic ground motions are phased by 180°, the

bearing @splacement is equal to table displacement because the effective earthquake
force becomes zero. Experimental results show that this is particularly true when
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excitation is in longitudinal direction. When excitation is applied in transverse direction,
bearng displacement can be larger or smaller than table displacement due to torsional
effects. Experiment results show that when period of excitation is very close to torsional
period, bearing displacement can become as high as nine times the table displacemen

Local site effects were studied using the combined 0.3 sec and 1.0 sec harmonic
motions. Frequenegesponse curves were again used to determine if they can give a
reasonable estimate of the response. It was shown that these curves significantly
unders t i mate the response. Thus, Newmar kos

m

predict the experimental resul ts. Newmar ko

harmonic motion is discussed in Chapter 5.

Hysteresis curves obtained from experiment Itesshow that damping can be
displacement dependent or frequency dependent. When isolation bearings remain elastic
like in most of the cases in Type #3 bearings, damping is shown to be displacement
dependent. As displacement increases, damping ratio desrédowever, this is not true
when bearing displacements becomes relatively small like in Ridhd@wW Run 28 as
shown in Table 3. In this case, the frequency dependency of damping becomes
applicable. Experimental results show that when excitation wasséc harmonic
motions, damping ratios are about 12% and when excitation was 1.0 sec harmonic
motions, damping ratios are about 5%. The higher the frequency of excitation, the higher
the damping ratio becomes.

In Type #1 bearings, displacement depengearialamping does not hold true due
different Qq values and possible instability occurring in the bearings. As in Type #3
bearings, when displacement dependency of damping does not apply, frequency
dependency of damping holds true. Experimental results #ghat when excitation was
0.3 sec harmonic motions, damping ratios are about 22% and when excitation was 1.0 sec
harmonic motions, damping ratios are about 7%. The observed increase in apparent
damping close to instability may be due to additional modleef@rmation (e.g. flexure
and warping of steel shims).

23



Chapter 4: Experimental Results for Bridge Model under
Coherent and Incoherent Motions

4.1 Introduction

This chapter presents the experimental results of the bridge model subgected t
coherent and incoherent ground motions. The uniform motions consist of rock, stiff and
soft soil ground motions. The incoherent motions consist of combined rock and stiff saill,
combined rock and soft soil, and combined stiff and soft soil ground mo8bake table
accelerations and displacements, bearing displacements, stiffnesses, periods, and
damping ratios are presented. Time history and response spectra are used to compare
target and achieved shake table acceleration. To determine the effect loér@mto
motion, responses to incoherent motions are compared with the responses to uniform
motions. Spectral displacements that are used to compare the bearing displacements from
uniform ground motions are included in this chapter.

4.2 Bridge Response unddJniform Ground Motions

This section presents the experiment results from bridge model supported on Type
#3 and Type #1 bearings and subjected to uniform ground motions. Discussion of results
is divided into: target and achieved shake table acceleratimhslisplacements, bearing
displacements, bearing stiffnesses and damping ratios

4.2.1 Bridge Model Supported on Type #3 Bearings

The summary of shake table and bearing displacements are shown in Fables 4
4-3 and 45 for Loma Prieta, Landers and NoPalm Springs, respectively. The bearing
stiffnesses, periods and damping ratios are shown in Talle49 and 411.

Target vs. Achieved Shake Table Accelerations and Displacements

As mentioned in previous chapter, there is always some discrepahogen
target and achieved shake table accelerations and displacements. Time histories and
response spectra are used to compare target and achieved shake table accelerations. The
target response spectra are derived from scaled earthquake records. Tfecturaléor
each set of earthquake records are given in Appendix 2. Achieved response spectra are
from filtered achieved shake table accelerations. Data Utility V2.0 (Laplace, 2005) was
used to filter the accelerations. Shake table accelerations neededittered to match
the shake table displacements after double integration. Spectral displacements which are
used here to compare bearing displacements are also derived from achieved shake table
accelerations.

Table 41 shows the achieved shake tabkpthcements for uniform Loma Prieta
runs. For Runs 62 and 63, the easst component of Loma Prieta was the input motion.
For Runs 64 and 65, the input motion was the reotith component. It is to be noted
that, as discussed in Chapter 2, @asst conponent is the major component of Loma
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Prieta ground motion because the acceleration in this direction is higher than that in
north-south component. Nortkouth component is referred to as the minor component.
Also, note that in biaxial runs the applied gnd motion in transverse direction was the
minor component. A similar procedure was also applied in Landers and North Palm
Springs runs.

Time history comparisons of target and achieved shake table accelerations are
shown in Figures 4.31, 4.39, and 4.4 fock, stiff and soft soil ground motions,
respectively. Response spectra comparisons are shown in Figures 4.1 to 4.4. It is shown
from these figures that there is good correlation between target and achieved shake table
accelerations. The difference peak values shown in time history comparisons may be
attributed to filtering of accelerations which was done by the shake table control
software.

Table 43 shows the achieved shake table displacements for uniform Landers
runs. Time history comparisonseashown in Figures 4.61, 4.69 and 4.77 for rock, stiff
and soft soil ground motions, respectively. Due to high frequency content of Landers
ground motions, it is difficult to see the difference between target and achieved shake
table accelerations from terhistory comparisons. Thus, instead of time history, response
spectra will be used as comparison. Response spectra comparisons shown in Figures 4.5
to 4.8 show that there is good correlation although for soft soil ground motions, achieved
is lower than teget at periods longer than 1.0 sec. This may be due to filtering of the
accelerations. In analytical investigations, the achieved shake table accelerations and
displacements will be used.

Also, in uniform North Palm Springs runs, it was shown that taagd achieved
shake table accelerations compare well. Tablke ghows the achieved shake table
displacements. Time history comparisons are shown in Figures 4.91, 4.99, and 4.107 for
rock, stiff and soft soil ground motions, respectively. Response smettrparisons are
shown in Figures 4.9 to 4.12.

Bearing Displacements

The bearing displacements for uniform Loma Prieta runs are tabulated in Table 4
1. For longitudinal runs, the maximum bearing displacements were 0.99 in., 1.03 in., and
1.33 in. when extations were rock, stiff and soft soil ground motions. The
corresponding bearing displacement time histories are shown in Figures 4.33, 4.41 and
4.49. When excitation was applied in transverse direction, there was 10% difference
between north end and sbugénd bearing displacements. This is attributed to torsional
effects as discussed in previous chapter. Time histories are shown in Figures 4.35, 4.43
and 4.51. It is shown that although there is an apparent difference in peak displacements,
the north and auth ends were perfectly -phase with each other. These bearing
displacements are compared with spectral displacements as shown in Figure 4.13.
Although some points are off the spectral displacement curves, it can be considered to be
good correlation. Theiscrepancy may be attributed to the calculated bearing stiffness,
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period and damping ratio. Note that the bearing stiffness and damping ratios tabulated in
Table 47 are average values.

The bearing displacements for uniform Landers runs are showrbla #8. The
maximum bearing displacements for longitudinal runs were 0.74 in., 0.81 in. and 1.22 in.
when applied ground motions were from rock, stiff and soft soil, respectively. The
corresponding bearing displacement time histories are shown in Figé&s4.71 and
4.79. Similar to observations for Loma Prieta, when excitation was applied in transverse
direction, there is 10% difference between north end and south end displacements.
Bearing displacements from transverse runs are shown in FiguresA4/85and 4.81.

Also, it is shown in Figure 4.14 that there is good correlation between bearing
displacements and spectral displacements.

Similar observations were also observed in North Palm Springs runs. The
maximum bearing displacements are tabulatedable 45. The bearing displacement
time histories are shown in Figures 4.93, 4.101 and 4.109 when excitations were rock,
stiff and soft soil ground motions, respectively, and applied in longitudinal direction. For
ground motions applied in transverseedtion, the resulting bearing displacements are
shown in Figures 4.95, 4.403 and 4.111. Comparison of bearing displacements and
spectral displacements are shown in Figure 4.15.

Bridge Model Dynamic Characteristics

The bearing stiffnesses and dampindosatvere calculated using the equations
given in Chapter 3. The average calculated bearing stiffness was about 2.30 kip/in. This
corresponds to a period of the bridge model equal to 0.92 sec. The average calculated
damping ratio was about 6%. Tables/,449 and 411 show the calculated bearing
stiffnesses, periods and damping ratios from Loma Prieta, Landers and North Palm
Springs runs, respectively. In analytical investigations, these parameters will be used.

4.2.2 Bridge Model Supported on Type #1 Bewys

The summary of shake table and bearing displacements are tabulated in Tables 4
13, 415 and 417 for Loma Prieta, Landers and North Palm Springs runs, respectively.
The bearing stiffnesses, periods and damping ratios for each run are tabulatect$n Tabl
4-19, 421 and 423.

Target vs. Achieved Shake Table Accelerations and Displacements

The same set of runs used for the bridge model supported on Type #3 bearings
were also used when the supports were Type #1 bearings. Similar to Section 4.2.1, time
histories and response spectra are used to compare target and achieved shake table
accelerations.

It can be observed that the achieved shake table displacements shown in Table 4
13 are almost equal to that in Tabld 4This is because for Loma Prieta rutiee ground
motion scale factor for Type #1 bearings was 0.62 and for Type #3 bearings it was 0.60
as discussed in Chapter 2. For Landers runs, ground motion scale factor was 0.25 for both
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types of bearings and is the reason why the shake table disptaseshewn in Tables-4

3 and 415 are equal. In North Palm Springs runs, shake table displacements shown in
Table 417 are smaller than that in Table54because ground motion scale factor for
Type #1 bearings was 0.67 while for Type #3 bearings it was 0.87

Response spectra comparisons shown in Figures 4.16 to 4.27 show good
correlation between target and achieved shake table accelerations. Figures 4.121, 4.129
and 4.137 show the time history comparisons of target and achieved shake table
accelerations foLoma Prieta in rock, stiff and soft soil, respectively. For Landers runs,
the time history comparisons are shown in Figures 4.151, 4.159 and 4.167. For North
Palm Springs, time history comparisons are shown in Figures 4.181, 4.189 and 4.197.

Bearing Digplacements

The bearing displacements for the Loma Prieta runs are tabulated in T&blé 4
shows that the response to longitudinal runs were 0.74 in., 0.78 in. and 0.81 in. when the
applied ground motions were from rock, stiff and soft soil, respégtivEhe
corresponding time histories are shown in Figures 4.123, 4.131 and 4.139, respectively.
Similar to observations in Type #3 bearings, when the ground motion is applied in
transverse direction, there is 10% difference between north and south dadedismts.
Comparison with spectral displacements shown in Figure 4.28 shows that bearing
displacements are higher when the applied ground motions were from rock and stiff soil.
However, the discrepancies are relatively small and can be considered teglibd
bearing displacements from soft soil ground motions show good correlation with spectral
displacements.

In the Landers runs, the bearing displacements from longitudinal runs were 0.51
in., 0.55 in. and 0.64 in. as shown in Tabl&5! The correspaling bearing displacement
time histories are shown in Figures 4.153, 4.161 and 4.169 when the excitations were
rock, stiff and soft soil ground motions, respectively. When the ground motions were
applied in transverse direction, the difference betweeth rmord south end displacements
is about 20%. This is higher than the 10% difference observed in previous runs. This may
be attributed to higher participation of torsional mode for this ground motion. The time
histories are shown in Figures 4.156, 4.163 dnti72. Comparison with spectral
displacement shows good correlation with bearing displacements as shown in Figure
4.29.

In North Palm Springs runs, the bearing displacements are shown in Table 4
For longitudinal runs, the maximum bearing displacesevere 0.61 in., 0.66 in. and
0.98 in. when applied ground motions were from rock, stiff and soft soil, respectively.
The corresponding time histories are shown in Figures 4.183, 4.191 and 4.199,
respectively. Similar to previous observations, there muali0% difference between
north and south end displacements when ground motions were applied in transverse
direction. Time histories are shown in Figures 4.185, 4.193 and 4.201. Comparison of
bearing displacements and spectral displacements shows goethtcmn as shown in
Figure 4.30.
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Bridge Model Dynamic Characteristics

The average calculated bearing stiffness was about 1.0 kip/in corresponding to a
period of 1.40 sec. The average calculated damping ratio was about 7%.-TLabkk21
and 423 showthe calculated bearing stiffnesses, periods and damping ratios from Loma
Prieta, Landers and North Palm Springs runs, respectively. In analytical investigations,
these parameters will be used.

4.3 Bridge Response under Incoherent Ground Motion: Rock and tBf Soil
Conditions

In incoherent cases, three runs were conducted with the north end on rock and the
south end on stiff soil. Each is applied in longitudinal, transverse and biaxial directions.
Also, three runs were conducted with the north end on siffand the south end on
rock. Discussion is divided into two subsectidnbridge model supported on Type #3
bearings and bridge model supported on Type #1 bearings. The scale factors used in
uniform ground motions were also used here. Thus, the samke &hble displacements
observed in coherent runs were also observed here. In addition, the same bearing
stiffnesses and damping ratios observed in coherent runs were also observed here.
Therefore, only the bearing displacements will be discussed inlibeifgy sections.

4.3.1 Bridge Model Supported on Type #3 Bearings
Summary of shake table and bearing displacements are presented Tables 4
and 46 for Loma Prieta, Landers and North Palm Springs runs, respectively. Bearing
stiffness, period and daping ratio for each run are summarized in Tabl&s 440 and
4-12.

Loma Prieta

Maximum longitudinal bearing displacements were 1.01 in. as shown in Figures
4.55 and 4.56. This is also true for the longitudinal bearing displacements from biaxial
runs These peak values are very close to the response to coherent rock and stiff sall
ground motions. This result may be explained by observing that the spectral
displacements for Loma Prieta for rock and stiff soil are almost the same as shown in
Figure 4.131t can also be observed that the 1.01 in. bearing displacement is the average
of the responses to coherent rock and stiff soil ground motions. Bearing displacements
were 0.99 in. from coherent rock ground motions and 1.03 from coherent stiff soil ground
motions

In incoherent transverse runs, bearing displacement was 0.92 in. at north end and
1.02 in. at south end. This is consistent with previous observations that there is 10%
difference between north and south end displacement when ground motiopgliackia
transverse direction. Also, similar to the above observation for longitudinal response,
transverse displacements are the average of responses to coherent rock and stiff soill
ground motions.
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Landers

Maximum longitudinal bearing displacements ebout 0.77 in. as shown in
Figures 4.85 and 4.86. This is also true for the longitudinal bearing displacements from
biaxial runs. Again, this is the average of the responses to coherent rock and stiff soil
ground motions. Bearing displacements were tih7dnd 0.81 in. from coherent rock and
stiff soil ground motions, respectively.

In incoherent transverse runs, the average bearing displacement was 0.69 at north
end and 0.77 in. at south end. These displacements are also the average of the responses
to coherent rock and stiff soil ground motions applied in transverse direction.

North Palm Springs

Although there was 3% to 7% difference between end displacements, the average
longitudinal bearing displacements were about 0.81 in. Time histories are shown
Figures 4.205 and 4.206. From coherent rock ground motions, the average response was
0.78 in. From coherent stiff soil ground motions, the average response was 0.87 in. Thus,
the response to combined rock and stiff soil ground motions was about thgeawéthe
responses to coherent ground motions.

In incoherent transverse runs, bearing displacement from Run 132 (north end is
on rock and south end is on stiff soil) was 0.71 in. at north end and 0.84 in. at south end.
Bearing displacements from RuB3.(north end is on stiff soil and south end is on rock)
was 0.78 in. at both ends. This is not observed in previous transverse runs. However,
average of the responses from these runs yield 0.75 in. at north end and 0.81 in. at south
end. These values aesactly the average of the responses to coherent rock and stiff soil
ground motions tabulated in Tableb4Thus, the observation that averaging the response
to coherent ground motions to estimate the response to incoherent ground motions still
holds truein these cases.

4.3.2 Bridge Model Supported on Type #1 Bearings
Summary of shake table and bearing displacements are presented Thbleks 4
16 and 418 for Loma Prieta, Landers and North Palm Springs runs, respectively. Bearing
stiffness, period andainping ratio for each run are summarized in Tabi26,4422 and
4-24.

Loma Prieta

The average longitudinal bearing displacements were about 0.77 in. as shown in
Figures 4.145 and 4.146. In incoherent transverse run, the bearing displacement was 0.67
in. at north end and 0.73 in. at south end. Again, these are the average of the responses to
coherent rock and stiff soil ground motion tabulated in Tal8.4

Landers

The average longitudinal bearing displacements were about 0.52 in. as shown in
Figures4.175 and 4.176. In incoherent transverse runs, the average of the bearing
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displacements at north end was 0.48 in. and at south end it was 0.58 in. These are also the
average of responses to coherent rock and stiff soil ground motions tabulated in-Table 4
15.

North Palm Springs

The average longitudinal bearing displacements were about 0.63 in. as shown in
Figures 4.205 and 4.206. In incoherent transverse runs, the average of the bearing
displacements at north end was 0.55 in. and at south end it wais.0lé2se are about
the average of the responses to coherent rock and stiff soil ground motions tabulated in
Table 417.

4.4 Bridge Response under Incoherent Ground Motion: Rock and Soft Soil
Conditions

Six runs were also conducted with combined roct swift soil ground motions.
Three runs were with north end is on rock and south end is on soft soil. The other three
runs were with north end is on soft soil and south end is on rock. Only bearing
displacements are discussed in the following sections.

4.4.1 Bridge Model Supported on Type #3 Bearings

Summary of shake table and bearing displacements are presented in T3bles 4
4 and 46 for Loma Prieta, Landers and North Palm Springs runs, respectively. Bearing
stiffnesses, periods and damping ratiosstui@vn in Tables-8, 440 and 412.

Loma Prieta

Maximum longitudinal bearing displacements were about 1.15 in. as shown in
Figures 4.57 and 4.58. This is the average of the responses to coherent rock and soft soil
ground motions tabulated in Tablel4

In incoherent transverse runs, bearing displacement from Run 80 (north end is on
rock and south end is on soft soil) was 1.08 in. at north end and 1.30 in. at south end. In
Run 83 (north end is on soft soil and south end is on rock), the bearing dispidceas
about 1.20 in. at both ends. Evaluation of the responses to coherent rock and soft soil
ground motions show that the average bearing displacement is 1.06 in. at north end and
1.17 at south end. Thus, the method of averaging the response frorentagreund
motions to estimate the response to incoherent ground motion does not hold true in this
case. This is attributed to torsional effects which are further increased by differential
support motions. Therefore, the observation that the responseottenent motion may
be estimated by averaging the responses to coherent motions may not apply in transverse
excitations due to torsional effects.

Landers

Longitudinal bearing displacements were about 0.98 in. as shown in Figures 4.87
and 4.88. This is th average of the responses to coherent rock and soft soil ground
motions tabulated in Table3t
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In incoherent transverse runs, the average of maximum bearing displacements
was 1.05 in. at north end and 1.12 in. at south end. The average of the responses
coherent rock and soft soil ground motions are 0.88 in. at north end and 0.99 in. at south
end. Similar to above observations in Loma Prieta for incoherent transverse runs,
averaging the responses to coherent motions to estimate the response tcembcoher
motion does not hold true in incoherent transverse Landers runs.

North Palm Springs

In Run 137 (north end is on rock and south end is on soft soil) the maximum
bearing displacements were 0.84 in. at north end and 1.12 in at south end as shown in
Figure 4.117 and Table-@. In Run 140 (north end is on soft soil and south end is on
rock), the maximum bearing displacements were 1.06 in. at north end and 0.87 in. at
south end as shown in Figure 4.118. The higher bearing displacement occurs at the
supportsitting on soft soil. Evaluation of the responses to coherent rock and soft soil
ground motions show that these are not the average of the responses to coherent motions.
Note that Runs 137 and 140 are longitudinal runs. It was shown in Loma Prieta and
Landers cases above that averaging the responses to coherent motions to estimate the
response to incoherent motion does not apply in transverse excitations due to torsional
effects. However, here in North Palm Springs cases, this is not also valid in lamagjitudi
excitation due to reason discussed below. Apparently, coherent soft soil ground motion
gives higher bearing displacements than incoherent ground motion.

Figures 4.211 to 4.216 show the comparison of shake table displacements at north
and south end aen excitations were combined rock and soft soil ground motions. Loma
Prieta and Landers cases show that there is no large difference in amplitude and phase of
rock and soft soil ground motions. However in North Palm Springs cases, figures show
that theres large phasing and amplitude difference between support ground motions. It
was shown that averaging the responses to coherent motions to estimate the response to
incoherent motion holds true in incoherent Loma Prieta and Landers runs but not in North
Paim Springs runs. Therefore, this average observation applies only when there is no
large phasing and amplitude difference between support ground motions. Additionally, it
can be inferred from the figures that amplification of ground motion from rock teabft
may be also dependent on the characteristics of the earthquake record.

In incoherent transverse runs, bearing displacement from Run 138 (north end is
on rock and south end is on soft soil) was 1.13 in. at north end and 1.80 in. at south end.
In Run141 (north end is on soft soil and south end is on rock), bearing displacement was
1.87 in. at north end and 1.25 in. at south end. Similar to above observations for
longitudinal runs, higher bearing displacement occurs at support sitting on soft soil and
average observation does not hold true. However, the response to incoherent ground
motion is about 40% higher than the response to coherent soft soil ground motion.
Therefore, incoherent ground motion might give higher bearing displacements than
coherentmotions when excitation is applied in transverse direction due to torsional
effects.
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4.4.2 Bridge Model Supported on Type #1 Bearings

Summary of shake table and bearing displacements are presented in Thhles 4
4-16 and 418 for Loma Prieta, Landers @riNorth Palm Springs runs, respectively.
Bearing stiffness, period and damping ratio for each run are summarized in T20les 4
4-22 and 424.

Loma Prieta

Although there were 4% to 9% difference on longitudinal bearing displacements
at both ends, this ifference can be considered small and the average bearing
displacement can be taken as 0.79 in. Evaluation of the responses to coherent rock and
soft soil ground motions in Table¥8 shows that the average of the responses is 0.78 in.
Thus, the average sbrvation holds true in incoherent Loma Prieta (rock and soft soil
ground motions) applied in longitudinal direction and with Type #1 bearings.

In incoherent transverse runs, average bearing displacements were 0.61 in. at
support sitting on rock and 0.89. at support sitting on soft soil. From Tabld 3, the
average of the responses to coherent rock and soft soil ground motion is about 0.71in.
Again, average observation does not apply due to torsional effects. Also, incoherent
ground motion gives theitical response compared to coherent soft soil ground motion.

Landers

Longitudinal bearing displacements were about 0.57 in. as shown in T4ble 4
and Figures 4.177 and 4.178. From TablEs4 the average of the responses to coherent
rock and soft soiground motions is also 0.57 in. Thus, average observation is valid in
longitudinal response of incoherent Landers runs.

In incoherent transverse runs, bearing displacements from Run 109 (north end is
on rock and south end is on soft soil) were 0.5&tmorth end and 0.74 in. at south end.
In Run 112 (north end is on soft soil and south end is on rock), bearing displacement was
0.76 in. at both ends. The average of the responses to rock and soft soil ground motions
shown in Table 45 are 0.53 in. atarth end and 0.62 in. at south end. Thus, average
observation does not hold true. Also, incoherent ground motion gives the critical response
compared to coherent soft soil ground motion.

North Palm Springs

Longitudinal bearing displacements were abo&90n. at supports sitting on rock
and 0.95 in. at supports sitting on soft soil as shown in Figures 4.207 and 4.208. The
average of the responses to coherent rock and stiff soil ground motions is about 0.80 in.
Similar to previous observation in North RaSprings runs, the average observation does
not apply even though the bearing displacement considered is in longitudinal direction.
Also, coherent soft soil ground motion gives the critical response compared to combined
rock and soft soil ground motion.
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In incoherent transverse runs, bearing displacements from Run 138 (north end is
on rock and south end is on soft soil) were 0.49 in. at north end and 0.97 in. at south end.
In Run 141 (north end is on soft soil and south end is on rock), bearing dispidsem
were 0.89 in. at north end and 0.61 in. at south end. The average of the responses to
coherent rock and soft soil are 0.69 in. at north end and 0.78 in. at south end. Again,
average observation does not hold true.

4.5 Bridge Response under IncoherentGround Motion: Stiff and Soft Soil
Conditions

The responses to combined stiff and soft soil ground motions is similar to the
responses to combined rock and soft soil ground motions as shown in T-ablég 44
6, 414, 416 and 418. This is becausesamentioned before, rock ground motion is
almost the same as stiff soil ground motions as observed in Figures 4.13, 4.14, 4.15, 4.28,
4.29 and 4.30.

4.6 Summary

The bridge response to coherent and incoherent ground motions are presented in
this Chapter.Records were from Loma Prieta, Landers and North Palm Springs
earthquake. Coherent motions consist of rock, stiff and soft soil ground motions.
Incoherent motions consist of the combinations of these three ground motions. These
motions were applied in loitgdinal, transverse and biaxial directions. Included in this
Chapter are acceleration time histories and response spectra which are used to compare
target and achieved shake table accelerations. In uniform motions, spectral displacements
were compared whitbearing displacements. Response to incoherent ground motions were
compared with response to uniform ground motions.

Time history and response spectra comparison shows good agreement between
target and achieved shake table accelerations. Spectralcdis@at curves show that
rock and stiff soil ground motions are almost similar.

In uniform motions, longitudinal bearing displacements show good agreement
with spectral displacements. When considering response in transverse direction,
experiment resultsh®w that there is about 10% difference between north and south end
displacements due torsional effects.

In incoherent motions using the combined rock and stiff soil ground motions,
experiment results show that the responses were the average of theesgparoherent
rock and stiff soil ground motions. This is true for responses in both the longitudinal and
transverse directions.

In combined rock and soft soil ground motions, considering the Loma Prieta and
Landers cases, the experimental results ghatongitudinal responses were the average
of the responses to coherent rock and soft soil ground motions. However, this average
observation does not apply for North Palm Springs cases. It was found out that average
observation applies only when there mo large phasing and amplitude difference
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between support ground motions. It was shown that in North Palm Springs cases there is
large phasing and amplitude difference between rock and soft soil ground motions. When
considering transverse response, ayerabservation is less applicable due to the large
difference between support ground motions and torsional effects.

The responses to combined stiff and soft soil ground motions are similar to the
responses to combined rock and soft soil ground motiohs i§ because the rock
ground motions are almost the same as stiff soil ground motions.

In cases where average observation does not apply, incoherent ground motion
may or may not give the higher bearing displacements compared to coherent motions
dependng on the support motions and system flexibility. In Type #3 bearings, coherent
soft soil ground motion gave higher bearing displacements in Loma Prieta and Landers
cases. In Loma Prieta and Landers cases, the average observation does not hold true in
incoherent transverse runs only. In North Palm Springs cases, coherent soft soil ground
motion gave the higher bearing displacement when considering longitudinal runs while it
was the incoherent motion that gave higher bearing displacement when considering
transverse runs. Note that average observation does not hold true for both the incoherent
longitudinal and transverse runs in North Palm Springs cases. In Type #1 bearings,
incoherent ground motions gave the higher bearing displacements in Loma Prieta and
Landers cases while in North Palm Springs cases it was the coherent soft soil ground
motion that gave the higher bearing displacements. In general, effect of incoherent
ground motion should be carefully evaluated when applied in transverse direction and
whenthere is large difference between the support motions.

Chapter 5: Analytical Study of Bridge Model under Harmonic
Ground Motions

5.1 Introduction

This chapter presents the results of the analytical investigation of bridge model
subjected to unifan and incoherent harmonic ground motions. Theoretical results using
Newmar kds met hod ar e ¢ omp arDegpectaurg plotsnaset exp
generated to compare the effect of incoherent harmonic ground motion to coherent
harmonic ground motion. Ithese 3D spectrum plots, two cases are studied: constant
acceleration and constant displacement inputs. Combinations of structure periods and
periods of ground motion that give critical displacements are determined.

5.2 Newmarkds Analysis
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Ne wma r khodsis useel to determine the theoretical displacements for bridge
model subjected to harmonic ground motions which are then compared to experiment
resul ts. Newmar kds met h®ddpectrsm pdots ooincaherentd t o
harmonic motion (symrt motions with different periods). The equation of motion for
multi-support excitation is presented in Section 3.6. For the bridge model, the effective
earthquake force is given in Equation 3.14. In the longitudinal direction, the
superstructure can lw®nsidered rigid and therefore the bridge model can be assumed to
be a singlaedegreeof-freedom system with displacements concentrated in the supporting
isolation bearings. In the transverse direction, the superstructure is flexible but this
additional flibility is not considered in this analysis since it is relatively small
compared to bearing flexibility and for s
acceleration method (Chopra, 2000) was used to determine the deck slab displacement at
each timestep. Average acceleration method is chosen because it is unconditionally
stable. The displacement is then manipulated to determine the bearing displacements
using the equations discussed below.

At each time step#+1, the displacement, velocity and algration are equal to:

U, =u +Du, (5.1)
l#ﬂ = l# + I:]Ji (52)
#ﬁl = #% + m? (53)
The incremental displacement, velocity and acceleration are computed from:
Db;
Du, = —& 5.4
E (5.4)
9 9 . 90
Dt =—— Du - 2 +Dtad- = 55
Y.> S N é;% 2[)?é|eF (5-3)
1 1 1
=— " Du - —¢t-— 5.6
O bt} ' Dt 2b ul (56)
The parameters needed to find the incremental values above are computed as follows:
Dg; = Dp, + ad + béf (5.7)
a= im+gc (5.8)
bDt b
1 ag .0
=—m+Dt -1 5.9
26" By ¥ 59)
= 1
E=k+-9 c+ m 5.10
bt (D) (540

whereg = % andb :% for average acceleration method. The time step used is equal to

0.01 sec, the total mass), of the bridge model is 0.199 kigeé/in, k is the bearing
stiffness, ana is the damping coefficient. The forcing function is given in Equation 3.14
and repeated here for convenience,
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1 1>§éﬁ¢gl(t)q (5.11)

e =-M — J—
pl peff <2 2 :'#éz(t)g

The deck slab displacement is designated;a3he total displacementy, is the
sum ofdynamic responses, and pseudstatic responsest. From Figure 5.1, bearing
displacement at north end is,

U, =Uj - Uy (5.12)
But
u, =u, +u® (5.13)
and from Equations 3.7 and 3.13
u, =u +<1 1>§éugll':'I u
2 Y a o/l u- Yg1
2 2 i Y2y ’
- U, +u
u, =u, +% (5.14)

Also, the bearing displacement at south end is equal to:

U, =u +<1 1>§uglq u
3 — Y A A/l u- Yg2
2 2 {Ugzy

u,-u
U, :u1+% (5.15)

5.3 Bridge Model under Uniform Harmonic Ground Motion

Tables 51 and 52 show the maximum dxacement from the experiment and
Newmar kds method for Type #3 and Type #1 b
experimental data are given in Chapter 3. Only the maximum displacements are
presented in Tablesband 52. The inputs used in the anadgswere the achieved shake
table accelerations and displacements. Also, the calculated bearing stiffnesses and
damping ratios from experiment were used.

As shown in Tables -2 and 52 , Newmar kds met hod agr e
experimental results especialty longitudinal direction. Discrepancies of 2% to 9% can
be attributed to the fact that the bearing stiffness and damping ratios used are average
val ues. An exception is the result for Ru
method underestimates thesuét by about 30%. In this run, where excitation is in
transverse direction, the response is affected by the torsional mode of the bridge model.
The torsional period during this run was 0.86 sec which is close to the period of input
motion which was 1.0 se This discrepancy in the result can be attributed to the fact that
the model used in Newmarkds method does no
the bridge as a SDOF system.

5.4 Bridge Model under Phased and Incoherent Harmonic Ground Motions
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This section presents the results of an analytical investigation of bridge model
under phased and incoherent harmonic ground motions. In the phased harmonic ground
motions, support motions are phasedd¥y and 1&° with each other. In the incoherent
ground motions, the north end of the bridge model is subject to 0.3 sec harmonic motion
while the south end is subject to 1.0 sec harmonic motion.

5.4.1 Harmonic Ground Motions Phased by 90°

Table 53 shows the maximum bearing displacement from the experiamenthe
Newmark analysis for Type #3 bearings. The applied harmonic ground motion at the
south end is phased by 90° with the north end. As shown in the table, there is good
agreement between theoretical and experimental results except for Run 24. The
experimental result gives 2.35 in. while Newmark gives 1.71 in. This can be attributed to
the steadystate condition which was not reached in the experiment due to excessive oil
flow demands by shake table actuators during this run. Figure 5.2 shows tlmestiong
of bearing displacement from Run 24.

For Type #1 bearings with 90° phased motion, the bearing displacements are
tabulated in Table -8 . Newmar kés method compares wel
except for Run 25 which is in transverse directionisTis consistent with that observed
in uniform transverse run (Section 5.3). The experimental results give higher bearing
di spl acements due to torsional effects tha

5.4.2 Harmonic Ground MotionsPhased by 180°

Talbes 55 and 56 shows the bearing displacements from the experiment and
Newmar kds method for Type #3 and Type #1 b
excitation at both ends is phased by 180°, the effective earthquake force becomes zero.
Thus, the esulting relative bearing displacement is equal to the ground displacement.
This is verified by the theoretical and experimental results especially for the longitudinal
runs. In the transverse runs, experimental results show that the bearing displacaments
be | arger or smal |l er than table displacem
method, the bearing displacements are equal to the table displacements for the
longitudinal and transverse results because torsional effects are not included in the
mathematical model. Table-6 shows that in Run 28, the experimental result is about
900% of the theoretical result. Again, similar to that in Run 24 in Section 5.4.1, the
steadystate condition was not reached in the experiment as shown in Figure 5.3.

5.43 Incoherent Harmonic Ground Motions

Table 57 shows the comparison of bearing displacements for bridge model
subjected to incoherent motions. These incoherent motions consist of 0.3 sec harmonic
motion applied at the north end and 1.0 sec harmonic mapipled at the south end. For
Type #3 bearings, two runs were performed with harmonic motion amplitude equal to
0.03g (Run 42) and 0.06g (Run-22 These runs were both in longitudinal direction.
Newmar kds met hod predict s el Altboughed&Runi4®2g di s p
the difference between experimental and analytical result is about 17%, it is considered
good correlation.
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For Type #1 bearings, there is very good correlation between experimental and
analytical result for longitudinal run (Ru#2). In the transverse run (Run 43), the
experi ment gives maxi mum displ acement at
method the maximum displacement is at south end (0.66 in.) This suggests that in
addition to the underestimation of bearing displagemes Newmar kds met ho
to predict the location of maximum response due to torsional effects.

5.5 Spectrum Plots for Constant Acceleration Input
Using the equations in Section 5.2D3spectrum plots were generated for

incoherent harmonic grodnmotion. The ends of the bridge model are subjected to
harmonic motions with different periods but maintaining the input acceleration at 1.0g.
Bearing displacements are determined for combinations of period of structyye (T
period of ground motion atorth end (§m1), and period of ground motion at south end
(Tgm2). Tsrrand Tym1 Were varied from 0.1 sec to 3.0 sec whilg:Jlis kept constant at 0.5
sec. Results for bearing displacementdda-ren) are presented using four different ratios.
These ar@btained by normalizing RoherentWith:

(1) displacement calculated for uniform excitation with periggh Dunitorm1),

(2) displacement calculated for uniform excitation with periggDuniform2),

(3) ground displacement at north end,¢h) and

(4) ground displaa@ent at south end ¢fy).
Ratios greater than 1.0 in cases (1) and (2) indicate situations where incoherent excitation
gives larger bearing displacement than uniform excitation.

5.5.1 I:}ncoherent/ Duniforml Ratios

Figure 5.4 shows the-B spectrum plotwhere displacement from incoherent
ground motion ([coneren) IS NOrmalized by displacement from uniform ground motion
with period Tym1 (Dunitorm1). The horizontal axes show values fQt/Tgmz and Tym1/Tgmz.
Table 58 shows the ratiosifonerentDuniform1 fOr combinations of g, Tym1, and Tym2 used
to plot the spectrum in Figure 5.4. These ratios are summarized in Fabie Bange of
values of fmiand T

Table 59 and Figure 5.4 show that very high ratios (up to 400) occur when
Tst/ Tgmz < 1.0. These ratios increase agn¥ I gmz increases. This means that the effect of
incoherent motion becomes severe (compared to uniform motion with pgrigdvhen
the structure is relatively rigid and the difference between periods of support motions is
high. When T/ Tgm2 > 1.0 and §mi/Tgm2 < 1.0, the ratios are all greater than 1.0.
However, the ratios are low (less than 1.0) whe#T§m2> 1.0 and §m/Tgm2> 1.0. This
indicates that as the structure becomes more flexible, incoherent motion wgiveot
critical displacements compared to uniform motions with periad. T

The ratios are 1.0 whengl:/Tgm2 = 1.0 which indicates that these are uniform

motion cases. Also, it can be observed from Taetkat ratios are about 0.50 whegi T
= Tgm1, paticularly when §mi/Tgm2and T/ Tgme are both greater 1.0.
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5.5.2 Dncoherent/ Duniform2 Ratios
The bearing displacements from incoherent motion are also normalized by
bearing displacement from uniform motion with periggI It is again noted thatgyh, is
kept constant at 0.5 seconds. Figure 5.5 shows the spectrum plotctasddDunitormz
and the ratios are tabulated in Tablé® Summary of ratios is shown in Tabld b for
range of values ofgf; and Tyma.

Similar to observation in Ronheen/Duniform1, iINCOherent motion gives critical
bearing displacement compared to uniform motion whe#Tdm. < 1.0. However,
opposite to observation inidebherentDuniform1, ratios are low (less than 1.0) wheg/Tgm:
> 1.0 and fmi/Tgmz2 < 1.0. Thisis because bearing displacements from uniform motion
with period Tm2 are larger than that from uniform motion with periogmir when
Tst/ Tgmz > 1.0 and Fmi/Tgm2 < 1.0. When T/ Tgm2 > 1.0 and §mi/Tgm2 > 1.0, ratios are
high which is also opposite of \whwas observed in iRonererfDuniform1. This is due to
smaller bearing displacements from uniform motion with perigeb €ompared to that
from uniform motion with period g1 when Tsy/ Tgm2> 1.0 and §my/Tgm2> 1.0.

From above observations, it candmncluded that whengl# Tgm2 < 1.0 incoherent
motion will give critical displacements compared to uniform motion. Another conclusion
is that when 3/Tgm2 > 1.0, bearing displacements from incoherent motion is smaller
compared to uniform motion. Noteahthe incoherent motions discussed in this chapter
are composed of two harmonic motions with different periods.

5.5.3 Dhcoherent/ Dgm1 Ratios

In Chapter 3 Section 3.7, frequency response curves are plotted for uniform
sinusoidal ground motion. This ®lvs the ratioumax / Uy corresponding to a particular
value of w 4. Inuthis section, frequency response curve is extended for incoherent
ground motion using the-B spectrum plot shown in Figure 5.6indoherent/ Dgma OF
UmalUg ratios are tabulated in Table-B for each combination ofsd, Tgm1 and Tymo.
Summay of these ratios is shown in TablelS.

Table 512 and Figure 5.6 shows that deformation response factor (defined as the
ratio Uma)Ug ) peaks when &/ Tgmz = 1 and Fm1 / Tgmz is smallest. Also, it can be
observed that whensf = Tgm1 and Tym/Tgre > 1.0, the ratios are about 5.0. This
indicates that whengf = Tgm1 and Tgmi/ Tgmz > 1.0, maximum bearing displacement is
about five times the ground displacement.

5.5.4 Dhcoherent/ Dgm2 Ratios

In this section, the deformation response factors atermhined by normalizing
maximum bearing displacement from incoherent motion by ground displacement at south
end where Jn.is fixed at 0.5 sec for all cases. Figure 5.7 shows tbespectrum plot,
Dinconerent Dgm2is tabulated in Table-54 and summazed in Table &L5.

Figure 5.7 and Table-54 show that peak values occur whep Tgmi and when
Tse = Tgmo- This indicates that maximum bearing displacement occurs when the structure
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is in resonance with any of the support motions. It can be obs#maédieformation
response factor increases as @nd Tymi increases. A cutting section that will pass
through the diagonal of the3 spectrum curve will show a curve similar to frequency
response curves plotted in Chapter 3.

5.6 Spectrum Plots with Caistant Displacement Input

Newmark analysis for the bridge model under incoherent ground motion was
repeated for constant ground displacement input. Ground displacement at north end and
south end was kept constant at 2.45 in. This corresponds to sinug@dat motion
with maximum acceleration of 1.0 g and period of 0.5 seconds. Aggi3,is kept
constant at 0.5 sec whileyfand Tymi Were varied from 0.1 sec to 3.0 sec.

5.6.1 Dncoherent/ Duniforml Ratios

Figure 5.8 shows the-B spectrum plot forDinconerent/ Duniform1 fOr constant
displacement input cases. These ratios are shown in Tdllefds each combination of
Tstn Tgm1 and Tymze Summary of these ratios are shown in tablie’ Sor range of values
of Tsy and Tym1.

The observations in Seéon 5.5.1 for constant acceleration input are also observed
here as Figure 5.8 resembles Figure 5.4. Whefi gh» < 1.0, incoherent motion gives
critical displacement compared to uniform motion with perigéh. TWhen T/ Tgm2> 1.0
and Tym/Tgm2 > 1.0, ratios are less than 1.0. Another similarity is that wher=TTgm:
and Tym/Tgm2> 1.0, ratios are about 0.50.

5.6.2 I:}ncoherent/ Duniform2 Ratios

Figure 5.9 shows the-B spectrum plot for RconerediDuniform2 fOr constant
displacement input caseRatios are tabulated in TablelB and are summarized in Table
5-19 for range of values ofsfand Tym1.

Similar to previous observations that wheg/Tym2 < 1.0, incoherent motion
gives critical bearing displacement. However, unlike the spectrun fpi constant
acceleration input shown in Figure 5.5, highest ratios (up to 100) are observed when
Tgm1/ Tgm2is smallest. In constant acceleration input cases, highest ratios (up to 450) occur
when Tymi/Tgm2is highest.

It can be observed from TablelB that ratios are less than 1.0 when I Tgm:
and Tym/Tgm2 > 1.0. Also, it can be observed that ratios are more than 1.0 when T
Tgm1. Peak values equal to about 4.5 occur when=TTgm1 or when structure is in
resonance with excitation at noghd.

From above observations for incoherent motion with constant displacement input
and varying periods, it can be concluded that critical displacements occur whBjmal
< 1.0. This is similar to observations from incoherent motion with constaekesaton
input. When T/Tgm2 > 1.0, the uniform motion will give the critical displacement
compared to incoherent motion.
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5.6.3 Dhcoherent/ Dgm1 Ratios

The spectrum plot showing the deformation response factor for constant
displacement input is shewin Figure 5.10. The ratioSidnerent/ Dgm1 are presented in
Table 520 and are summarized in Tabl@bs. It is shown in Figure 5.10 and Tabl®
that peak values occur wheg, T Tgmiand Tsy/ Tgmz are equal to 1.0 or when structure is
at resonace with any of the two ground motions. At these values, the deformation
response factors are about 5.0. An exception is when=TTgm1 = Tgmz Where
deformation response factor doubled to about 10.0. However, this is considered as a
uniform case where defmation response factor is about 10.0 using the equations in
Chapter 3 Section 3.7 and shown in Figure 3.310. Since ground displacement was kept
constant at 2.45 in.,ikonerend Dgm2iS just the same asidebherent Dgmi.

5.7 Summary

The results oainalytical investigation for bridge model under uniform, phased and
incoherent harmonic motion are presented i
to determine the theoretical bearing displ
analysis were theotnputed values in the experiment like bearing stiffness, damping ratio
and achieved shake table acceleration and displacement. Uniform motions consist of 0.3
sec and 1.0 sec harmonic motions. In phased motions, the applied excitation at north and
south endvere phased by 90° and 180°. In incoherent motions, north end is subjected to
0.3 sec harmonic motion and at south end 1.0 sec harmonic motion. Analysis was
conducted for Type #3 and Type #1 bearings. Theoretical results are then compared to
experiment rsults.

Comparison of theoretical and experimental results show good correlation when
excitation i s applied i n l ongi tudi nal dir
method underestimates the result due to torsional effects which is not accouttited in
mathematical model. These observations hold true for uniform, phased and incoherent
motions.

Newmar kds met hod wa s-D spécsum plats ferincohecentg e n e r
harmonic ground motions. The ends of the bridge model were subjected to harmonic
motions with different periods. Period of structurg{Bnd period of harmonic motion at
north end (§m1) were varied from 0.1 sec to 3.0 sec. Period of harmonic motion at south
end (Tym2) was kept constant at 0.5 sec. These were conducted for comstalgration
and constant displacement inputs. In constant acceleration input, ground acceleration was
kept constant at 1.0g at all cases. In constant displacement input, ground displacement
was kept constant at 2.45 in. which corresponds to acceleddtib@g and period of 0.5
sec.

To determine the effect of incoherent motion, the bearing displacements from
incoherent motions were normalized by the bearing displacements from uniform motions.
The ratios were then illustrated byCBspectrum plots. It @s shown that incoherent
motion gives critical displacement compared to uniform motions when structure is
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relatively rigid (Tse/ Tgm2 < 1.0). As the structure becomes flexible(Tym2> 1.0), ratios
decrease to less than 1.0 indicating that incoheremtiom does not give critical
displacements.

Frequencyresponse curves discussed in Chapter 3 is extended in this chapter for
incoherent motions using3 spectrum plots. This-B spectrum plots show the ratio of
maximum bearing displacement from incolgrenotion to ground displacement at
supports. This is similar to deformation response factor from frequesppnse curves
which is defined as the ratiga/ug. It was shown that peak values occur whep=TTgm:
and when T, = Tgma. This indicates titamaximum response occurs when structure is in
resonance with any of the support motions.

Chapter 6: Analytical Study of Bridge Model under Coherent
and Incoherent Ground Motions

6.1 Introduction

This chapter presents the results of anaytiovestigation for bridge model
subjected to coherent and incoherent grour
method and SAP 2000 (Computers and Structures Inc., 2004) are used to determine the
bearing displacements. Analytical results are thenpemad to experimental results. The
measured bearing displacements are also compared to the displacements calculated using
the equations in AASHTO Guide Specifications for Seismic Isolation Design (1999) and
Seismic Isolation section of MCEER/AT4Y Guidelnes for Seismic Design of Highway
Bridges (2003).

6.2 Newmarkds Method for Bri dge Model for
Motions

Using the equations discussed in Secti
determining the bearing displacements for bridgedel subjected to coherent and
incoherent ground motions. The inputs used in the analysis are the filtered shake table
accelerations and shake table displacements. The calculated bearing stiffnesses and
damping ratios presented in Chapter 4 are alsoingéé analysis.
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To match the shake table displacements after double integration, the shake table
accelerations were filtered using Data Utility V2.0 (Laplace, 2005). Figure 6.1 shows the
comparison of displacement from filtered shake table accelertiidhe shake table
displacement. It is shown that the two displacement time histories correlate well.

Since the equations developed in Section 5.2 were derived for a-deggleeof-
freedom system, they can only be used to determine bearing displésdéraenground
motions applied in longitudinal or transverse direction. However, these equations can
also be rewritten for muHiegreeof-freedom systems and used to determine bearing
displacements from biaxial ground motions. Such works however waslemeito be
beyond the scope of this study. Instead, SAP 2000 was used for analyses with biaxial
ground motions.

6.2.1 Comparison of Results from Experi me
Model Supported on Type #3 Bearings

Tables 61, 63 and 65 showthe comparisons of bearing displacements from
experiment and Newmar kdés method for bridge
subjected to uniform ground motions. Ratios showing experiment results over
Newmar kds met hod r es uill 615and él7. Figuresi6.2aad6e4d 1 n
compare the calculated bearing displacement time histories to the measured displacement
response. The analyses underestimated the peak displacements by an average of 8% but
the correlation is considered good. Howevecan be observed that as the displacement
Ssubsides, the results from experiment and
can be seen that the experimental result lags behind the analytical result. This may be due
period elongation which is one ofeterrors inherent in any numerical solution of the
equation of motion (Chopra, 2000). Period error increase8/as increases. In this
study, thex used was 0.01 sec afidis about 1.0 sec thu&}/T, is about 0.01. This is
relatively small and period error is negligible. Therefore, phase shifting between
experi ment resul t and Ne wrmd to kstiffeningnoé théh o d | S
isolation bearings at small displacements. This is an indication that the isolation bearings
are not essentially linear as assumed but are in fact nonlinear. Since the bearing
displacements are not very large it is reasonable tonessn the analyses that the
bearings are linear. It can be also observed that the ratios in TabBe$t45 and 617
ar e al | greater t han 1.0 whi ch means Ne:
displacements. The difference may be due to higher beatififrgesses and damping
ratios used in the analyses. In computation of damping ratios, the areas of hysteresis
loops were computed using the area of an ellipse. These hysteresis loops, however, are
not exactly elliptical in shape thus the calculated damptigs can be smaller or higher
than actual . I n addition, i n Newmar kds met
the bridge model is effectively singtkegreeof-freedom system. The superstructure of
the bridge model is actually flexible in transserdirection. This additional flexibility
gives the experiment results higher bearing displacements specially when considering
transverse runs.
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Tables 62, 6-4 and 66 show the comparisons of bearing displacements for bridge
model subjected to incoheregtound motions. The bearing displacement time history
compari sons are shown in Figures 6.5 to 6.
displacements by an average of 15% when considering longitudinal runs. The ratios of
experiment resultstoresuftsr om Newmar k6s met hold 6 s h o wn
6-18. In transverse runs, the difference between experimental and analytical results is
higher and goes as high as 90% in Runs 141 and 147. This is because torsional effects are
further increased byhase shifts and difference in amplitudes of ground motion in
incoherent motions.

The average observation discussed in Chapter 4 for bearing displacements also
holds true in Newmar kds anal ylsto &.thatlthe c an
bearing dsplacements from incoherent motions can be estimated by averaging the
responses from uniform ground motions. In general, it can be noted that there is good
correlation between experiment and Newmar Kk

6.2.2 Comparison of Results from Experimenhna Newmar kds Met hod
Model Supported on Type #1 Bearings

Newmar kés met hod was also used to deter
model supported on Type #1 bearings. The results from uniform ground motion
excitations are tabulated in Tab®g, 69 and 611. The ratios of experimental results to
results from Newmar kds -IAet2handl623a The averdge wn i n
ratio is 1.12 but the difference can go as high as 1.30 to 1.40 for transverse runs. This
may be due to higher baéag stiffness and damping ratio used in the analysis and
additional superstructure flexibility as discussed in Section 6.2.1. It is shown in Chapter 4
that there are observed irregularities in the hysteresis curves for Type #1 bearings. Some
of the hystersis loops double over themselves thus the calculated damping ratios which
were used in the analysis can be smaller or higher. Note that the area of hysteresis loops
were calculated using the area of an ellipse. This difference due to damping ratio is
evident in the bearing displacement time histories shown in Figures 6.10 to 6.12. The
calcul ated di splacement using Newmar kés me
displacement. Also, for this type of bearings, the measured displacements were relatively
small (all are less than 1.0 in.) thus the percentage difference is higher than that in Type
#3 bearings. In general, it can be noted that there is relatively good correlation between
the experiment results and results from Ne

In the incoheent runs, the average difference between calculated and measured
displacements is 15%. In the transverse runs, the difference goes as high as 30% to 60%.
The maximum bearing displacements are shown in Tabl@s 610 and 612 for
incoherent Loma Prietadnders and North Palm Springs runs, respectively. The ratios of
experiment al results to results {0,628 Ne wma
and 624. Time history comparisons are shown in Figures 6.13 to 6.15 for runs with rock
and soft soil grouth motions. As discussed in previous observations, the differences in
calculated and measured responses are attributed to higher bearing stiffnesses and
damping ratios used the analysis. In the transverse runs, the difference is higher due

44



torsional effectsand additional superstructure flexibility. Torsional effects are further
increased by incoherent ground motions.

6.3 SAP 2000 Analysis

The analytical model used for SAP 2000 (Computers and Structures Inc., 2004)
analysis is shown in Figures 6.16 and76.The superstructure was modeled using frame
elements spanning between the two ends with the properties reflecting those equivalent
section properties. The superstructure is located at the height of the shear center as shown
in Figure 6.16 to approximatelmodel torsion in the bridge. The girder stiffness was
modeled as a nelnear link element placed between the top and bottom chord. Top and
bottom chord were modeled as axially rigid elements. The single angle diagonals were
modeled as natinear link eements. For simplicity, the isolation bearings were modeled
as |inear | ink elements similar to what wasa
al. (2004) provides detailed discussion of the properties of this analytical model.

The input ground motiaused for SAP 2000 analysis are the same as that used in
Newmar kds met hod. For coherent ground motii
accelerations. For incoherent ground motions, the input is the shake table displacement.
Differential ground motin analysis can only be performed in SAP 2000 by using the
ground displacement as input motion. The bearing stiffnesses and damping ratios used in
this analysis are the calculated values from experiment. It should be noted that these are
alsothe stiffresand damping used in Newmar kds met ho
due to different bearing displacements.

6.3.1 Comparison of Results from Experiment and SAP 2000 Analysis for Bridge
Model Supported on Type #3 Bearings

The results of SAP 2000 analysalongside with results from experiment and
Newmar kds met hod alte66sTheratios of experimart lesults to6
SAP 2000 results are presented in Tablegs3@o 618. Apparently, SAP 2000 gives
smaller bearing displacements compared tp exx i me n't and Newmar k 0 s
uniform runs, SAP 2000 underestimated the bearing displacements by an average of 30%.
This is relatively high compared to Newma
response by 8%. In some cases, SAP 2000 underestithatedsponse by about 60%.
The reasons for this significant difference in bearing displacements are discussed below.
In the incoherent runs, the average ratios are 1.48, 1.23 and 1.69 for Loma Prieta,
Landers and North Palm Springs runs. In some transvensethe ratio goes as high as
2.30.

The difference between experimental results and SAP 2000 results is primarily
attributed to the input motions. I n Newmar
incoherent motions are the filtered shake tablekerations and the recorded shake table
displacements. It was shown that there was good correlation between results from
experiment and Newmar kés met hod. I n SAP 20
motion can be ground acceleration or ground ldtgment. In this study, the filtered
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shake table acceleration was used in coherent runs. For incoherent motion, the input
motions are the shake table displacements. In SAP 2000, if the input motion is ground
acceleration, the program will double integrtites ground acceleration and produce the
corresponding ground displacement. However, if the input motion is ground
displacement, SAP 2000 calculates appropriate acceleration but does not produce output
file for comparison with the shake table record. Tiethod by which the displacement

record is processed within SAP 2000 maybe the cause of the discrepancies noted above.

If SAP 2000 could accept both ground acceleration and ground displacement record at
the same ti me, as Ne wmahe bdargng displacéneemnt would t i s
improve and there would be good correlation with experiment.

The secondary reasons for difference in bearing displacements are the bearing
stiffnesses, damping ratios and superstructure flexibility. As discussed in Segtioh
and 6.2.2, the bearing stiffnesses and damping ratios used in the analysis may be higher
than actual. The bridge model has been subjected to numerous tests prior to this study.
Deck cracking would cause considerable decrease in superstructmesstiffhich is not
considered in the analytical model. Thus, the bridge model might be more flexible that
the analytical model used in SAP 2000 analysis yielding larger bearing displacements.
However, it is believed that the contribution of additional ssipecture flexibility to the
response is only minimal.

Although the peak displacements were significantly underestimated in SAP 2000
analysis, there is good correlation in the time history wave form for the first five seconds
as shown in Figures 6.18 824. This was also observed in the time histories comparing
the results from experi ment and Newmar kos
towards the end of the record then becomes out of phase because the bearings become
stiffer at small displacemest

It was shown that the average observation for bearing displacements discussed in
Chapter 4 is also true for Newmar kdés metho
Tables 61 to 66 that this does not hold true. Even though the bearing stiéfaessd
damping ratios used in the analysis are said to be less accurate, the average rule should
al so work in SAP 2000 analysis since it wc
may be attributed to the issues in input motion discussed above. Notiehiaput
motion used for coherent runs were ground acceleration while the input motions used for
incoherent runs were ground displacements. The bearing displacements that will be used
in the averaging rule came from coherent runs which use ground atoel@ngaut. The
results of this averaging rule are then to be compared to the results from incoherent runs
which use ground displacement input. Thus, the result of averaging rule does not
correlate with the results from incoherent runs. The averagingwrale k ed i n Newma
method because coherent and incoherent runs use both ground acceleration and ground
displacement input at the same time.

6.3.2 Comparison of Results from Experiment and SAP 2000 Analysis for Bridge
Model supported onlype #1 Bearings
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Tables 67 to 612 present the results from SAP 2000 from SAP 2000 analysis for
Type #1 bearings alongside with results fr
ratios of experimental results to SAP 2000 results are shown in tabi$06624. Most
of these ratios are higher than that in Type #3 bearings. The average ratios are 1.41, 1.38
and 1.22 for coherent Loma Prieta, Landers and North Palm Springs runs, respectively. In
incoherent runs, most of the results from SAP 2000 analysis are two timepénenent
results. The average ratios are 2.17, 1.30 and 2.04 for incoherent Loma Prieta, Landers
and North Palm Springs runs, respectively. In some cases, the ratios go as high as 3.0.
Time history comparisons are shown in Figures 6.25 to 6.30.

Similar to Type #3 bearings, the significant difference in bearing displacements
are attributed to input motions, bearing stiffnesses, damping ratios and superstructure
flexibility. The displacement ratios in Type #1 bearings are higher than that in Type #3
bearirgs. This is due to observed irregularities in the hysteresis curves for Type #1
bearings as discussed in Chapter 4. Therefore the bearing stiffnesses and damping ratios
used in the analysis can be much higher than actual. Thus, the calculated bearing
displacements are much smaller compared to that in experiment.

6.4 3D Spectra Plots Compared to Experiment Result

Chapter 5 presented the[Bspectra plots for incoherent motions with constant
acceleration and constant displacement inputs. In this sedterexperimental results
from Run 79 (Type #3 bearings) are evaluated and compared teDh&p8ctra plots.
Run 79 is chosen among the experimental runs because in this run the shake table
displacement at north end and south end were essentially thehsgsibe result can be
compared to spectrum plots for constant displacement. At north end the shake table
displacement was 0.42 in. and at south end it was 0.41 in. The ground motion at north
end was from rock and at south end it was from soft soil. THeedhhle acceleration at
north end was 0.49g and at south end it was 0.40g. Although there is a 0.09g difference
between the shake table accelerations, this difference can be considered relatively small
and the experiment result can be compared to spegitois for constant acceleration.
Also, Run 79 is chosen because the incoherent motion was applied in longitudinal
direction thus torsional effects will not affect the result.

The period of the bridge model in Run 79 was 0.93 sgg 6 shown in Tablé-
8. From Fourier analysis of the input motion, the dominant period of rock ground motion
is 0.23 sec which will representq;. The dominant period of soft soil ground motion is
0.29 sec which will representy,. Therefore, the ratio J/Tgm2 = 3.21 anl the ratio
Tgmi/Tgm2= 0.81. From Table-2, the bearing displacement in Run 79 was 1.15 in. which
will represent Rconerent From Table 41, the bearing displacement from uniform rock
ground motion (Run 62) was 0.99 in. which will representidai. The bearing
displacement from uniform soft soil ground motion (Rur2f@vas 1.33 in. which will
represent Riiormz.  Therefore, the ratio iRonererfDuniform1: = 1.16 and the ratio
DinconerentDuniform2 = 0.86.
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From 3D spectra plots for constant accekswn input presented in Chapter 5, for
the corresponding ratios ofdTgmz and Tym1/ Tgma, the ratio RhconerentDuniform1 = 1.04 and
the ratio DhconererflDuniform2 = 0.64. These ratios are tabulated in Tabi@ &nd 510,
respectively. From -B spectra plots for constant displacement, the ratio
DincoherentDuniform1 = 1.02 and the ratio iRonhererfDunitorm2 = 0.98. These ratios are tabulated
in Table 516 and 518, respectively. Although there is a slight discrepancy in the
comparison of displacemerdtios, the correlation is considered good. The discrepancy is
due to the fact that the excitations in th® dlots were sinusoidal motion while in Run
79 they were earthquake excitations. It can be noted that there is better correlation
between experimerind 3D spectrum for constant displacement input. This is because in
Run 79, shake table displacement at both ends are essentially the same as mentioned
above. The discrepancy between experiment abdspectrum for constant acceleration
is larger becausef the 20% difference between north end and south end accelerations.

The above comparison is limited only to one case (Run 79 with Type #3 bearings)
due to constraints in the generated 3spectra plots. The-B spectra plots were
generated for constaacceleration and constant displacement input only. The harmonic
ground motions considered in the incoherent motions have different periods but the
accelerations and displacements at both ends are equal. In the incoherent experimental
runs, most of the cas have different shake table accelerations and displacements at
north end and south end. Therefore, further parametrical and experimental study should
be carried out to determine whether @ JFpectrum plot can be used for incoherent
ground motion.

6.5 Comparison between Experiment Results and Displacement Equations for
Isolation Bearings

In this section, experiment results are compared to the bearing displacements
calculated using the equations in AASHTO Guide Specifications for Seismic Isolation
Designand Seismic Isolation section of MCEER/A¥®O Guidelines for Seismic Design
of Highway Bridges.

6.5.1 Comparison with AASHTO Guide Specifications for Seismic Isolation Design
(1999)

The deck slab displacement relative to the ground in 1999 AASHTO Guide
Specifications for Seismic Isolation Design (in the figures it is referred as to AASHTO
IGS which stands for AASHTO Isolation Guide Specifications) is given by the following
equations:

10AST,,

d (inches) (6.1)

W

Keff g
total vertical load for the design of the isolation system
sum of the effective linear stiffnesses of all bearings
acceleration due to gravity

where T=2p (6.2)

e

@

=
I
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A = acceleration coefficient
S = site coefficient as shown in Table26
B = damping coefficient as shown in Tabl®6

This equation is based on the assumption that the ground response spectra decrease by a
factor of 1M Hence spectral acceleration for 5% damping on rock at a @iyes

A
S,=— 6.3
ATT g (6.3)
and introducing site coefficient and damping coefficient becomes
AS
S,=—— 6.4
ATTB g (6.4)
which then becomes Equation (6.1) by the relationship
S,
=ZA 6.5
So =2 (6.5)

Soil Profile Type | is assigned for the rock caSeil Profile Type Il is assigned to
soil with shear wave velocity of 500 m/s (called stiff soil in this study). The soil with
shear wave velocity of 180 m/s (called soft soil in this study) is assigned as Soil Profile
Type Il

The bearing stiffness andlamping ratio that is used in computation of
di spl acements is the same as that used in
These are the calculated values from experiment results and are summarized in Chapter 4
for each run.

The resulting displacemés are presented in Table28 and 629 for Type #3
and Type #1 bearings respectively. The results from the AASHTO equation (Equation 6
1) significantly overestimate the bearing displacements. The reason for this is that the
actual response spectrum $allvell below the AASHTO design spectrum as shown in
Figures 631 to 632 for Loma Prieta cases. For AASHTO design spectrum on rock with
5% damping, the spectral acceleration at 1.0 sec is 0.57g however in the actual design
spectrum it is 0.09¢. It is showhat spectral acceleration rapidly decreases and is not a
function of 1M as suggested by the AASHTO design spectrum. Also at longer periods
there is no significant difference in spectral acceleration between the rock, stiff soil and
soft soil. Thus,he soil factors of 1.5 for stiff soil and 2.0 for soft soil does not hold true
for this particular set of ground motions. From the actual response spectra shown in
Figure 631 the solil factor for stiff soil is 1.03 and for soft soil it is 1.32.

The abovebservation is also true for Landers and North Palm Springs cases. The
actual response spectra are significantly underestimated by the AASHTO design
spectrum and the soil factors does not hold true. For Landers case, the soil factors from
actual responsspectra shown in Figures33 and 634 are 1.10 and 1.54 for stiff soll
and soft soil respectively. In the case of North Palm Springs, spectral acceleration at 1.0
sec for rock and stiff soil are almost the same and the actual soil factor for sofls®dl is
as illustrated in Figures-85 and 636.
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The ratioumax / d for Type #1 bearings is even smaller than that in Type #3
bearings. This is because the period of structure here is longer which further increases the
calculated displacement from Equati6éii. Also, as the period increases, the greater is
the error in the soil factors.

Therefore, considering the ground motions used in this study, the AASHTO
Guide Specificationsd equation for bear i ng
computed beaang displacement can be as high as 10 times the experiment. It was also
shown that soil factors do not hold true for the cases studied here.

6.5.2 Comparison with MCEER/AT&9: Guidelines for Seismic Design of Highway
Bridges (2003)
Bearing displacemeifitom Seismic Isolation section of MCEER/ATAD is given

by
d= %Tﬁ (6-6)
where § = onesecond spectral acceleration
Fv = site coefficient given by Table-B7
B = damping coefficient given by TableZ®
Tet = effective period yen by Equation &

The derivation of Equation-6 is the same as that in Equatio..@However, Equation-6
6 uses the onsecond spectral acceleratidh)(instead of peak ground acceleration (A).
Also, the site coefficient used here is a function dftgpie andS;.

Site Class B is assigned for rock, Site Class C is assigned for soil with VS = 500
m/s and Site Class D for soil with VS = 180 m/s. Damping coefficients in MCEER/ATC
49 is the same as those in AASHTO Guide Specificati®nsare taken fromactual
response spectrum in rock with 5% damping shown in FiguBdst6 642.

Table 630 summarizes the result and the ratigux / d. The ratios shows
improvement compared to those in AASHTO. For the stiff soil and soft soil case the
average ratio i9.81. This ratio is acceptable enough and it will provide the necessary
factor of safety. However, for the rock case the ratio is 1.24 to 1.40 which means that
Equation 66 underestimates the bearing displacement by up to 40%. From the design
spectra, spetral acceleration at isolation period is given by

Sa = ﬁ (6_7)
T
For the Loma Prieta case on rock with Type #3 bearings the corresponding design
spectral acceleration @t= 0.91 sec is 0.10g. From the actual response spectrunmshow
in Figure 6.32 the spectral acceleration is 0.12g which explains why the calculated
displacement is smaller.

Table 631 presents the calculated displacements for Type #1 bearings and its
comparison with experiment results. The ratigg</ d are belowl.0 except for the rock
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case of North Palm Springs. For most of the cases in Type #1 bearings, Equétion 6
overestimated the displacements because actual spectral accelerations are below the
design spectral accelerations at period of interest. For egampLoma Prieta case on

rock the design spectral accelerationTat 1.38 sec is 0.07g while the actual spectral
acceleration from Figure-88 is only 0.04g. The ratio becomes even smaller when it
comes to stiff and soft soils because of higher soibfact

The result from Table-80 indicates that when period of structure is below 1.0
sec, design response spectrum underestimates the actual response spectrum in rock where
Umax/ d ratios are above 1.0. Eventually, when it comes to the stiff soil dhdalcase
the ratio reduces because of high soil factors which in turn make the displacement larger.
From Table €31 it can be seen that when period of structure is higher than 1.0 sec,
design response spectrum tends to overestimate the actual regpectsem thus giving
ratios below 1.0. When it comes to stiff soil and soft soil cases, the ratio goes even
smaller because of high soil factors. In general, the results from Equai@ecbetter
compared to results from Equation16 Thus, it is recomended to use the
MCEER/ATGA49 equation because usisg gives more realistic bearing displacements
than using peak ground acceleration as in AASHTO Seismic Isolation equation. The soil
factors are shown to be high but nevertheless acceptable since thiesewill give the
necessary factor of safety.

6.6 Summary
This Chapter presents the results of analytical investigation for bridge model

subjected to coherent and incoherent grour

method and SAP 2000 were usedite t er mi ne t he bearing disp
method, the bridge model was considered as a sttegieceof-freedom system since the
superstructure is relatively rigid. SAP 2000 analysis used the analytical model developed
by Carden, et al (2004). Then p u t motions in Newmar kos
incoherent runs were the filtered shake table acceleration and the shake table
displacement. In SAP 2000 analysis, the input motions for coherent runs were the filtered
shake table acceleration while facoherent runs the input motions were the shake table
displacement. Differential ground motion analysis can be only performed in SAP 2000 by
using the ground displacement as input motion. The calculated bearing stiffnesses and
damping ratios from each rumere used in both analyses. Analysis was performed for
Type #3 and Type #1 bearings as supports. Analytical results were then compared to
experimental results. The measured bearing displacements were also compared to
displacements calculated using the ans from AASHTO Guide Specifications for
Seismic Isolation Design and Seismic Isolation section of MCEER/AJ Guidelines

for Seismic Design of Highway Bridges.

Newmar kos met hod underesti mates t he bec

about 15% forall runs but the correlation is considered good. The difference between
calculated and measured responses goes as high 90% in some incoherent transverse runs.
This difference may be attributed to higher bearing stiffnesses and damping ratios used in
the aralysis. In transverse runs, the difference in displacements is higher due to torsional
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effects and additional superstructure flexibility. In incoherent runs, torsional effects are
further increased by phase shifts and difference in amplitude of groundnsofihe
effect of additional superstructure flexibility in transverse direction is believed to be
minimal compared to bearing stiffness, damping ratio and torsion.

The SAP 2000 analysis underestimated the bearing displacements by an average
of about 50%for all runs. In some incoherent runs with Type #1 bearings, the ratio of
measured response to calculated response goes as high as 3.0. The SAP 2000 analysis
results were | ower than the results from I
between angtical and experimental results may be attributed to higher bearing stiffness
and damping ratio used in the analysis and issues in input motion. As stated above, SAP
2000 can accept only ground displacements as input motion for incoherent runs. When
the nput motion is ground displacement, SAP 2000 -calculates the appropriate
acceleration but does not produce output file for comparison with shake table record.
When the input motion is ground acceleration (which is the input motion for coherent
runs), SAP 200 double integrates this ground acceleration and produce the
corresponding ground displacement. The method by which the displacement record is
processed within SAP 2000 may be the cause of the discrepancies noted above. It is
likely that if SAP 2000 coul@ccept both ground acceleration and ground displacement at
the same ti me, as Newmar kds met hod, the b
there would be better correlation.

The averaging method discussed in Chapter 4 was shown to be also true in
Newmak 6 s met hod. However, this does not hol c
attributed to the problem in input motion as discussed above. The bearing displacements
that will be used in the averaging method came from coherent runs which use ground
acceleation input. The results of this averaging method are then to be compared to the
results from incoherent runs which use ground displacement input. This difference in
input motion might be the reason why results from averaging method do not correlate
with the results from incoherent runs.

The comparison of experiment results witlh 3pectra plots discussed in Chapter
5, although limited to one case only, shows good correlation. Further parametrical and
experimental study is recommended to determine3iDaspectrum plot can be used for
incoherent ground motion.

Experiment results are also compared to the bearing displacements calculated
using the equations given in AASHTO Guide Specifications for Seismic Isolation Design
and Seismic Isolation sectiof MCEER/ATC-49 Guidelines for Seismic Design of
Highway Bridges. It was shown that the bearing displacements were significantly
overestimated by the AASHTO Seismic Isolation equation where some of the results are
unrealistic. The AASHTO design spectrum refggantly overestimated the spectral
acceleration at isolation periods. The comparison with MCEER/AJICSeismic
Isolation equation produces better correlation. This is because it uses tkecond
spectral acceleratiorg,;, instead of the peak groundcaleration which is used in the
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AASHTO equation.S, gives a closer estimate of the actual spectral acceleration at
isolation periods. The soil factors were shown to be high for the ground motions
considered in this study. However, if used in the MCEER/ABCSeismic Isolation
eqguation, they are considered acceptable and will provide an adequate factor of safety.

Chapter 7: Summary and Conclusion

7.1 Summary

This report presents the results of experimental and analytical investigations of a
bridge malel subjected to coherent and incoherent ground motions. The primary
objective of this research is to investigate the effect of differential ground motion on
bearing displacements of simply supported bridge superstructure. The objectives included
comparingNewmar k 0 s average acceleration met ho
experimental results. A second objective is to compare the experimental results with the
bearing displacements calculated using the equations given by AASHTO Guide
Specifications for Seismisolation.

A two-girder, simply supported model of a slab-girder bridge superstructure
was tested on two independently controlled shake tables. Two sets ground motions were
studied: harmonic motions and real time earthquake excitations. The unidomaoriic
motions were sinusoidal with periods of 0.3 sec and 1.0 sec. Phased motions that
represent wave passage effect were generated by phasing the input motions at supports by
90° and 180. The earthquake records used in this study were from 1989 Ladeta,Pr
1992 Landers and 1986 North Palm Springs earthquake. These were measured on rock
and the Proshake computer program was used to generate the corresponding surface
motions on stiff soil (shear wave velocity of 500m/s) and soft soil (shear wave velbcity
180m/s). The incoherent ground motions were generated by combining the rock, stiff soil
and soft soil ground motions to represent spatial difference in local site conditions. Two
sets of isolation bearings were used as supports. The ground motionappbee in
longitudinal, transverse and biaxial directions.

Anal ytical studies were performed using
and the SAP 2000 computer progr am. I n New
considered as a singtkegreeof-freecom system since the superstructure is relatively
rigid. In SAP 2000 analysis, the analytical model developed by Carden et. al. (2004) was
used. The analytical results were then compared to experimental results.

Newmar kés met hod wa 3D feeduenoyrespenseccurteforg e ner
incoherent motion. These-[3 spectra were calculated for combinations of structure
period (represented bysfand varies from 0.1 sec to 3.0 sec), period of motion at north
end (respresented byJ; and varies from 0.1 seto 3.0 sec) and period of motion at
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south end (represented bymb which was kept constant at 0.5 sec). These spectra give
critical bearing displacements as a function of either bearing displacement from uniform
motions or ground displacements.

Experimental results were also compared to bearing displacements calculated

using the equations in AASHTO Guide Specifications for Seismic Isolation.

7.2 Conclusions and Recommendations

The following observations and conclusions were obtained based on the

experimental and analytical investigations of this study:

1.

Frequencyresponse curves are effective in predicting the bearing displacements
when the excitations are uniform harmonic motions applied in longitudinal
direction. For harmonic ground motions applied transverse direction,
frequencyresponse curves may underestimate or overestimate the response due to
torsional effects. These observations are also true in the response to harmonic
ground motions phased by®0

Experimental results confirmed the thdaal result that bearing displacements

are equal to ground displacements when the excitation is harmonic ground motion
phased by 180 This is particularly true for excitations applied in the longitudinal
direction. However, in the transverse runs, tharing displacements may be
smaller or larger than ground displacements because of torsional effects.

During incoherent motion consisting of rock and stiff soil ground motions, the
response to incoherent motion was observed to be estimated by the avéhage of
responses to uniform motions. During incoherent motion consisting of rock and
soft soil ground motions, the average observation was again observed in
longitudinal Loma Prieta and Landers runs but not in North Palm Springs runs.
This was due to largeifterences in phasing and amplitude of the rock and soft
soil ground motions. The average observation was not observed in the transverse
runs due to torsional effects.

The responses to incoherent motion consisting of stiff and soft soil ground
motions aresimilar to the response to incoherent motion consisting of rock and
soft soil ground motions. This is because the rock and stiff soil ground conditions
have similar effect on surface ground motions.

The bearing displacements darrelata wellt e d
with experimental results when excitation is applied in longitudinal direction.
However, it underestimates the response when excitation is applied in transverse
direction because torsional effects and additional superstructure flexadityot
included in the mathematical model.

Based on the-B spectra, incoherent motion gives higher bearing displacement
compared to coherent motion when the structure has a period less than the ground
period (Tst/ Tgmz< 1.0). When the structure hasoager period (T / Tgmz> 1.0),
coherent motion gives higher bearing displacement compared to incoherent
motion for all Tym1 and constant displacement or constant acceleration.
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7. Frequencyresponse curves can be extended to incoherent motion®lsp8cta
showing the ratios of bearing displacements from incoherent motion to ground
displacements. The bearing displacements are maximum when the structure is in
resonance with any of the ground motiong, & Tgm1and/or Gy = Tgmo).

8. SAP 2000 analysis undestimates the bearing displacements in most cases. This
is attributed to higher bearing displacements and damping ratios used in the
analysis, torsional effects, additional superstructure flexibility and possible errors
in record processing within SAP 2000

9. The average observation was seen i n r
incoherent motions but not in SAP 2000 results. This observation was not seen in
SAP 2000 results possibly due to errors in record processing within SAP 2000.

10.The AASHTO Seismic Isolan equation for bearing displacement significantly
overestimates the bearing displacements. This was because the actual response
spectrum was much less than the design response spectrum at the fundamental
period.

11.A much improved result was obtained if theesecond spectral acceleration is
used in the expression for displacement instead of the peak ground acceleration.
This result confirms the expression given by the MCEER/ABCSeismic
Isolation equation.

12.Site coefficients given by AASHTO and MCEER/A¥® overestimated the
actual site coefficients for the soil and ground motion considered in the study.
However, the soil factors used in MCEER/ABG Seismic Isolation equation
could provide an adequate factor of safety.

The following recommendations asdggestions for future work are made based
on the experimental observations and analytical resuts.

1. Newmar kés method may be wused to esti ma
simply supported bridge superstructure subjected to coherent and incoherent
motions.Further experimental and analytical study should be performed to extend
its application to continuously supported bridge superstructure subjected to
biaxial motion.

2. The observation that the response to incoherent ground motion can be estimated
to by averaigng the response to coherent motions may be used to estimate bearing
displacements from incoherent ground motion applied in longitudinal direction.
However, it may not be valid when there is large phasing and amplitude
difference in the incoherent motion.

3. For conservative design, the response to coherent motion in soft soil may be used
when the incoherent ground motion is applied in longitudinal direction.

4. Response to incoherent ground motion should be carefully evaluated when
applied in transverse directioTorsional effects, which are further increased by
phase shifting and amplitude difference in incoherent ground motions, may give
higher bearing displacements compared to soft soil coherent motion.

5. The computer program SAP 2000 should be modified topadtee histories of
both ground accelerations and ground displacement as input motions.

55



6. The displacement equation given in the AASHTO Guide Specifications for
Seismic Isolation Design should be based on the spectral acceleration at 1.0 sec
rather than thpeak ground acceleration.

7. Further parametrical and experimental study should be carried out to determine
whether a @D spectrum plot can be used for incoherent ground motion.
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Table 2-1 Earthquake Records

PGA PGV PGD
Earthquake Year Station Component Direction | (Q) (cm/s) | (cm)
Loma 1989 Gilroy
Prieta Array #1 NS 000 0.411 31.6 6.38
EW 090 0.473 33.9 8.03
Landers | 1992| Lucerne
NS 000 0.785 31.9 16.42
EW 275 0.721 97.6 70.31
1986
North Whitewater NS 180 | 0.492| 347 | 6.38
Palm
) Trout Farm
Springs EW 270 0.612 31.5 4.58
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Table 3-1 Average Table Displacements, Bearing Displacements, Translational Stiffness, Torsional Stiffness and
Damping for Uniform Harmonic Motion with T ype # 3 Bearings

Type # 3 Bearings
Uniform Motion

Run Description Direction Ug | North UmaSXouth Tran_slational Translgtional Torsi_onal Damping
No. End End Stiffness Period Period (%)
12-2 | 0.3sec @ 1.5¢g Longitudinal| 1.18 1.31 1.31 1.84 1.03 0.60 11
13 | 0.3sec @ 1.5g Transverse | 1.08 1.13 1.13 1.71 1.07 0.62 16
21 | 1.0sec @ 0.03¢ Longitudinal| 0.27 2.6 2.6 1.85 1.03 0.59 4
22 | 1.0sec @ 0.03¢ Transverse | 0.27 2.18 2.49 1.83 1.04 0.60 3

Table 3-2 Average Table Displacements, BearinDisplacements, Translational Stiffness, Torsional Stiffness and
Damping for Uniform Harmonic Motion with Type # 1 Bearings

Type # 1 Bearings
Uniform Motion

Run Description Direction Ug | North Umaéxouth Tran_slational Transla_ltional Torsi_onal Damping
No. End End Stiffness Period Period (%)
12-2 | 0.3sec @ 1.6g | Longitudinal| 1.4 1.48 1.48 0.64 1.75 1.01 22
13 | 0.3sec @ 1.6g | Transverse | 1.37 1.46 1.46 0.64 1.75 1.01 20
21 | 1.0sec @ 0.05g Longitudinal| 0.35| 0.71 0.71 0.98 1.42 0.82 7
22 | 1.0sec @ 0.05g Transverse | 0.45| 0.52 1.06 0.88 1.49 0.86 7
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Table 3-3 Average Table Displacements, Bearing Displacements, Translational Stiffness, Torsional Stiffness and
Damping for Phased Harmonic Motion with Type # 3 Bearings

Type # 3 Bearings
Phased by 90°

Run Descriotion Direction U Umax Translational | Translational | Torsional | Damping
No. P 9 | North | South Stiffness Period Period (%)
End End
15 | 0.3sec @ 1.5g | Longitudinal| 1.18 1.25 1.26 1.78 1.05 0.61 12
16 |0.3sec @ 1.5g | Transverse | 1.17 1.46 1.41 1.79 1.05 0.60 10
24 | 1.0sec @ 0.03g| Longitudinal| 0.27 2 2.35 1.81 1.04 0.60 4
25 | 1.0sec @ 0.03g| Transverse | 0.27 1.89 1.86 1.85 1.03 0.59 4
Type # 3 Bearings
Phased by 180°
Run Descrition Direction U Umax Translationa | Translationa | Torsiona | Dampin
No. P 9 | North | South | |stiffness | Period | Period | g (%)
End End
Longitudina
18 | 0.3sec @ 1.5g | | 1.18 1.18 1.19 1.76 1.06 0.61 13
19 | 0.3sec @ 1.59 | Transverse | 1.16 1.56 1.57 1.78 1.05 0.61 9
Longitudina
27-2 | 1.0sec @ 0.03¢| | 0.27 0.26 0.28 2.49 0.89 0.51 7
28 | 1.0sec @ 0.03g| Transverse | 0.27 0.07 0.11 2.90 0.82 0.48 6
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Table 3-4 Average Table Displacements, Bearing Displacements, Translational Stiffness, Torsional Stiffness and
Damping for Phased Harmonic Motion with Type # 1 Barings

Type # 1 Bearings
Phased by 90°

Run Descriotion Direction U Umax Translationa | Translationa | Torsiona | Dampin
No. b 9 |North | South | Stiffness | Period | Period | g (%)
End End
Longitudina
15 [ 0.3sec @ 1.6g | | 1.4 1.43 1.43 0.58 1.84 1.06 22
16 | 0.3sec @ 1.6g | Transverse | 1.38 1.45 1.44 0.59 1.82 1.05 21
Longitudina
24 | 1.0sec @ 0.05¢] | 0.45 0.72 0.77 1.00 1.40 0.81 7
25 | 1.0sec @ 0.05¢g| Transverse | 0.45 1.25 0.94 0.88 1.49 0.86 5
Type # 1 Bearings
Phased by 180°
Run Descriotion Direction U Umax Translational | Translational | Torsional | Damping
No. P 9 | North | South Stiffness Period Period (%)
End End
18 | 0.3sec @ 1.6g | Longitudinal| 1.4 1.4 1.4 0.58 1.84 1.06 23
19 | 0.3sec @ 1.6g | Transverse | 1.38| 1.48 1.49 0.61 1.79 1.04 21
27 | 1.0sec @ 0.05g| Longitudinal| 0.45| 0.46 0.44 1.06 1.36 0.79 9
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‘ 28 ‘ 1.0sec @ 0.05¢g| Transverse ‘ 0.45‘ 4

‘ 3.85 ‘

0.65

1.74

‘ 1.00 ‘

5|

Table 3-5 Average Table Displacements, Bearing Displacements, Translational Stiffness, Torsional Stiffness and

Damping for Biaxial Harmonic Motion with Type # 3 Bearings

Type # 3
Bearings
Biaxial Runs
Ug Umax
Run No. Description North End South End
Table 1 Table 3 Brg 1 Brg2 Brg5 Brg6
X Y X Y X Y X Y X Y X Y
14-3 0.3sec @ 1.5g Uniform 0.82| 081 | 0.83 | 0.82 ] 0.91| 0.85 092 | 0.85 ]| 093 | 0.84 | 092 | 0.84
17 0.3sec @ 1.5g Phased 90° | 0.82| 0.81 | 0.83 | 0.81 | 0.85| 1.01 0.88 | 1.01 0.9 0.97 | 0.87 | 0.96
20 0.3sec @ 1.5g Phased 1809 0.82| 0.81 | 0.83 | 0.82 | 0.8 1.11 0.85 1.1 0.85 1.1 0.83 1.1
23 1.0sec @ 0.03g Uniform 0.27| 0.27 | 0.27 | 0.27 | 1.89 | 1.95 1.9 1.95 1.9 221 | 1.94 | 2.18
26 1.0sec @ 0.03g Phased 90° | 0.27| 0.26 | 0.27 | 0.27 | 1.31 | 1.83 137 | 183 | 167 | 1.87 | 1.74 | 1.84
29 1.0sec @ 0.03g Phased 1809 0.27| 0.27 | 0.27 | 0.27 | 0.29 | 0.08 | 0.23 | 0.08 | 0.27 | 0.13 | 0.3 0.13
rstons | Tendetonal | Tomora | T | oanping o
14-3 0.3sec @ 1.5g - Uniform 1.78 1.05 6,442.46 0.61 11
17 0.3sec @ 1.5g - Phased 90° 1.84 1.03 6,659.62 0.60 11
20 0.3sec @ 1.5g - Phasd 180° 1.78 1.05 6,442.46 0.61 11
23 1.0sec @ 0.03g - Uniform 1.82 1.04 6,587.24 0.60 3
26 1.0sec @ 0.03g - Phased 90° 1.84 1.03 6,659.62 0.60 4
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29 | 1.0sec @ 0.03g - Phased 180°

2.49

0.89

9,012.21

0.51

Table 3-6 Average Table Displacements, Bearing Bplacements, Translational Stiffness, Torsional Stiffness and
Damping for Biaxial Harmonic Motion with Type # 1 Bearings

Type # 1 Bearings

Biaxial Runs
Ug Umax
Run Description North End South End
No. Table 1 Table 3 Brg 1 Brg2 Brg5 Brg6
X Y X Y X Y X Y X Y X Y
14 0.3sec @ By Uniform 14 |135| 141 | 1.36| 148 | 1.42 1.47 142 | 149 | 1.34 15 | 1.34
17 0.3sec @ By Phased 90° 139 |1.35| 1.4 1.36 | 1.43 | 1.48 1.45 1.48 | 1.45 1.4 1.46 | 1.39
20 0.3sec @ By Phased 180°| 1.39 | 1.35| 1.41 1.36 | 1.38 1.49 1.42 1.49 1.42 1.43 141 | 1.44
23 1.0sec @ 08y Uniform 0.45 | 0.45| 045 | 0.45| 0.89 | 0.46 0.83 045 ] 0.89 | 1.08 | 0.86 | 1.07
26 1.0sec @ 0By - Phased 90° 0.45 | 0.45| 045 | 045]| 0.7 1.43 0.67 143 ] 069 | 1.09 | 0.81 | 1.08
29 1.0sec @ 08y - Phased 180°| 0.45 | 0.45| 0.45 | 045] 04 3.51 0.65 351 | 055 | 333 | 0.39 | 3.32
Run Description Tran_slational Transle_ltional To_rsional Torsi_onal Damping
No. Stiffness Period Stiffness Period (%)
14 ]| 0.3sec @ 1.6g - Uniform 0.58 1.84 2,099.23 1.06 22
17 ]| 0.3sec @ 1.6g - Phased 90° 0.57 1.86 2,063.04 1.07 24
20 | 0.3sec @ 1.6g - Phased 180° 0.59 1.82 2,135.42 1.05 22
23 | 1.0sec @ 0.05g - Uniform 0.93 1.45 3,366.00 0.84 6
26 | 1.0sec @ 0.05g - Phased 90° 0.91 1.47 3,293.62 0.85 9
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| 29 |1.0sec@0.059 - Phasedl80°

0.61

1.79

2,207.81

1.04
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Table 3.7 Effective Earthquake Force Equations

QU + G

Case b, b, Peir = - mgug

é 2
Uniform & sin(nt) & sin(t) - mét sin(ut)
Table 3 is Phaseq : . a . pPad :
by 90° @t sin(ut) i smggvt - 50 29 [sin(nt)- cogut)]
Table 3 is Phaseq : :
by 180° @t sin(ut) ét sin(ut - p) 0
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Table 4-1 Table and bearing displacements for coherent Loma Prieta runs withylpe # 3 bearings

Bearing Displacement, Umax
Table Displacement, Ug (in.) (in)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
62 Rock + Rock (Long.) -0.41 -0.44 -0.99 -0.99
63 Rock + Rock (Trans.) -0.44 | -0.44 -0.91 -1.00
64 Rock + Rock (Long.)* 0.23 0.24 0.23 0.26
65 Rock + Rock (Trans.)* 0.23 0.23 0.23 0.25
66 Rock + Rock (Biaxial)** -0.41 0.23 | -0.44 0.23 | -0.98 0.24 | -0.99 0.25
67 500 + 500 (Long.) -0.45 -0.49 -1.03 -1.03
68 500 + 500 (Trans.) -0.47 -0.47 -0.94 -1.04
69 500 + 500 (Biaxial)** -045 0.24 | -0.48 0.25 | -1.02 0.23 | -1.03 0.24
70-2 180 + 180 (Long.) -0.41 -0.42 -1.33 -1.33
71-2 180 + 180 (Trans.) -0.41 -0.41 -1.21 -1.33
72 180 +180 (Biaxial)** -040 0.26 | -0.42 0.28 | -1.31 0.40 | -1.31 0.41
Note: * - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma Prieta)
** - For biaxial runs, the earthquake record used in transveesgidir is the minor

component

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)
T1- North End Shak&able

T3 - South End Shake Table

X - Longitudinal direction

Y - Transverse direction
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Table 42 Table and bearing displacements for incoherent Loma Prieta runs with Type # 3 bearings

Bearing Displacement, Umax
Table Displacement, Ug (in.) (in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
73 Rock + 500 (Long.) -0.41 -0.49 -1.01 -1.01
74 Rock + 500 (Trans.) -0.44 -0.47 -0.92 -1.01
75 Rock + 500 (Biaxal)** -041 0.23 | -049 0.25 | -1.01 0.23 | -1.01 0.26
76 500 + Rock (Long.) -0.45 -0.45 -1.01 -1.01
77 500 + Rock (Trans.) -0.47 -0.43 -0.92 -1.02
78 500 + Rock (Biaxial)** -045 0.24 | -045 0.24 | -1.01 0.24 | -1.01 0.24
79 Rock + 180 (Long.) -0.42 -0.41 -1.15 -1.17
80 Rock + 180 (Trans.) -0.43 -0.42 1.08 -1.30
81 Rock + 180 (Biaxial)** -0.41 0.23 | -0.41 0.28 | -1.14 0.27 | -1.15 0.47
82 180 + Rock (Long.) -0.40 -0.43 -1.15 -1.15
83 180 + Rock (Trans.) -0.41 -0.44 -1.20 -1.19
84 180 + Rock (Biaxial)** -0.40 0.27 | -0.43 0.24 | -1.15 0.46 | -1.14 0.28
85 500 + 180 (Long.) -0.44 -0.41 -1.16 -1.18
86 500 + 180 (Trans.) -0.47 -0.42 1.09 -1.32
87 500 + 180 (Biaxial)** -0.44 0.24 | -0.41 0.28 | -1.16 0.26 | -1.17 0.46
88 180 + 500 (Long.) -0.40 -0.47 -1.17 -1.17
89 180 + 500 (Trans.) -0.42 -0.47 -1.22 -1.12
90 180 + 500 (Biaxial)** -040 0.26 | -0.48 0.25 | -1.17 0.44 | -1.16 0.28
Note: * - The earthquake record used is from the minor carapb(i.e., NS component in the case of Loma Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor

component
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Table 4-3 Table and bearing displacements for coherent Landers runs with Type # 3 bearings

Table Displacement, Ug (in.) | Bearing Displacement, Umax (in.)
North End South End North End South End
Run No. Description T1-X T1-Y | T3-X T3-Y X Y X Y
91 Rock + Rock (Long.) 0.30 0.30 0.74 0.74
92 Rock + Rock (Trans.) 0.30 0.30 0.67 0.74
93 Rock + Rock (Long.)* 0.12 0.12 -0.32 -0.32
94 Rock + Rock (Trans.)* 0.12 0.13 -0.27 -0.28
95 Rock + Rock (Biaxial)** 0.30 0.12 | 0.30 0.13 | 0.73 -0.26 0.73 -0.26
96 500 + 500 (Long.) 0.34 0.36 0.81 0.81
97 500 + 500 (Trans.) 0.34 0.35 0.72 0.80
98 500 + 500 (Biaxial)** 034 0.17 | 0.36 0.18 | 0.81 -0.32 0.80 -0.33
99 180 + 180 (Long.) 0.43 0.45 1.22 1.23
100 180 + 180 (Trans.) 0.44 0.44 1.08 1.23
101 180 + 180 (Biaxial)** 043 -0.22| 045 -0.22| 1.20 -0.44 1.21 -0.46
Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquakeecord used is from rock
500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)

T1- North End Shake Table
T3 - South End Shake Table
X - Longitudinal direction

Y - Transverse direction
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Table 4-4 Table and bearing displacements for incoherent Landers runs with Ty

e # 3 bearings

Table Displacement, Ug (in.)

Bearing Displacement, Umaxin.)

North End South End North End South End

Run No. Description T1-X T1-Y | T3-X T3-Y X Y X Y

102 Rock + 500 (Long.) 0.30 0.36 0.78 0.76

103 Rock + 500 (Trans.) 0.30 0.35 0.70 0.75

104 Rock + 500 (Biaxial)** 0.30 0.12 | 0.36 0.18 | 0.77 -0.27 0.76 -0.31

105 500 + Rock (Long.) 0.34 0.31 0.77 0.78

106 500 + Rock (Trans.) 0.34 0.30 0.67 0.79

107 500 + Rock (Biaxial)** 034 0.17 | 0.31 0.12 | 0.76 -0.30 0.77 -0.28

108 Rock + 180 (Long.) 0.30 0.45 0.99 0.99

109 Rock + 180 (Trans.) 0.29 0.44 1.04 -1.09

110 Rock + 180 (Biaxial)** 030 0.12 | 045 -0.22| 0.98 0.42 0.98 -0.47

111 180 + Rock (Long.) 0.43 0.30 0.97 0.98

112 180 + Rock (Trans.) 0.44 0.30 | -1.06 1.14

113 180 + Rock (Biaxial)** 043 -0.22| 030 0.13 | 0.96 -0.48 0.97 0.45

114 500 + 180 (Long.) 0.34 0.45 1.01 1.03

115 500 + 180 (Trans.) -0.34 0.44 1.05 -1.12

116 500 + 180 (Biaxial)** 034 0.16 | 045 -0.22| 1.00 0.43 1.02 -0.50

117 180 + 500 (Long.) 0.43 0.36 1.01 1.00

118 180 + 500 {rans.) 0.43 0.35 -1.08 1.16

119 180 + 500 (Biaxial)** 043 -0.22| 036 0.18 | 1.00 -0.50 0.99 0.46
Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma Prieta)

** - For biaxial runsthe earthquake record used in transverse direction is the minor

component
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Table 45 Table and bearing displacements for coherent N. Palm Springs runs with Type # 3 bearings

Bearing Displacement, Umax
Table Displacement, Ug (in.) (in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
120 Rock + Rock (Long.) -0.44 -0.49 0.77 0.79
121 Rock + Rock (Trans.) -0.48 -0.48 0.69 0.75
122 Rock + Rock (Long.)* 0.42 0.48 -0.80 -0.85
123 Rock+ Rock (Trans.)* 0.45 0.48 -0.76 -0.82
124 Rock + Rock (Biaxial)** -044 045 | -049 048 | 0.74 -0.74 | 0.77 -0.82
125 500 + 500 (Long.) -0.48 -0.53 0.87 0.91
126 500 + 500 (Trans.) -0.52 -0.52 0.80 0.86
127 500 + 500 (Biaxial)** -048 0.56 | -0.54 0.60 | 0.83 -0.90 | 0.87 -1.00
128 180 + 180 (Long.) -0.71 -0.79 -1.23 -1.25
129 180 + 180 (Trans.) -0.77 -0.77 -1.28 -1.17
130 180 + 180 (Biaxial)** -0.71  0.76 | -0.79 0.79 | -1.22 116 | -1.24 1.21
Note: * - The earthgake record used is from the minor component (i.€5, dmponent in the case of Loma Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock

500- Eathquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)
T1- North End Shake Table

T3 - South End Shake Table

X - Longitudinal direction

Y - Transverse direction
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Table 4-6 Table and bearing displacements for incoherent N. Palm Springs runs with Type # 3 bearings

Bearing Displacement, Umax
Table Displacement, Ug (in.) (in)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
131 Rock + 500 (Long.) -0.44 -0.53 0.80 0.86
132 Rock + 500 (Trans.) -0.48 -0.52 0.71 0.84
133 Rock + 500 (Biaxial)** -0.44 045 | -053 060 | 0.77 -0.81| 0.82 -0.93
134 500 + Rock (Long.) -0.48 -0.49 0.82 0.84
135 500 + Rock (Trans.) -0.52 -0.49 0.78 0.77
136 500 + Rock (Biaxial)** -0.47 057 | -050 048 | 0.80 -0.85| 0.80 -0.90
137 Rock + 180 (Long.) -0.44 -0.79 -0.84 1.12
138 Rock + 180 (Trans.) -0.48 -0.77 1.13 -1.80
139 Rock + 180 (Biaxial)** -0.43 045 | -0.79 0.79 | 0.87 -0.89 | 1.07 1.38
140 180 + Rock (Long.) -0.71 -0.49 1.06 -0.87
141 180 + Rock (Trans.) -0.77 -0.48 -1.87 1.25
142 180 + Rock (Biaxial)** -0.71 0.76 | -049 048 | 1.02 136 | -0.88 -1.00
143 500 + 180 (Long.) -0.48 -0.79 -0.82 1.13
144 500 + 180 (Trans.) -0.52 -0.78 1.12 -1.79
145 500 + 180 (Biaxial)** -0.47 057 | -0.79 0.79 | -0.86 -0.91 | 1.08 1.47
146 180 + 500 (Long.) -0.71 -0.53 1.07 -0.86
147 180 + 500 (Trans.) -0.77 -0.52 -1.86 1.23
148 180 + 500 (Biaxial)** -0.71  0.75 | -053 060 | 1.03 143 | 0.86 -1.03
Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma Prieta)
** - For biaxial runs, the edruake record used in transverse direction is the minor

component
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Table 4-7 Stiffness, period and damping for coherent Loma Prieta runs with Ty

e # 3 bearings

Bearing

System

R . System . System .
un _ Translational . Torsional . Damping
Description . Translational . Torsional
No. St|_ffn_ess Period (se) St_lffness Period (sec) (%)
(kip/in) (kip/rad)
62 | Rock + Rock (Long.) 2.35 0.91 8505 0.53 5
63 | Rock + Rock (Trans.) 2.22 0.94 8035 0.54 5
64 | Rock + Rock (Long.)* 2.86 0.83 10351 0.48 9
65 | Rock + Rock (Trans.)* 2.81 0.84 10170 0.48 10
chk_+ Rock 232
66 | (Biaxial)** 0.92 8397 0.53 5
67 | 500 + 500 (Long.) 2.34 0.92 8469 0.53 5
68 | 500 + 500 (Trans.) 2.23 0.94 8071 0.54 5
69 | 500 + 500 (Biaxial)** 2.33 0.92 8433 0.53 5
70-2 | 180 + 180 (Long.) 2.22 0.94 8035 0.54 5
71-2 | 180 + 180 (Trans.) 2.14 0.96 7745 0.55 5
72 | 180 + 180 (Biaxial)** 2.21 0.94 7999 0.54 5
* - The earthquake record used is from the minor component (i® ¢dinponent in the case of Loma
Note: Prieta)

Table 4-8 Stiffness, period and damping for incoherent Loma Prieta runs with Type # 3 bearings

** - For biaxial runs, the earthgke record used in transverse direction is the minor compot

Rock- Earthquake record used is from

rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (sof} soil
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Damping
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Peiod (sec) (%)
(kip/in) (kip/rad)
73 | Rock + 500 (Long.) 231 0.92 8361 0.53 5
74 | Rock + 500 (Trans.) 2.24 0.94 8107 0.54 5
75 | Rock + 500 (Biaxial)** 2.31 0.92 8361 0.53 5
76 | 500 + Rock (Long.) 2.32 0.92 8397 0.53 5
77 | 500 + Rock (Trans.) 2.25 0.93 8144 054 5
78 | 500 + Rock (Biaxial)** 2.32 0.92 8397 0.53 5
79 | Rock + 180 (Long.) 2.25 0.93 8144 0.54 5
80 | Rock + 180 (Trans.) 2.20 0.94 7963 0.55 5
81 | Rock + 180 (Biaxial)** 2.25 0.93 8144 0.54 5
82 | 180 + Rock (Long.) 2.26 0.93 8180 0.54 5
83 | 180 + Rock (Tans.) 2.18 0.95 7890 0.55 5
84 | 180 + Rock (Biaxial)** 2.26 0.93 8180 0.54 5
85 | 500 + 180 (Long.) 2.25 0.93 8144 0.54 5
86 | 500 + 180 (Trans.) 2.17 0.95 7854 0.55 5
87 | 500 + 180 (Biaxial)** 2.26 0.93 8180 0.54 5
88 | 180 + 500 (Long.) 2.24 0.94 8107 0.54 5
89 | 180 + 500 (Trans.) 2.16 0.95 7818 0.55 5
90 | 180 + 500 (Biaxial)** 2.25 0.93 8144 0.54 5
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthckmrecord used in transverse direction is the minor compor

Table 4-9 Stiffness, period and damping for coherent Landers runs with Type # 3 bearings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Damping
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
91 | Rock + Rock (Long.) 2.47 0.89 8940 0.51 5
92 | Rock + Rock (Trans.) 2.40 0.90 8686 0.52 5
93 | Rock + Rock (Long.)* 2.81 0.84 10170 0.48 6
94 | Rock + Rock (Trans.)* 2.76 0.34 9989 0.49 6
Rock + Rock 2 47
95 | (Biaxial)** ' 0.89 8940 0.51 5
96 | 500 + 500 (Long.) 2.44 0.90 8831 0.52 5
97 | 500 + 500 (Trans.) 2.39 0.91 8650 0.52 5
98 | 500 + 500 (Biaxial)** 2.40 0.90 8686 0.52 6
99 | 180 + 180 (Long.) 2.25 0.93 8144 0.54 5
100 | 180 +180 (Trans.) 2.18 0.95 7890 0.55 5
101 | 180 + 180 (Biaxial)** 2.23 0.94 8071 0.54 5
* - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma
Note: Prieta)

Table 4-10 Stiffness, period and damping for incoherent Landers runs with Type # 3 bearings

** - For biaxial runs, the earthquake recorddis transverse direction is the minor compone

Rock- Earthquake record used is from

rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Dampirgy
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
102 | Rock + 500 (Long.) 2.45 0.90 8867 0.52 5
103 | Rock + 500 (Trans.) 2.39 0.91 8650 0.52 5
104 | Rock + 500 (Biaxial)** 2.42 0.90 8759 0.52 5
105 | 500 + Rock (Long.) 2.44 0.90 8831 0.52 5
106 | 500 + Rock (Trans.) 2.38 0.91 8614 0.52 5
107 | 500 + Rock (Biaxial)** 2.42 0.90 8759 0.52 5
108 | Rock + 180 (Long.) 2.35 0.91 8505 0.53 5
109 | Rock + 180 (Trans.) 2.25 0.93 8144 0.54 5
110 | Rock + 180 (Biaxial)** 2.32 0.92 8397 0.53 5
111 | 180 + Rock (Long.) 2.34 0.92 8469 0.53 5
112 | 180 + Rock (Tran}. 2.21 0.94 7999 0.54 5
113 | 180 + Rock (Biaxial)** 2.31 0.92 8361 0.53 5
114 | 500 + 180 (Long.) 2.34 0.92 8469 0.53 5
115 | 500 + 180 (Trans.) 2.23 0.94 8071 0.54 5
116 | 500 + 180 (Biaxial)** 2.30 0.92 8325 0.53 5
117 | 180 + 500 (Long.) 2.32 0.92 8397 0.53 5
118 | 180 + 500 (Trans.) 2.21 0.94 7999 0.54 5
119 | 180 + 500 (Biaxial)** 2.30 0.92 8325 0.53 5
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthgke record used in transverse direction is the minor compol

Table 4-11 Stiffness, period and damping for coherent N. Palm Springs runs with Type # 3 bearings
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Bearing System Sys.tem System .
Run _ Translational . Torsional . Damping
No. Description Stiffness Translatlonal Stiffness To_rS|onaI (%)
- Period (gc) : Period (sec)
(kip/in) (kip/rad)
120 | Rock + Rock (Long.) 2.41 0.90 8723 0.52 6
121 | Rock + Rock (Trans.) 2.33 0.92 8433 0.53 5
122 | Rock + Rock (Long.)* 2.38 0.91 8614 0.52 8
123 | Rock + Rock (Tras.)* 2.30 0.92 8325 0.53 8
Rc.)ck.+ Rock 230
124 | (Biaxial)** 0.92 8325 0.53 7
125 | 500 + 500 (Long.) 2.46 0.89 8904 0.52 6
126 | 500 + 500 (Trans.) 2.36 0.91 8542 0.53 7
127 | 500 + 500 (Biaxial)** 2.31 0.92 8361 0.53 8
128 | 180 + 180 (Long.) 2.22 0.94 8035 0.54 5
129 | 180 + 180 (Trans.) 2.15 0.96 7782 0.55 5
130 | 180 + 180 (Biaxial)** 2.14 0.96 7745 0.55 6
* - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the elnquake record used in transverse direction is the minor compo

Rock- Earthquake record used is from

rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s uif}

Table 412 Stiffness, period and damping for incoherent N. Palm Springs runs with Type # 3 bearings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ¥S Damping
Description : Translational . Tordonal
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
131 | Rock + 500 (Long.) 2.41 0.90 8723 0.52 7
132 | Rock + 500 (Trans.) 2.29 0.93 8288 0.53 6
133 | Rock + 500 (Biaxial)** 2.30 0.92 8325 0.53 7
134 | 500 + Rock (Long.) 2.46 0.89 8904 0.52 6
135 | 500 + Rock (Trans.) 2.28 0.93 8252 0.54 7
136 | 500 + Rock (Biaxial)** 2.28 0.93 8252 0.54 7
137 | Rock + 180 (Long.) 2.35 0.91 8505 0.53 7
138 | Rock + 180 (Trans.) 2.15 0.96 7782 0.55 5
139 | Rock + 180 (Biaxial)** 2.25 0.93 8144 0.54 6
140 | 180 + Rock (Long.) 2.33 0.92 8433 0.53 8
141 | 180 + Rock (Trans.) 2.10 0.97 7601 0.56 5
142 | 180 + Rock (Biaxial)** 2.21 0.94 7999 0.54 7
143 | 500 + 180 (Long.) 2.37 0.91 8578 0.53 8
144 | 500 + 180 (Trans.) 2.14 0.96 7745 0.55 5
145 | 500 + 180 (Biaxial)** 2.25 0.93 8144 0.54 7
146 | 180 + 500 (long.) 231 0.92 8361 0.53 5
147 | 180 + 500 (Trans.) 2.10 0.97 7601 0.56 5
148 | 180 + 500 (Biaxial)** 2.21 0.94 7999 0.54 7
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - Forbiaxial runs, the earthquake record used in transverse direction is the minor comg

Table 4-13 Table and bearing displacements for coherent Loma Prieta runs with Type # 1 bearings
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Bearing Displacemat, Umax
Table Displacement, Ug (in.) (in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
62 Rock + Rock (Long.) -0.42 -0.44 -0.73 -0.75
63 Rock + Rock (Trans.) -0.43 -0.43 -0.66 -0.71
64 Rock + Rock (Long.)* 0.22 0.23 0.35 0.35
65 Rock + Rock (Trans.)* 0.22 0.23 0.31 0.36
66 Rock + Rock (Biaxial)** -0.42 0.22 | -043 0.23 | -0.72 0.31 | -0.75 -0.37
67 500 + 500 (Long.) -0.45 -0.47 -0.78 -0.79
68 500 + 500 (Trans.) -0.45 -0.46 -0.69 -0.75
69 500 + 500 (Biaxig** -0.45 0.23 | -0.47 0.24 | -0.76 0.33 | -0.78 -0.40
70 180 + 180 (Long.) -0.38 -0.40 -0.82 -0.81
71 180 + 180 (Trans.) -0.39 -0.40 -0.75 -0.70
72 180 + 180 (Biaxial)** -0.38 -0.26 | -0.39 -0.27 | -0.80 0.43 | -0.70 -0.47
Note: * - The earthquake record used is from the minor component (+®.¢cnponent in the case of Loma Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor

component
Rock- Earthquake record used is from rock
500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)
T1- North End Shake Table
T3 - South End Shake Table
X - Longitudinal direction
Y - Transverse direction
Table 4-14 Table and bearing displacements for incoherent Loma Prieta runs with Type # 1 bearings

08



Bearing Displacement, Umax
Table Displacement, Ug (in.) (in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
73 Rock + 500 (Long.) -0.42 -0.47 -0.75 -0.78
74 Rock + 500 (Trans.) -0.43 -0.46 -0.67 -0.73
75 Rock + 500 (Biaxial)** -0.42 0.22 | -0.47 0.24 | -0.74 0.33 | -0.77 -0.40
76 500 + Rock (Long.) -0.45 -0.43 -0.76 -0.77
77 500 + Rock (Trans.) -0.46 -0.43 -0.67 -0.73
78 500 + Rock (Biaxial)** -0.45 0.23 | -043 0.23 | -0.75 0.33 | -0.76  -0.37
79 Rock + 180 (Long.) -0.42 -0.39 -0.75 -0.82
80 Rock + 180 (Trans.) -0.43 -0.40 -0.56 -0.87
81 Rock + 180 (Biaxial)** -0.42 0.22 | -0.39 -0.27| -0.74 0.31 | -0.80 -0.48
82 180 + Rock (Long.) -0.39 -0.43 -0.81 -0.77
83 180 + Rock (Trans.) -0.39 -0.43 -0.90 -0.65
84 180 + Rock (Biaxial)** -0.39 -0.27| -0.43 0.23 | -0.79 045 | -0.76 -0.36
85 500 + 180 (Long.) -0.45 -0.39 -0.78 -0.82
86 500 + 180 (Trans.) -0.46 -0.40 -0.58 -0.88
87 500 + 180 (Biaxial)** -045 0.23 | -0.39 -0.27 | -0.76 0.33 | -0.81 -0.49
88 180 + 500 (Long.) -0.39 -0.47 -0.82 -0.79
89 180 + 500 {rans.) -0.40 -0.46 -0.91 -0.67
90 180 + 500 (Biaxial)** -0.39 -0.27| -0.47 0.24 | -080 0.48 | -0.79 -0.39
Note: * - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma Prieta)
** - For biaxialruns, the earthquake record used in transverse direction is the minor

component
Table 4-15 Table and bearing displacements for coherent Landers runs with Type # 1 bearings
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Table Displacement, Ug (in.)

Bearing Displacement, Umaxi@.)

North End South End North End South End
Run No. Description T1-X T1-Y | T3-X T3-Y X Y X Y
91 Rock + Rock (Long.) 0.29 0.30 0.51 0.51
92 Rock + Rock (Trans.) -0.30 -0.30 0.45 0.55
93 Rock + Rock (Long.)* 0.12 0.12 -0.27 -0.27
94 Rock + RockTrans.)* -0.12 0.12 -0.23 -0.24
95 Rock + Rock (Biaxial)** 0.29 -0.12| 030 0.12 | 0.50 0.22 0.50 -0.26
96 500 + 500 (Long.) -0.33 0.34 0.55 0.55
97 500 + 500 (Trans.) -0.34 -0.34 0.49 0.60
98 500 + 500 (Biaxial)** -0.33 0.16 | 0.4 0.17 | 0.54 0.29 0.54 0.33
99 180 + 180 (Long.) 0.43 0.44 0.64 0.64
100 180 + 180 (Trans.) 0.44 0.45 -0.60 0.69
101 180 + 180 (Biaxial)** 043 -0.23| 044 -0.23| 0.62 -0.42 0.62 -0.42
Note: * - The earthquake record used isnfrthe minor component (i.e.-8l component in the case of Loma Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock
500- Earthquake record usedfiem soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)

T1- North End Shake Table
T3 - South End Shake Table

X - Longitudinal direction
Y - Transverse direction

Table 4-16 Table and bearing displacements for incoherent Landers runs with Type # 1 bearings
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Bearing Displacement, Umax
Table Displacement, Ug (in.) in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X  T3-Y X Y X Y
102 Rock + 500 (Long.) -0.29 0.34 0.54 -0.46
103 Rock + 500 (Trans.) -0.30 0.34 0.50 0.55
104 Rock + 500 (Biaxial)** 029 012 | 035 0.17 | 0.52 0.23 | 0.51 0.31
105 500 + Rock (Long.) 0.33 0.30 0.53 0.54
106 500 + Rock (Trans.) -0.34 -0.30 0.45 0.61
107 500 + Rock (Biaxial)** 033 0.16 | 0.30 0.12 | 0.52 0.29 | 0.53 0.26
108 Rock + 180 (Long.) 0.29 0.44 0.59 0.57
109 Rock + 180 (Trans.) -0.30 0.45 0.59 -0.74
110 Rock + 180 (Biaxial)** 0.29 -0.12| 044 -0.23| 0.57 0.21 | 055 -0.49
111 180 + Rock (Long.) 0.43 -0.30 0.57 0.59
112 180 + Rock (Trans.) 0.45 0.30 0.76 0.76
113 180 + Rock (Biaxial)** 043 -0.23| -0.30 0.12 | 0.55 -0.48 | 0.57 -0.32
114 500 + 180 (Long.) 0.33 0.44 0.60 0.59
115 500 + 180 (Trans.) -0.34 0.45 -0.60 -0.75
116 500 + 180 (Biaxial)** 0.33 0.16 | 044 -0.23| 0.58 0.27 | 0.57 -0.50
117 180 + 500 (Long.) 0.43 0.34 0.59 0.61
118 180 + 500 (Trans.) 0.45 0.35 -0.77 0.74
119 180 + 500 (Biaxig** 043 -0.23| 0.34 0.17 | 0.57 0.49 | 0.59 -0.33
Note: * - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma Prieta)
** - For biaxial runs, the earthquake record used in transverse directiommstire

component
Table 4-17 Table and bearing displacements for coherent N. Palm Springs runs with Type # 1 bearings
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Bearing Displacement, Umax

Table Displacement, Ug (in.) (in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X T3-Y X Y X Y
120 Rock + Rock (Long.) 0.36 -0.36 0.62 0.60
121 Rock + Rock (Trans.) -0.35 -0.35 0.52 0.59
122 Rock + Rock (Long.)* 0.33 0.34 -0.34 -0.35
123 Rock + Rock (Trans.)* 0.32 0.34 0.32 -0.32
124 Rock + Rock (Biaxial)** 036 032 | -036 0.34 | 0.62 -0.32| 0.60 -0.32
125 500 + 500 (Long.) -0.38 -0.39 0.67 0.66
126 500 + 500 (Trans.) -0.38 -0.38 0.57 0.65
127 500 + 500 (Biaxial)** -0.38 040 | -0.39 042 | 0.66 -0.42 | 0.65 -0.42
128 180 + 180 (Log.) -0.42 -0.60 1.00 0.98
129 180 + 180 (Trans.) -0.60 -0.60 0.86 0.97
130 180 + 180 (Biaxial)** -0.59 057 | -060 0.59 | 0.97 -0.64 | 0.95 -0.65
Note: * - The earthquake record used is from the minor component (i® ¢dnponenin the case of Loma Prieta)

Table 418 Table and bearing dispacements for incoherent N. Palm Springs runs with Type # 1 bearings

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock
500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)

T1- North End Shake Table
T3 - South End Shake Table

X - Longitudinal direction
Y - Transverse direction
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Bearing Displacement, Umax
Table Displacement, Ug (in.) (in.)
North End South End North End South End
Run No. Description T1-X  T1-Y | T3-X  T3-Y X Y X Y
131 Rock + 500 (Long.) 0.36 -0.40 0.64 0.63
132 Rock + 500 (Trans.) -0.35 -0.38 0.56 0.61
133 Rock + 500 (Biaxial)** 036 031 -039 043 | 0.63 -0.31 | 0.62 -0.42
134 500 + Rock (Long.) -0.38 -0.37 0.65 0.63
135 500 + Rock (Trans.) -0.38 -0.35 0.54 0.62
136 500 + Rock (Biaxial)** -0.38 040 | -0.36 0.34 | 0.64 -0.42 | 0.62 -0.31
137 Rock + 180 (Long.) 0.36 -0.61 0.61 0.95
138 Rock + 180 (Trans.) -0.36 -0.60 -0.49 0.97
139 Rock + 180 (Biaxial)** 036 031 | -061 059 | 058 -0.37 | 0.92 0.86
140 180 + Rock (Long.) -0.59 -0.36 0.96 0.58
141 180 + Rock (Trans.) -0.60 -0.36 0.89 -0.61
142 180 + Rock (Biaxial)** -0.59 057 | -0.36 0.33 | 0.96 0.87 | 0.57 -0.35
143 500 + 180 (Long.) -0.38 -0.60 0.62 0.95
144 500 + 180 (Trans.) -0.38 -0.61 -0.53 0.96
145 500 + 180 (Biaxial)** -0.38 041 | -060 058 | 0.61 -0.39 | 0.94 0.85
146 180 + 500 (Long.) -0.59 -0.39 0.97 0.60
147 180 + 500 (Trans.) -0.59 -0.39 0.88 -0.65
148 180 + 500 (Biaxial)** -0.59 057 | -039 042 | 095 0.87 | 0.58 -0.39
Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor

component
Table 4-19 Stiffness, period and damping for coherent Loma Prieta runs with Type # 1 bearings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Danping
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
62 | Rock + Rock (Long.) 1.03 1.38 3728 0.80 7
63 | Rock + Rock (Trans.) 0.92 1.46 3330 0.84 7
64 | Rock + Rock (Long.)* 1.18 1.29 4271 0.74 6
65 | Rock + Rock (Trans.)* 1.08 1.35 3909 0.78 7
Rock + Rock 103
66 | (Biaxial)** ' 1.38 3728 0.80 7
67 | 500 + 500 (Long.) 1.07 1.35 3873 0.78 7
68 | 500 + 500 (Trans.) 0.94 1.45 3402 0.83 7
69 | 500 + 500 (Biaxial)** 1.08 1.35 3909 0.78 8
70 | 180 + 180 (Long.) 0.99 1.41 3583 0.81 8
71 | 180+ 180 (Trans.) 0.91 1.47 3294 0.85 7
72 | 180 + 180 (Biaxial)** 0.96 1.43 3475 0.83 9
* - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma
Note: Prieta)

Table 4-20 Stiffness, period and damping for incoherent Loma Prieta runsvith Type # 1 bearings

** - For biaxial runs, the earthquake record used in transverse direction is the minor com

Rock- Earthquake record used is from

rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Damping
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
73 | Rock + 500 (Long.) 1.01 1.39 3656 0.81 7
74 | Rock + 500 (Trans.) 0.94 1.45 3402 0.83 8
75 | Rock + 500 (Biaxial)** 1.02 1.39 3692 0.80 8
76 | 500 + Rock (Long.) 1.05 1.37 3800 0.79 7
77 | 500 + Rock (Trans.) 0.94 1.45 3402 0.83 7
78 | 500 + Rock (Biaxial)** 1.05 1.37 3800 0.79 7
79 | Rock + 180 (Long.) 1.00 1.40 3619 0.81 7
80 | Rock + 180 (Trans.) 0.90 1.48 3257 0.85 8
81 | Rock + 180 (Biaxial)** 0.98 1.42 3547 0.82 8
82 | 180 + Rock (Long.) 1.00 1.40 3619 0.81 7
83 | 180 + Rock (Trans.) 0.92 1.46 3330 0.84 8
84 | 180 + Rock (Biaxial)** 0.97 1.42 3511 0.82 8
85 | 500 + 180 (Long.) 1.02 1.39 3692 0.80 7
86 | 500 + 180 (Trans.) 0.94 1.45 3402 0.83 7
87 | 500 + 180 (Biaxial)** 1.02 1.39 3692 0.80 8
88 | 180 + 500 (Long.) 0.99 1.41 3583 0.81 8
89 | 180 + 500 (Trans.) 0.93 1.45 3366 0.84 8
90 | 180 + 500 (Biaxial)** 1.01 1.39 3656 0.81 8
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor com|

Table 4-21 Stiffness, period and damping for coherent Landers runs with Type # 1 bearings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Damping
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
91 | Rock + Rock (Long.) 1.11 1.33 4017 0.77 7
92 | Rock + Rock (Trans.) 0.99 1.41 3583 0.81 7
93 | Rock + Rock (Long.)* 1.26 1.25 4560 0.72 9
94 | Rock + Rock (Trans.)* 1.09 1.34 3945 0.78 9
Rock + Rock 1.09
95 | (Biaxial)** ' 1.34 3945 0.78 7
96 | 500 + 500 ong.) 1.09 1.34 3945 0.78 7
97 | 500 + 500 (Trans.) 1.00 1.40 3619 0.81 9
98 | 500 + 500 (Biaxial)** 1.06 1.36 3837 0.79 7
99 | 180 + 180 (Long.) 1.07 1.35 3873 0.78 6
100 | 180 + 180 (Trans.) 0.96 1.43 3475 0.83 6
101 | 180 + 180 (Biaxial)** 1.01 1.39 3656 081 7
* - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor com

Rock- Earthquake recordsed is from

rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)

Table 4-22 Stiffness, period and damping for incoherent Landers runs with Type # 1 beings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Damping
Description : Translational . Torsional
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
102 | Rock + 500 (Long.) 1.10 1.34 3981 0.77 7
103 | Rock + 500 (Tans.) 1.00 1.40 3619 0.81 8
104 | Rock + 500 (Biaxial)** 1.08 1.35 3909 0.78 9
105 | 500 + Rock (Long.) 1.12 1.32 4054 0.76 7
106 | 500 + Rock (Trans.) 1.00 1.40 3619 0.81 7
107 | 500 + Rock (Biaxial)** 1.07 1.35 3873 0.78 8
108 | Rock + 180 (Long.) 1.09 1.34 3945 0.78 6
109 | Rock + 180 (Trans.) 0.94 1.45 3402 0.83 7
110 | Rock + 180 (Biaxial)** 1.05 1.37 3800 0.79 7
111 | 180 + Rock (Long.) 1.05 1.37 3800 0.79 7
112 | 180 + Rock (Trans.) 0.93 1.45 3366 0.84 6
113 | 180 + Rock (Biaxial)** 1.02 1.39 3692 0.80 8
114 | 500 + 180 (Long.) 1.05 1.37 3800 0.79 8
115 | 500 + 180 (Trans.) 0.96 1.43 3475 0.83 7
116 | 500 + 180 (Biaxial)** 1.03 1.38 3728 0.80 8
117 | 180 + 500 (Long.) 1.04 1.37 3764 0.79 6
118 | 180 + 500 (Trans.) 0.93 1.45 3366 0.84 8
119 | 180 + 500 (Biaxial)** 1.8 1.38 3728 0.80 8
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor com|

Table 4-23 Siffness, period and damping for coherent N. Palm Springs runs with Type # 1 bearings
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Bearing System Sys.tem System .
Run _ Translational . Torsional . Damping
No. Description Stiffness Translatlonal Stiffness To_rS|onaI (%)
- Period (sec) : Period (sec)
(kip/in) (kip/rad)
120 | Rock + Rock (Long.) 1.05 1.37 3800 0.79 9
121 | Rock + Rock (Trans.) 0.95 1.44 3438 0.83 8
122 | Rock + Rock (Long.)* 1.03 1.38 3728 0.80 9
123 | Rock + Rock (Trans.)* 0.98 1.42 3547 0.82 8
Rc.)ck.+ Rock 0.98
124 | (Biaxial)** 1.42 3547 0.82 9
125 | 500 + 500 (Long.) 1.04 1.37 3764 0.79 8
126 | 500 + 500 (Trans.) 0.98 1.42 3547 0.82 7
127 | 500 + 500 (Biaxial)** 1.02 1.39 3692 0.80 9
128 | 180 + 180 (Long.) 0.97 1.42 3511 0.82 8
129 | 180 + 180 (Trans.) 0.94 1.45 3402 0.83 7
130 | 180 + 180 (Biaxial)** 0.92 1.46 3330 0.84 9
* - The earthquake record used is from the minor component (i® ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor com

Rock- Earthquake record used is from

rock

500- Earthquake record used is from soil with VS=500m/s (stiff soil)
180- Earthquake record used is from soil with VS=180m/s (soft soil)

Table 4-24 Stiffness, period and damping for incoherent N. Palm Sprgs runs with Type # 1 bearings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ys Damping
N Description : Translational . Torsional
0. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
131 | Rock + 500 (Long.) 1.06 1.36 3837 0.79 9
132 | Rock + 500 (Trans.) 1.00 1.40 3619 0.81 7
133 | Rock + 500 (Biaxial)** 1.03 1.38 3728 0.80 8
134 | 500 + Rock (Long.) 1.07 1.35 3873 0.78 8
135 | 500 + Rock (Trans.) 0.97 1.42 3511 0.82 7
136 | 500 + Rock (Biaxial)** 1.04 1.37 3764 0.79 9
137 | Rock+ 180 (Long.) 1.03 1.38 3728 0.80 8
138 | Rock + 180 (Trans.) 0.96 1.43 3475 0.83 7
139 | Rock + 180 (Biaxial)** 0.98 1.42 3547 0.82 8
140 | 180 + Rock (Long.) 1.01 1.39 3656 0.81 9
141 | 180 + Rock (Trans.) 0.95 1.44 3438 0.83 7
142 | 180 + Rock (Biaxial)** 0.98 1.42 3547 0.82 9
143 | 500 + 180 (Long.) 1.03 1.38 3728 0.80 7
144 | 500 + 180 (Trans.) 0.98 1.42 3547 0.82 8
145 | 500 + 180 (Biaxial)** 1.04 1.37 3764 0.79 8
146 | 180 + 500 (Long.) 1.02 1.39 3692 0.80 8
147 | 180 + 500 (Trans.) 0.93 1.45 3366 0.84 7
148 | 180 + 500 (Biaxial)** 1.00 1.40 3619 0.81 9
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is theonpament

Table 4-24 Stiffness, period and damping for incoherent N. Palm Springs runs with Type # 1 bearings
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Bearing Svstem System Svstem
Run _ Translational ystel Torsional ¥S Damping
Description : Translational . Tordonal
No. Stiffness Period (sec) Stiffness Period (sec) (%)
(kip/in) (kip/rad)
131 | Rock + 500 (Long.) 1.06 1.36 3837 0.79 9
132 | Rock + 500 (Trans.) 1.00 1.40 3619 0.81 7
133 | Rock + 500 (Biaxial)** 1.03 1.38 3728 0.80 8
134 | 500 + Rock (Long.) 1.07 1.35 3873 0.78 8
135 | 500 + Rock (Trans.) 0.97 1.42 3511 0.82 7
136 | 500 + Rock (Biaxial)** 1.04 1.37 3764 0.79 9
137 | Rock + 180 (Long.) 1.03 1.38 3728 0.80 8
138 | Rock + 180 (Trans.) 0.96 1.43 3475 0.83 7
139 | Rock + 180 (Biaxial)** 0.98 1.42 3547 0.82 8
140 | 180 + Rock (Long.) 1.01 1.39 3656 0.81 9
141 | 180 + Rock (Trans.) 0.95 1.44 3438 0.83 7
142 | 180 + Rock (Biaxial)** 0.98 1.42 3547 0.82 9
143 | 500 + 180 (Long.) 1.03 1.38 3728 0.80 7
144 | 500 + 180 (Trans.) 0.98 1.42 3547 0.82 8
145 | 500 + 180 (Biaxial)** 1.04 1.37 3764 0.79 8
146 | 180 + 500 (long.) 1.02 1.39 3692 0.80 8
147 | 180 + 500 (Trans.) 0.93 1.45 3366 0.84 7
148 | 180 + 500 (Biaxial)** 1.00 1.40 3619 0.81 9
* - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma
Note: Prieta)

** - Forbiaxial runs, the earthquake record used in transverse direction is the minor comg
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Table51 Compari son of results
uniform harmonic ground motion (Type #3 bearings)
. . . . Umax (in)
Run No. Description Direction Ug (in) Experiment | Newmark
12-2 0.3sec @ 1.5g | Longitudinal 1.18 1.31 1.27
13 0.3sec @ 1.5g | Transverse 1.08 1.13 1.15
21 1.0sec @ 0.03g | Longitudinal 0.27 2.6 2.39
22 1.0sec @ 0.03g | Transverse 0.27 2.49 2.49

Table 52 Comparison of resultsfom exper i ment and
uniform harmonic ground motion (Type #1 bearings)
Run No. Description Direction Ug (in) .Umax (in)
Experiment | Newmark
12-2 0.3sec @ 1.6g | Longitudinal 1.4 1.48 1.43
13 0.3sec @ 1.6g | Transverse 1.37 1.46 1.4
21 1.0sec @ 0.05g | Longitudinal 0.35 0.71 0.67
22 1.0sec @ 0.05g | Transverse 0.45 1.06 0.8
Table53 Comparison of results
phased harmonic ground motion (Type #3 bearings)
Run No. Description Direction Ug (in) , Umax (in)
Experiment | Newmark
15 0.3sec @ 1.5g | Longitudinal 1.18 1.26 1.28
16 0.3sec @ 1.5g | Transverse 1.17 1.46 1.26
24 1.0sec @ 0.03g | Longitudinal 0.27 2.35 1.71
25 1.0sec @ 0.03g | Transverse 0.27 1.89 1.85

Table 54 Comparisonofres u |l t s

phased harmonic ground motion (Type #1 bearings)

from experi ment

ahd

Run No. Description Direction Ug (in) : Umax (in)
Experiment | Newmark
15 | 0.3sec@1.6g | Longitudinal | 1.4 1.43 1.47

93

from experi meil

Newmar ko

from expf-eri ment

Newm



16 0.3sec @ 1.6g Transverse 1.38 1.45 1.45
24 1.0sec @ 0.05g | Longitudinal 0.45 0.77 0.77
25 1.0sec @ 0.05g | Transverse 0.45 1.25 0.7
Table55 Comparison of results from exp®ri ment
- phased harmonic ground motion (Type #3 bearings)
Run No. Description Direction Ug (in) .Umax (in)
Experiment | Newmark
18 0.3sec @ 1.5g Longitudinal 1.18 1.19 1.17
19 0.3sec @ 1.5¢g Transverse 1.16 1.57 1.15
27-2 1.0sec @ 0.03g | Longitudinal 0.27 0.28 0.27
28 1.0sec @ 0.03g | Transverse 0.27 0.11 0.27
Table56Compari son of results from exper’ ment

94

- phased harmonic ground motion (Type #1 bearings)

Run No. Description Direction Ug (in) .Umax (in)
Experiment | Newmark
18 0.3sec @ 1.69g Longitudinal 1.4 1.4 1.39
19 0.3sec @ 1.69 Transverse 1.38 1.49 1.37
27 1.0sec @ 0.05g | Longitudinal 0.45 0.46 0.45
28 1.0sec @ 0.05g | Transverse 0.45 4 0.45
Table57 Comparison of results

combination of 0.3 sec and 1.0 sec harmonic ground motion

from experi meil

(a) Type #3 bearings

RUN o . - Ug (in) Umax (in)
No. Description Direction Experiment Newmark
North | South | North | South | North | South
42 0.3sec_1.0sec @ 0.03g | Longitudinal | 0.03 0.27 0.64 0.39 0.62 0.38
42-2 | 0.3sec_1.0sec @ 0.06g | Longitudinal | 0.07 0.54 2.47 2.77 2.11 2.38




(b) Type #1 bearings

9%

RUN o . - Ug (in) Umax (in)

No. Description Direction Experiment Newmark
North | South | North | South | North | South

42 0.3sec_1.0sec @ 0.05g | Longitudinal | 0.04 0.45 0.3 0.7 0.32 0.71

43 0.3sec_1.0sec @ 0.05g | Transverse 0.04 0.45 1.0 0.27 0.27 0.66




Table 58 Dincoherent/ Duniform1 fOr constant acceleration input

Tgml/Tgm2
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.2 2.01 10.54 15.06 18.91 1.00 29.35 36.23 43.50 51.15 54.39
0.4 12.06 0.88 2.20 3.75 1.00 6.74 8.53 10.41 12.36 13.16
0.6 18.70 3.53 0.71 1.08 1.00 2.61 3.49 4.39 5.31 5.66
0.8 35.30 7.27 241 0.71 1.00 1.33 1.97 2.58 3.21 3.42
1 134.25 27.39 9.79 3.54 1.00 1.85 2.54 3.34 4.08 4.28
1.2 29.80 6.89 3.14 1.69 1.00 0.58 0.53 0.46 0.57 0.78
14 14.82 3.80 2.04 1.36 1.00 0.73 0.53 0.42 0.28 0.18
1.6 9.67 2.77 1.66 1.23 1.00 0.82 0.66 0.51 0.40 0.23
1.8 7.09 2.24 1.47 1.17 1.00 0.86 0.74 0.63 0.51 0.39
2 5.58 1.94 1.36 1.13 1.00 0.89 0.80 0.70 0.61 0.50
2.2 4.59 1.73 1.29 1.10 1.00 0.91 0.84 0.76 0.68 0.59
2.4 3.91 1.59 1.24 1.08 1.00 0.93 0.86 0.80 0.73 0.65
~ 2.6 341 1.49 1.20 1.07 1.00 0.94 0.89 0.83 0.78 0.71
€ 2.8 3.04 1.42 1.17 1.06 1.00 0.95 0.90 0.86 0.81 0.75
P 3 2.75 1.36 1.14 1.05 1.00 0.96 0.92 0.87 0.83 0.78
E 3.2 2.51 1.32 1.13 1.04 1.00 0.96 0.93 0.89 0.85 0.81
P 3.4 2.33 1.28 111 1.04 1.00 0.97 0.93 0.90 0.87 0.83
3.6 221 1.25 1.10 1.03 1.00 0.97 0.94 0.91 0.88 0.85
3.8 2.08 1.22 1.09 1.03 1.00 0.97 0.95 0.92 0.89 0.86
4 2.01 121 1.08 1.02 1.00 0.97 0.95 0.92 0.90 0.87
4.2 1.97 1.21 1.07 1.02 1.00 0.97 0.95 0.93 0.91 0.89
4.4 1.89 1.17 1.06 1.01 1.00 0.98 0.96 0.94 0.92 0.90
4.6 1.86 1.18 1.07 1.01 1.00 0.98 0.96 0.94 0.92 0.90
4.8 1.84 1.16 1.06 1.01 1.00 0.98 0.96 0.94 0.92 0.91
5 1.85 1.18 1.04 1.00 1.00 0.98 0.96 0.95 0.94 0.92
5.2 1.89 1.18 1.05 1.00 1.00 0.97 0.96 0.96 0.94 0.92
5.4 1.99 1.21 1.05 1.01 1.00 0.97 0.96 0.95 0.94 0.92
5.6 1.99 1.21 1.04 1.00 1.00 0.97 0.96 0.96 0.94 0.93
5.8 2.04 1.24 1.07 1.00 1.00 0.98 0.96 0.96 0.95 0.93
6 2.12 1.24 1.09 1.00 1.00 0.98 0.96 0.95 0.94 0.93
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Table 58 (Continued

Tgml/Tgm2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 72.38 83.61 95.22 109.63 124.43 139.65 155.25 173.66 192.45 204.37
0.4 17.71 20.53 23.44 27.06 30.77 34.58 38.48 43.09 47.79 50.66
0.6 7.73 9.00 10.30 11.92 13.58 15.27 17.01 19.07 21.17 22.35
0.8 4.63 5.37 6.16 7.06 8.01 8.97 9.98 11.12 12.31 12.89
1 5.39 5.99 6.63 7.26 7.54 8.61 9.33 10.07 10.87 10.78
1.2 1.21 1.56 1.94 2.33 2.12 3.19 3.67 4.16 4.69 4.99
14 0.40 0.65 0.92 1.20 1.17 1.82 2.17 2.53 291 3.19
1.6 0.15 0.21 0.41 0.62 0.68 1.10 1.36 1.63 1.92 2.16
1.8 0.28 0.16 0.12 0.26 0.36 0.63 0.84 1.05 1.28 1.49
2 0.41 0.30 0.19 0.09 0.15 0.32 0.48 0.65 0.84 1.01
2.2 0.51 0.41 0.32 0.21 0.09 0.11 0.22 0.36 0.52 0.66
2.4 0.59 0.50 0.42 0.33 0.23 0.14 0.08 0.16 0.28 0.40
~ 2.6 0.65 0.58 0.50 0.43 0.34 0.25 0.16 0.09 0.11 0.20
£ 2.8 0.70 0.64 0.57 0.50 0.43 0.35 0.27 0.19 0.11 0.08
P 3 0.74 0.69 0.63 0.57 0.50 0.44 0.36 0.29 0.21 0.13
E 3.2 0.77 0.72 0.67 0.62 0.56 0.50 0.44 0.37 0.30 0.23
P 3.4 0.80 0.76 0.71 0.66 0.61 0.56 0.50 0.44 0.38 0.31
3.6 0.82 0.78 0.74 0.70 0.65 0.61 0.56 0.50 0.45 0.39
3.8 0.84 0.80 0.77 0.73 0.69 0.65 0.60 0.55 0.50 0.45
4 0.85 0.82 0.79 0.76 0.72 0.68 0.64 0.60 0.55 0.50
4.2 0.86 0.84 0.81 0.78 0.74 0.71 0.67 0.63 0.59 0.55
4.4 0.88 0.85 0.82 0.80 0.77 0.74 0.70 0.67 0.63 0.59
4.6 0.89 0.86 0.84 0.81 0.79 0.76 0.73 0.69 0.66 0.62
4.8 0.89 0.88 0.85 0.83 0.80 0.78 0.75 0.72 0.69 0.65
5 0.90 0.88 0.86 0.84 0.82 0.79 0.77 0.74 0.71 0.68
5.2 0.90 0.89 0.87 0.85 0.83 0.81 0.78 0.76 0.73 0.70
5.4 0.91 0.90 0.88 0.86 0.84 0.82 0.80 0.78 0.75 0.72
5.6 0.91 0.90 0.89 0.87 0.85 0.83 0.81 0.79 0.77 0.74
5.8 0.92 0.90 0.89 0.88 0.86 0.84 0.82 0.80 0.78 0.76
6 0.92 091 0.90 0.88 0.87 0.85 0.83 0.82 0.80 0.77

L6




Table 58 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 54 5.6 5.8 6
0.2 231.26 253.67 276.46 299.67 298.55 349.68 376.47 403.68 431.27 454.37
0.4 57.49 63.10 68.81 74.61 73.62 87.11 93.82 100.62 107.50 113.16
0.6 25.48 27.98 30.52 33.09 32.15 38.65 41.64 44.66 47.72 50.13
0.8 14.77 16.16 17.59 19.04 18.22 22.18 23.86 25.56 27.31 28.54
1 12.51 13.39 14.34 15.27 15.74 17.30 18.40 19.49 20.64 20.86
1.2 5.81 6.41 7.05 7.70 8.38 9.09 9.84 10.60 11.39 11.94
14 3.73 4.17 4.63 5.11 5.62 6.13 6.68 7.24 7.83 8.29
1.6 2.55 2.89 3.24 3.61 4.00 4.39 4.81 5.24 5.69 6.07
1.8 1.78 2.05 2.32 2.62 2.92 3.23 3.56 3.90 4.26 4.57
2 1.24 1.46 1.68 1.92 2.16 2.42 2.68 2.96 3.24 3.51
2.2 0.85 1.02 1.21 1.40 1.61 1.82 2.04 2.26 2.50 2.73
2.4 0.55 0.70 0.85 1.02 1.19 1.37 1.55 1.74 1.94 2.13
N 2.6 0.32 0.45 0.58 0.72 0.86 1.01 1.17 1.33 1.50 1.67
£ 2.8 0.15 0.25 0.36 0.48 0.61 0.74 0.87 1.01 1.16 1.30
g 3 0.08 0.11 0.20 0.30 0.40 0.51 0.63 0.75 0.88 1.01
; 3.2 0.16 0.09 0.08 0.15 0.24 0.33 0.44 0.54 0.65 0.76
P 3.4 0.25 0.18 0.11 0.07 0.11 0.19 0.28 0.37 0.47 0.56
3.6 0.33 0.26 0.20 0.13 0.08 0.09 0.15 0.23 0.31 0.40
3.8 0.39 0.34 0.27 0.21 0.15 0.09 0.07 0.11 0.18 0.26
4 0.45 0.40 0.34 0.29 0.23 0.17 0.11 0.07 0.09 0.15
4.2 0.50 0.45 0.40 0.35 0.30 0.24 0.19 0.13 0.08 0.08
4.4 0.55 0.50 0.46 0.41 0.36 0.31 0.26 0.20 0.15 0.10
4.6 0.58 0.54 0.50 0.46 0.41 0.37 0.32 0.27 0.22 0.16
4.8 0.62 0.58 0.54 0.50 0.46 0.42 0.37 0.33 0.28 0.23
5 0.65 0.61 0.58 0.54 0.50 0.46 0.42 0.38 0.33 0.29
5.2 0.67 0.64 0.61 0.58 0.54 0.50 0.46 0.42 0.38 0.34
5.4 0.70 0.67 0.64 0.61 0.57 0.54 0.50 0.47 0.43 0.39
5.6 0.72 0.69 0.66 0.63 0.60 0.57 0.54 0.50 0.47 0.43
5.8 0.74 0.71 0.68 0.66 0.63 0.60 0.57 0.54 0.50 0.47
6 0.75 0.73 0.70 0.68 0.65 0.63 0.59 0.57 0.53 0.50
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Table 59 Summary of Dnconerent/ Duniform1 fOr constant acceleration input for range
of values of Tsyr and Tgma

Dincoherent / Duniforml

Tqml Tqm1/ Tqm2 Tstr Tstr /Tqm2 Dincoherent/ Duniforml
<0.5 <1.0 0.71- 35.30
<0.5 <1.0 0.5 1.0 3.54-134.25
>0.5 >1.0 1.00- 29.80
<0.5 <1.0 1
0.5 1.0 0.5 =.0 1
>0.5 >1.0 1
<0.5 <1.0 1.33-454.37
>0.5 >1.0 0.5 1.0 1.85- 20.86
>0.5 >1.0 0.07-11.94




Table 510 Dinconerent/ Duniformz fOr constant acceleration input

Tgml/Tgm2
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0.2 15.46 13.52 16.25 19.38 1.00 29.00 35.52 42.46 49.75 52.79

0.4 2.99 7.15 3.32 4.19 1.00 6.36 7.81 9.33 10.93 11.52

0.6 1.34 1.74 452 1.57 1.00 2.23 2.74 3.27 3.83 3.99

0.8 0.77 0.87 1.10 2.59 1.00 0.87 1.07 1.26 1.47 1.49

1 0.50 0.51 0.54 0.61 1.00 0.59 0.52 0.55 0.59 0.57

1.2 0.35 0.39 0.48 0.61 1.00 2.65 0.89 0.48 0.47 0.56

1.4 0.27 0.32 0.44 0.64 1.00 1.87 5.16 1.62 0.69 0.35

1.6 0.22 0.29 0.42 0.64 1.00 1.62 3.15 8.10 2.74 0.99

1.8 0.18 0.26 0.41 0.64 1.00 1.54 2.49 4.87 11.49 4.16

2 0.15 0.24 0.40 0.64 1.00 1.50 2.28 3.68 7.03 15.16

2.2 0.13 0.22 0.40 0.64 1.00 1.48 2.18 3.25 5.15 9.56

2.4 0.12 0.21 0.39 0.64 1.00 1.47 2.12 3.04 4.44 6.85

N 2.6 0.10 0.21 0.39 0.64 1.00 1.46 2.08 2.91 4.09 5.80
= 2.8 0.10 0.20 0.38 0.64 1.00 1.46 2.06 2.83 3.87 5.27
= 3 0.09 0.20 0.38 0.64 1.00 1.45 2.04 2.78 3.74 4.96
o 3.2 0.08 0.19 0.38 0.64 1.00 1.45 2.03 2.74 3.64 476
2 3.4 0.08 0.19 0.38 0.64 1.00 1.45 2.01 2.71 3.57 4.61
3.6 0.08 0.19 0.37 0.64 1.00 1.45 2.00 2.68 3.51 450

3.8 0.07 0.18 0.38 0.64 1.00 1.45 1.99 2.66 3.47 4.41

4 0.07 0.18 0.37 0.64 1.00 1.44 1.98 2.63 3.42 4.34

42 0.07 0.19 0.37 0.64 1.00 1.43 1.97 2.60 3.38 4.28

4.4 0.07 0.18 0.37 0.64 1.00 1.44 1.97 2.61 3.37 4.24

4.6 0.07 0.19 0.38 0.64 1.00 1.43 1.95 2.59 3.32 4.18

4.8 0.08 0.19 0.38 0.64 1.00 1.44 1.95 2.56 3.30 4.15

5 0.08 0.19 0.38 0.64 1.00 1.43 1.94 2.57 3.29 4.10

5.2 0.08 0.20 0.38 0.64 1.00 1.41 1.92 2.53 3.22 4.04

5.4 0.09 0.20 0.38 0.65 1.00 1.40 1.90 2.52 3.21 4.00

5.6 0.10 0.21 0.39 0.65 1.00 1.41 1.90 2.49 3.13 3.92

5.8 0.10 0.22 0.40 0.65 1.00 1.39 1.88 2.48 3.15 3.89

6 0.11 0.23 0.41 0.66 1.00 1.38 1.88 2.43 3.09 3.85
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Table 510 (Continued

Tgml/Tgm2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 70.12 80.90 92.03 105.89 120.09 134.72 149.69 167.39 185.43 196.88
0.4 15.40 17.75 20.18 23.22 26.33 29.52 32.80 36.67 40.63 43.01
0.6 5.36 6.16 6.99 8.02 9.08 10.16 11.27 12.59 13.94 14.68
0.8 1.96 2.22 2.50 2.82 3.17 3.51 3.88 4.30 4.73 4.93
1 0.68 0.73 0.78 0.83 0.85 0.96 1.02 1.09 1.17 1.15
1.2 0.79 0.96 1.13 1.31 1.16 1.71 1.93 2.15 2.40 2.52
14 0.65 0.96 1.26 1.55 1.46 2.20 2.55 2.90 3.28 3.54
1.6 0.49 0.60 1.03 1.45 1.50 2.30 2.75 3.20 3.68 4.05
1.8 1.88 0.81 0.51 1.01 1.25 2.08 2.62 3.17 3.72 4.20
2 6.28 2.85 1.35 0.57 0.80 1.55 2.21 2.85 3.49 4.06
2.2 19.50 8.68 4.11 2.08 0.72 0.77 1.47 2.24 2.98 3.66
2.4 12.75 24.11 11.53 5.66 2.95 1.48 0.75 1.33 2.19 2.98
~ 2.6 9.04 16.31 29.13 14.84 7.44 4.22 2.25 1.04 1.15 1.99
€ 2.8 7.55 11.51 20.36 34.54 18.49 9.72 5.64 3.22 1.61 1.00
P 3 6.79 9.53 14.34 24.88 40.33 22.84 12.25 7.31 4.39 2.35
E 3.2 6.33 8.49 11.78 17.57 29.86 46.57 27.54 15.15 9.25 5.72
P 3.4 6.02 7.85 10.41 14.31 21.08 35.38 53.12 32.67 18.41 11.43
3.6 5.79 7.41 9.55 12.55 17.07 25.14 41.24 59.96 38.20 21.97
3.8 5.63 7.11 8.99 11.48 14.92 20.33 29.51 47.61 67.22 44.18
4 5.49 6.87 8.56 10.74 13.55 17.66 23.73 34.20 54.27 74.67
4.2 5.37 6.68 8.21 10.17 12.60 15.94 20.49 27.42 39.21 61.20
4.4 5.29 6.53 8.00 9.79 11.97 14.80 18.51 23.71 31.63 44.91
4.6 5.20 6.38 7.80 9.45 11.44 13.91 17.14 21.29 27.11 35.97
4.8 5.14 6.29 7.61 9.19 11.01 13.33 16.05 19.56 24.21 30.72
5 5.07 6.17 7.44 8.93 10.69 12.76 15.26 18.34 22.30 27.46
5.2 4.98 6.06 7.29 8.70 10.34 12.30 14.59 17.33 20.70 25.02
5.4 4.87 5.93 7.08 8.45 10.00 11.82 13.89 16.42 19.39 23.10
5.6 4.85 5.86 7.02 8.30 9.77 11.54 13.51 15.81 18.52 21.82
5.8 4.73 5.74 6.83 8.08 9.49 11.13 12.99 15.19 17.67 20.61
6 4.66 5.65 6.68 7.87 9.19 10.80 12.52 14.49 16.78 19.47

0T




Table 510 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 54 5.6 5.8 6
0.2 222.72 244.26 266.15 288.47 287.34 336.52 362.25 388.41 414.91 437.11
0.4 48.77 53.48 58.28 63.15 62.28 73.66 79.30 85.01 90.80 95.55
0.6 16.70 18.30 19.93 21.59 20.94 25.15 27.07 29.01 30.97 32.52
0.8 5.63 6.14 6.66 7.19 6.87 8.34 8.96 9.58 10.22 10.67
1 1.33 1.41 1.51 1.60 1.64 1.80 1.91 2.02 2.13 2.15
1.2 2.91 3.19 3.48 3.78 4.09 4.42 4.76 5.11 5.48 5.73
14 4.10 4.53 4.98 5.45 5.95 6.45 6.99 7.54 8.11 8.55
1.6 4.70 5.24 5.81 6.40 7.01 7.64 8.30 8.98 9.70 10.29
1.8 4.92 5.54 6.18 6.86 7.56 8.28 9.03 9.81 10.62 11.33
2 4.84 5.53 6.24 6.99 7.76 8.55 9.37 10.22 11.10 11.90
2.2 4.49 5.26 6.04 6.85 7.68 8.53 9.41 10.32 11.26 12.14
2.4 3.90 4.74 5.60 6.48 7.37 8.28 9.21 10.18 11.17 12.11
N 2.6 3.01 3.97 4.91 5.87 6.83 7.80 8.79 9.81 10.86 11.86
= 2.8 1.85 2.90 3.96 5.01 6.05 7.10 8.16 9.24 10.33 11.39
g 3 1.23 1.62 2.71 3.87 5.02 6.16 7.29 8.44 9.60 10.73
; 3.2 3.38 1.76 1.46 2.46 3.69 4.95 6.19 7.42 8.66 9.86
P 3.4 7.35 4.55 2.54 1.53 2.10 3.45 4.80 6.13 7.46 8.75
3.6 13.94 9.17 5.91 3.52 1.88 1.95 3.15 4.56 5.99 7.39
3.8 25.99 16.75 11.22 7.46 4.71 2.69 1.92 2.82 4.26 5.76
4 50.50 30.36 19.80 13.47 9.23 6.07 3.65 2.22 2.52 3.89
4.2 82.29 57.11 35.09 23.07 15.97 11.17 7.57 4.84 2.88 2.40
4.4 68.78 90.55 64.52 40.24 26.81 18.84 13.34 9.34 6.18 3.83
4.6 50.87 76.54 98.64 71.97 45.52 30.65 21.79 15.64 11.20 7.70
4.8 40.58 56.99 84.83 107.09 79.88 51.15 34.91 25.00 18.29 13.25
5 34.58 45.43 63.36 93.52 115.60 88.05 57.12 39.65 28.40 21.09
5.2 30.77 38.84 50.37 69.79 102.01 123.80 96.13 63.07 44.33 31.92
5.4 27.73 33.98 42.78 55.54 76.04 110.14 131.44 103.83 68.85 48.81
5.6 25.91 31.17 37.67 47.25 61.76 83.24 119.43 140.28 112.66 75.46
5.8 24.08 28.46 34.11 41.61 51.46 67.24 89.64 127.59 147.79 120.41
6 22.63 26.54 31.22 37.04 45.29 55.60 72.32 95.80 135.30 154.79

0T
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Table 511 Summary of Dnconerent/ Duniformz fOr constant acceleration input for range
of values of Tsyr and Tgma

Dincoherent / Duniformz

Tqml Tqm1/ Tqu Tstr Tstr /Tqmz Dincoherent/ Duniform2
<0.5 <1.0 0.77-19.38
<0.5 <1.0 0.5 1.0 0.50-0.61
>0.5 >1.0 0.07-0.64
<0.5 <1.0 1
0.5 1.0 0.5 1.0 1
>0.5 >1.0 1
<0.5 <1.0 0.87-437.11
>0.5 >1.0 0.5 1.0 0.52-2.15
>0.5 >1.0 0.35-154.79




Table 512 Dicoherent/ Dgma fOr constant acceleration input

Tgml/Tgm2
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
0.2 16.09 3.52 1.88 1.26 0.04 0.84 0.75 0.69 0.64 0.55
0.4 14.22 8.51 1.76 1.25 0.19 0.84 0.76 0.69 0.64 0.55
0.6 18.75 6.08 7.04 1.37 0.56 0.87 0.78 0.72 0.66 0.56
0.8 33.59 9.44 5.34 7.06 1.74 1.06 0.95 0.86 0.79 0.65
1 124.76 31.90 15.06 9.47 9.98 4.07 2.62 2.13 1.82 1.42
1.2 27.34 7.60 4.13 2.99 3.13 5.75 141 0.59 0.45 0.44
14 13.49 4.06 2.47 1.99 2.01 2.61 5.29 1.27 0.43 0.17
1.6 8.76 2.90 191 1.63 1.62 1.83 2.61 5.14 1.38 0.40
1.8 6.40 2.32 1.64 1.45 1.44 153 1.83 2.73 5.09 1.49
2 5.02 1.98 1.48 1.33 1.33 1.38 1.54 191 2.88 5.03
2.2 4.13 1.76 1.38 1.26 1.25 1.29 1.39 1.59 1.99 3.00
2.4 3.51 1.61 131 121 1.20 1.23 1.30 1.43 1.65 2.06
~ 2.6 3.06 1.50 1.25 1.17 1.17 1.19 1.24 1.33 1.47 1.70
€ 2.8 2.73 1.43 1.22 1.15 1.14 1.16 1.20 1.26 1.37 151
P 3 2.48 1.37 1.18 1.13 1.12 1.13 1.17 1.22 1.29 1.39
E 3.2 2.28 1.33 1.16 1.11 1.11 1.12 1.14 1.18 1.24 1.31
P 3.4 2.13 1.29 1.14 1.10 1.09 1.10 1.12 1.16 1.21 1.26
3.6 2.04 1.27 1.13 1.09 1.09 1.09 111 1.14 1.18 1.22
3.8 1.96 1.24 1.12 1.08 1.08 1.08 1.10 1.12 1.15 1.19
4 1.93 1.24 1.12 1.08 1.08 1.08 1.09 1.10 1.14 1.17
4.2 1.95 1.26 111 1.08 1.08 1.07 1.08 1.09 112 1.15
4.4 1.91 1.24 111 1.07 1.07 1.07 1.08 1.10 112 1.14
4.6 1.97 1.28 1.14 1.08 1.08 1.07 1.07 1.09 1.10 1.13
4.8 2.03 1.27 1.13 1.08 1.08 1.08 1.07 1.08 1.10 1.12
5 2.12 1.32 1.13 1.09 1.08 1.07 1.07 1.09 1.10 1.11
5.2 2.27 1.35 1.17 1.10 1.09 1.07 1.07 1.08 1.09 1.10
5.4 2.52 1.42 1.18 1.12 111 1.08 1.08 1.09 1.10 1.11
5.6 2.68 1.48 1.21 1.14 1.12 1.09 1.09 1.09 1.08 1.10
5.8 2.95 1.58 1.27 1.15 1.14 1.10 1.09 1.10 111 1.11
6 3.30 1.65 1.34 1.19 1.16 111 1.12 1.10 111 1.12

0T




Table 512 (Continued

Tgml/Tgm2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 0.60 0.58 0.57 0.56 0.56 0.55 0.54 0.54 0.53 0.51
0.4 0.61 0.59 0.57 0.56 0.56 0.55 0.54 0.54 0.54 0.51
0.6 0.62 0.60 0.58 0.57 0.57 0.56 0.55 0.54 0.54 0.51
0.8 0.70 0.67 0.64 0.63 0.61 0.60 0.58 0.58 0.57 0.54
1 1.40 1.26 1.15 1.06 0.94 0.93 0.88 0.84 0.81 0.72
1.2 0.51 0.52 0.52 0.52 0.40 0.52 0.52 0.52 0.52 0.49
14 0.27 0.33 0.37 0.40 0.33 0.43 0.44 0.45 0.46 0.44
1.6 0.16 0.17 0.25 0.30 0.27 0.36 0.39 0.40 0.41 0.41
1.8 0.56 0.20 0.11 0.18 0.20 0.29 0.33 0.35 0.37 0.38
2 1.72 0.66 0.26 0.10 0.12 0.20 0.25 0.29 0.32 0.34
2.2 5.05 1.89 0.76 0.33 0.10 0.09 0.16 0.22 0.26 0.29
2.4 3.17 5.04 2.06 0.87 0.39 0.17 0.08 0.12 0.18 0.22
N 2.6 2.18 3.31 5.04 221 0.97 0.48 0.23 0.09 0.09 0.15
£ 2.8 1.78 2.28 3.44 5.03 2.35 1.08 0.56 0.28 0.13 0.07
g 3 1.57 1.86 2.38 3.56 5.03 2.50 1.19 0.63 0.34 0.17
; 3.2 1.45 1.63 1.93 2.48 3.67 5.03 2.64 1.29 0.71 0.40
P 3.4 1.36 1.49 1.68 2.00 2.56 3.78 5.03 2.76 1.40 0.78
3.6 1.30 1.40 1.54 1.74 2.06 2.67 3.88 5.03 2.87 1.49
3.8 1.25 1.33 1.44 1.58 1.79 2.14 2.75 3.96 5.02 2.98
4 1.22 1.28 1.36 1.47 1.62 1.86 2.21 2.84 4.04 5.02
4.2 1.19 1.25 131 1.40 151 1.68 1.91 2.28 2.92 4.12
4.4 1.17 1.22 1.27 1.34 1.43 1.55 1.72 1.96 2.35 3.01
4.6 1.16 1.19 1.24 1.30 1.37 1.46 1.60 1.77 2.02 2.42
4.8 1.15 1.18 1.22 1.27 1.32 141 1.50 1.63 1.81 2.07
5 1.14 1.16 1.19 1.24 1.29 1.35 1.43 1.53 1.67 1.86
5.2 1.13 1.15 1.18 1.21 1.26 131 1.38 1.46 1.57 1.71
5.4 1.12 1.14 1.16 1.20 1.23 1.28 1.34 141 1.49 1.60
5.6 1.12 1.14 1.16 1.18 1.21 1.26 1.31 1.36 1.43 1.53
5.8 111 1.13 1.15 1.17 1.20 1.24 1.28 1.33 1.39 1.47
6 1.12 1.14 1.15 1.17 1.19 1.22 1.26 1.30 1.35 141

0T




Table 512 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 54 5.6 5.8 6
0.2 0.53 0.53 0.52 0.52 0.48 0.52 0.52 0.52 0.51 0.51
0.4 0.53 0.53 0.52 0.52 0.47 0.52 0.52 0.52 0.51 0.51
0.6 0.53 0.53 0.53 0.53 0.47 0.52 0.52 0.52 0.52 0.51
0.8 0.56 0.55 0.55 0.54 0.48 0.54 0.54 0.53 0.53 0.52
1 0.75 0.73 0.71 0.69 0.66 0.66 0.65 0.64 0.63 0.60
1.2 0.52 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.50
14 0.47 0.47 0.47 0.47 0.48 0.48 0.48 0.48 0.48 0.48
1.6 0.43 0.44 0.45 0.45 0.46 0.46 0.46 0.47 0.47 0.46
1.8 0.40 0.41 0.42 0.43 0.43 0.44 0.44 0.45 0.45 0.45
2 0.36 0.38 0.39 0.40 0.41 0.42 0.43 0.43 0.44 0.44
2.2 0.32 0.34 0.36 0.37 0.39 0.40 0.40 0.41 0.42 0.42
2.4 0.27 0.30 0.32 0.34 0.36 0.37 0.38 0.39 0.40 0.41
N 2.6 0.20 0.24 0.27 0.30 0.32 0.34 0.35 0.37 0.38 0.39
= 2.8 0.12 0.17 0.21 0.25 0.28 0.30 0.32 0.34 0.35 0.36
g 3 0.08 0.09 0.14 0.19 0.23 0.26 0.28 0.30 0.32 0.33
; 3.2 0.21 0.10 0.08 0.12 0.16 0.20 0.23 0.26 0.28 0.30
P 3.4 0.46 0.26 0.13 0.07 0.09 0.14 0.18 0.21 0.24 0.27
3.6 0.86 0.51 0.30 0.17 0.08 0.08 0.12 0.16 0.19 0.22
3.8 1.59 0.93 0.57 0.35 0.20 0.11 0.07 0.10 0.14 0.17
4 3.08 1.69 1.01 0.63 0.40 0.24 0.13 0.08 0.08 0.12
4.2 5.02 3.18 1.79 1.08 0.69 0.44 0.28 0.17 0.09 0.07
4.4 4.19 5.02 3.27 1.87 1.15 0.75 0.49 0.32 0.20 0.11
4.6 3.10 4.26 5.02 3.36 1.96 1.22 0.80 0.54 0.36 0.23
4.8 2.48 3.18 4.33 5.02 3.45 2.04 1.29 0.86 0.59 0.40
5 2.13 2.54 3.25 4.40 5.01 3.53 2.12 1.37 0.92 0.64
5.2 1.91 2.20 2.61 3.32 4.47 5.01 3.61 2.20 1.44 0.97
5.4 1.75 1.95 2.25 2.68 3.38 4.53 5.01 3.68 2.27 151
5.6 1.64 1.80 1.99 2.29 2.76 3.44 4.58 5.00 3.75 2.34
5.8 1.55 1.67 1.83 2.06 2.34 2.83 3.50 4.63 5.00 3.81
6 1.49 1.59 1.71 1.87 2.10 2.39 2.88 3.55 4.67 4.99

0T
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Table 513 Summary of Dhconerent/ Dgm1 fOr constant acceleration input for range of
values of Tsy and Tgm1

Dincoherent / qul

T_qml Tqm1/ Tqm2 Tstr Tstr /Tgmz Dincoherent/ qul
<0.5 <1.0 1.37-33.59
<0.5 <1.0 0.5 1.0 9.47-124.76
>0.5 >1.0 1.07-27.34
<0.5 <1.0 0.04-1.74
0.5 1.0 0.5 1.0 9.98
>0.5 >1.0 1.07-3.13
<0.5 <1.0 0.47-1.06
>0.5 >1.0 0.5 1.0 0.60-4.07
>0.5 >1.0 0.07-5.75




Table 514 Diconerent/ Dgm2 fOr constant acceleration input

Tgml/Tgm?2
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.2 0.64 0.56 0.68 0.81 0.04 1.21 1.48 1.77 2.07 2.20
0.4 0.57 1.36 0.63 0.80 0.19 121 1.49 1.78 2.08 2.19
0.6 0.75 0.97 2.53 0.88 0.56 1.25 154 1.84 2.15 2.24
0.8 1.34 1.51 1.92 4.52 1.74 1.52 1.87 2.20 2.55 2.60
1 4.99 5.10 5.42 6.06 9.98 5.86 5.14 5.46 5.89 5.69
1.2 1.09 1.22 1.49 1.92 3.13 8.28 2.77 1.50 1.46 1.76
14 0.54 0.65 0.89 1.28 2.01 3.75 10.36 3.26 1.38 0.69
1.6 0.35 0.46 0.69 1.04 1.62 2.63 5.11 13.16 4.46 1.61
1.8 0.26 0.37 0.59 0.92 1.44 2.21 3.58 7.00 16.50 5.98
2 0.20 0.32 0.53 0.85 1.33 1.99 3.02 4.88 9.32 20.10
2.2 0.17 0.28 0.50 0.81 1.25 1.86 2.73 4.07 6.46 11.99
2.4 0.14 0.26 0.47 0.77 1.20 1.77 2.55 3.66 5.35 8.25
N 2.6 0.12 0.24 0.45 0.75 1.17 1.71 2.43 3.40 4.78 6.78
= 2.8 0.11 0.23 0.44 0.73 1.14 1.67 2.35 3.24 4.43 6.02
g 3 0.10 0.22 0.43 0.72 1.12 1.63 2.29 3.12 4.19 5.56
; 3.2 0.09 0.21 0.42 0.71 1.11 1.61 2.24 3.03 4.03 5.26
P 3.4 0.09 0.21 0.41 0.70 1.09 1.59 2.20 2.96 3.91 5.05
3.6 0.08 0.20 0.41 0.70 1.09 1.57 2.17 291 3.82 4.88
3.8 0.08 0.20 0.40 0.69 1.08 1.56 2.15 2.87 3.74 4.76
4 0.08 0.20 0.40 0.69 1.08 1.55 2.13 2.83 3.68 4.67
4.2 0.08 0.20 0.40 0.69 1.08 1.54 2.13 2.80 3.64 4.60
4.4 0.08 0.20 0.40 0.69 1.07 1.54 2.11 2.80 3.62 4.55
4.6 0.08 0.20 0.41 0.69 1.08 1.54 2.10 2.79 3.57 4.50
4.8 0.08 0.20 0.41 0.69 1.08 1.55 2.10 2.76 3.56 4.48
5 0.08 0.21 0.41 0.70 1.08 1.55 2.11 2.79 3.57 4.45
5.2 0.09 0.22 0.42 0.70 1.09 1.55 2.11 2.77 3.52 4.42
5.4 0.10 0.23 0.43 0.72 111 1.56 2.11 2.80 3.57 4.44
5.6 0.11 0.24 0.43 0.73 1.12 1.58 2.13 2.79 3.50 4.39
5.8 0.12 0.25 0.46 0.74 1.14 1.58 2.14 2.82 3.58 4.43
6 0.13 0.26 0.48 0.76 1.16 1.60 2.19 2.82 3.59 4.47

0T




Table 514 (Continued

Tgml/Tgm?2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 2.92 3.37 3.83 4.41 5.00 5.61 6.23 6.97 7.72 8.20
0.4 2.93 3.38 3.84 4.42 5.01 5.62 6.24 6.98 7.73 8.19
0.6 3.00 3.45 3.92 4.50 5.09 5.70 6.32 7.06 7.81 8.23
0.8 3.41 3.86 4.35 4.91 5.51 6.12 6.76 7.49 8.24 8.59
1 6.78 7.24 7.77 8.31 8.48 9.53 10.20 10.90 11.67 11.49
1.2 2.48 2.99 3.55 4.10 3.63 5.35 6.03 6.73 7.50 7.89
14 1.31 1.92 2.52 3.12 2.93 4.41 5.11 5.82 6.59 7.11
1.6 0.79 0.98 1.67 2.35 2.43 3.73 4.46 5.20 5.97 6.58
1.8 2.70 1.17 0.74 1.45 1.79 2.99 3.77 4.55 5.35 6.04
2 8.32 3.78 1.79 0.75 1.06 2.06 2.93 3.77 4.62 5.39
2.2 24.45 10.89 5.15 2.61 0.90 0.97 1.85 2.80 3.74 4.59
2.4 15.36 29.05 13.90 6.82 3.55 1.79 0.90 1.60 2.64 3.59
N 2.6 10.57 19.07 34.06 17.35 8.70 4.93 2.63 1.21 1.34 2.33
£ 2.8 8.63 13.15 23.26 39.47 21.13 11.10 6.44 3.67 1.84 1.14
g 3 7.62 10.69 16.10 27.92 45.26 25.64 13.75 8.20 4.92 2.64
; 3.2 7.00 9.39 13.03 19.43 33.03 51.50 30.46 16.75 10.23 6.33
P 3.4 6.59 8.59 11.39 15.66 23.06 38.71 58.12 35.75 20.14 12.51
3.6 6.29 8.05 10.38 13.64 18.55 27.31 44.80 65.14 41.50 23.87
3.8 6.07 7.68 9.70 12.39 16.10 21.94 31.84 51.38 72.55 47.68
4 5.91 7.39 9.21 11.56 14.58 19.00 25.54 36.81 58.41 80.36
4.2 5.78 7.19 8.84 10.95 13.56 17.15 22.05 29.51 42.21 65.87
4.4 5.68 7.01 8.58 10.50 12.84 15.88 19.86 25.45 33.94 48.20
4.6 5.60 6.87 8.39 10.17 12.31 14.97 18.45 22.92 29.19 38.72
4.8 5.55 6.79 8.22 9.92 11.88 14.39 17.33 21.12 26.14 33.16
5 5.49 6.69 8.06 9.69 11.60 13.84 16.55 19.89 24.18 29.78
5.2 5.45 6.64 7.97 9.52 11.32 13.46 15.97 18.97 22.66 27.38
5.4 5.41 6.59 7.87 9.39 11.11 13.13 15.44 18.25 21.55 25.66
5.6 5.43 6.55 7.85 9.28 10.92 12.91 15.11 17.68 20.71 24.40
5.8 5.38 6.53 7.77 9.19 10.80 12.67 14.79 17.28 20.11 23.45
6 5.41 6.57 7.77 9.14 10.67 12.54 14.54 16.83 19.49 22.61

0T




Table 514 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 54 5.6 5.8 6
0.2 9.27 10.17 11.08 12.01 11.96 14.01 15.08 16.17 17.27 18.19
0.4 9.28 10.18 11.09 12.02 11.85 14.02 15.09 16.18 17.28 18.19
0.6 9.36 10.26 11.18 12.10 11.74 14.10 15.18 16.26 17.36 18.23
0.8 9.81 10.69 11.61 12.53 11.96 14.53 15.61 16.70 17.81 18.59
1 13.26 14.12 15.04 15.96 16.39 17.97 19.05 20.13 21.27 21.46
1.2 9.10 9.97 10.89 11.82 12.80 13.82 14.90 15.99 17.13 17.91
14 8.23 9.09 10.00 10.94 11.94 12.96 14.03 15.13 16.29 17.18
1.6 7.64 8.51 9.43 10.39 11.39 12.41 13.48 14.59 15.75 16.72
1.8 7.06 7.95 8.88 9.85 10.86 11.89 12.97 14.09 15.25 16.27
2 6.41 7.33 8.28 9.27 10.29 11.34 12.42 13.55 14.72 15.78
2.2 5.64 6.60 7.58 8.59 9.64 10.70 11.81 12.95 14.13 15.23
2.4 4.69 5.72 6.74 7.80 8.88 9.98 11.10 12.26 13.46 14.59
~ 2.6 3.52 4.64 5.74 6.86 7.98 9.12 10.28 11.47 12.69 13.86
£ 2.8 2.12 3.31 4.52 5.72 6.92 8.11 9.32 10.55 11.81 13.02
P 3 1.38 1.82 3.04 4.34 5.63 6.91 8.18 9.48 10.78 12.04
E 3.2 3.74 1.94 1.61 2.72 4.08 5.47 6.84 8.21 9.58 10.90
P 3.4 8.05 4.98 2.78 1.67 2.30 3.78 5.25 6.71 8.17 9.58
3.6 15.14 9.96 6.42 3.83 2.04 2.12 3.42 4.95 6.51 8.03
3.8 28.04 18.08 12.11 8.06 5.09 2.90 2.07 3.04 4.60 6.22
4 54.35 32.68 21.31 14.50 9.94 6.53 3.92 2.39 2.72 4.18
4.2 88.58 61.47 37.77 24.83 17.19 12.02 8.15 5.21 3.10 2.58
4.4 73.82 97.19 69.25 43.19 28.78 20.22 14.32 10.02 6.63 4.11
4.6 54.76 82.39 106.18 77.47 49.00 32.99 23.45 16.83 12.06 8.29
4.8 43.80 61.52 91.57 115.60 86.22 55.22 37.68 26.99 19.74 14.30
5 37.49 49.27 68.71 101.42 125.36 95.48 61.94 43.00 30.80 22.87
5.2 33.68 42.51 55.13 76.39 111.65 135.50 105.22 69.03 48.52 34.94
5.4 30.82 37.76 47.54 61.72 84.50 122.39 146.06 115.38 76.51 54.24
5.6 28.98 34.85 42.13 52.84 69.07 93.09 133.57 156.89 125.99 84.39
5.8 27.40 32.39 38.82 47.35 58.55 76.51 101.99 145.18 168.17 137.02
6 26.29 30.83 36.26 43.03 52.61 64.59 84.01 111.29 157.17 179.81

1T
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Table 515 Summary of Dhconerent/ Dgm2 fOr constant acceleration input for range of
values of Tsy and Tgm1

Dincoherent/ quZ

Tgmi| Tgmi/ Tgmo Tsur Tstr /Tgm2 | Dincoherent/ Dgm2
<0.5 <1.0 0.56- 4.52
<0.5 <1.0 0.5 1.0 4.99- 6.06
>0.5 >1.0 0.08-1.92
<0.5 <1.0 0.04-1.74
0.5 1.0 0.5 1.0 9.98
>0.5 >1.0 1.07-3.13
<0.5 <1.0 1.21- 18.59
>0.5 >1.0 0.5 1.0 5.14- 21.46
>0.5 >1.0 0.69- 179.81




Table 516 Dinconerent/ Duniform1 fOr constant displacement input

Tgml/Tgm2
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
0.2 0.60 2.49 7.66 14.59 1.00 34.83 48.45 63.37 79.29 88.69
0.4 1.33 0.57 0.88 2.75 1.00 8.18 11.81 15.83 20.13 22.90
0.6 1.64 1.22 0.58 0.74 1.00 3.32 5.19 7.29 9.58 11.26
0.8 2.31 1.87 1.33 0.64 1.00 1.85 3.35 5.08 7.04 8.70
1 6.11 5.03 4.02 2.50 1.00 2.54 491 8.12 11.84 15.54
12 2.15 1.87 1.69 1.36 1.00 0.61 0.74 0.99 151 2.23
14 1.57 141 131 1.17 1.00 0.77 0.55 0.52 0.52 0.59
1.6 1.37 1.26 1.19 1.11 1.00 0.86 0.69 0.53 0.45 0.33
1.8 1.27 1.18 1.13 1.07 1.00 0.90 0.78 0.65 0.52 0.39
2 1.21 1.14 1.10 1.05 1.00 0.92 0.83 0.74 0.63 0.50
2.2 1.17 1.11 1.08 1.04 1.00 0.94 0.87 0.80 0.71 0.59
2.4 1.14 1.09 1.07 1.03 1.00 0.95 0.90 0.84 0.77 0.66
~ 2.6 1.12 1.08 1.05 1.03 1.00 0.96 0.91 0.86 0.81 0.71
= 2.8 1.11 1.06 1.05 1.02 1.00 0.97 0.93 0.88 0.84 0.75
g 3 1.10 1.06 1.04 1.02 1.00 0.97 0.94 0.90 0.86 0.78
; 3.2 1.08 1.05 1.03 1.02 1.00 0.97 0.95 0.91 0.88 0.81
= 34 1.07 1.04 1.03 1.01 1.00 0.98 0.95 0.92 0.89 0.83
3.6 1.06 1.03 1.02 1.01 1.00 0.98 0.96 0.93 0.91 0.85
3.8 1.05 1.03 1.02 1.01 1.00 0.98 0.96 0.94 0.91 0.86
4 1.03 1.02 1.01 1.00 1.00 0.98 0.97 0.94 0.92 0.88
4.2 1.02 1.02 1.01 1.00 1.00 0.98 0.97 0.94 0.93 0.89
4.4 1.00 1.00 1.00 1.00 1.00 0.99 0.97 0.96 0.94 0.90
4.6 0.98 0.99 1.00 0.99 1.00 0.98 0.98 0.96 0.93 0.91
4.8 0.96 0.98 0.99 0.99 1.00 0.99 0.97 0.95 0.94 0.92
5 0.95 0.98 0.98 0.98 1.00 0.99 0.98 0.97 0.96 0.93
5.2 0.92 0.97 0.98 0.98 1.00 0.98 0.97 0.98 0.96 0.94
5.4 0.92 0.97 0.98 0.99 1.00 0.98 0.98 0.98 0.97 0.95
5.6 0.89 0.95 0.96 0.98 1.00 0.99 0.98 0.98 0.97 0.95
5.8 0.87 0.94 0.97 0.97 1.00 0.99 0.98 0.99 0.99 0.96
6 0.85 0.93 0.97 0.97 1.00 0.99 1.00 0.98 0.97 0.98

1T




Table 516 (Continued

Tgml/Tgm2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 121.88 144.95 168.89 197.98 227.94 259.17 291.26 328.51 366.64 392.43
0.4 31.51 37.70 44.17 51.92 59.95 68.33 76.98 86.93 97.16 104.37
0.6 15.42 18.64 22.05 26.03 30.21 34.56 39.10 44.22 49.54 53.53
0.8 11.72 14.38 17.26 20.42 23.82 27.40 31.22 35.31 39.65 43.36
1 20.64 25.67 31.17 37.10 43.10 50.29 57.54 65.24 73.40 81.03
1.2 3.26 4.27 5.37 6.56 7.03 9.21 10.66 12.21 13.85 15.24
14 1.00 1.47 1.99 254 2.61 3.78 4.47 5.19 5.96 6.55
1.6 0.38 0.55 0.86 1.20 1.24 1.96 2.38 2.83 3.30 3.65
1.8 0.37 0.30 0.33 0.54 0.62 1.07 1.36 1.67 2.00 2.25
2 0.44 0.36 0.29 0.23 0.32 0.55 0.77 1.00 1.24 1.44
2.2 0.52 0.44 0.36 0.28 0.17 0.24 0.39 0.57 0.75 0.92
2.4 0.60 0.51 0.44 0.36 0.26 0.21 0.18 0.28 0.43 0.56
~ 2.6 0.67 0.59 0.51 0.44 0.34 0.30 0.22 0.16 0.20 0.30
= 2.8 0.72 0.65 0.58 0.51 0.42 0.38 0.31 0.23 0.17 0.14
g 3 0.76 0.70 0.64 0.58 0.51 0.44 0.38 0.31 0.25 0.17
; 3.2 0.79 0.74 0.69 0.63 0.56 0.51 0.45 0.39 0.32 0.24
= 3.4 0.82 0.78 0.73 0.68 0.60 0.57 0.51 0.45 0.39 0.32
3.6 0.84 0.80 0.76 0.71 0.64 0.62 0.56 0.51 0.45 0.39
3.8 0.85 0.82 0.79 0.75 0.68 0.66 0.61 0.56 0.51 0.45
4 0.87 0.84 0.81 0.77 0.71 0.70 0.65 0.60 0.56 0.50
4.2 0.88 0.86 0.82 0.79 0.73 0.73 0.68 0.64 0.60 0.55
4.4 0.90 0.87 0.84 0.81 0.76 0.75 0.71 0.67 0.63 0.59
4.6 0.91 0.88 0.86 0.83 0.78 0.77 0.74 0.70 0.67 0.63
4.8 0.91 0.90 0.87 0.85 0.80 0.80 0.76 0.73 0.69 0.66
5 0.92 0.90 0.87 0.86 0.82 0.81 0.78 0.75 0.72 0.69
5.2 0.92 0.92 0.90 0.87 0.83 0.83 0.80 0.78 0.74 0.71
5.4 0.92 0.92 0.89 0.88 0.85 0.84 0.81 0.79 0.76 0.74
5.6 0.94 0.93 0.92 0.89 0.86 0.87 0.84 0.81 0.78 0.76
5.8 0.95 0.93 0.92 0.91 0.88 0.87 0.85 0.83 0.81 0.78
6 0.96 0.96 0.93 0.92 0.89 0.89 0.86 0.84 0.82 0.80

1T




Table 516 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6
0.2 446.27 491.68 537.97 585.50 578.69 687.48 741.94 797.62 854.19 902.20
0.4 118.56 130.68 143.11 155.84 155.22 183.19 197.82 212.72 227.97 241.04
0.6 60.70 66.96 73.42 80.04 80.88 94.25 101.85 109.61 117.55 124.49
0.8 48.91 53.93 59.21 64.64 67.26 76.28 82.48 88.85 95.46 101.48
1 90.96 100.42 110.34 120.65 130.80 142.63 154.31 166.38 178.90 190.86
1.2 17.37 19.27 21.27 23.33 25.49 27.75 30.10 32.51 35.02 37.26
1.4 7.62 8.50 9.44 10.40 11.43 12.47 13.58 14.71 15.90 16.85
1.6 4.33 4.87 5.45 6.05 6.68 7.33 8.01 8.71 9.44 10.01
1.8 2.72 3.10 3.50 3.92 4.36 4.81 5.28 5.77 6.28 6.67
2 1.78 2.06 2.36 2.68 3.00 3.34 3.69 4.06 4.44 473
2.2 1.17 1.40 1.63 1.87 2.13 2.39 2.67 2.96 3.26 3.48
2.4 0.76 0.94 1.12 1.32 1.53 1.74 1.96 2.19 2.44 2.62
N 2.6 0.46 0.60 0.76 0.92 1.09 1.27 1.45 1.64 1.84 2.00
= 2.8 0.24 0.36 0.48 0.62 0.76 0.91 1.06 1.23 1.39 1.53
2 3 0.13 0.18 0.28 0.39 0.51 0.64 0.77 0.91 1.05 1.17
o 3.2 0.19 0.14 0.14 0.21 0.31 0.42 0.53 0.65 0.77 0.88
2 3.4 0.27 0.21 0.15 0.12 0.15 0.25 0.35 0.45 0.56 0.65
3.6 0.34 0.28 0.22 0.16 0.11 0.13 0.20 0.29 0.38 0.46
3.8 0.40 0.35 0.29 0.24 0.18 0.13 0.11 0.16 0.23 0.31
4 0.46 0.41 0.35 0.30 0.25 0.19 0.14 0.11 0.13 0.19
42 0.51 0.46 0.41 0.36 0.31 0.26 0.21 0.15 0.11 0.11
4.4 0.55 0.50 0.46 0.41 0.37 0.32 0.27 0.22 0.17 0.12
4.6 0.59 0.55 0.50 0.46 0.42 0.37 0.33 0.28 0.23 0.18
4.8 0.62 0.59 0.54 0.50 0.46 0.42 0.38 0.33 0.29 0.24
5 0.65 0.62 0.58 0.54 0.50 0.46 0.42 0.38 0.34 0.29
5.2 0.68 0.65 0.61 0.58 0.54 0.50 0.46 0.43 0.38 0.35
5.4 0.71 0.68 0.65 0.61 0.57 0.54 0.50 0.46 0.43 0.39
5.6 0.73 0.71 0.67 0.64 0.61 0.57 0.54 0.50 0.46 0.43
5.8 0.75 0.73 0.70 0.67 0.64 0.61 0.57 0.54 0.50 0.46
6 0.77 0.76 0.73 0.69 0.67 0.63 0.61 0.57 0.54 0.50

1T
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Table 517 Summary of Dnconerent/ Duniform1 fOr constant displacement input for
range of values of Ty and Tgm1

Dincoherent/ Duniforml

Tqml Tqm1/ Tqm2 Tstr Tstr /Tqm2 Dincoherent/ Duniforml
<0.5 <1.0 0.57-14.59
<0.5 <1.0 0.5 1.0 2.5-6.11
>0.5 >1.0 0.85-2.15
<0.5 <1.0 1
0.5 1.0 0.5 1.0 1
>0.5 >1.0 1
<0.5 <1.0 1.85-902.2
>0.5 >1.0 05| 1.0 2.54- 190.86
>0.5 >1.0 0.11- 37.26




Table 518 Dinconerent/ Duniformz fOr constant displacement input

Tgml/Tgm2
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
0.2 114.65 19.94 22.95 23.36 1.00 23.90 24.24 24.16 23.80 21.52
0.4 8.25 29.18 3.69 4.80 1.00 5.37 5.51 5.54 5.49 5.01
0.6 2.94 3.75 10.24 1.67 1.00 1.97 2.08 2.12 2.13 1.98
0.8 1.26 1.40 1.69 3.63 1.00 0.85 0.93 0.97 0.99 0.95
1 0.57 0.59 0.62 0.67 1.00 0.56 0.51 0.52 0.53 0.52
1.2 0.63 0.66 0.71 0.77 1.00 1.94 0.62 0.40 0.38 0.40
14 0.71 0.75 0.79 0.86 1.00 1.37 2.76 0.79 0.39 0.28
1.6 0.76 0.81 0.84 0.90 1.00 1.18 1.69 3.28 0.97 0.35
1.8 0.80 0.85 0.88 0.92 1.00 1.11 1.34 1.99 3.65 1.04
2 0.82 0.88 0.90 0.94 1.00 1.08 1.22 151 2.25 3.80
2.2 0.84 0.90 0.92 0.95 1.00 1.06 1.16 1.33 1.66 2.40
2.4 0.85 0.92 0.93 0.96 1.00 1.05 1.12 1.24 1.43 1.72
~ 2.6 0.86 0.93 0.94 0.97 1.00 1.04 1.10 1.18 1.31 1.46
€ 2.8 0.87 0.94 0.95 0.97 1.00 1.03 1.08 1.14 1.24 1.32
g 3 0.88 0.95 0.96 0.98 1.00 1.03 1.07 1.12 1.19 1.24
; 3.2 0.89 0.95 0.96 0.98 1.00 1.02 1.06 1.10 1.16 1.19
= 3.4 0.89 0.96 0.96 0.98 1.00 1.02 1.05 1.08 1.13 1.16
3.6 0.90 0.96 0.97 0.98 1.00 1.02 1.04 1.07 1.11 1.13
3.8 0.91 0.97 0.97 0.98 1.00 1.02 1.03 1.06 1.09 1.11
4 0.92 0.97 0.97 0.98 1.00 1.01 1.03 1.04 1.08 1.09
4.2 0.94 0.98 0.97 0.98 1.00 1.00 1.02 1.03 1.06 1.08
4.4 0.94 0.98 0.98 0.98 1.00 1.01 1.02 1.04 1.06 1.07
4.6 0.96 0.99 0.99 0.99 1.00 1.01 1.01 1.03 1.04 1.06
4.8 0.98 1.00 0.99 0.99 1.00 1.01 1.01 1.02 1.04 1.05
5 1.00 1.01 0.99 0.99 1.00 1.00 1.01 1.03 1.04 1.04
5.2 1.01 1.01 0.99 0.99 1.00 0.99 1.00 1.01 1.01 1.03
5.4 1.05 1.03 0.99 0.99 1.00 0.99 0.99 1.01 1.03 1.03
5.6 1.07 1.04 1.00 0.99 1.00 0.99 0.99 1.00 0.99 1.00
5.8 111 1.06 1.01 0.99 1.00 0.98 0.98 1.00 1.01 1.01
6 1.15 1.07 1.03 1.00 1.00 0.98 0.99 0.98 0.99 1.01

1T




Table 518 (Continued

Tgml/Tgm2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 24.40 24.35 24.15 24.39 24.44 24.42 24.29 24.43 24.47 23.63
0.4 5.66 5.66 5.62 5.68 5.70 5.70 5.68 5.71 5.72 5.54
0.6 2.21 2.22 2.21 2.23 2.24 2.25 2.24 2.25 2.26 2.20
0.8 1.02 1.03 1.04 1.04 1.05 1.05 1.05 1.05 1.06 1.04
1 0.54 0.54 0.54 0.54 0.54 0.55 0.55 0.55 0.55 0.54
1.2 0.44 0.45 0.46 0.47 0.43 0.48 0.48 0.49 0.49 0.48
14 0.34 0.38 0.40 0.42 0.36 0.45 0.45 0.46 0.47 0.45
1.6 0.26 0.27 0.32 0.36 0.30 0.40 0.42 0.43 0.44 0.43
1.8 0.51 0.27 0.21 0.26 0.24 0.34 0.37 0.39 0.40 0.40
2 1.39 0.60 0.31 0.18 0.19 0.26 0.31 0.34 0.36 0.36
2.2 4.11 1.59 0.69 0.36 0.15 0.17 0.22 0.27 0.30 0.32
2.4 2.70 4.25 1.78 0.80 0.38 0.22 0.14 0.18 0.23 0.26
~ 2.6 1.92 2.89 4.37 1.95 0.84 0.48 0.26 0.15 0.15 0.19
= 2.8 1.60 2.05 3.06 4.46 2.01 1.01 0.55 0.31 0.17 0.12
g 3 1.44 1.70 2.17 3.22 4.51 2.28 1.11 0.61 0.36 0.19
; 3.2 1.34 1.51 1.79 2.28 3.31 4.59 2.43 121 0.69 0.38
= 3.4 1.28 1.40 1.58 1.86 2.31 3.49 4.63 2.56 1.32 0.73
3.6 1.23 1.32 1.45 1.63 1.86 2.49 3.60 4.66 2.68 1.38
3.8 1.19 1.26 1.36 1.50 1.63 2.02 2.58 3.71 4.68 2.76
4 1.16 1.22 1.29 1.40 1.48 1.76 2.08 2.67 3.79 4.67
4.2 1.13 1.19 1.24 1.32 1.38 1.59 1.80 2.14 2.74 3.83
4.4 1.12 1.16 1.20 1.27 1.31 1.47 1.62 1.85 2.21 2.81
4.6 1.10 1.13 1.18 1.23 1.26 1.38 151 1.67 1.90 2.26
4.8 1.09 1.12 1.15 1.20 1.22 1.34 141 1.53 1.69 1.93
5 1.07 1.09 1.11 1.17 1.19 1.27 1.35 1.43 1.56 1.73
5.2 1.05 1.08 1.11 1.14 1.15 1.23 1.29 1.37 1.46 1.58
5.4 1.02 1.06 1.07 111 1.12 1.18 1.22 1.29 1.36 1.47
5.6 1.03 1.05 1.07 1.09 1.10 1.17 1.21 1.25 1.31 1.40
5.8 1.01 1.03 1.04 1.06 1.07 1.12 1.17 121 1.26 1.32
6 1.00 1.04 1.03 1.04 1.04 1.11 1.12 1.15 1.20 1.25

1T




Table 518 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 54 5.6 5.8 6
0.2 24.36 24.45 24.48 24.46 22.28 24.47 24.48 24.47 24.43 2411
0.4 5.70 5.72 5.73 5.73 5.25 5.73 5.73 5.73 5.72 5.65
0.6 2.26 2.26 2.27 2.27 2.11 2.27 2.27 2.27 2.27 2.24
0.8 1.06 1.06 1.06 1.06 1.01 1.06 1.06 1.06 1.06 1.05
1 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55 0.55
1.2 0.49 0.49 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
14 0.47 0.48 0.48 0.48 0.48 0.49 0.49 0.49 0.49 0.48
1.6 0.45 0.46 0.46 0.47 0.47 0.47 0.47 0.48 0.48 0.47
1.8 0.43 0.43 0.44 0.45 0.45 0.46 0.46 0.46 0.47 0.46
2 0.39 0.40 0.41 0.42 0.43 0.44 0.44 0.45 0.45 0.45
2.2 0.35 0.37 0.38 0.40 0.41 0.42 0.42 0.43 0.44 0.43
2.4 0.30 0.33 0.35 0.36 0.38 0.39 0.40 0.41 0.42 0.41
~ 2.6 0.24 0.28 0.30 0.33 0.35 0.36 0.37 0.39 0.40 0.39
= 2.8 0.17 0.21 0.25 0.28 0.30 0.32 0.34 0.36 0.37 0.37
g 3 0.12 0.14 0.18 0.22 0.26 0.28 0.30 0.32 0.34 0.35
; 3.2 0.24 0.14 0.12 0.15 0.19 0.23 0.26 0.28 0.31 0.32
= 3.4 0.46 0.28 0.16 0.11 0.12 0.17 0.21 0.24 0.27 0.28
3.6 0.82 0.51 0.32 0.19 0.11 0.11 0.15 0.18 0.22 0.24
3.8 151 0.90 0.56 0.36 0.22 0.13 0.10 0.13 0.16 0.19
4 2.89 1.60 0.96 0.62 0.40 0.25 0.16 0.10 0.11 0.14
4.2 4.69 2.98 1.68 1.03 0.67 0.44 0.29 0.18 0.11 0.09
4.4 3.92 4.70 3.08 1.76 1.10 0.72 0.48 0.32 0.21 0.13
4.6 2.90 3.96 4.68 3.14 1.84 1.16 0.77 0.53 0.35 0.24
4.8 2.32 2.98 4.02 4.67 3.18 1.90 1.22 0.81 0.56 0.39
5 1.98 2.37 3.03 4.05 4.64 3.26 1.97 1.27 0.86 0.59
5.2 1.77 2.04 2.39 3.06 4.07 4.58 3.30 2.02 1.32 0.91
5.4 1.60 1.78 2.05 2.43 3.05 4.10 4.52 3.30 2.07 1.35
5.6 1.50 1.65 1.80 2.06 2.51 3.09 4.13 4.48 3.33 2.12
5.8 1.39 151 1.65 1.85 2.09 2.53 3.09 4.12 4.40 3.31
6 1.32 1.42 1.52 1.63 1.88 2.06 2.53 3.06 4.08 4.30

1T
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Table 519 Summary of Dnconerent/ Duniform2 fOr constant displacement input for
range of values of Ty and Tgm1

Dincoherent/ Duniform2

Tqml Tqm1/ Tqm2 Tstr Tstr /Tqm2 I:)incoherent/ Duniformz
<0.5 <1.0 1.26- 114.65
<0.5 <1.0 0.5 1.0 0.57-0.67
>0.5 >1.0 0.63-1.15
<0.5 <1.0 1
0.5 1.0 0.5 1.0 1
>0.5 >1.0 1
<0.5 <1.0 0.85-24.48
>0.5 >1.0 0.5 1.0 0.51-0.55
>05| >1.0 0.11- 4.70




Table 520 Dicoherent/ Dgma for constant displacement input

Tgml/Tgm2
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
0.2 4.77 0.83 0.96 0.97 0.04 0.99 1.01 1.01 0.99 0.90
0.4 1.57 5.55 0.70 0.91 0.19 1.02 1.05 1.05 1.05 0.95
0.6 1.65 2.10 5.74 0.94 0.56 1.10 1.17 1.19 1.20 1.11
0.8 2.19 2.43 2.94 6.33 1.74 1.47 1.62 1.69 1.73 1.66
1 5.68 5.85 6.18 6.68 9.98 5.60 5.07 5.18 5.27 5.17
1.2 1.97 2.06 2.22 2.40 3.13 6.07 1.95 1.25 1.20 1.25
14 1.43 1.50 1.59 1.72 2.01 2.76 5.54 1.58 0.78 0.56
1.6 1.24 1.32 1.37 1.46 1.62 1.92 2.75 5.33 1.58 0.57
1.8 1.15 1.22 1.26 1.33 1.44 1.60 1.93 2.86 5.25 1.50
2 1.09 1.17 1.20 1.25 1.33 1.43 1.62 2.00 2.99 5.03
2.2 1.05 1.13 1.15 1.19 1.25 1.33 1.45 1.67 2.08 3.00
24 1.03 1.10 1.12 1.16 1.20 1.26 1.35 1.49 1.72 2.07
N 2.6 1.01 1.08 1.10 1.13 1.17 1.21 1.28 1.38 1.53 1.70
= 2.8 1.00 1.07 1.09 111 1.14 1.18 1.23 131 1.42 151
2 3 0.99 1.06 1.07 1.09 1.12 1.15 1.20 1.25 1.34 1.40
; 3.2 0.98 1.05 1.06 1.08 111 1.13 1.17 1.22 1.28 1.32
2 3.4 0.98 1.05 1.06 1.07 1.09 1.12 1.15 1.19 1.24 1.27
3.6 0.98 1.05 1.05 1.07 1.09 1.11 1.13 1.16 1.21 1.23
3.8 0.98 1.05 1.05 1.06 1.08 1.10 1.12 1.14 1.18 1.20
4 0.99 1.05 1.05 1.06 1.08 1.09 1.11 1.12 1.16 1.17
4.2 1.01 1.06 1.05 1.06 1.08 1.08 1.10 111 1.15 1.16
4.4 1.01 1.06 1.05 1.06 1.07 1.08 1.09 111 1.14 1.15
4.6 1.04 1.07 1.07 1.06 1.08 1.08 1.09 111 1.12 1.14
4.8 1.06 1.08 1.07 1.06 1.08 1.09 1.09 1.10 1.12 1.14
5 1.08 1.10 1.07 1.07 1.08 1.08 1.09 111 1.13 1.13
5.2 111 111 1.09 1.08 1.09 1.09 1.09 111 1.11 1.12
5.4 1.16 1.14 1.10 1.10 1.11 1.10 1.10 1.13 1.14 1.14
5.6 1.20 1.16 1.11 111 1.12 111 1.11 1.12 1.11 1.12
5.8 1.26 1.20 1.15 1.13 1.14 1.11 1.12 1.14 1.15 1.15
6 1.33 1.24 1.19 1.16 1.16 1.13 1.15 1.14 1.15 1.17

A




Table 520 (Continued

Tgml/Tgm2
2.2 2.4 2.6 2.8 3 3.2 34 3.6 3.8 4
0.2 1.02 1.01 1.01 1.02 1.02 1.02 1.01 1.02 1.02 0.98
0.4 1.08 1.08 1.07 1.08 1.09 1.08 1.08 1.09 1.09 1.05
0.6 1.24 1.24 1.24 1.25 1.26 1.26 1.26 1.26 1.27 1.23
0.8 1.78 1.80 1.80 1.81 1.82 1.83 1.83 1.83 1.84 1.81
1 5.37 5.39 5.40 5.42 5.38 5.44 5.45 5.45 5.46 5.40
1.2 1.38 1.42 1.45 1.47 1.34 1.50 1.52 1.52 1.53 151
14 0.68 0.76 0.81 0.85 0.73 0.89 0.91 0.92 0.93 0.91
1.6 0.42 0.43 0.52 0.58 0.49 0.65 0.68 0.69 0.71 0.69
1.8 0.74 0.39 0.30 0.38 0.35 0.49 0.53 0.56 0.58 0.57
2 1.85 0.79 0.41 0.24 0.26 0.35 0.41 0.45 0.47 0.48
2.2 5.15 1.99 0.87 0.45 0.19 0.21 0.28 0.34 0.38 0.40
2.4 3.26 5.13 2.14 0.96 0.45 0.27 0.17 0.22 0.28 0.31
~ 2.6 2.25 3.38 5.11 2.29 0.98 0.56 0.31 0.17 0.17 0.22
= 2.8 1.83 2.34 3.50 5.10 2.30 1.15 0.63 0.35 0.20 0.14
g 3 1.62 191 2.43 3.61 5.07 2.56 1.25 0.69 0.40 0.22
; 3.2 1.49 1.67 1.98 2.52 3.66 5.08 2.68 1.34 0.76 0.42
= 3.4 1.40 1.53 1.73 2.04 2.53 3.82 5.07 2.80 1.44 0.79
3.6 1.33 1.43 1.57 1.77 2.03 271 3.91 5.06 291 1.50
3.8 1.28 1.36 1.47 1.61 1.76 2.18 2.79 4.00 5.06 2.98
4 1.25 131 1.39 1.50 1.59 1.89 2.24 2.87 4.07 5.02
4.2 1.22 1.28 1.33 1.42 1.48 1.71 1.93 2.31 2.95 4.12
4.4 1.20 1.24 1.29 1.36 141 1.58 1.74 1.99 2.37 3.02
4.6 1.18 1.22 1.27 1.32 1.36 1.49 1.63 1.80 2.05 2.44
4.8 1.17 1.21 1.24 1.29 131 1.44 1.52 1.65 1.83 2.09
5 1.16 1.18 1.21 1.26 1.29 1.37 1.46 1.55 1.69 1.88
5.2 1.15 1.19 1.21 1.24 1.26 1.35 1.42 1.50 1.60 1.73
5.4 1.14 1.18 1.19 1.23 1.24 131 1.36 1.44 1.52 1.63
5.6 1.15 1.17 1.20 1.22 1.23 1.31 1.35 1.40 1.46 1.56
5.8 1.15 1.17 1.19 1.21 1.22 1.28 1.33 1.38 1.44 151
6 1.16 1.21 1.20 1.21 1.21 1.28 1.30 1.34 1.39 1.46

A




Table 520 (Continued

Tgml/Tgm2
4.2 4.4 4.6 4.8 5 5.2 54 5.6 5.8 6
0.2 1.01 1.02 1.02 1.02 0.93 1.02 1.02 1.02 1.02 1.00
0.4 1.09 1.09 1.09 1.09 1.00 1.09 1.09 1.09 1.09 1.08
0.6 1.26 1.27 1.27 1.27 1.18 1.27 1.27 1.27 1.27 1.26
0.8 1.84 1.84 1.85 1.85 1.77 1.85 1.85 1.85 1.85 1.84
1 5.46 5.47 5.47 5.47 5.45 5.48 5.48 5.48 5.48 5.45
1.2 1.54 1.55 1.55 1.55 1.56 1.56 1.56 1.56 1.57 1.55
14 0.95 0.96 0.96 0.97 0.97 0.97 0.98 0.98 0.98 0.97
1.6 0.73 0.74 0.75 0.76 0.76 0.77 0.77 0.77 0.78 0.77
1.8 0.61 0.62 0.63 0.64 0.65 0.65 0.66 0.66 0.67 0.66
2 0.52 0.54 0.55 0.56 0.57 0.58 0.59 0.59 0.60 0.59
2.2 0.44 0.46 0.48 0.50 0.51 0.52 0.53 0.54 0.55 0.54
2.4 0.37 0.40 0.42 0.44 0.46 0.47 0.48 0.49 0.50 0.50
~ 2.6 0.28 0.32 0.35 0.38 0.40 0.42 0.44 0.45 0.46 0.46
€ 2.8 0.19 0.24 0.28 0.32 0.35 0.37 0.39 0.41 0.42 0.42
g 3 0.14 0.15 0.20 0.25 0.29 0.32 0.34 0.36 0.38 0.39
; 3.2 0.26 0.15 0.13 0.17 0.22 0.26 0.29 0.31 0.34 0.35
= 3.4 0.50 0.30 0.18 0.12 0.13 0.19 0.23 0.26 0.29 0.31
3.6 0.90 0.55 0.34 0.21 0.12 0.12 0.16 0.20 0.23 0.26
3.8 1.63 0.97 0.61 0.39 0.24 0.14 0.11 0.14 0.18 0.21
4 3.11 1.72 1.04 0.66 0.43 0.27 0.17 0.11 0.12 0.15
4.2 5.05 3.21 1.81 111 0.72 0.47 0.31 0.20 0.12 0.10
4.4 4.21 5.04 3.30 1.89 1.18 0.77 0.52 0.35 0.23 0.14
4.6 3.12 4.26 5.04 3.38 1.98 1.25 0.82 0.57 0.38 0.25
4.8 2.50 3.21 4.33 5.04 3.43 2.05 1.31 0.88 0.61 0.42
5 2.14 2.57 3.28 4.39 5.03 3.53 2.14 1.38 0.94 0.64
5.2 1.94 2.24 2.62 3.35 4.46 5.01 3.61 2.21 1.45 0.99
5.4 1.77 1.98 2.28 2.70 3.39 4.55 5.02 3.67 2.30 1.50
5.6 1.68 1.85 2.02 231 2.81 3.46 4.62 5.01 3.72 2.37
5.8 1.58 1.71 1.88 2.11 2.38 2.87 3.51 4.68 5.00 3.76
6 1.53 1.65 1.76 1.89 2.18 2.40 2.94 3.56 4.74 5.00

A
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Table 521 Summary of Dnconerent/ Dgm1 for constant displacement input for range of
values of Tsy and Tgm1

Dincoherent/ qul

Tomi| Tgmi/Tgme | Tstr | Tstr /Tgme | Dinconerent/ Dgmi
<0.5 <1.0 0.83-6.33
<0.5 <1.0 0.5 1.0 5.68- 6.68
>0.5 >1.0 0.98-2.40
<0.5 <1.0 0.04-1.74
0.5 1.0 0.5 1.0 9.98
>0.5 >1.0 1.07-3.13
<05 | <1.0 0.99-0.81
>0.5 >1.0 0.5 1.0 5.07-5.48
>0.5 >1.0 0.11-6.07




Table 61 Comparison of bearing displacements for coherent Loma Prieta runs with Type # 3 bearing

Experiment Newmark's Method SAP 2000

Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
62 | Rock + Rock (Long.) -0.99 -0.99 -0.92 -0.93 -0.77 -0.77
63 | Rock + Rock (Trans.) -0.91 -1.00 -0.91 -0.91 -0.70 -0.70
64 | Rock + Rock (Long.)* 0.23 0.26 0.24 0.26 0.22 0.22
65 | Rock + Rock (Trans.)* 0.23 0.25 0.25 0.25 0.20 0.20
66 | Rock + Rock (Biaxial)** -0.98 0.24 | -0.99 0.25 -0.76 0.22 | -0.76 0.22
67 | 500 + 500 (Long.) -1.03 -1.03 -0.89 -0.93 -0.79 -0.79
68 | 500 + 500 (Trans.) -0.94 -1.04 -0.95 -0.96 -0.76 -0.76
69 | 500 + 500 (Biaxial)** -1.02 0.23]-1.03 0.24 -0.81 0.23 | -0.81 0.23
70-2 | 180 + 180 (Long.) -1.33 -1.33 -1.21 -1.26 -1.08 -1.08

71-2 | 180 + 180 (Trans.) -1.21 -1.33 -1.23 -1.25 -1.03 -1.03
72 | 180 + 180 (Biaxial)** -1.31 0.40|-1.31 0.41 -1.08 0.37 | -1.08 0.37

* - The earthquake record used is from the minor component (i® ¢dinponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse diredt@nsnor

component

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s
180- Earthquake record used is from soil with VS=180m/s

Table 62 Comparison of bearing displaements for incoherent Loma Prieta runs with Type # 3 bearings

A




Experiment Newmark's Method SAP 2000
Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
73 | Rock + 500 (Long.) -1.01 -1.01 -0.89 -0.92 0.66 0.66
74 | Rock + 500 (Trans.) -0.92 -1.01 -0.88 -0.91 0.59 0.59
75 | Rock + 500 (Biaxial)** -1.01 0.23|-1.01 0.26 0.69 -0.23| 0.69 -0.22
76 | 500 + Rock (Long.) -1.01 -1.01 -0.95 -0.95 0.69 0.69
77 | 500 + RocKTrans.) -0.92 -1.02 -0.90 -0.89 0.58 0.59
78 | 500 + Rock (Biaxial)** -1.01 0.24|-1.01 0.24 0.66 -0.23 | 0.66 -0.22
79 | Rock + 180 (Long.) -1.15 -1.17 -1.04 -1.13 0.77 0.77
80 | Rock + 180 (Trans.) 1.08 -1.30 -0.96 -1.09 0.69 -0.70
81 Rock + 180 (Biaxial)** -1.14 0.27 | -1.15 0.47 0.77 -0.30| 0.77 -0.26
82 | 180 + Rock (Long.) -1.15 -1.15 -1.07 -1.04 0.76 0.76
83 | 180 + Rock (Trans.) -1.20 -1.19 -1.08 -0.96 -0.70 0.68
84 | 180 + Rock (Biaal)** -1.15 0.46|-1.14 0.28 0.76 -0.26 | 0.76 -0.30
85 | 500 + 180 (Long.) -1.16 -1.18 -1.06 -1.15 0.79 0.79
86 | 500 + 180 (Trans.) 1.09 -1.32 -1.04 -1.13 0.73 -0.73
87 | 500 + 180 (Biaxial)** -1.16 0.26 | -1.17 0.46 0.75 -0.29 | 0.75 -0.25
88 | 180 + 500 (Long.) -1.17 -1.17 -1.09 -1.07 0.78 0.78
89 | 180 + 500 (Trans.) -1.22 -1.12 -1.13 -1.04 -0.73 0.73
90 | 180 + 500 (Biaxial)** -1.17 0.44|-1.16 0.28 0.78 -0.25| 0.78 -0.30

* - The earthqake record used is from the minor component (i.€S, é@mponent in the case of Loma
Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Table 6-3 Comparison of bearing displacements focoherent Landers runs with Type # 3 bearings

A




Experiment Newmark's Method SAP 2000
Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
91 | Rock + Rock (Long.) 0.74 0.74 0.64 0.64 0.55 0.55
92 | Rock + Rock (Trans.) 0.67 0.74 0.64 0.64 0.54 0.54
93 | Rock + Rock (Long.)* -0.32 -0.32 -0.25 -0.25 -0.21 -0.21
94 | Rock + Rock (Trans.)* -0.27 -0.28 -0.24 -0.24 -0.18 -0.18
95 | Rock + Rock (Biaxial)** 0.73 -0.26| 0.73 -0.26 0.55 -0.18| 0.55 -0.18
96 | 500 + 500 (Long.) 0.81 0.81 0.74 0.74 0.64 0.64
97 | 500 + 500 (Trans.) 0.72 0.80 0.70 0.70 0.59 0.59
98 | 500 + 500 (Biaxial)** 0.81 -0.32| 0.80 -0.33 0.56 -0.22| 0.56 -0.22
99 | 180+ 180 (Long.) 1.22 1.23 1.07 1.08 0.90 0.90
100 | 180 + 180 (Trans.) 1.08 1.23 1.05 1.06 0.80 0.80
101 | 180 + 180 (Biaxial)** 1.20 -0.44| 1.21 -0.46 0.90 -0.35| 0.90 -0.35
Note: * - The earthquake record usedrizm the minor component (i.e.-8l component in the case of Landers)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock

500- Earthquake recordsed is from soil with VS=500m/s

180- Earthquake record used is from soil with VS=180m/s

Table 6-4 Comparison of bearing displacements for incoherent Landers runs with Type # 3 bearings

RuUN Experiment Newmark's Method SAP 2000
No. Description North End | South End | North End | South End | North End South End

A




X Y X Y X Y X Y X Y X Y
102 | Rock + 500 (Long.) 0.78 0.76 0.67 0.66 0.79 0.79
103 | Rock + 500 (Trans.) 0.70 0.75 0.67 0.66 0.73 0.73
104 | Rock + 500 (Biaxal)** 0.77 -0.27|0.76 -0.31 0.79 0.20 | 0.79 0.19
105 | 500 + Rock (Long.) 0.77 0.78 0.70 0.72 0.82 0.82
106 | 500 + Rock (Trans.) 0.67 0.79 0.66 0.67 0.74 0.73
107 | 500 + Rock (Biaxial)** 0.76 -0.30| 0.77 -0.28 0.79 0.19 | 0.78 0.20
108 | Rock + 180 (Long.) 0.99 0.99 0.88 0.90 0.94 0.94
109 | Rock + 180 (Trans.) 1.04 -1.09 0.86 0.88 0.90 0.80
110 | Rock + 180 (Biaxial)** 0.98 0.42 | 0.98 -0.47 093 0.25 | 0.93 -0.31
111 | 180 + Rock (Long.) 0.97 0.98 0.88 0.87 0.92 0.92
112 | 180 + Rock (Trans.) -1.06 1.14 0.87 0.85 0.79 0.89
113 | 180 + Rock (Biaxial)** 0.96 -0.48 | 0.97 0.45 0.88 -0.30| 0.88 0.23
114 | 500 + 180 (Long.) 1.01 1.03 0.88 0.90 0.93 0.93
115 | 500 + BO (Trans.) 1.05 -1.12 0.84 0.86 0.89 0.80
116 | 500 + 180 (Biaxial)** 1.00 0.43 | 1.02 -0.50 093 0.24 | 0.93 -0.30
117 | 180 + 500 (Long.) 1.01 1.00 0.92 0.91 0.95 0.95
118 | 180 + 500 (Trans.) -1.08 1.16 0.90 0.88 0.81 0.92
119 | 180 + 500 (Biaxial)** 1.00 -0.50| 0.99 0.46 091 -0.31| 091 0.25
Note: * - The earthquake record used is from the minor component (i® ¢dmponent in the case of Landers)
** - For biaxial runs, the earthquake oett used in transverse direction is the minor
component

Table 65 Comparison of bearing displacements for coherent N. Palm Springs runs with Type # 3 bearings
Run Experiment Newmark's Method SAP 2000
No. Description North End \ South End | North End | South End North End South End

=
N



X Y X Y X Y X Y X Y X Y
120 | Rock + Rock (Long.) 0.77 0.79 0.69 0.72 0.61 0.61
121 | Rock + Rock (Trans.) 0.69 0.75 0.72 0.73 -0.55 -0.55
122 | Rock + Rock (Long.)* -0.80 -0.85 -0.74 -0.79 -0.66 -0.66
123 | Rock + Rock (Trans.)* -0.76 -0.82 -0.77 -0.79 -0.60 -0.60
124 | Rock + Rock (Biaxial)** | 0.74 -0.74 | 0.77 -0.82 0.57 -0.61 | 0.57 -0.61
125 | 500 + 500 (Long.) 0.87 0.91 0.81 0.84 0.71 0.71
126 | 500 + 500 (Trans.) 0.80 0.86 0.81 0.83 0.64 0.64
127 | 500 + 500 (Biaxial)** 0.83 -0.90 | 0.87 -1.00 0.65 -0.73 | 0.65 -0.73
128 | 180 + 180 (Long.) -1.23 -1.25 -1.08 -1.11 -0.91 -0.91
129 | 180 + 180 (Trans.) -1.28 -1.17 -1.10 -1.10 -0.89 -0.89
130 | 180 + 180 (Biaxial)** -1.22 116 | -1.24 121 085 0.98 | 0.85 0.98
Note: * - The earthquake record used is from the minor component @W.c&mponent in the case of N. Palm Springs

** - For biaxial runs, the earthquake recorddusetransverse direction is the minor

component

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s

180- Earthquake record used is from soil with VS=180m/s

Table 6-6 Comparison of bearing displacements for incoherent N. Palm Springs runs with Type # 3 bearings
Experiment Newmark's Method SAP 2000

RuUN North End South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
131 | Rock + B0 (Long.) 0.80 0.86 0.72 0.79 0.52 0.53

A




132 | Rock + 500 (Trans.) 0.71 0.84 0.74 0.78 0.59 0.60
133 | Rock + 500 (Biaxial)** 0.77 -0.81| 0.82 -0.93 0.52 -0.41| 0.52 0.37
134 | 500 + Rock (Long.) 0.82 0.84 0.77 0.78 0.55 0.55
135 | 500 + Rock (Trans.) 0.78 0.77 0.76 0.74 0.59 0.58
136 | 500 + Rock (Biaxial)** 0.80 -0.85| 0.80 -0.90 0.52 0.36| 0.52 -0.40
137 | Rock + 180 (Long.) -0.84 1.12 -0.76 1.00 0.60 0.58
138 | Rock + 180 (Trans.) 1.13 -1.80 -0.84 0.99 1.03 -0.94
139 | Rock + 180 (Biaxial)** 0.87 -0.89| 1.07 1.38 -0.62 -0.60| -0.61 0.73
140 | 180 + Rock (Long.) 1.06 -0.87 0.91 -0.78 0.54 0.56
141 | 180 + Rock (Trans.) -1.87 1.25 0.95 -0.83 -0.84 0.97
142 | 180 + Rock (Biaxial)** 1.02 1.36|-0.88 -1.00 -0.57 0.69 | -0.57 -0.54
143 | 500 + 180 (Long.) -0.82 1.13 -0.73 1.00 0.59 0.57
144 | 500 + 180 (Trans.) 1.12 -1.79 -0.81 0.99 0.99 -0.86
145 | 500 + 180 (Biaxial)** -0.86 -0.91| 1.08 1.47 -0.58 -0.56| 0.58 0.73
146 | 180 + 500 (Long.) 1.07 -0.86 0.97 -0.82 -0.62 0.64
147 | 180 + 500 (Trans.) -1.86 1.23 0.97 -0.83 -0.85 0.98
148 | 180 + 500 (Biaxial)** 1.03 1.43| 0.86 -1.03 -0.56 0.70| 0.59 -0.53
Note: * - The earthquake record used is from the minor component @&.c&mponent in the case of N. Palm Springs
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 67 Comparison of bearing displacements for coherent Loma Prieta runs with Type # 1 bearings
Experiment Newmark's Method SAP 2000
Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
62 | Rock + Rock (Long.) -0.73 -0.75 -0.61 -0.63 -0.48 -0.48
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63 | Rock + Rock (Trans.) -0.66 -0.71 -0.60 -0.60 -0.47 -0.47
64 | Rock + Rock (Long.)* 0.35 0.35 0.29 0.28 -0.23 -0.23
65 | Rock + Rock (Trans.)* 0.31 0.36 0.26 0.26 0.21 0.21
66 | Rock + Rock (Biaxial)** -0.72 0.31]-0.75 -0.37 -0.48 0.20 | -0.48 0.20
67 | 500 + 500 (Long.) -0.78 -0.79 -0.65 -0.67 -0.51 -0.51
68 | 500 + 500 (Trans.) -0.69 -0.75 -0.63 -0.64 -0.50 -0.50
69 | 500 + 500 (Biaxial)** -0.76 0.33 | -0.78 -0.40 -0.50 0.23 | -0.50 0.23
70 | 180 + 180 (Long.) -0.82 -0.81 -0.81 -0.82 -0.75 -0.75
71 | 180 + 180 (Trans.) -0.75 -0.70 -0.77 -0.79 -0.71 -0.71
72 | 180 + 180 (Biaxial)** -0.80 0.43|-0.70 -0.47 -0.74 0.37 | -074 0.37

* - The earthquake record used is from the minor component (i® ¢dinponent in the case of Loma

Note: Prieta)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earhquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s

180- Earthquake record used is from soil with VS=180m/s

Table 6-8 Comparison of bearing displacements for incoherent Loma Prieta runwith Type # 1 bearings
Experiment Newmark's Method SAP 2000

RuUN North End | South End | North End South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
73 | Rock + 500 (Long.) -0.75 -0.78 -0.62 -0.65 -0.31 -0.31
74 | Rock + 5@ (Trans.) -0.67 -0.73 -0.60 -0.62 -0.31 -0.30
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75 | Rock + 500 (Biaxial)** -0.74 0.33 | -0.77 -0.40 -0.30 -0.21 | -0.31 -0.21
76 | 500 + Rock (Long.) -0.76 -0.77 -0.64 -0.65 -0.32 -0.32
77 | 500 + Rock (Trans.) -0.67 -0.73 -0.62 -0.61 -0.31 -0.30
78 | 500 + Rock (Biaxial)** -0.75 0.33 | -0.76 -0.37 -0.32 -0.22 | -0.32 -0.22
79 | Rock + 180 (Long.) -0.75 -0.82 -0.62 -0.76 -0.35 -0.34
80 | Rock + 180 (Trans.) -0.56 -0.87 -0.60 -0.72 -0.30 -0.39
81 | Rock + 180 (Biaxial)** -0.74 0.31|-0.80 -0.48 -0.34 -0.20| -0.33 -0.23
82 | 180 + Rock (Long.) -0.81 -0.77 -0.76 -0.65 -0.34 -0.35
83 | 180 + Rock (Trans.) -0.90 -0.65 -0.72 -0.61 -0.40 -0.29
84 | 180 + Rock (Biaxial)** -0.79 0.45 | -0.76 -0.36 -0.32 -0.23 | -0.34 -0.19
85 | 500 + 180 (Long.) -0.78 -0.82 -0.65 -0.79 -0.37 -0.35
86 | 500 + 180 (Trans.) -0.58 -0.88 -0.65 -0.74 -0.32 -0.40
87 | 500 + 180 (Biaxial)** -0.76 0.33 | -0.81 -0.49 -0.36 -0.20 | -0.35 -0.23
88 | 180 + 500 (Long.) -0.82 -0.79 -0.76 -0.66 -0.33 -0.35
89 | 180 + 500 (Trans.) -0.91 -0.67 -0.73 -0.64 -0.41 -0.30
90 | 180 + 500 (Biaxial)** -0.80 0.48 | -0.79 -0.39 -0.34 -0.24 | -0.36 -0.20
Note * - The earthquake record used is from the minor component (1&¢dponent in the case of Loma Prie
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 6:9 Comparison of bearing displaceents for coherent Landers runs with Type # 1 bearings
Experiment Newmark's Method SAP 2000
RuUN North End South End | North End | South End North End South End
No. Description X Y X Y X Y X Y X Y X Y
91 | Rock + Rock (Long.) 0.51 0.51 0.43 0.43 0.35 0.35
92 | Rock + Rock (Trans.) 0.45 0.55 0.43 0.43 -0.33 -0.33
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93 | Rock + Rock (Long.)* -0.27 -0.27 -0.22 -0.23 -0.17 -0.17
94 | Rock + Rock (Trans.)* -0.23 -0.24 -0.20 -0.20 0.16 0.16
95 | Rock + Rock (Biaxial)** 050 0.22| 0.50 -0.26 0.34 0.17 | 0.34 0.17
96 | 500 + 500 (Long.) 0.55 0.55 0.47 0.48 0.38 0.38
97 | 500 + 500 (Trans.) 0.49 0.60 0.45 0.45 -0.35 -0.35
98 | 500 + 500 (Biaxial)** 0.54 0.29| 0.54 0.33 0.37 024 | 037 0.24
99 | 180 + 180 (Long.) 0.64 0.64 -0.60 -0.61 -0.57 -0.57
100 | 180 + 180 (Trans.) -0.60 0.69 -0.63 -0.64 -0.57 -0.57
101 | 180 + 180 (Biaxial)** 0.62 -0.42| 0.62 -0.42 -0.56 -0.33| -0.56 -0.33
Note: * - The earthquakrecord used is from the minor component (i.eS Bbmponent in the case of Landers)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock

500- Eathquake record used is from soil with VS=500m/s

180- Earthquake record used is from soil with VS=180m/s

Table 6-10 Comparison of bearing displacements for incoherent Landers runs with Type # 1 bearings
Bearing Displacement,
Umax Newmark's Method SAP 2000

Run North End South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
102 | Rock + 500 (Long.) 0.54 -0.46 0.46 0.46 0.51 0.51
103 | Rock + 500 (Trans.) 0.50 0.55 0.44 0.44 0.46 0.48
104 | Rock + 500 (Biaxial)** 0.52 0.23| 0.51 0.31 0.48 -0.15| 0.48 0.18
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105 | 500 + Rock (Long.) 0.53 0.54 0.46 0.47 0.51 0.51

106 | 500 + Rock (Trans.) 0.45 0.61 0.45 0.46 0.49 0.47

107 | 500 + Rock (Biaxial)** 0.52 0.29 | 0.53 0.26 0.49 0.18 | 049 -0.16

108 | Rock + 180 (Long.) 0.59 0.57 0.50 -0.54 0.56 0.56

109 | Rock + 180 (Trans.) 0.59 -0.74 0.49 -0.57 0.51 0.54

110 | Rock + 180 (Biaxial)** 0.57 0.21 | 0.55 -0.49 0.54 -0.20| 0.54 -0.2

111 | 180 + Rock (Long.) 0.57 0.59 -0.55 0.49 0.54 0.54

112 | 180 + Rock (Trans.) 0.76 0.76 -0.56 0.48 0.56 0.52

113 | 180 + Rock (Biaxial)** 0.55 -0.48| 0.57 -0.32 0.52 -0.20| 0.52 -0.18

114 | 500 + 180 (Long.) 0.60 0.59 051 -0.58 0.55 0.55

115 | 500 + 180 (Trans.) -0.60 -0.75 0.51 -0.59 0.54 0.55

116 | 500 + 180 (Biaxial)** 0.58 0.27 | 0.57 -0.50 0.54 -0.20| 0.54 -0.20

117 | 180 + 500 (Long.) 0.59 0.61 -0.54 0.51 0.57 0.57

118 | 180 + 500 {rans.) -0.77 0.74 -0.58 0.50 0.54 0.52

119 | 180 + 500 (Biaxial)** 0.57 049 | 0.59 -0.33 0.54 -0.21| 0.54 -0.20

Note: * - The earthquake record used is from the minor component (1® ¢dnponent in the case of Landers)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 6:11 Comparison of bearing displacements for coherent N. Palm Springs runs with Type # 1 bearings

Experiment Newmark's Method SAP 2000

Run North End | South End | North End | South End | North End South End

No. Description X Y X Y X Y X Y X Y X Y

120 | Rock + Rock (Long.) 0.62 0.60 0.53 0.52 0.45 0.45

121 | Rock + Rock (Trans.) 0.52 0.59 0.50 0.51 0.41 0.41

122 | Rock + Rock (long.)* -0.34 -0.35 -0.36 -0.36 -0.35 -0.35
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123 | Rock + Rock (Trans.)* 0.32 -0.32 -0.35 -0.36 -0.30 -0.30
124 | Rock + Rock (Biaxial)** 0.62 -0.32| 0.60 -0.32 0.44 -0.30| 0.44 -0.30
125 | 500 + 500 (Long.) 0.67 0.66 0.57 057 0.49 0.49
126 | 500 + 500 (Trans.) 0.57 0.65 0.55 0.56 0.44 0.44
127 | 500 + 500 (Biaxial)** 0.66 -0.42| 0.65 -0.42 0.47 -0.39| 0.47 -0.39
128 | 180 + 180 (Long.) 1.00 0.98 0.91 0.90 0.79 0.79
129 | 180 + 180 (Trans.) 0.86 0.97 0.90 0.91 0.76 0.76
130 | 180 + 180 (Biaxial)** 0.97 -0.64| 0.95 -0.65 0.76 0.66| 0.76 0.66
Note: * - The earthquake record used is from the minor component @W.c&mponent in the case of N. Palm Springs

** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s

180- Earthquake record used isiincsoil with VS=180m/s

Table 6-12 Comparison of bearing displacements for incoherent N. Palm Springs runs with Type # 1 bearings

Experiment Newmark's Method SAP 2000

Run North End | South End | North End South End | North End | SouthEnd
No. Description X Y X Y X Y X Y X Y X Y
131 | Rock + 500 (Long.) 0.64 0.63 0.54 0.55 0.34 0.34
132 | Rock + 500 (Trans.) 0.56 0.61 0.55 0.57 0.33 0.34
133 | Rock + 500 (Biaxial)** 0.63 -0.31|0.62 -0.42 0.35 -0.18| 0.35 0.21
134 | 500 + Rock (Long.) 0.65 0.63 0.58 0.56 0.35 0.35
135 | 500 + Rock (Trans.) 0.54 0.62 0.54 0.53 0.33 0.34

€T




136 | 500 + Rock (Biaxial)** 0.64 -0.42|0.62 -0.31 0.34 0.19| 0.34 -0.17

137 | Rock + 180 (Long.) 0.61 0.95 0.52 0.84 0.35 0.34

138 | Rock + 180 (Trans.) -0.49 0.97 -0.51 0.85 0.32 0.44

139 | Rock + 180 (Biaxial)** 0.58 -0.37]0.92 0.86 0.34 -0.21| 0.33 0.35

140 | 180 + Rock (Long.) 0.96 0.58 0.84 -0.50 0.32 0.33

141 | 180 + Rock (Trans.) 0.89 -0.61 0.84 -0.51 0.42 0.31

142 | 180 + Rock (Biaxial)** 0.96 0.87 | 0.57 -0.35 0.32 0.34| 0.33 -0.20

143 | 500 + 180 (Long.) 0.62 0.95 -0.54 0.86 0.37 0.36

144 | 500 + 180 (Trans.) -0.53 0.96 -0.53 0.84 0.36 0.44

145 | 500 + 180 (Biaxial)** 0.61 -0.39|/0.94 0.85 0.36 -0.23| 0.36 0.35

146 | 180 + 500 (Long.) 0.97 0.60 0.86 -0.54 0.35 0.36

147 | 180 + 500 (Trans.) 0.88 -0.65 0.85 -0.54 0.44 0.33

148 | 180 + 500 (Biaxial)** 0.95 0.87 | 0.58 -0.39 0.34 0.35] 0.34 -0.22
Note: * - The earthquake record used is from the minor component @W.c&mponent in the case of N. Palm Springs

** - For biaxial runs, the earthquake record used in transverse direction is the minor
componat
Table 6-13 Ratios of bearing displacements for coherent Loma Prieta runs with Type # 3 bearings
Experiment / Newmark | Experiment / SAP2000 Newmark / SAP 2000

RuUN North End | South End | North End | South End | North End South End

No. Description X Y X Y X Y X Y X Y X Y

62 | Rock + Rock (Long.) 1.08 1.06 1.29 1.29 1.19 1.21

63 | Rock + Rock (Trans.) 1.00 1.10 1.30 1.43 1.30 1.30

64 | Rock + Rock (Long.)* 0.96 1.00 1.05 1.18 1.09 1.18

65 | Rock + Rock (Trans.)* 0.92 1.00 1.15 1.25 1.25 1.25

66 | Rock + Rock (Biaxial)** 1.29 1.09|1.30 1.14
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67 | 500 + 500 (Long.) 1.16 1.11 1.30 1.30 1.13 1.18
68 | 500 + 500 (Trans.) 0.99 1.08 1.24 1.37 1.25 1.26
69 | 500 + 500 (Biaxial)** 1.26 1.00| 1.27 1.04
70-2 | 180 + 180 (Long.) 1.10 1.06 1.23 1.23 1.12 1.17
71-2 | 180 + 180 (Trans.) 0.98 1.06 1.17 1.29 1.19 1.21
72 | 180 + 180 (Biaxial)** 121 1.08| 121 1.11
* - Theearthquake record used is from the minor component (k8.cbimponent in the case of Loma
Note: Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Rock- Earthquake record used is from rock
500- Earthquake record used is from soil with VS=500m/s
180- Earthquake record used is from soil with VS=180m/s
Table 6-14 Ratios of bearing displacements for incoherent Loma Prieta runs with Type # 3 bearings
Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000
Run North End | South End | North End South End North End South End
No. Description X Y X Y X Y X Y X Y X Y
73 | Rock + 500 (Long.) 1.13 1.10 -1.53 -1.53 -1.35 -1.39
74 | Rock + 500 (Trans.) 1.05 1.11 -1.56 -1.71 -1.49 -1.54
75 | Rock + 500 (Biaxial)** -1.46 -1.00| -1.46 -1.18
76 | 500 + Rock (Long.) 1.06 1.06 -1.46 -1.46 -1.38 -1.38
77 | 500 + Rock (Trans.) 1.02 1.15 -1.59 -1.73 -1.55 -1.51
78 | 500 + Rock (Biaxial)** -1.53 -1.04| -1.53 -1.09
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79 Rock + 180 (Long.) 1.11 1.04 -1.49 -1.52 -1.35 -1.47

80 | Rock + 180 (Trans.) -1.13 1.19 1.57 1.86 -1.39 1.56
81 | Rock + 180 (Biaxial)** -1.48 -090| -1.49 -1.81

82 | 180 + Rock (Long.) 1.07 1.11 -1.51 -1.51 -1.41 -1.37

83 | 180 + Rock (Trans.) 1.11 1.24 1.71 -1.75 1.54 -1.41
84 | 180 + Rock (Biaxial)** -1.51 -1.77|-1.50 -0.93

85 | 500 + 180 (Long.) 1.09 1.03 -1.47 -1.49 -1.34 -1.46

86 | 500 + 180 (Trans.) -1.05 1.17 1.49 1.81 -1.42 1.55
87 | 500 + 180 (Biaxial)** -1.55 -0.90| -1.56 -1.84

88 | 180 + 500 (Long.) 1.07 1.09 -1.50 -1.50 -1.40 -1.37

89 180 + 500 (Trans.) 1.08 1.08 1.67 -1.53 1.55 -1.42
90 | 180 + 500 (Biaxial)** -1.50 -1.76| -1.49 -0.93

Note: * - The earthquake record used is from the minor component (& ¢dnponent in the case of Loma Prie
** - For biaxial runs,hie earthquake record used in transverse direction is the minor
component
Table 6-15 Ratios of bearing displacements for coherent Landers runs with Type # 3 bearings
Experiment / Newmark | Experiment / SAP2000 Newmark / SAP 2000

Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
91 | Rock + Rock (Long.) 1.16 1.16 1.35 1.35 1.16 1.16

92 | Rock + Rock (Trans.) 1.05 1.16 1.24 1.37 1.19 1.19
93 | Rock + Rock (Long.)* 1.28 1.28 1.52 1.52 1.19 1.19

94 | Rock + Rock (Trans.)* 1.13 1.17 1.50 1.56 1.33 1.33
95 | Rock + Rock (Biaxial)** 1.33 1.44|1.33 1.44

96 | 500 + 500 (Long.) 1.09 1.09 1.27 1.27 1.16 1.16
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97 | 500 + 500 (Trans.) 1.03 1.14 1.22 1.36 1.19 1.19
98 500 + 500 (Biaxial)** 145 1.45|1.43 1.50
99 | 180 + 180 (Long.) 1.14 1.14 1.36 1.37 1.19 1.20
100 | 180 + 180 (Trans.) 1.03 1.16 1.35 1.54 1.31 1.33
101 | 180 + 180 (Biaxial)** 1.33 1.26| 1.34 1.31
Note: * - The earthquake record used is from the minor component (i® ¢dinponent in the case of Landers)

** - For biaxial runs, the earthquake record used in transverse direction is the minor

compnent

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s

180- Earthquake record used is from soil with VS=180m/s

Table 6-16 Ratios of bearing displacements for incohent Landers runs with Type # 3 bearings
Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000

RuUN North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
102 | Rock + 500 (Long.) 1.16 1.15 0.99 0.96 0.85 0.84
103 | Rock + 500 (Trans.) 1.04 1.14 0.96 1.03 0.92 0.90
104 | Rock + 500 (Biaxial)** 0.97 -1.35|0.96 -1.63
105 | 500 + Rock (Long.) 1.10 1.08 0.94 0.95 0.85 0.88
106 | 500 + Rock (Trans.) 1.02 1.18 0.91 1.08 0.89 0.92
107 | 500 + Rock (Biaxial)** 0.96 -1.58|0.99 -1.40
108 | Rock + 180 (Long.) 1.13 1.10 1.05 1.05 0.94 0.96
109 | Rock + 180 (Trans.) 1.21 -1.24 1.16 -1.36 0.96 1.10
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110 | Rock + 180 (Biaxig** 1.05 168 |1.05 1.52
111 | 180 + Rock (Long.) 1.10 1.13 1.05 1.07 0.96 0.95
112 | 180 + Rock (Trans.) -1.22 1.34 -1.34 1.28 1.10 0.96
113 | 180 + Rock (Biaxial)** 1.09 1.60 | 1.10 1.96
114 | 500 + 180 (ong.) 1.15 1.14 1.09 1.11 0.95 0.97
115 | 500 + 180 (Trans.) 1.25 -1.30 1.18 -1.40 0.94 1.08
116 | 500 + 180 (Biaxial)** 1.08 1.79 |1.10 1.67
117 | 180 + 500 (Long.) 1.10 1.10 1.06 1.05 0.97 0.96
118 | 180 +500 (Trans.) -1.20 1.32 -1.33 1.26 1.11 0.96
119 | 180 + 500 (Biaxial)** 1.10 161 |1.09 1.84
Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the case of Landers)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 6-17 Ratios of bearing displacements for coherent N. Palm Springs runs with Type # 3 bearings
Experiment /
Newmark Experiment / SAP200 Newmark / SAP 2000
North South

RuUN End End North End South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
120 | Rock + Rock (Long.) 1.12 1.10 1.26 1.30 1.13 1.18
121 | Rock + Rock (Trans.) 0.96 1.03 -1.25 -1.36 -1.31 -1.33
122 | Rock + Rock (Long.)* 1.08 1.08 1.21 1.29 1.12 1.20
123 | Rock + Rock (Trans.)* 0.99 1.04 1.27 1.37 1.28 1.32
124 | Rock + Rock (Biaxial)** 1.30 121 | 135 1.34
125 | 500 + 500 (Long.) 1.07 1.08 1.23 1.28 1.14 1.18
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126 | 500 + 500 (Trans.) 0.99 1.04 1.25 1.34 1.27 1.30
127 | 500 + 500 (Biaxial)** 128 1.23| 1.34 1.37
128 | 180 + 180 (Long.) 1.14 1.13 1.35 1.37 1.19 1.22
129 | 180 + 180 (Trans.) 1.16 1.06 1.44 1.31 1.24 1.24
130 | 180 + 180 (Biaxial)** -1.44 1.18 | -1.46 1.23
Note: * - The earthquake record used is from the minor component @&.c&mponent in the case of N. Palm Springs
** - For biaxial runs, the earthquake retaoised in transverse direction is the minor
component
Rock- Earthquake record used is from rock
500- Earthquake record used is from soil with VS=500m/:
180- Earthquake record used is from soil with VS=180m/.
Table 6-18 Ratios of bearing displacements for incoherent N. Palm Springs runs with Type # 3 bearings
Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000
Run North End | South End | North End South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
131 | Rock + 500 (Long.) 1.11 1.09 1.54 1.62 1.38 1.49
132 | Rock + 500 (Trans.) 0.96 1.08 1.20 1.40 1.25 1.30
133 | Rock + 500 (Biaxial)** 1.48 198 | 1.58 -2.51
134 | 500 + Rock (Long.) 1.06 1.08 1.49 153 1.40 1.42
135 | 500 + Rock (Trans.) 1.03 1.04 1.32 1.33 1.29 1.28
136 | 500 + Rock (Biaxial)** 154 -236| 1.54 2.25
137 | Rock + 180 (Long.) 1.11 1.12 -1.40 1.93 -1.27 1.72
138 | Rock + 180 (Trans.) -1.35 -1.82 1.10 1.91 -0.82 -1.05
139 | Rock + 180 (Biaxial)** -1.40 148 | -1.75 1.89
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140 | 180 + Rock (Long.) 1.16 1.12 1.96 -1.55 1.69 -1.39
141 | 180 + Rock (Trans.) -1.97 -1.51 2.23 1.29 -1.13 -0.86
142 | 180 + Rock Biaxial)** -1.79 197 | 154 1.85
143 | 500 + 180 (Long.) 1.12 1.13 -1.39 1.98 -1.24 1.75
144 | 500 + 180 (Trans.) -1.38 -1.81 1.13 2.08 -0.82 -1.15
145 | 500 + 180 (Biaxial)** 148 163 | 1.86 2.01
146 | 180+ 500 (Long.) 1.10 1.05 -1.73 -1.34 -1.56 -1.28
147 | 180 + 500 (Trans.) -1.92 -1.48 2.19 1.26 -1.14 -0.85
148 | 180 + 500 (Biaxial)** -1.84 204 | 146 1.94
Note: * - The earthquake record used is frma minor component (i.e.;® component in the case of N. Palm Springs)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 6-19 Ratios of bearing displacements for coherent Loma Prieta runs withype # 1 bearings
Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000
Run North End | South End | North End South End North End South End
No. Description X Y X Y X Y X Y X Y X Y
62 | Rock + Rock (Long.) 1.20 1.19 1.52 1.56 1.27 1.31
63 | Rock + Rock (Trans.) 1.10 1.18 1.40 1.51 1.28 1.28
64 | Rock + Rock (Long.)* 1.21 1.25 -1.52 -1.52 -1.26 -1.22
65 | Rock + Rock (Trans.)* 1.19 1.38 1.48 1.71 1.24 1.24
66 | Rock + Rock (Biaxial)** 150 1.55| 1.56 -1.85
67 500 + 500 (Long.) 1.20 1.18 1.53 1.55 1.27 1.31
68 | 500 + 500 (Trans.) 1.10 1.17 1.38 1.50 1.26 1.28
69 | 500 + 500 (Biaxial)** 152 1.43| 156 -1.74
70 | 180 + 180 (Long.) 1.01 0.99 1.09 1.08 1.08 1.09
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71 | 180 + 180 (Trans.)
72 | 180 + 180 (Biaxial)**

0.97|

0.89 |

1.06 |

0.99 |
| 1.08 1.16] 0.95 -1.27]

1.08 |

1.11

Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the caséLoma Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Rock- Earthquake record used is from rock
500- Earthquake record used is from soil with VS=500m/s
180- Eartlguake record used is from soil with VS=180m/s
Table 6-20 Ratios of bearing displacements for incoherent Loma Prieta runs with Type # 1 bearings
Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000
Run North End | SouthEnd | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
73 | Rock + 500 (Long.) 1.21 1.20 2.42 2.52 2.00 2.10
74 | Rock + 500 (Trans.) 1.12 1.18 2.16 2.43 1.94 2.07
75 | Rock + 500 (Biaxial)** 247 -157 | 2.48 190
76 | 500 + Rock (Long.) 1.19 1.18 2.38 2.41 2.00 2.03
77 | 500 + Rock (Trans.) 1.08 1.20 2.16 2.43 2.00 2.03
78 | 500 + Rock (Biaxial)** 2.34 -150| 2.38 1.68
79 | Rock + 180 (Long.) 1.21 1.08 2.14 2.41 1.77 2.24
80 | Rock + 180 (Trans.) 0.93 1.21 1.87 2.23 2.00 1.85
81 | Rock + 180 (Biaxial)** 2.18 -1.55] 242 2.09
82 | 180 + Rock (Long.) 1.07 1.18 2.38 2.20 2.24 1.86
83 | 180 + Rock (Trans.) 1.25 1.07 2.25 2.24 1.80 2.10
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84 | 180 + Rock (Biaxial)** 247 -1.96 | 2.24 1.89
85 | 500 + 180 (Long.) 1.20 1.04 2.11 2.34 1.76 2.26
86 | 500 + 180 (Trans.) 0.89 1.19 1.81 2.20 2.03 1.85
87 | 500 + 180 (Biaxial)** 211 -1.6 | 231 2.13
88 | 180 + 500 (Long.) 1.08 1.20 2.48 2.26 2.30 1.89
89 | 180 + 500 (Trans.) 1.25 1.05 2.22 2.23 1.78 2.13
90 | 180 + 500 (Biaxial)** 235 -2.00]| 2.19 1.95

* - The earthquake recd used is from the minor component (i.esSNomponent in the case of Loma

Note: Prieta)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 6-21 Ratios of bearing displacements for coherent Landersins with Type # 1 bearings
Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000

Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
91 | Rock + Rock (Long.) 1.19 1.19 1.46 1.46 1.23 1.23
92 | Rock + Rock (Trans.) 1.05 1.28 -1.36 -1.67 -1.30 -1.30
93 | Rock + Rock (Long.)* 1.23 1.17 1.59 1.59 1.29 1.35
94 | Rock + Rock (Trans.)* 1.15 1.20 -1.44 -1.50 -1.25 -1.25
95 | Rock + Rock (Biaxial)** 1.47 1.29| 1.47 -1.53
96 | 500 + 500 (Long.) 1.17 1.15 1.45 1.45 1.24 1.26
97 | 500 + 500 (Trans.) 1.09 1.33 -1.40 -1.71 -1.29 -1.29
98 | 500 + 500 (Biaxial)** 146 1.21| 1.46 1.38
99 | 180 + 180 (Long.) -1.07 -1.05 -1.12 -1.12 1.05 1.07
100 | 180 + 180 (Trans.) 0.95 -1.08 1.05 -1.21 1.11 1.12
101 | 180 + 180 (Biaxial)** -1.11 1,27 |-1.11 1.27
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Note:

* - The earthquake record used is from the minor componentNi® component in the case of Landers)
** - For biaxial runs, the earthquake record used in transverse direction is the minor

component

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s
180- Earthquake record used is from soil with VS=180m/s

Table 6-22 Ratios of bearing displacements for incoherent Landers runs with Type # 1 bearings

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000
Run North End | South End | North End | South End North End South End
No. Description X Y X Y X Y X Y X Y X Y
102 | Rock + 500 (Long.) 1.17 -1.00 1.06 -0.90 0.90 0.90
103 | Rock + 500 (Trans.) 1.14 1.25 1.09 1.15 0.96 0.92
104 | Rock + 500 (Biaxial)** 1.08 -1.53| 1.06 1.72
105 | 500 + Rock (Long.) 1.15 1.15 1.04 1.06 0.90 0.92
106 | 500 + Rock (Trans.) 1.00 1.33 0.92 1.30 0.92 0.98
107 | 500 + Rock (Biaxial)** 1.06 161 | 1.08 -1.63
108 | Rock + 180 (Long.) 1.18 -1.06 1.05 1.02 0.89 -0.96
109 | Rock + 180 (Trans.) 1.20 1.30 1.16 -1.37 0.96 -1.06
110 | Rock + 180 (Biaxial)** 1.06 -1.05| 1.02 2.33
111 | 180 + Rock (Long.) -1.04 1.20 1.06 1.09 -1.02 0.91
112 | 180 +Rock (Trans.) -1.36 1.58 1.36 1.46 -1.00 0.92
113 | 180 + Rock (Biaxial)** 1.06 240 | 1.10 1.78
114 | 500 + 180 (Long.) 1.18 -1.02 1.09 1.07 0.93 -1.05
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115 | 500 + 180 (Trans.) -1.18 1.27 -1.11 -1.36 0.94 -1.07
116 | 500 + 180 (Biaxial)** 1.07 -1.35| 1.06 2.50
117 | 180 + 500 (Long.) -1.09 1.20 1.04 1.07 -0.95 0.89
118 | 180 + 500 (Trans.) 1.33 1.48 -1.43 1.42 -1.07 0.96
119 | 180 + 500 (Biaxial)** 1.06 -2.33| 1.09 165
Note: * - The earthquake record used is from the minor component (i® ¢dnponent in the case of Landers)
** - For biaxial runs, the earthquake record used in transverse direction is the minor
component
Table 6-23 R&ios of bearing displacements for coherent N. Palm Springs runs with Type # 1 bearings
Experiment / Newmark | Experiment/ SAP2000 Newmark / SAP 2000
Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
120 | Rock + Rock (Long.) 1.17 1.15 1.38 1.33 1.18 1.16
121 | Rock + Rock (Trans.) 1.04 1.16 1.27 1.44 1.22 1.24
122 | Rock + Rock (Long.)* 0.94 0.97 0.97 1.00 1.03 1.03
123 | Rock + Rock (Trans.)* -0.91 0.89 -1.07 1.07 1.17 1.20
124 | Rock + Rock (Biaxial)** 141 1.07 |1.36 1.07
125 | 500 + 500 (Long.) 1.18 1.16 1.37 1.35 1.16 1.16
126 | 500 + 500 (Trans.) 1.04 1.16 1.30 1.48 1.25 1.27
127 | 500 + 500 (Biaxial)** 1.40 1.08 |1.38 1.08
128 | 180 + 180 (Long.) 1.10 1.09 1.27 1.24 1.15 1.14
129 | 180 + 180 (Trans.) 0.96 1.07 1.13 1.28 1.18 1.20
130 | 180 + 180 (Biaxial)** 1.28 -0.97|1.25 -0.98
Note: * - The earthgake record used is from the minor component (i-& Eomponent in the case of N. Palm Springs

** - For biaxial runs, the earthquake record used in transverse direction is the minor
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component

Rock- Earthquake record used is from rock

500- Earthquake record used is from soil with VS=500m/s
180- Earthquake record used is from soil with VS=180m/s

Table 6-24 Ratios of bearing displacements for incoherent N. Palm Springs runs with Type # 1 bearings

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000
Run North End | South End | North End | South End | North End South End
No. Description X Y X Y X Y X Y X Y X Y
131 | Rock + 500 (Long.) 1.19 1.15 1.88 1.85 1.59 1.62
132 | Rock + 500 (Trans.) 1.02 1.07 1.70 1.79 1.67 1.68
133 | Rock + 500 (Biaxial)** 1.80 1.72 | 1.77 -2.00
134 | 500 + Rock (Long.) 1.12 1.13 1.86 1.80 1.66 1.60
135 | 500 + Rock (Trans.) 1.00 1.17 1.64 1.82 1.64 1.56
136 | 500 + Rock (Biaxiaty* 1.88 -2.21|182 1.82
137 | Rock + 180 (Long.) 1.17 1.13 1.74 2.79 1.49 2.47
138 | Rock + 180 (Trans.) 0.96 1.14 -1.53 2.20 -1.59 1.93
139 | Rock + 180 (Biaxial)** 1.71 1.76 | 2.79 2.46
140 | 180 + Rock Long.) 1.14 -1.16 3.00 1.76 2.63 -1.52
141 | 180 + Rock (Trans.) 1.06 1.20 2.12 -1.97 2.00 -1.65
142 | 180 + Rock (Biaxial)** 3.00 256 |1.73 1.75
143 | 500 + 180 (Long.) -1.15 1.10 1.68 2.64 -1.46 2.39
144 | 500 + 180 (Trans.) 1.00 1.14 -1.47 2.18 -1.47 1.91
145 | 500 + 180 (Biaxial)** 1.69 1.70 | 2.61 2.43
146 | 180 + 500 (Long.) 1.13 -1.11 2.77 1.67 2.46 -1.50

14




147 | 180 + 500 (Trans.) | 1.04 | 1.20| 2.00 | -1.97 | 1.93 | -1.64
148 | 180 + 500 (Biaxial)** | | 1279 249 | 1.71 1.77 | |

Note: * - The earthquake record used is from the minor component GW.c&mponent in the case of N. Palm Springs)
** - For biaxial runs, the earthquake record usetlansverse direction is the minor
component
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Figure 2.1 Four span, simply supported, two girder prototype bridge

1264 71 8¢

Figure 2.2 Bridge model
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Table 3 Displacement_Y
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Figure 3.15 Brgl shear force vs displacement for Runi2 with Type #1 bearings
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Figure 3.23 a) Brg 1 and b) Brg 5 displacement for Run 22 with Type #1 bearings
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Figure 3.24 a) Brgl and Brg 5 shear force vs displacement for Run22 with Type #1
bearings
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