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Abstract 
 

 

 

 This study investigates the seismic response of isolated bridge superstructure to 

incoherent ground motions. A 
2
/5th scale bridge model supported on elastomeric 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 bridge by 90
o
 and 

180
o
. 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 

respectively. Analytical studies were performed using Newmarkôs average acceleration 

method and the SAP 2000 computer program. Combinations of structure period and 

ground motion periods that give critical bearing displacements were calculated using 3-D 

spectra for incoherent motion. Newmarkôs method predicted the experimental results 

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 differences between 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, when applied 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 one-second spectral acceleration was used, rather 

than the peak ground acceleration. 
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Chapter 1: 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 a response 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 the distances 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 during 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 specially 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 of seismic 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 is on rock and another on soft soil). 

 

 Three methods of structural response analysis can be used to account for ground 

motion incoherency: time-history analysis, random vibration analysis and response 

spectrum method. Time-history analysis uses a set of deterministic 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 from coherent ground 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 the estimation 

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 than other classes of 

structures. 

 

 Nazmy and Abdel-Ghaffar (1992) studied the effects of spatial variability of 

ground motion on the structural response of cable-stayed bridges. Two three-dimensional 

models were utilized to represent the modern and future trends in cable-stayed bridges. 

Differential ground motion records are used as uniform and non-uniform support 

motions. The bridge response to non-uniform ground motion is compared to its response 

to uniform ground motion. It was shown that the response quantities may increase 
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substantially from the non-uniform 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 specific problem, in 

particular upon aspects of span length, rigidity and structural redundancy. Careful 

consideration of response to non-uniform input ground motion is recommended. 

Dumanogluid (2003) also investigated the stochastic response of a cable-stayed bridge 

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 studied by 

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 modifying the modal 

participation factor for incorporating the effects of multi-support excitation. Analysis of 

long-span bridges by frequency-domain analysis were carried out by Ettourney et al 

(2001). It was observed that large shifting of resonant frequencies of the structure and 

large redistribution of bridge response and internal forces may result under non-uniform 

seismic motions. Other studies concerning response of long-span 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 response 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 analysis of linear, multi-degree-of-freedom structures under multi-support 

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 be applied for structures under multi-support excitation. 

Nakamura et al (1993) used this response spectrum to analyze a three-dimensional model 

of the Golden Gate Bridge. Studies on response spectrum method as applied in columns 

were made by Trifunac et al (1997). 

 

 Numerical studies on the nonlinear response of bridges subjected to multi-support 

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 of the force reduction 

factor approach for the design. 

 

 Other studies involving incoherent ground motion were done for suspension 

bridges (Rassem et al, 1994), two-span beam (Harichandran et al, 1990), multi-span beam 

(Zerva, 1990), simple beam (Harichandran et al, 1988; Hao, 1997), multi-span simply 

supported bridges (Zanardo et al, 2002), one-span frame and reduced model of 24-span 

bridge (Yang et al, 2002), rigid foundation (Luco et al, 1986) etc. 
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 These studies show that incoherent ground motion can have considerable effect 

on structure response especially for long-span bridges. Depending on the structure, 

seismic wave characteristics and soil properties, incoherent ground motion may 

underestimate or overestimate the response compared to coherent ground motion. 

However, no significant experimental tests on shake table using large-scale bridge model 

have been conducted to validate the analytical results. 

 

1.3 Objectives and Scope 

 The main objectives of this study are: 

¶ Investigate the effect of differential ground motion on bearing displacements of 

simply supported bridge superstructure. 

¶ Compare the experimental results to analytical results using Newmarkôs average 
acceleration method and the SAP 2000 computer program. 

¶ Evaluate the adequacy of displacement equations used in the AASHTO Guide 

Specifications for Seismic Isolation Design. 

 

 In order to achieve these objectives, a two-girder, simply supported model of a 

slab-on-girder bridge superstructure was subjected to coherent and incoherent motions. 

The ground motions 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 motions by 90
o
 (0.075 

sec and 0.25 sec) and 180
o
 (0.15 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 soil (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. 

The time-history analysis was performed using Newmarkôs average acceleration method 

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 also calculated 

using the equations in AASHTO Guide Specifications for Seismic Isolation Design 

(1999). 
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Chapter 2:Experimental Program 
 

2.1 Introduction 

 This chapter describes the bridge model, isolation bearings, ground motions, and 

instrumentation used in the study. The model was based on a prototype bridge scaled by a 

factor of 
2
/5 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 longitudinal, 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 set of 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 end of the 

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 geometry of the bridge model was taken from a prototype bridge 

designed to represent a straight, seismically isolated, multi-span steel bridge. This 

prototype bridge consisted of four 150 ft isolated simple spans and two steel girders as 

shown in Figure 2.1. However, 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 slab was 8 
5
/8 in. and the cross frames were spaced at 25 ft apart. 

 

 The two girder bridge prototype was then scaled by a factor of 
2
/5 resulting in 60 

ft long girders as shown in Figure 2.2. The web and flanges of these girders were built-up 

from plates which were welded with 
3
/8 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. The 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 weight of the 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 model are described by Carden et al 

(2004). 

 

2.3 Isolation Bearings 
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 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 in. steel 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 the characteristics 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 layers of 0.236 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 elastic stiffness 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 bearings 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 as Bearing 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 the two-span bridge tests. 

 

 

2.4 Harmonic Ground Motions 

 As noted above one series of experimental tests used sinusoidal input motions that 

were phased to represent both uniform and incoherent ground motions. 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 soft soil conditions 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 supports, was 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. 

 

2.5 Ground Motion Generation 
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 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. The rock 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 Table 2-1. Time 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 by 52  = 0.632. To avoid instability of 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 the test 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 earthquake, the east-west 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 north-south direction. 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 overlying the rock 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 II in AASHTO (2002). To achieve satisfactory results 

for output time history at the top of soil layer, the 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 used to run 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 value. Figures 2.15 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 
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 This type of soil corresponds to soft material for Soil Profile Type III 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 pcf. Other assumptions 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 shown on Figures 

2.24 to 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 direction 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 the deck, 15ft from north end, measuring 

displacement in transverse direction. In Figure 2.29, DK60AccL identifies an instrument 

that is located on the deck, 60ft from north end, measuring acceleration in longitudinal 

direction. 

 

 Multi -axial load cells were used to measure the forces below the bearings. These 

load cells measured all six components of force, i.e, axial force, shear and moment in x- 

and y-directions. 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 was done for 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 displacements of each 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 table accelerations and 

displacements were measured by the instrumentation installed within the tables 

themselves, and included in the experiment output. 
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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 

frequency-response curves are discussed first. Since the input motion was sinusoidal and 

the bridge model is effectively single-degree-of-freedom system, frequency-response 

curves are used to check the experimental results against theory. These results are 

discussed in four sections ï uniform, phased, incoherency due to local site effects 

(combination 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 Equilibrium for Multiple Support Excitation  

 For multi-support structures, the equation of dynamic equilibrium in partitioned 

form is: 
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in which m, c, k are mass, damping and stiffness matrices; ttt uuu ,,###  are vectors of the 

absolute acceleration, velocity and displacement in the superstructure; ggg uuu ,,###  are 

vectors of the support motions; and gp  is the vector of support forces. The response tu  

in linear structures may be described as the sum of two components: 

uuu st +=        (3.2) 

where su  is known as the pseudo-static response and u  is the dynamic response. 

Substituting Equation (3.2) into the first of the two partitioned equations (3.1) leads to: 

)(tpkuucum eff=++ ###      (3.3) 

where the vector of effective earthquake force is: 

)()()()( gg

s

gg

s

gg

s

eff ukkuucucumumtp +-+-+-= ####   (3.4) 

The static displacement and support displacement are related through: 
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Therefore 

0=+ gg

s ukku       (3.6) 

Correspondingly 

gg

s ukku 1--=   g

s iuu =     (3.7) 

i describes the influence of support displacements on the structural displacements hence 

called influence matrix. Substituting Equations (3.6) and (3.7) into Equation (3.4) gives 

)()()()()( tuccitummitp ggggeff
### +-+-=    (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 that gm  is a null matrix and m is 

diagonal. Thus, Equation (3.8) reduces to 

)()( tumitp geff
##-=      (3.9) 

 

 The superstructure of the bridge model is relatively rigid and can be modeled as 

shown in Figure 3.121. The displacement of the deck is designated as u1 and the ground 

motion at each support is designated as ug1 and ug2. Displacements are represented by: 
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and the total stiffness matrix is 
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where kb is the stiffness of bearings at each end. Therefore from Equation (3.5) 
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From Equation (3.7), 

gkki 1--=  
2

1
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1
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Substituting this to Equation (3.9) gives 
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Equation (3.14) will give the effective earthquake force based on the assumption that 

superstructure is relatively rigid and that the displacements are mainly at the supports. 
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 Table 3-7 shows the effective earthquake force using Equation (3.14). It shows 

that when gu## is the same at both ends, effp  is that of a simple harmonic force. The 

excitation is then called uniform. When the ground motion is phased by 180°, effp  

becomes zero. This implies that the bridge superstructure is stationary during these runs 

and that the absolute displacement is also zero. Since the absolute displacement is zero, 

the bearing displacements are equal to the table displacements. 

 

3.3 Frequency-Response Curve 

 A plot of the amplitude of a response quantity against the excitation frequency is 

called frequency-response curve (Chopra, 2000). The development of these curves is 

discussed in this section. 

 

 Consider a single degree of freedom system subjected to a sinusoidal ground 

motion having the following equation: 

)sin()( tutu gg w=       (3.15) 

where ug is the amplitude of ground motion and w is its natural frequency. 

Correspondingly, the ground acceleration is 

)sin()( 2 tutu gg ww-=##      (3.16) 

The equation of motion governing the response of SDF systems is 

)(tumkuucum g
##### -=++      (3.17) 

Substituting Equation (3.16) into (3.17) gives 

)sin(2 tumkuucum g ww=++###     (3.18) 

Note that this is the same as SDF subjected to harmonic force, posin(wt), where 

po=mw2
ug. The particular solution of the above differential equation is 

)cos()sin()( tDtCtu ww +=      (3.19) 

where 
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 (3.20) 

Equation (3.19) is the steady state solution for u(t). In Equation (3.20), k is the stiffness of 

the system and z  is the damping ratio. 

 

 Equation (3.19) can be rewritten as 

)sin()( * fw-= tRutu dg     (3.21) 

where f is the phase lag and is equal to tan
-1

(-D/C). Rd
*
 is called the displacement 

response factor and is equal to 
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Therefore, the maximum bearing displacement is given by 
*

max dg Ruu =      (3.23) 

Accordingly, 

g

d
u

u
R max* =      (3.24) 

 

 The displacement response factor is plotted against frequency ratio (w/wn) and 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 with 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 shown 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 stiffness, periods, and damping are tabulated in Table 3-1. 

 

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 of 1.5g, the 

target displacement is 1.32 in. using the following equations, 

2w

u
u

##
=

 

T

p
w

2
=

 

where T is the period of input motion. For Run 12-2, which is run in longitudinal 

direction, experiment output shows that the table displacement is 1.18 in. (averaged for 

both shake tables) as shown in Table 3-1 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 shown in Figure 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 attributed to amplitude-phase controllers which were not on during 
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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 

amplitude-phase controllers command 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 discrepancy. In the analysis these achieved table displacements and 

corresponding accelerations will be used. 

 

Bearing Displacements 

 For longitudinal run with 0.3 sec harmonic motion (Run 12-2), the average 

bearing displacement was 1.31 in. as shown in Table 3-1 and 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 displacement in transverse run. Other factors are difference in 

stiffnesses in the longitudinal and transverse direction and difference in damping. The 

average bearing displacement in Run 21-2, 1.0 sec at 0.03g in longitudinal direction, was 

2.60 in. at steady state as shown 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 end displacements 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 Table 3-1. 

 

 These bearing displacement are plotted against the frequency-response curves 

shown in Figure 3.123. It is shown that they are positioned along the frequency-response 

curves thus there is good agreement between experiment and theory. 

 

 

 

Bridge Model Dynamic Characteristics 

 The computed stiffness of the bearings is calculated as the ratio of shear force to 

the displacement measured from tip to tip (A ï A) of the hysteresis curves as shown in 

Figure 3.3. The calculated bearing stiffness from each run are given in Table 3-1 based 

on Figures 3.3, 3.6, 3.9 and 3.12. The average of the values in Table 3-1 is 1.81 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: 

k

m
T p2=

 

where m = 0.199 kip-sec
2
/in which is the total mass of the bridge model including the 

lead weights. 

 

 The torsional period is also included in Table 3-1 to determine if torsional mode 

affects the response. This period was calculated using the following equations: 
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     )()( 22 xkykk yx S+S=q  

The torsional stiffness of the individual bearings is small compared to component due to 

eccentricity, and is neglected in computing qk . kx and ky are the translational stiffnesses 

of each bearing in x and y direction.  a is the width and b is the length of the bridge deck. 

x and y 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: 

     
2

max
2

1

uK

EDC

eff
p

V=  

where EDC is the total energy dissipated per cycle or the area of hysteresis curve shown 

in Figure 3.120. 

     maxuQEDC dp=  

Qd is the characteristic strength of the bearing. The maximum shear force is given by, 

     maxmax uKF eff=  

Thus, the equivalent damping ratio is: 

     
max2

1

F

Qd=z  

The parameters needed to calculate the equivalent damping ratio can be determined from 

hysteresis curves. 

 

 For Run 12-2 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 viscous in nature. 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 the displacement increases, Fmax also 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 12-2 

and Run 13. 

 

3.4.2 Bridge Model Supported on 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, 
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periods and damping were computed using the same method as those of the Type #3 

bearings. These values are tabulated in Table 3-2 

 

Achieved vs. Target Shake Table Displacement 

 The achieved shake table displacements for Run 12-2 (longitudinal run) and Run 

13 (transverse run) are shown in Figures 3.13 and 3.16, respectively. The target 

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 transverse direction, 

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 and 0.45 in. 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 Run 12-2 (longitudinal run) and Run 13 

(transverse 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 3-2 that the torsional period during this run was 0.86 sec. This is close 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 the curve. 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 curve. 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 displacements that is plotted against the frequency-response 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 especially 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 Model Dynamic Characteristics 

 Figures 3.15 (Run 12-2) and 3.18 (Run 13) show hysteretic loops 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-B (as shown in Figure 3.15) is calculated 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 Run 12-2 and Run 13, the calculated average stiffness was 

0.64 kip/in. This is 50% smaller than the design 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 corresponding 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 Run 12-2 and 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 different Qd values observed here. In Run 12-2 and Run 

13, Qd is equal to 0.30 kip while in Run 21 and Run 22, Qd is equal to 0.10 kip. That is 

why the computed damping ratio from Run 12-2 and Run 13 is about three times than the 

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 and hysteresis curves 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 Displacement 

 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 3.48. This 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 longitudinal (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 are perfectly 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 (Run 16), 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 transverse 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 (longitudinal run), 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 that bearing displacements are not phased by 90° but they are in-phase as 

shown in Figure 3.45. This is due to resonance ï period of harmonic motion is 1.0 sec 

and the natural period of the structure is also about 1.0 sec as shown in Table 3-3. This is 

also observed 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 frequency-response spectrum curves were intended only for uniform 

excitation, the response to 90°-phased 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 

frequency-response curves although some are slightly off the curve. Thus, the frequency-

response curve can give a good estimate of the response to 90°-phased harmonic motions. 

 

 It is stated in Section 3.2 that when excitation is phased by 180°, bearing 

displacements will equal to table displacements. This is confirmed from the response to 

longitudinal excitation as tabulated in Table 3-3. However, when the excitation is applied 

in transverse direction, bearing displacements can be larger or smaller than table 

displacements due to 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 harmonic motions that 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 which is approximately the same as the stiffness above. However, 

in the case of 1.0 sec harmonic motions that are phased by 180°, Run 27-2 has 2.49 kip/in 

and Run 28 has 2.90 kip/in. These are about 40% to 60% higher than previous calculated 

stiffnesses due to smaller bearing displacements observed during these runs. The bearings 

become stiffer at small displacements which indicate non-linearity. 

 

 The observation from uniform runs in bridge model supported on Type #3 

bearings that damping is displacement dependent is also 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 displacements. 

 

 In Runs 27-2 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 possible conclusion 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 bearing 

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 model supported 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 3-4. 

 

Achieved vs. Target Shake 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 was 1.40 in. as shown in Table 3-4. 

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 displacement for runs with 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 Displacements 

 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 torsional 

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 frequency-response curves. As shown 

in Figure 3.123, the points (represented by circles) corresponding to response in Runs 15 

and 16 are positioned along the frequency-response curves. The points corresponding to 

response in Run 24 is slightly off the curve but the agreement is considered adequate. The 

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

curves. This run is in transverse direction and as shown in Table 3-4, north end 

displacement is about 37% higher than displacement at south end. Also, Figure 3.71 

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 concluded on 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 is particularly true when excitation was applied in 

longitudinal direction. Table 3-4 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 applied in transverse direction, bearing displacement can be smaller or 

larger than table displacement. As shown in Table 3-4, bearing displacement in Run 19 

was about 7% higher than table displacement. Again, this is attributed to torsional effects. 

The difference was much higher in Run 28. As shown in Table 3-4, 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 of excitation. 

 

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 stiffness calculated 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 was 1.0 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 excitation 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 bearing displacement. 

 

 In Section 3.4.2 it was stated that displacement dependency of damping does not 

apply for Type #1 bearings due to different Qd values and bearing instability. In Section 

3.5.1 it was found out that not only the damping is displacement dependent but can also 
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be dependent on the frequency of excitation ï the higher the excitation frequency, the 

higher the damping ratio. Displacement dependency of damping does not apply for Type 

#1 bearings as shown in Tables 3-2 and 3-4 but it clearly shows that 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 harmonic motions. Thus, 

depending on the type of bearings, damping can be displacement dependent or frequency 

dependent. 

 

3.6 Bridge Response under Combined 0.3 sec and 1.0 sec Harmonic Motions 

 Combination of 0.3 sec and 1.0 sec harmonic motions was assumed to represent 

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 soil 

ground motion. Both harmonic motions have acceleration amplitude of 0.03g when using 

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 model supported 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. Shake 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 displacements do not correlate with frequency-response curves. 

The ratio ug/umax at north end is about 21.0 and far exceeds the frequency-response 

curves. Thus, the conventional frequency-response curves discussed in Section 3.3 does 

not apply when ground motion is 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 calculated 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 Type #1 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. Shake table time 

histories are shown in Figure 3.118a. 

 



 

20 

 

 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 frequency-response curves, these are also way off 

the curves. Bearing displacement time 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 bearing displacements. The calculated damping ratio was 11%. Hysteresis 

curve is shown in Figure 3.119. 

 

3.7 Bridge Response under Biaxial Harmonic Motions 

3.7.1 Bridge Model Supported on Type #3 Bearings 

 Displacement time histories and hysteresis curves from bridge 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 3-5. 

 

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 Table 3-5. This is about 

40% smaller than the target displacement which is 1.32 in. This was due to high 

frequency of input 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 target and 

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 frequency-response curves shown 

in Figure 3.124. It is shown that even when the harmonic motion was applied in biaxial 

directions, the frequency-response 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 frequency-response curves as shown in Figure 3.124. The responses are 

represented 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 frequency-response curves. Note that these frequency-response curves are 

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 bearing displacements 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 harmonic motions applied in biaxial direction. 

It is shown in Table 3-5 that bearing displacements in longitudinal direction are equal to 

shake table displacements. In transverse direction, Table 3-5 shows that bearing 

displacements can be larger or smaller than shake 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 as the stiffnesses 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 ratios computed 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 harmonic 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 3-6. 

 

Achieved vs. Target Shake Table Displacement 

 There was good correlation between achieved and target shake 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 target displacement 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 response of Type #1 bearings to biaxial uniform and 90° phased harmonic 

motions are also plotted against frequency-response curves as shown in Figure 3.125. For 

0.3 sec harmonic motions, experimental results show good agreement with frequency-

response curves as the points (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 in longitudinal 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 frequency-response curves. 

This is consistent 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 agreement with 

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 transverse direction, 

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 period was very 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 as those 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 been presented 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. These harmonic motions were applied in longitudinal, transverse and 

biaxial directions. Included in this Chapter are the theoretical frequency-response curves 

which are used to compare experiment results with theory. 

 

 In the uniform motion input, experimental results 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 response in transverse 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 uniform motions, the frequency-response curves were 

also compared with the response to 90° phased harmonic motion. It is shown that 

frequency-response curves can give a good estimate of the response in longitudinal 

direction. As in uniform motions, transverse response 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 displacement is equal to table displacement because the effective earthquake 

force becomes zero. Experimental results show that this is particularly true when 



 

23 

 

excitation is in longitudinal direction. When excitation is applied in transverse direction, 

bearing 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 displacement. 

 

 Local site effects were studied using the combined 0.3 sec and 1.0 sec harmonic 

motions. Frequency-response curves were again used to determine if they can give a 

reasonable estimate of the response. It was shown that these curves significantly 

underestimate the response. Thus, Newmarkôs method should be used in these cases to 

predict the experimental results. Newmarkôs method applied for uniform and incoherent 

harmonic motion is discussed in Chapter 5. 

 

 Hysteresis curves obtained from experiment results show 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 decreases. However, this is not true 

when bearing displacements becomes relatively small like in Run 27-2 and Run 28 as 

shown in Table 3-3. In this case, the frequency dependency of damping becomes 

applicable. Experimental results show that when excitation was 0.3 sec 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 dependency of damping does not hold true due 

different Qd 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 show that 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 modes of deformation (e.g. flexure 

and warping of steel shims). 
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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 subjected to 

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 soil, 

combined rock and soft soil, and combined stiff and soft soil ground motions. Shake 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 of incoherent 

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 under Uniform 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 accelerations and displacements, 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 Tables 4-1, 

4-3 and 4-5 for Loma Prieta, Landers and North Palm Springs, respectively. The bearing 

stiffnesses, periods and damping ratios are shown in Tables 4-7, 4-9 and 4-11. 

 

Target vs. Achieved Shake Table Accelerations and Displacements 

 As mentioned in previous chapter, there is always some discrepancy between 

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. The scale factors for 

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 needed to be filtered 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 4-1 shows the achieved shake table displacements for uniform Loma Prieta 

runs. For Runs 62 and 63, the east-west component of Loma Prieta was the input motion. 

For Runs 64 and 65, the input motion was the north-south component. It is to be noted 

that, as discussed in Chapter 2, east-west component 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. North-south component is referred to as the minor component. 

Also, note that in biaxial runs the applied ground 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 4.47 for rock, 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 in peak values shown in time history comparisons may be 

attributed to filtering of accelerations which was done by the shake table control 

software. 

 

 Table 4-3 shows the achieved shake table displacements for uniform Landers 

runs. Time history comparisons are shown 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 time history 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 target 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 target and achieved 

shake table accelerations compare well. Table 4-5 shows 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 spectra comparisons 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 excitations 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 south end 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 south ends were perfectly in-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. The discrepancy 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 4-7 are average values. 

 

 The bearing displacements for uniform Landers runs are shown in Table 4-3. 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 Figures 4.63, 4.71 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 Figures 4.65, 4.73 and 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 tabulated in Table 4-5. 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 transverse direction, 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 damping ratios were 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 4-7, 4-9 and 4-11 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 Bearings 

 The summary of shake table and bearing displacements are tabulated in Tables 4-

13, 4-15 and 4-17 for Loma Prieta, Landers and North Palm Springs runs, respectively. 

The bearing stiffnesses, periods and damping ratios for each run are tabulated in Tables 

4-19, 4-21 and 4-23. 

 

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 Table 4-1. This is because for Loma Prieta runs, the 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 displacements shown in Tables 4-

3 and 4-15 are equal. In North Palm Springs runs, shake table displacements shown in 

Table 4-17 are smaller than that in Table 4-5 because 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 for Loma 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 Displacements 

 The bearing displacements for the Loma Prieta runs are tabulated in Table 4-13. It 

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, respectively. The 

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 end displacements. 

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 negligible. The 

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 Table 4-15. The corresponding 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 between north and 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 and 4.172. 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 4-17. 

For longitudinal runs, the maximum bearing displacements were 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 is about 10% 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 good correlation 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%. Table 4-19, 4-21 

and 4-23 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. 

 

4.3 Bridge Response under Incoherent Ground Motion: Rock and Stiff 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 stiff soil and the south end on 

rock. Discussion is divided into two subsections ï bridge 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 same shake table 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 in the following sections. 

 

4.3.1 Bridge Model Supported on Type #3 Bearings 

 Summary of shake table and bearing displacements are presented Tables 4-2, 4-4 

and 4-6 for Loma Prieta, Landers and North Palm Springs runs, respectively. Bearing 

stiffness, period and damping ratio for each run are summarized in Tables 4-8, 4-40 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 soil 

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 4.13. It 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 motions are applied in 

transverse direction. Also, similar to the above observation for longitudinal response, 

transverse displacements are the average of responses to coherent rock and stiff soil 

ground motions. 
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Landers 

 Maximum longitudinal bearing displacements were about 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 0.74 in. and 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 in 

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 the average of the 

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 Run 135 (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 are exactly the average of the responses to coherent rock and stiff soil 

ground motions tabulated in Table 4-5. Thus, the observation that averaging the response 

to coherent ground motions to estimate the response to incoherent ground motions still 

holds true in these cases. 

 

4.3.2 Bridge Model Supported on Type #1 Bearings 

 Summary of shake table and bearing displacements are presented Tables 4-14, 4-

16 and 4-18 for Loma Prieta, Landers and North Palm Springs runs, respectively. Bearing 

stiffness, period and damping ratio for each run are summarized in Tables 4-20, 4-22 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 Table 4-13. 

 

Landers 

 The average longitudinal bearing displacements were about 0.52 in. as shown in 

Figures 4.175 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 was 0.62 in. These are about 

the average of the responses to coherent rock and stiff soil ground motions tabulated in 

Table 4-17. 

 

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

Conditions 

 Six runs were also conducted with combined rock and soft 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 Tables 4-2, 4-

4 and 4-6 for Loma Prieta, Landers and North Palm Springs runs, respectively. Bearing 

stiffnesses, periods and damping ratios are shown in Tables 4-8, 4-40 and 4-12. 

 

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 Table 4-1. 

 

 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 displacement was 

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 from coherent ground 

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 response to incoherent 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 the average of the responses to coherent rock and soft soil ground 

motions tabulated in Table 4-3. 
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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 to 

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 to incoherent 

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 4-6. 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 

support sitting 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 longitudinal 

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 when 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 there is 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 

Palm 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 to soft soil 

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 Run 141 (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 

coherent motions 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 Tables 4-14, 

4-16 and 4-18 for Loma Prieta, Landers and North Palm Springs runs, respectively. 

Bearing stiffness, period and damping ratio for each run are summarized in Tables 4-20, 

4-22 and 4-24. 

 

Loma Prieta 

 Although there were 4% to 9% difference on longitudinal bearing displacements 

at both ends, this difference 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 4-13 shows that the average of the responses is 0.78 in. 

Thus, the average observation 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 in. at support sitting on soft soil. From Table 4-13, 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 the critical response compared to coherent soft soil ground motion. 

 

Landers 

 Longitudinal bearing displacements were about 0.57 in. as shown in Table 4-16 

and Figures 4.177 and 4.178. From Table 4-15, the average of the responses to coherent 

rock and soft soil ground 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 0.59 in. at north 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 4-15 are 0.53 in. at north 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 about 0.59 in. 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 Palm Springs 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 displacements 

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 Incoherent Ground 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 Tables 4-2, 4-4, 4-

6, 4-14, 4-16 and 4-18. This is because, as mentioned 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 longitudinal, 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 with bearing 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. Spectral displacement 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 results show 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 the responses to coherent 

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 show that longitudinal 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 is no 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, average observation 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 motions. This is 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 

depending 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 

when there 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 uniform and incoherent harmonic ground motions. Theoretical results using 

Newmarkôs method are compared against experiment results. 3-D spectrum plots are 

generated to compare the effect of incoherent harmonic ground motion to coherent 

harmonic ground motion. In these 3-D 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 Newmarkôs Analysis 
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 Newmarkôs method is used to determine the theoretical displacements for bridge 

model subjected to harmonic ground motions which are then compared to experiment 

results. Newmarkôs method is also used to generate the 3-D spectrum plots for incoherent 

harmonic motion (support 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 be considered rigid and therefore the bridge model can be assumed to 

be a single-degree-of-freedom system with displacements concentrated in the supporting 

isolation bearings. In the transverse direction, the superstructure is flexible but this 

additional flexibility is not considered in this analysis since it is relatively small 

compared to bearing flexibility and for simplicity of the analysis. Newmarkôs average 

acceleration method (Chopra, 2000) was used to determine the deck slab displacement at 

each time step. 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, i+1 , the displacement, velocity and acceleration are equal to: 

    iii uuu D+=+1       (5.1) 
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The incremental displacement, velocity and acceleration are computed from: 
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The parameters needed to find the incremental values above are computed as follows: 
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where
2

1
=g , and

4

1
=b  for average acceleration method. The time step used is equal to 

0.01 sec, the total mass, m, of the bridge model is 0.199 kip-sec
2
/in, k is the bearing 

stiffness, and c is the damping coefficient. The forcing function is given in Equation 3.14 

and repeated here for convenience, 
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 The deck slab displacement is designated as u1. The total displacement, u
t
, is the 

sum of dynamic responses, u, and pseudo-static responses, u
s
. From Figure 5.1, bearing 

displacement at north end is, 
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But 
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and from Equations 3.7 and 3.13 
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Also, the bearing displacement at south end is equal to: 
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5.3 Bridge Model under Uniform Harmonic Ground Motion 

 Tables 5-1 and 5-2 show the maximum displacement from the experiment and 

Newmarkôs method for Type #3 and Type #1 bearings. Bearing displacements and other 

experimental data are given in Chapter 3. Only the maximum displacements are 

presented in Tables 5-1 and 5-2. The inputs used in the analyses were the achieved shake 

table accelerations and displacements. Also, the calculated bearing stiffnesses and 

damping ratios from experiment were used. 

 

 As shown in Tables 5-1 and 5-2, Newmarkôs method agrees well with the 

experimental results especially in longitudinal direction. Discrepancies of 2% to 9% can 

be attributed to the fact that the bearing stiffness and damping ratios used are average 

values. An exception is the result for Run 22 (Type #1 bearings) where Newmarkôs 

method underestimates the result 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 sec. This discrepancy in the result can be attributed to the fact that 

the model used in Newmarkôs method does not include torsional effects and simply treats 

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 phased by 90° and 180° 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 5-3 shows the maximum bearing displacement from the experiment and the 

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 steady-state 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 the time history 

of bearing displacement from Run 24. 

 

 For Type #1 bearings with 90° phased motion, the bearing displacements are 

tabulated in Table 5-4. Newmarkôs method compares well with experimental results 

except for Run 25 which is in transverse direction. This is consistent with that observed 

in uniform transverse run (Section 5.3). The experimental results give higher bearing 

displacements due to torsional effects that are not considered in Newmarkôs method. 

 

5.4.2 Harmonic Ground MotionsPhased by 180° 

 Tables 5-5 and 5-6 shows the bearing displacements from the experiment and 

Newmarkôs method for Type #3 and Type #1 bearings. As discussed in Section 3.6, when 

excitation at both ends is phased by 180°, the effective earthquake force becomes zero. 

Thus, the resulting 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 displacements can 

be larger or smaller than table displacements due to torsional effects. In Newmarkôs 

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 5-6 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 

steady-state condition was not reached in the experiment as shown in Figure 5.3. 

 

5.4.3 Incoherent Harmonic Ground Motions 

 Table 5-7 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 motion applied 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 42-2). These runs were both in longitudinal direction. 

Newmarkôs method predicts the bearing displacements very well. Although in Run 42-2 

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 (Run 42). In the transverse run (Run 43), the 

experiment gives maximum displacement at north end (1.0 in.) while in Newmarkôs 

method the maximum displacement is at south end (0.66 in.) This suggests that in 

addition to the underestimation of bearing displacements, Newmarkôs method is not able 

to predict the location of maximum response due to torsional effects. 

 

5.5 Spectrum Plots for Constant Acceleration Input 

 Using the equations in Section 5.2, 3-D spectrum plots were generated for 

incoherent harmonic ground motion. 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 structure (Tstr), 

period of ground motion at north end (Tgm1), and period of ground motion at south end 

(Tgm2). Tstr and Tgm1 were varied from 0.1 sec to 3.0 sec while Tgm2 is kept constant at 0.5 

sec. Results for bearing displacement (Dincoherent) are presented using four different ratios. 

These are obtained by normalizing Dincoherent with: 

(1) displacement calculated for uniform excitation with period Tgm1 (Duniform1), 

(2) displacement calculated for uniform excitation with period Tgm2 (Duniform2), 

(3) ground displacement at north end (Dgm1) and 

(4) ground displacement at south end (Dgm2). 

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 Dincoherent / Duniform1 Ratios 

 Figure 5.4 shows the 3-D spectrum plot where displacement from incoherent 

ground motion (Dincoherent) is normalized by displacement from uniform ground motion 

with period Tgm1 (Duniform1). The horizontal axes show values for Tstr/Tgm2 and Tgm1/Tgm2. 

Table 5-8 shows the ratios Dincoherent/Duniform1 for combinations of Tstr, Tgm1, and Tgm2 used 

to plot the spectrum in Figure 5.4. These ratios are summarized in Table 5-9 for range of 

values of Tgm1 and Tstr. 

 

 Table 5-9 and Figure 5.4 show that very high ratios (up to 400) occur when 

Tstr/Tgm2 < 1.0. These ratios increase as Tgm1/Tgm2 increases. This means that the effect of 

incoherent motion becomes severe (compared to uniform motion with period Tgm1) when 

the structure is relatively rigid and the difference between periods of support motions is 

high. When Tstr/Tgm2 > 1.0 and Tgm1/Tgm2 < 1.0, the ratios are all greater than 1.0. 

However, the ratios are low (less than 1.0) when Tstr/Tgm2 > 1.0 and Tgm1/Tgm2 > 1.0. This 

indicates that as the structure becomes more flexible, incoherent motion will not give 

critical displacements compared to uniform motions with period Tgm1. 

 

 The ratios are 1.0 when Tgm1/Tgm2 = 1.0 which indicates that these are uniform 

motion cases. Also, it can be observed from Table 5-9 that ratios are about 0.50 when Tstr 

= Tgm1, particularly when Tgm1/Tgm2 and Tstr/Tgm2 are both greater 1.0. 
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5.5.2 Dincoherent / Duniform2 Ratios 

 The bearing displacements from incoherent motion are also normalized by 

bearing displacement from uniform motion with period Tgm2. It is again noted that Tgm2 is 

kept constant at 0.5 seconds. Figure 5.5 shows the spectrum plot for Dincoherent/Duniform2 

and the ratios are tabulated in Table 5-10. Summary of ratios is shown in Table 5-11 for 

range of values of Tstr and Tgm1. 

 

 Similar to observation in Dincoherent/Duniform1, incoherent motion gives critical 

bearing displacement compared to uniform motion when Tstr/Tgm2 < 1.0. However, 

opposite to observation in Dincoherent/Duniform1, ratios are low (less than 1.0) when Tstr/Tgm2 

> 1.0 and Tgm1/Tgm2 < 1.0. This is because bearing displacements from uniform motion 

with period Tgm2 are larger than that from uniform motion with period Tgm1 when 

Tstr/Tgm2 > 1.0 and Tgm1/Tgm2 < 1.0. When Tstr/Tgm2 > 1.0 and Tgm1/Tgm2 > 1.0, ratios are 

high which is also opposite of what was observed in Dincoherent/Duniform1. This is due to 

smaller bearing displacements from uniform motion with period Tgm2 compared to that 

from uniform motion with period Tgm1 when Tstr/Tgm2 > 1.0 and Tgm1/Tgm2 > 1.0. 

 

 From above observations, it can be concluded that when Tstr/Tgm2 < 1.0 incoherent 

motion will give critical displacements compared to uniform motion. Another conclusion 

is that when Tstr/Tgm2 > 1.0, bearing displacements from incoherent motion is smaller 

compared to uniform motion. Note that the incoherent motions discussed in this chapter 

are composed of two harmonic motions with different periods. 

 

5.5.3 Dincoherent / Dgm1 Ratios 

 In Chapter 3 Section 3.7, frequency response curves are plotted for uniform 

sinusoidal ground motion. This shows the ratio umax / ug corresponding to a particular 

value of w / wn. In this section, frequency response curve is extended for incoherent 

ground motion using the 3-D spectrum plot shown in Figure 5.6. Dincoherent / Dgm1 or 

umax/ug ratios are tabulated in Table 5-12 for each combination of Tstr, Tgm1 and Tgm2. 

Summary of these ratios is shown in Table 5-13. 

 

 Table 5-12 and Figure 5.6 shows that deformation response factor (defined as the 

ratio umax/ug ) peaks when Tstr / Tgm2 = 1 and Tgm1 / Tgm2 is smallest. Also, it can be 

observed that when Tstr = Tgm1 and Tgm1/Tgm2 > 1.0, the ratios are about 5.0. This 

indicates that when Tstr = Tgm1 and Tgm1/Tgm2 > 1.0, maximum bearing displacement is 

about five times the ground displacement. 

 

5.5.4 Dincoherent / Dgm2 Ratios 

 In this section, the deformation response factors are determined by normalizing 

maximum bearing displacement from incoherent motion by ground displacement at south 

end where Tgm2 is fixed at 0.5 sec for all cases. Figure 5.7 shows the 3-D spectrum plot, 

Dincoherent / Dgm2 is tabulated in Table 5-14 and summarized in Table 5-15. 

 

 Figure 5.7 and Table 5-14 show that peak values occur when Tstr = Tgm1 and when 

Tstr = Tgm2. 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 observed that deformation 

response factor increases as Tstr and Tgm1 increases. A cutting section that will pass 

through the diagonal of the 3-D spectrum curve will show a curve similar to frequency-

response curves plotted in Chapter 3. 

 

5.6 Spectrum Plots with Constant 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 sinusoidal ground motion 

with maximum acceleration of 1.0 g and period of 0.5 seconds. Again, Tgm2 is kept 

constant at 0.5 sec while Tstr and Tgm1 were varied from 0.1 sec to 3.0 sec. 

 

5.6.1 Dincoherent / Duniform1 Ratios 

 Figure 5.8 shows the 3-D spectrum plot for Dincoherent / Duniform1 for constant 

displacement input cases. These ratios are shown in Table 5-16 for each combination of 

Tstr, Tgm1 and Tgm2. Summary of these ratios are shown in table 5-17 for range of values 

of Tstr and Tgm1. 

 

 The observations in Section 5.5.1 for constant acceleration input are also observed 

here as Figure 5.8 resembles Figure 5.4. When Tstr/Tgm2 < 1.0, incoherent motion gives 

critical displacement compared to uniform motion with period Tgm1. When Tstr/Tgm2 > 1.0 

and Tgm1/Tgm2 > 1.0, ratios are less than 1.0. Another similarity is that when Tstr = Tgm1 

and Tgm1/Tgm2 > 1.0, ratios are about 0.50. 

 

5.6.2 Dincoherent / Duniform2 Ratios 

 Figure 5.9 shows the 3-D spectrum plot for Dincoherent/Duniform2 for constant 

displacement input cases. Ratios are tabulated in Table 5-18 and are summarized in Table 

5-19 for range of values of Tstr and Tgm1. 

 

 Similar to previous observations that when Tstr/Tgm2 < 1.0, incoherent motion 

gives critical bearing displacement. However, unlike the spectrum plot for constant 

acceleration input shown in Figure 5.5, highest ratios (up to 100) are observed when 

Tgm1/Tgm2 is smallest. In constant acceleration input cases, highest ratios (up to 450) occur 

when Tgm1/Tgm2 is highest. 

 

 It can be observed from Table 5-18 that ratios are less than 1.0 when Tstr < Tgm1 

and Tgm1/Tgm2 > 1.0. Also, it can be observed that ratios are more than 1.0 when Tstr > 

Tgm1. Peak values equal to about 4.5 occur when Tstr = Tgm1 or when structure is in 

resonance with excitation at north end. 

 

 From above observations for incoherent motion with constant displacement input 

and varying periods, it can be concluded that critical displacements occur when Tstr/Tgm2 

< 1.0. This is similar to observations from incoherent motion with constant acceleration 

input. When Tstr/Tgm2 > 1.0, the uniform motion will give the critical displacement 

compared to incoherent motion. 
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5.6.3 Dincoherent / Dgm1 Ratios 

 The spectrum plot showing the deformation response factor for constant 

displacement input is shown in Figure 5.10. The ratios Dincoherent / Dgm1 are presented in 

Table 5-20 and are summarized in Table 5-21. It is shown in Figure 5.10 and Table 5-20 

that peak values occur when Tstr / Tgm1 and Tstr / Tgm2 are equal to 1.0 or when structure is 

at resonance with any of the two ground motions. At these values, the deformation 

response factors are about 5.0. An exception is when Tstr = Tgm1 = Tgm2 where 

deformation response factor doubled to about 10.0. However, this is considered as a 

uniform case where deformation 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., Dincoherent / Dgm2 is just the same as Dincoherent / Dgm1. 

 

5.7 Summary 

 The results of analytical investigation for bridge model under uniform, phased and 

incoherent harmonic motion are presented in this chapter. Newmarkôs method was used 

to determine the theoretical bearing displacements. The parameters used in Newmarkôs 

analysis were the computed 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 end were 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 results. 

 

 Comparison of theoretical and experimental results show good correlation when 

excitation is applied in longitudinal direction. In transverse excitation, Newmarkôs 

method underestimates the result due to torsional effects which is not accounted in the 

mathematical model. These observations hold true for uniform, phased and incoherent 

motions. 

 

 Newmarkôs method was also used to generate 3-D spectrum plots for incoherent 

harmonic ground motions. The ends of the bridge model were subjected to harmonic 

motions with different periods. Period of structure (Tstr) and period of harmonic motion at 

north end (Tgm1) were varied from 0.1 sec to 3.0 sec. Period of harmonic motion at south 

end (Tgm2) was kept constant at 0.5 sec. These were conducted for constant acceleration 

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 acceleration of 1.0g 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 by 3-D spectrum plots. It was shown that incoherent 

motion gives critical displacement compared to uniform motions when structure is 
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relatively rigid (Tstr/Tgm2 < 1.0). As the structure becomes flexible (Tstr/Tgm2 > 1.0), ratios 

decrease to less than 1.0 indicating that incoherent motion does not give critical 

displacements. 

 

 Frequency-response curves discussed in Chapter 3 is extended in this chapter for 

incoherent motions using 3-D spectrum plots. This 3-D spectrum plots show the ratio of 

maximum bearing displacement from incoherent motion to ground displacement at 

supports. This is similar to deformation response factor from frequency-response curves 

which is defined as the ratio umax/ug. It was shown that peak values occur when Tstr = Tgm1 

and when Tstr = Tgm2. This indicates that maximum 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 analytical investigation for bridge model 

subjected to coherent and incoherent ground motions. Newmarkôs average acceleration 

method and SAP 2000 (Computers and Structures Inc., 2004) are used to determine the 

bearing displacements. Analytical results are then compared 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/ATC-49 Guidelines for Seismic Design of Highway 

Bridges (2003). 

 

6.2 Newmarkôs Method for Bridge Model for Coherent and Incoherent Ground 

Motions 

 Using the equations discussed in Section 5.2, Newmarkôs method was used in 

determining the bearing displacements for bridge model 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 also used in the 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 acceleration to the 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 single-degree-of-

freedom system, they can only be used to determine bearing displacements from ground 

motions applied in longitudinal or transverse direction. However, these equations can 

also be rewritten for multi-degree-of-freedom systems and used to determine bearing 

displacements from biaxial ground motions. Such works however was considered to 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 Experiment and Newmarkôs Method for Bridge 

Model Supported on Type #3 Bearings 

 Tables 6-1, 6-3 and 6-5 show the comparisons of bearing displacements from 

experiment and Newmarkôs method for bridge model supported on Type #3 bearings and 

subjected to uniform ground motions. Ratios showing experiment results over 

Newmarkôs method results are tabulated in Tables 6-13, 6-15 and 6-17. Figures 6.2 to 6.4 

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. However, it can be observed that as the displacement 

subsides, the results from experiment and Newmarkôs method becomes out of phase. It 

can be seen that the experimental result lags behind the analytical result. This may be due 

period elongation which is one of the errors inherent in any numerical solution of the 

equation of motion (Chopra, 2000). Period error increases as Dt/Tn increases. In this 

study, the Dt used was 0.01 sec and Tn is about 1.0 sec thus, Dt/Tn is about 0.01. This is 

relatively small and period error is negligible. Therefore, phase shifting between 

experiment result and Newmarkôs method is mainly attributed to stiffening of the 

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 to assume in the analyses that the 

bearings are linear. It can be also observed that the ratios in Tables 6-13, 6-15 and 6-17 

are all greater than 1.0 which means Newmarkôs method gives smaller bearing 

displacements. The difference may be due to higher bearing stiffnesses 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 damping ratios can be smaller or higher 

than actual. In addition, in Newmarkôs method the superstructure is assumed rigid thus 

the bridge model is effectively single-degree-of-freedom system. The superstructure of 

the bridge model is actually flexible in transverse direction. This additional flexibility 

gives the experiment results higher bearing displacements specially when considering 

transverse runs. 
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 Tables 6-2, 6-4 and 6-6 show the comparisons of bearing displacements for bridge 

model subjected to incoherent ground motions. The bearing displacement time history 

comparisons are shown in Figures 6.5 to 6.9. Newmarkôs method underestimates the peak 

displacements by an average of 15% when considering longitudinal runs. The ratios of 

experiment results to results from Newmarkôs method are shown in Tables 6-14, 6-16 and 

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 by phase 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 Newmarkôs analysis. It can be observed from Tables 6-1 to 6-6 that the 

bearing displacements 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 Newmarkôs method. 

 

6.2.2 Comparison of Results from Experiment and Newmarkôs Method for Bridge 

Model Supported on Type #1 Bearings 

 Newmarkôs method was also used to determine bearing displacements for bridge 

model supported on Type #1 bearings. The results from uniform ground motion 

excitations are tabulated in Tables 6-7, 6-9 and 6-11. The ratios of experimental results to 

results from Newmarkôs method are shown in Tables 6-19, 6-21 and 6-23. The average 

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 bearing 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 hysteresis 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 

calculated displacement using Newmarkôs method decays rapidly compared to measured 

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 Newmarkôs method. 

 

 In the incoherent 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 Tables 6-8, 6-10 and 6-12 for 

incoherent Loma Prieta, Landers and North Palm Springs runs, respectively. The ratios of 

experimental results to results from Newmarkôs method are shown in Tables 6-20, 6-22 

and 6-24. Time history comparisons are shown in Figures 6.13 to 6.15 for runs with rock 

and soft soil ground 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 
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torsional effects and 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 and 6.17. 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 approximately model torsion in the bridge. The girder stiffness was 

modeled as a non-linear 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 non-linear link elements. For simplicity, the isolation bearings were modeled 

as linear link elements similar to what was assumed in Newmarkôs analysis. Carden, et. 

al. (2004) provides detailed discussion of the properties of this analytical model. 

 

 The input ground motions used for SAP 2000 analysis are the same as that used in 

Newmarkôs method. For coherent ground motions, the input is the filtered shake table 

accelerations. For incoherent ground motions, the input is the shake table displacement. 

Differential ground motion 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 

also the stiffness and damping used in Newmarkôs method. These values vary in each run 

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 analysis alongside with results from experiment and 

Newmarkôs method are shown in Tables 6-1 to 6-6. The ratios of experiment results to 

SAP 2000 results are presented in Tables 6-13 to 6-18. Apparently, SAP 2000 gives 

smaller bearing displacements compared to experiment and Newmarkôs method. In 

uniform runs, SAP 2000 underestimated the bearing displacements by an average of 30%. 

This is relatively high compared to Newmarkôs method where it underestimated the 

response by 8%. In some cases, SAP 2000 underestimated the response 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 transverse runs the ratio goes as high as 

2.30. 

 

 The difference between experimental results and SAP 2000 results is primarily 

attributed to the input motions. In Newmarkôs method, the input motions for coherent and 

incoherent motions are the filtered shake table accelerations and the recorded shake table 

displacements. It was shown that there was good correlation between results from 

experiment and Newmarkôs method. In SAP 2000 analysis, the input motion for coherent 

motion can be ground acceleration or ground displacement. 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 integrate this 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. The method 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 time, as Newmarkôs method, it is likely that the bearing displacement would 

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 Sections 6.2.1 

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 superstructure stiffness which 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 superstructure 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 to 6.24. This was also observed in the time histories comparing 

the results from experiment and Newmarkôs method. The displacement time histories 

towards the end of the record then becomes out of phase because the bearings become 

stiffer at small displacements. 

 

 It was shown that the average observation for bearing displacements discussed in 

Chapter 4 is also true for Newmarkôs method. In SAP 2000 analysis, it can be observed in 

Tables 6-1 to 6-6 that this does not hold true. Even though the bearing stiffnesses and 

damping ratios used in the analysis are said to be less accurate, the average rule should 

also work in SAP 2000 analysis since it worked in the simple Newmarkôs method. This 

may be attributed to the issues in input motion discussed above. Note that the input 

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 acceleration input. 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 averaging rule worked in Newmarkôs 

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 on Type #1 Bearings 
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 Tables 6-7 to 6-12 present the results from SAP 2000 from SAP 2000 analysis for 

Type #1 bearings alongside with results from experiment and Newmarkôs method. The 

ratios of experimental results to SAP 2000 results are shown in tables 6-19 to 6-24. 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 times the experiment 

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 

bearings. 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 3-D Spectra Plots Compared to Experiment Result 

 Chapter 5 presented the 3-D spectra plots for incoherent motions with constant 

acceleration and constant displacement inputs. In this section, the experimental results 

from Run 79 (Type #3 bearings) are evaluated and compared to the 3-D spectra 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 the same thus the 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. The shake table 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 spectrum plots 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 sec (Tstr) as shown in Table 4-

8. From Fourier analysis of the input motion, the dominant period of rock ground motion 

is 0.23 sec which will represent Tgm1. The dominant period of soft soil ground motion is 

0.29 sec which will represent Tgm2. Therefore, the ratio Tstr/Tgm2 = 3.21 and the ratio 

Tgm1/Tgm2 = 0.81. From Table 4-2, the bearing displacement in Run 79 was 1.15 in. which 

will represent Dincoherent. From Table 4-1, the bearing displacement from uniform rock 

ground motion (Run 62) was 0.99 in. which will represent Duniform1. The bearing 

displacement from uniform soft soil ground motion (Run 70-2) was 1.33 in. which will 

represent Duniform2. Therefore, the ratio Dincoherent/Duniform1 = 1.16 and the ratio 

Dincoherent/Duniform2 = 0.86. 
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 From 3-D spectra plots for constant acceleration input presented in Chapter 5, for 

the corresponding ratios of Tstr/Tgm2 and Tgm1/Tgm2, the ratio Dincoherent/Duniform1 = 1.04 and 

the ratio Dincoherent/Duniform2 = 0.64. These ratios are tabulated in Table 5-8 and 5-10, 

respectively. From 3-D spectra plots for constant displacement, the ratio 

Dincoherent/Duniform1 = 1.02 and the ratio Dincoherent/Duniform2 = 0.98. These ratios are tabulated 

in Table 5-16 and 5-18, respectively. Although there is a slight discrepancy in the 

comparison of displacement ratios, the correlation is considered good. The discrepancy is 

due to the fact that the excitations in the 3-D plots were sinusoidal motion while in Run 

79 they were earthquake excitations. It can be noted that there is better correlation 

between experiment and 3-D 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 and 3-D spectrum for constant acceleration 

is larger because of 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 3-D spectra plots. The 3-D spectra plots were 

generated for constant acceleration 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 cases 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 a 3-D spectrum 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 

Design and Seismic Isolation section of MCEER/ATC-49 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: 

    
B

TAS
d

effi10
=  (inches)    (6.1) 

where     
gK

W
T

eff

p2=      (6.2) 

 W = total vertical load for the design of the isolation system 

 Keff = sum of the effective linear stiffnesses of all bearings 

 g = acceleration due to gravity 
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 A = acceleration coefficient 

 Si = site coefficient as shown in Table 6-25 

 B = damping coefficient as shown in Table 6-26 

This equation is based on the assumption that the ground response spectra decrease by a 

factor of 1/Teff. Hence spectral acceleration for 5% damping on rock at a given Teff is 

    g
T

A
S

eff

A =       (6.3) 

and introducing site coefficient and damping coefficient becomes 

    g
BT

AS
S

eff

i
A =       (6.4) 

which then becomes Equation (6.1) by the relationship 

    
2w

A
D

S
S =       (6.5) 

 

 Soil Profile Type I is assigned for the rock case. Soil Profile Type II 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 III. 

 

 The bearing stiffness and damping ratio that is used in computation of 

displacements is the same as that used in Newmarkôs method and SAP 2000 analysis. 

These are the calculated values from experiment results and are summarized in Chapter 4 

for each run. 

 

 The resulting displacements are presented in Tables 6-28 and 6-29 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 falls well below the AASHTO design spectrum as shown in 

Figures 6-31 to 6-32 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 0.09g. It is shown that spectral acceleration rapidly decreases and is not a 

function of 1/Teff 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, the 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 6-31 the soil factor for stiff soil is 1.03 and for soft soil it is 1.32. 

 

 The above observation 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 response spectra shown in Figures 6-33 and 6-34 are 1.10 and 1.54 for stiff soil 

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 soft soil is 1.64 

as illustrated in Figures 6-35 and 6-36. 
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 The ratio umax / 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 Equation 6-1. 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 Specificationsô equation for bearing displacement is significantly in error. The 

computed bearing 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/ATC-49: Guidelines for Seismic Design of Highway 

Bridges (2003) 

 Bearing displacement from Seismic Isolation section of MCEER/ATC-49 is given 

by 

    eff
v T

B

SF
d 110
=      (6-6) 

where S1 = one-second spectral acceleration 

 Fv = site coefficient given by Table 6-27 

 B = damping coefficient given by Table 6-26 

 Teff = effective period given by Equation 6-2 

The derivation of Equation 6-6 is the same as that in Equation 6-1. However, Equation 6-

6 uses the one-second spectral acceleration (S1) instead of peak ground acceleration (A). 

Also, the site coefficient used here is a function of soil type and S1. 

 

 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 Specifications. S1 are taken from actual 

response spectrum in rock with 5% damping shown in Figures 6-31 to 6-42. 

 

 Table 6-30 summarizes the result and the ratio umax / d. The ratios shows 

improvement compared to those in AASHTO. For the stiff soil and soft soil case the 

average ratio is 0.81. 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 6-6 underestimates the bearing displacement by up to 40%. From the design 

spectra, spectral acceleration at isolation period is given by 

    
T

SF
S V

a
1=       (6-7) 

For the Loma Prieta case on rock with Type #3 bearings the corresponding design 

spectral acceleration at T = 0.91 sec is 0.10g. From the actual response spectrum shown 

in Figure 6.32 the spectral acceleration is 0.12g which explains why the calculated 

displacement is smaller. 

 

 Table 6-31 presents the calculated displacements for Type #1 bearings and its 

comparison with experiment results. The ratios umax / d are below 1.0 except for the rock 
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case of North Palm Springs. For most of the cases in Type #1 bearings, Equation 6-6 

overestimated the displacements because actual spectral accelerations are below the 

design spectral accelerations at period of interest. For example, in Loma Prieta case on 

rock the design spectral acceleration at T = 1.38 sec is 0.07g while the actual spectral 

acceleration from Figure 6-38 is only 0.04g. The ratio becomes even smaller when it 

comes to stiff and soft soils because of higher soil factors. 

 

 The result from Table 6-30 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 and soft soil case 

the ratio reduces because of high soil factors which in turn make the displacement larger. 

From Table 6-31 it can be seen that when period of structure is higher than 1.0 sec, 

design response spectrum tends to overestimate the actual response spectrum 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 Equation 6-6 are better 

compared to results from Equation 6-1. Thus, it is recommended to use the 

MCEER/ATC-49 equation because using S1 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 these values will 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 ground motions. Newmarkôs average acceleration 

method and SAP 2000 were used to determine the bearing displacements. In Newmarkôs 

method, the bridge model was considered as a single-degree-of-freedom system since the 

superstructure is relatively rigid. SAP 2000 analysis used the analytical model developed 

by Carden, et al (2004). The input motions in Newmarkôs method for coherent and 

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 for incoherent 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 run were 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 equations from AASHTO Guide Specifications for 

Seismic Isolation Design and Seismic Isolation section of MCEER/ATC-49 Guidelines 

for Seismic Design of Highway Bridges. 

 

 Newmarkôs method underestimates the bearing displacements by an average of 

about 15% for all 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 analysis. 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 ground motions. The 

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 lower than the results from Newmarkôs method. The significant difference 

between analytical 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 input 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 2000 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 could accept both ground acceleration and ground displacement at 

the same time, as Newmarkôs method, the bearing displacements would improve and 

there would be better correlation. 

 

 The averaging method discussed in Chapter 4 was shown to be also true in 

Newmarkôs method. However, this does not hold true in SAP 2000 analysis. This can be 

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 

acceleration 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 with 3-D spectra plots discussed in Chapter 

5, although limited to one case only, shows good correlation. Further parametrical and 

experimental study is recommended to determine if a 3-D spectrum 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 section of 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 significantly overestimated the spectral 

acceleration at isolation periods. The comparison with MCEER/ATC-49 Seismic 

Isolation equation produces better correlation. This is because it uses the one-second 

spectral acceleration, S1, instead of the peak ground acceleration which is used in the 
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AASHTO equation. S1 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/ATC-49 Seismic Isolation 

equation, 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 model 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 

comparing Newmarkôs average acceleration method and SAP 2000 analysis with 

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 Seismic Isolation. 

 

 A two-girder, simply supported model of a slab-on-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 uniform harmonic 

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
o
 and 180

o
. The earthquake records used in this study were from 1989 Loma Prieta, 

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 velocity of 

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 motions were applied in 

longitudinal, transverse and biaxial directions. 

 

 Analytical studies were performed using Newmarkôs average acceleration method 

and the SAP 2000 computer program. In Newmarkôs method, the bridge model was 

considered as a single-degree-of-freedom 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. 

 

 Newmarkôs method was also used to generate 3-D frequency-response curves for 

incoherent motion. These 3-D spectra were calculated for combinations of structure 

period (represented by Tstr and varies from 0.1 sec to 3.0 sec), period of motion at north 

end (respresented by Tgm1 and varies from 0.1 sec to 3.0 sec) and period of motion at 
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south end (represented by Tgm2 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. Frequency-response curves are effective in predicting the bearing displacements 

when the excitations are uniform harmonic motions applied in longitudinal 

direction. For harmonic ground motions applied in transverse direction, 

frequency-response 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 90
o
. 

2. Experimental results confirmed the theoretical result that bearing displacements 

are equal to ground displacements when the excitation is harmonic ground motion 

phased by 180
o
. This is particularly true for excitations applied in the longitudinal 

direction. However, in the transverse runs, the bearing displacements may be 

smaller or larger than ground displacements because of torsional effects. 

3. During incoherent motion consisting of rock and stiff soil ground motions, the 

response to incoherent motion was observed to be estimated by the average of the 

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 large differences 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. 

4. The responses to incoherent motion consisting of stiff and soft soil ground 

motions are similar 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. 

5. The bearing displacements calculated from Newmarkôs method correlate well 

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 flexibility are not 

included in the mathematical model. 

6. Based on the 3-D spectra, incoherent motion gives higher bearing displacement 

compared to coherent motion when the structure has a period less than the ground 

period (Tstr / Tgm2 < 1.0). When the structure has a longer period (Tstr / Tgm2 > 1.0), 

coherent motion gives higher bearing displacement compared to incoherent 

motion for all Tgm1 and constant displacement or constant acceleration. 
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7. Frequency-response curves can be extended to incoherent motions by 3-D spectra 

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 motions (Tstr = Tgm1 and/or Tstr = Tgm2). 

8. SAP 2000 analysis underestimates 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 in results from Newmarkôs method for 
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 Isolation 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 the one-second spectral acceleration is 

used in the expression for displacement instead of the peak ground acceleration. 

This result confirms the expression given by the MCEER/ATC-49 Seismic 

Isolation equation. 

12. Site coefficients given by AASHTO and MCEER/ATC-49 overestimated the 

actual site coefficients for the soil and ground motion considered in the study. 

However, the soil factors used in MCEER/ATC-49 Seismic Isolation equation 

could provide an adequate factor of safety. 

 

 The following recommendations and suggestions for future work are made based 

on the experimental observations and analytical resuts. 

1. Newmarkôs method may be used to estimate the bearing displacements of a 
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 averaging 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 direction. Torsional 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 to accept time histories of 

both ground accelerations and ground displacement as input motions. 
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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 the peak ground acceleration. 

7. Further parametrical and experimental study should be carried out to determine 

whether a 3-D spectrum plot can be used for incoherent ground motion. 
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Table 2-1 Earthquake Records 

Earthquake Year Station Component Direction 

PGA 

(g) 

PGV 

(cm/s) 

PGD 

(cm) 

Loma 

Prieta 

1989 Gilroy 

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 

North 

Palm 

Springs 

1986 
Whitewater 

Trout Farm 

NS 180 0.492 34.7 6.38 

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 

No. 
Description Direction Ug 

Umax 
Translational 

Stiffness 

Translational 

Period 

Torsional 

Period 

Damping 

(%) 
North 

End 

South 

End 

12-2 0.3sec @ 1.5g 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 @ 0.03g Longitudinal 0.27 2.6 2.6 1.85 1.03 0.59 4 

22 1.0sec @ 0.03g Transverse 0.27 2.18 2.49 1.83 1.04 0.60 3 

 

 

 

Table 3-2 Average Table Displacements, Bearing Displacements, Translational Stiffness, Torsional Stiffness and 

Damping for Uniform Harmonic Motion with Type # 1 Bearings 

 

Type # 1 Bearings         

Uniform Motion          

Run 

No. 
Description Direction Ug 

Umax 
Translational 

Stiffness 

Translational 

Period 

Torsional 

Period 

Damping 

(%) 
North 

End 

South 

End 

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 

No. 
Description Direction Ug 

Umax Translational 

Stiffness 

Translational 

Period 

Torsional 

Period 

Damping 

(%) North 

End 

South 

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 

No. 
Description Direction Ug 

Umax Translationa

l Stiffness 

Translationa

l Period 

Torsiona

l Period 

Dampin

g (%) North 

End 

South 

End 

18 0.3sec @ 1.5g 

Longitudina

l 1.18 1.18 1.19 1.76 1.06 0.61 13 

19 0.3sec @ 1.5g Transverse 1.16 1.56 1.57 1.78 1.05 0.61 9 

27-2 1.0sec @ 0.03g 

Longitudina

l 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 Bearings 

 

Type # 1 Bearings         

Phased by 90°         

Run 

No. 
Description Direction Ug 

Umax Translationa

l Stiffness 

Translationa

l Period 

Torsiona

l Period 

Dampin

g (%) North 

End 

South 

End 

15 0.3sec @ 1.6g 

Longitudina

l 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 

24 1.0sec @ 0.05g 

Longitudina

l 0.45 0.72 0.77 1.00 1.40 0.81 7 

25 1.0sec @ 0.05g Transverse 0.45 1.25 0.94 0.88 1.49 0.86 5 

 

 

Type # 1 Bearings         

Phased by 180°         

Run 

No. 
Description Direction Ug 

Umax Translational 

Stiffness 

Translational 

Period 

Torsional 

Period 

Damping 

(%) North 

End 

South 

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 @ 0.05g 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               

Run No. Description 

Ug Umax 

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 0.81 0.83 0.82 0.91 0.85 0.92 0.85 0.93 0.84 0.92 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 180° 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 2.21 1.94 2.18 

26 1.0sec @ 0.03g - Phased 90° 0.27 0.26 0.27 0.27 1.31 1.83 1.37 1.83 1.67 1.87 1.74 1.84 

29 1.0sec @ 0.03g - Phased 180° 0.27 0.27 0.27 0.27 0.29 0.08 0.23 0.08 0.27 0.13 0.3 0.13 

 

Run No. Description 
Translational 

Stiffness 

Translational 

Period 

Torsional 

Stiffness 

Torsional 

Period 
Damping (%) 

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 - Phased 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 7 

 

Table 3-6 Average Table Displacements, Bearing Displacements, Translational Stiffness, Torsional Stiffness and 

Damping for Biaxial Harmonic Motion with Type # 1 Bearings 

 

 

Type # 1 Bearings               

Biaxial Runs               

Run 

No. 
Description 

Ug 
Umax 

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 0.3sec @ 1.6g - Uniform 1.4 1.35 1.41 1.36 1.48 1.42 1.47 1.42 1.49 1.34 1.5 1.34 

17 0.3sec @ 1.6g - Phased 90° 1.39 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 @ 1.6g - Phased 180° 1.39 1.35 1.41 1.36 1.38 1.49 1.42 1.49 1.42 1.43 1.41 1.44 

23 1.0sec @ 0.05g - Uniform 0.45 0.45 0.45 0.45 0.89 0.46 0.83 0.45 0.89 1.08 0.86 1.07 

26 1.0sec @ 0.05g - Phased 90° 0.45 0.45 0.45 0.45 0.7 1.43 0.67 1.43 0.69 1.09 0.81 1.08 

29 1.0sec @ 0.05g - Phased 180° 0.45 0.45 0.45 0.45 0.4 3.51 0.65 3.51 0.55 3.33 0.39 3.32 

 

 

Run 

No. 
Description 

Translational 

Stiffness 

Translational 

Period 

Torsional 

Stiffness 

Torsional 

Period 

Damping 

(%)  

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 @ 0.05g - Phased 180° 0.61 1.79 2,207.81 1.04 8 
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Table 3.7 Effective Earthquake Force Equations 
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Table 4-1 Table and bearing displacements for coherent Loma Prieta runs with Type # 3 bearings  

Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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)** -0.45 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)** -0.40 0.26 -0.42 0.28 -1.31 0.40 -1.31 0.41 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 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 4-2 Table and bearing displacements for incoherent Loma Prieta runs with Type # 3 bearings  

Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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 (Biaxial)**  -0.41 0.23 -0.49 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)** -0.45 0.24 -0.45 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)** -0.40 0.26 -0.48 0.25 -1.17 0.44 -1.16 0.28 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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   

Run No. Description 

Table Displacement, Ug (in.) Bearing Displacement, Umax (in.) 

North End South End North End South End 

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)** 0.34 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)** 0.43 -0.22 0.45 -0.22 1.20 -0.44 1.21 -0.46 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 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 Type # 3 bearings   

Run No. Description 

Table Displacement, Ug (in.) Bearing Displacement, Umax (in.) 

North End South End North End South End 

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)** 0.34 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)** 0.30 0.12 0.45 -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)** 0.43 -0.22 0.30 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)** 0.34 0.16 0.45 -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 (Trans.)   0.43   0.35   -1.08   1.16 

119 180 + 500 (Biaxial)** 0.43 -0.22 0.36 0.18 1.00 -0.50 0.99 0.46 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 4-5 Table and bearing displacements for coherent N. Palm Springs runs with Type # 3 bearings  

Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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)** -0.44 0.45 -0.49 0.48 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)** -0.48 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 1.16 -1.24 1.21 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 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  

Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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 0.45 -0.53 0.60 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 0.57 -0.50 0.48 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 0.45 -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 -0.49 0.48 1.02 1.36 -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 0.57 -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 -0.53 0.60 1.03 1.43 0.86 -1.03 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 4-7 Stiffness, period and damping for coherent Loma Prieta runs with Type # 3 bearings  

Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

66 

Rock + Rock 

(Biaxial)**  
2.32 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 used is from soil with VS=500m/s (stiff soil)   

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

 

 

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

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

73 Rock + 500 (Long.) 2.31 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 0.54 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 (Trans.) 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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta) 

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

Table 4-9 Stiffness, period and damping for coherent Landers runs with Type # 3 bearings  
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 0.84 9989 0.49 6 

95 

Rock + Rock 

(Biaxial)**  
2.47 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 used is from soil with VS=500m/s (stiff soil)   

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

 

 

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

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 (Trans.) 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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta) 

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

Table 4-11 Stiffness, period and damping for coherent N. Palm Springs runs with Type # 3 bearings 
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 (Trans.)* 2.30 0.92 8325 0.53 8 

124 

Rock + Rock 

(Biaxial)**  
2.30 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 used is from soil with VS=500m/s (stiff soil)   

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

 

 

Table 4-12 Stiffness, period and damping for incoherent N. Palm Springs runs with Type # 3 bearings 
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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.) 2.31 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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta) 

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

Table 4-13 Table and bearing displacements for coherent Loma Prieta runs with Type # 1 bearings  
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Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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 -0.43 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 (Biaxial)**  -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 (i.e., N-S 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 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  
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Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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 -0.43 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 0.45 -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)** -0.45 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 (Trans.)   -0.40   -0.46   -0.91   -0.67 

90 180 + 500 (Biaxial)** -0.39 -0.27 -0.47 0.24 -0.80 0.48 -0.79 -0.39 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma Prieta) 

 

** - For biaxial runs, 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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Run No. Description 

Table Displacement, Ug (in.) Bearing Displacement, Umax (in.) 

North End South End North End South End 

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 + Rock (Trans.)*   -0.12   0.12   -0.23   -0.24 

95 Rock + Rock (Biaxial)** 0.29 -0.12 0.30 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 0.34 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)** 0.43 -0.23 0.44 -0.23 0.62 -0.42 0.62 -0.42 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 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 4-16 Table and bearing displacements for incoherent Landers runs with Type # 1 bearings  
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Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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)** 0.29 0.12 0.35 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)** 0.33 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 0.44 -0.23 0.57 0.21 0.55 -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)** 0.43 -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 0.44 -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 (Biaxial)**  0.43 -0.23 0.34 0.17 0.57 0.49 0.59 -0.33 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma Prieta) 

 

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

component   

Table 4-17 Table and bearing displacements for coherent N. Palm Springs runs with Type # 1 bearings  
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Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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)** 0.36 0.32 -0.36 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 0.40 -0.39 0.42 0.66 -0.42 0.65 -0.42 

128 180 + 180 (Long.) -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 0.57 -0.60 0.59 0.97 -0.64 0.95 -0.65 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 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 4-18 Table and bearing displacements for incoherent N. Palm Springs runs with Type # 1 bearings  
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Run No. Description 

Table Displacement, Ug (in.) 

Bearing Displacement, Umax 

(in.) 

North End South End North End South End 

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)** 0.36 0.31 -0.39 0.43 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 0.40 -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)** 0.36 0.31 -0.61 0.59 0.58 -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 0.57 -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 0.41 -0.60 0.58 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 0.57 -0.39 0.42 0.95 0.87 0.58 -0.39 

          

Note: * - The earthquake record used is from the minor component (i.e., N-S component 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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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

66 

Rock + Rock 

(Biaxial)**  
1.03 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 used is from soil with VS=500m/s (stiff soil)   

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

 

 

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

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta) 

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

Table 4-21 Stiffness, period and damping for coherent Landers runs with Type # 1 bearings  
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

95 

Rock + Rock 

(Biaxial)**  
1.09 

1.34 3945 0.78 7 

96 500 + 500 (Long.) 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 0.81 7 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 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 bearings  
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

102 Rock + 500 (Long.) 1.10 1.34 3981 0.77 7 

103 Rock + 500 (Trans.) 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)** 1.03 1.38 3728 0.80 8 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta) 

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

Table 4-23 Stiffness, period and damping for coherent N. Palm Springs runs with Type # 1 bearings 
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

124 

Rock + Rock 

(Biaxial)**  
0.98 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 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 Springs runs with Type # 1 bearings 
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta) 

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

Table 4-24 Stiffness, period and damping for incoherent N. Palm Springs runs with Type # 1 bearings 
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Run 

No. 
Description 

Bearing 

Translational 

Stiffness 

(kip/in) 

System 

Translational 

Period (sec) 

System 

Torsional 

Stiffness 

(kip/rad) 

System 

Torsional 

Period (sec) 

Damping 

(%) 

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 

       

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 5-1 Comparison of results from experiment and Newmarkôs analysis for 

uniform harmonic ground motion (Type #3 bearings) 

 

Run No. Description Direction Ug (in) 
Umax (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 5-2 Comparison of results from experiment and Newmarkôs analysis for 

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 

 

 

 

 

 

Table 5-3 Comparison of results from experiment and Newmarkôs analysis for 90
o
 - 

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 5-4 Comparison of results from experiment and Newmarkôs analysis for 90
o
 - 

phased harmonic ground motion (Type #1 bearings) 

Run No. Description Direction Ug (in) 
Umax (in) 

Experiment Newmark 

15 0.3sec @ 1.6g Longitudinal 1.4 1.43 1.47 
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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 

 

 

 

 

 

Table 5-5 Comparison of results from experiment and Newmarkôs analysis for 180
o
 

- 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 @ 1.5g 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 

 

 

 

 

 

 

Table 5-6 Comparison of results from experiment and Newmarkôs analysis for 180
o
 

- phased harmonic ground motion (Type #1 bearings) 

Run No. Description Direction Ug (in) 
Umax (in) 

Experiment Newmark 

18 0.3sec @ 1.6g Longitudinal 1.4 1.4 1.39 

19 0.3sec @ 1.6g 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 

 

 

 

 

 

Table 5-7 Comparison of results from experiment and Newmarkôs analysis for 

combination of 0.3 sec and 1.0 sec harmonic ground motion 

 

(a) Type #3 bearings 

Run 
No. 

Description Direction 

Ug (in) Umax (in) 

North South 

Experiment Newmark 

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 
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(b) Type #1 bearings 

Run 
No. 

Description Direction 

Ug (in) Umax (in) 

North South 

Experiment Newmark 

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 
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Table 5-8 Dincoherent / Duniform1 for constant acceleration input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 2.41 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 

1.4 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 3.41 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 

3 2.75 1.36 1.14 1.05 1.00 0.96 0.92 0.87 0.83 0.78 

3.2 2.51 1.32 1.13 1.04 1.00 0.96 0.93 0.89 0.85 0.81 

3.4 2.33 1.28 1.11 1.04 1.00 0.97 0.93 0.90 0.87 0.83 

3.6 2.21 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 1.21 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 5-8 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 0.40 0.65 0.92 1.20 1.17 1.82 2.17 2.53 2.91 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 

3 0.74 0.69 0.63 0.57 0.50 0.44 0.36 0.29 0.21 0.13 

3.2 0.77 0.72 0.67 0.62 0.56 0.50 0.44 0.37 0.30 0.23 

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 0.91 0.90 0.88 0.87 0.85 0.83 0.82 0.80 0.77 
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Table 5-8 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

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 

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 

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 5-9 Summary of Dincoherent / Duniform1 for constant acceleration input for range 

of values of Tstr and Tgm1 

 

Dincoherent / Duniform1   

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Duniform1 

<0.5 <1.0 

<0.5 <1.0 0.71 - 35.30 

0.5 1.0 3.54 - 134.25 

>0.5 >1.0 1.00 - 29.80 

0.5 1.0 

<0.5 <1.0 1 

0.5 =.0 1 

>0.5 >1.0 1 

>0.5 >1.0 

<0.5 <1.0 1.33 - 454.37 

0.5 1.0 1.85 - 20.86 

>0.5 >1.0 0.07 - 11.94 
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Table 5-10 Dincoherent / Duniform2 for constant acceleration input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 4.52 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 

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 

3.2 0.08 0.19 0.38 0.64 1.00 1.45 2.03 2.74 3.64 4.76 

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 4.50 

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 

4.2 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 5-10 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

3 6.79 9.53 14.34 24.88 40.33 22.84 12.25 7.31 4.39 2.35 

3.2 6.33 8.49 11.78 17.57 29.86 46.57 27.54 15.15 9.25 5.72 

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 
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Table 5-10 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

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 

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 

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 
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Table 5-11 Summary of Dincoherent / Duniform2 for constant acceleration input for range 

of values of Tstr and Tgm1 

 

 

Dincoherent / Duniform2   

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Duniform2 

<0.5 <1.0 

<0.5 <1.0 0.77 - 19.38 

0.5 1.0 0.50 - 0.61 

>0.5 >1.0 0.07 - 0.64 

0.5 1.0 

<0.5 <1.0 1 

0.5 1.0 1 

>0.5 >1.0 1 

>0.5 >1.0 

<0.5 <1.0 0.87 - 437.11 

0.5 1.0 0.52 - 2.15 

>0.5 >1.0 0.35 - 154.79 
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Table 5-12 Dincoherent / Dgm1 for constant acceleration input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 1.41 0.59 0.45 0.44 

1.4 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 1.91 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 1.53 1.83 2.73 5.09 1.49 

2 5.02 1.98 1.48 1.33 1.33 1.38 1.54 1.91 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 1.31 1.21 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 1.51 

3 2.48 1.37 1.18 1.13 1.12 1.13 1.17 1.22 1.29 1.39 

3.2 2.28 1.33 1.16 1.11 1.11 1.12 1.14 1.18 1.24 1.31 

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 1.11 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 1.11 1.08 1.08 1.07 1.08 1.09 1.12 1.15 

4.4 1.91 1.24 1.11 1.07 1.07 1.07 1.08 1.10 1.12 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 1.11 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 1.11 1.11 

6 3.30 1.65 1.34 1.19 1.16 1.11 1.12 1.10 1.11 1.12 
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Table 5-12 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

2.6 2.18 3.31 5.04 2.21 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 

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 

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 1.31 1.40 1.51 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 1.41 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 1.31 1.38 1.46 1.57 1.71 

5.4 1.12 1.14 1.16 1.20 1.23 1.28 1.34 1.41 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 1.11 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 1.41 
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Table 5-12 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

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 

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 

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 1.51 

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 
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Table 5-13 Summary of Dincoherent / Dgm1 for constant acceleration input for range of 

values of Tstr and Tgm1 

 

 

Dincoherent / Dgm1    

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Dgm1 

<0.5 <1.0 

<0.5 <1.0 1.37 - 33.59 

0.5 1.0 9.47 - 124.76 

>0.5 >1.0 1.07 - 27.34 

0.5 1.0 

<0.5 <1.0 0.04 - 1.74 

0.5 1.0 9.98 

>0.5 >1.0 1.07 - 3.13 

>0.5 >1.0 

<0.5 <1.0 0.47 - 1.06 

0.5 1.0 0.60 - 4.07 

>0.5 >1.0 0.07 - 5.75 
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Table 5-14 Dincoherent / Dgm2 for constant acceleration input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 1.21 1.49 1.78 2.08 2.19 

0.6 0.75 0.97 2.53 0.88 0.56 1.25 1.54 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 

1.4 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 

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 

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 

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 2.91 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 1.11 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 



 

 

1
0

9
 

Table 5-14 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

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 

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 

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 
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Table 5-14 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

3 1.38 1.82 3.04 4.34 5.63 6.91 8.18 9.48 10.78 12.04 

3.2 3.74 1.94 1.61 2.72 4.08 5.47 6.84 8.21 9.58 10.90 

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 
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Table 5-15 Summary of Dincoherent / Dgm2 for constant acceleration input for range of 

values of Tstr and Tgm1 

 

Dincoherent / Dgm2    

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Dgm2 

<0.5 <1.0 

<0.5 <1.0 0.56 - 4.52 

0.5 1.0 4.99 - 6.06 

>0.5 >1.0 0.08 - 1.92 

0.5 1.0 

<0.5 <1.0 0.04 - 1.74 

0.5 1.0 9.98 

>0.5 >1.0 1.07 - 3.13 

>0.5 >1.0 

<0.5 <1.0 1.21 - 18.59 

0.5 1.0 5.14 - 21.46 

>0.5 >1.0 0.69 - 179.81 
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Table 5-16 Dincoherent / Duniform1 for constant displacement input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 4.91 8.12 11.84 15.54 

1.2 2.15 1.87 1.69 1.36 1.00 0.61 0.74 0.99 1.51 2.23 

1.4 1.57 1.41 1.31 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 

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 

3.4 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 



 

 

1
1

3
 

Table 5-16 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 1.00 1.47 1.99 2.54 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 

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 
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Table 5-16 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

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 4.73 

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 

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 

3 0.13 0.18 0.28 0.39 0.51 0.64 0.77 0.91 1.05 1.17 

3.2 0.19 0.14 0.14 0.21 0.31 0.42 0.53 0.65 0.77 0.88 

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 

4.2 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 
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Table 5-17 Summary of Dincoherent / Duniform1 for constant displacement input for 

range of values of Tstr and Tgm1 

 

Dincoherent / Duniform1   

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Duniform1 

<0.5 <1.0 

<0.5 <1.0 0.57 - 14.59 

0.5 1.0 2.5 - 6.11 

>0.5 >1.0 0.85 - 2.15 

0.5 1.0 

<0.5 <1.0 1 

0.5 1.0 1 

>0.5 >1.0 1 

>0.5 >1.0 

<0.5 <1.0 1.85 - 902.2 

0.5 1.0 2.54 - 190.86 

>0.5 >1.0 0.11 - 37.26 
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Table 5-18 Dincoherent / Duniform2 for constant displacement input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 

1.4 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 1.51 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 

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 1.11 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 
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Table 5-18 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

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 1.21 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 1.51 1.67 1.90 2.26 

4.8 1.09 1.12 1.15 1.20 1.22 1.34 1.41 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 1.11 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 1.21 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 
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Table 5-18 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

0.2 24.36 24.45 24.48 24.46 22.28 24.47 24.48 24.47 24.43 24.11 

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 

1.4 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 

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 1.51 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 1.51 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 
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Table 5-19 Summary of Dincoherent / Duniform2 for constant displacement input for 

range of values of Tstr and Tgm1 

 

Dincoherent / Duniform2   

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Duniform2 

<0.5 <1.0 

<0.5 <1.0 1.26 - 114.65 

0.5 1.0 0.57 - 0.67 

>0.5 >1.0 0.63 - 1.15 

0.5 1.0 

<0.5 <1.0 1 

0.5 1.0 1 

>0.5 >1.0 1 

>0.5 >1.0 

<0.5 <1.0 0.85 - 24.48 

0.5 1.0 0.51 - 0.55 

>0.5 >1.0 0.11 - 4.70 
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Table 5-20 Dincoherent / Dgm1 for constant displacement input 

  Tgm1 / Tgm2 

  0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

T
s
tr

 /
 T

g
m

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 

1.4 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 

2.4 1.03 1.10 1.12 1.16 1.20 1.26 1.35 1.49 1.72 2.07 

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 1.11 1.14 1.18 1.23 1.31 1.42 1.51 

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 1.11 1.13 1.17 1.22 1.28 1.32 

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 1.11 1.15 1.16 

4.4 1.01 1.06 1.05 1.06 1.07 1.08 1.09 1.11 1.14 1.15 

4.6 1.04 1.07 1.07 1.06 1.08 1.08 1.09 1.11 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 1.11 1.13 1.13 

5.2 1.11 1.11 1.09 1.08 1.09 1.09 1.09 1.11 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 1.11 1.12 1.11 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 
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Table 5-20 (Continued) 

  Tgm1 / Tgm2 

  2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 

T
s
tr

 /
 T

g
m

2
 

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 1.51 

1.4 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 

3 1.62 1.91 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 2.71 3.91 5.06 2.91 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 1.31 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 1.41 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 1.31 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 1.31 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 1.51 

6 1.16 1.21 1.20 1.21 1.21 1.28 1.30 1.34 1.39 1.46 
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Table 5-20 (Continued) 

  Tgm1 / Tgm2 

  4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8 6 

T
s
tr

 /
 T

g
m

2
 

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 

1.4 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 

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 1.11 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 2.31 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 
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Table 5-21 Summary of Dincoherent / Dgm1 for constant displacement input for range of 

values of Tstr and Tgm1 

 

 

Dincoherent / Dgm1    

Tgm1 Tgm1 / Tgm2 Tstr Tstr /Tgm2 Dincoherent / Dgm1 

<0.5 <1.0 

<0.5 <1.0 0.83 - 6.33 

0.5 1.0 5.68 - 6.68 

>0.5 >1.0 0.98 - 2.40 

0.5 1.0 

<0.5 <1.0 0.04 - 1.74 

0.5 1.0 9.98 

>0.5 >1.0 1.07 - 3.13 

>0.5 >1.0 

<0.5 <1.0 0.99 - 0.81 

0.5 1.0 5.07 - 5.48 

>0.5 >1.0 0.11 - 6.07 
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Table 6-1 Comparison of bearing displacements for coherent Loma Prieta runs with Type # 3 bearings    

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 

              

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 used is from soil with VS=500m/s         

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

 

 

 

Table 6-2 Comparison of bearing displacements for incoherent Loma Prieta runs with Type # 3 bearings 
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Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 + Rock (Trans.)   -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 (Biaxial)**  -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 

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta)   

 

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

component     

      

Table 6-3 Comparison of bearing displacements for coherent Landers runs with Type # 3 bearings 
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Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 used is from the minor component (i.e., N-S 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 6-4 Comparison of bearing displacements for incoherent Landers runs with Type # 3 bearings 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 
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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 (Biaxial)**  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         0.93 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 + 180 (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         0.93 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         0.91 -0.31 0.91 0.25 

              

Note: * - The earthquake record used is from the minor component (i.e., N-S component in the case of Landers)   

 

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

component     

 

Table 6-5 Comparison of bearing displacements for coherent N. Palm Springs runs with Type # 3 bearings 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 
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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 1.16 -1.24 1.21         0.85 0.98 0.85 0.98 

Note: * - The earthquake record used is from the minor component (i.e., E-W component 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 is from soil with VS=180m/s         

 

 

 

 

Table 6-6 Comparison of bearing displacements for incoherent N. Palm Springs runs with Type # 3 bearings 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

X Y X Y X Y X Y X Y X Y 

131 Rock + 500 (Long.) 0.80   0.86   0.72   0.79   0.52   0.53   
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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 (i.e., E-W component in the case of N. Palm Springs)  

 

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

component     

 

Table 6-7 Comparison of bearing displacements for coherent Loma Prieta runs with Type # 1 bearings 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 -0.74 0.37 

              

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 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 runs with Type # 1 bearings 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 + 500 (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 (i.e., N-S component in the case of Loma Prieta)   

 

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

component     

Table 6-9 Comparison of bearing displacements for coherent Landers runs with Type # 1 bearings 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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)** 0.50 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 0.24 0.37 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 earthquake record used is from the minor component (i.e., N-S 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 6-10 Comparison of bearing displacements for incoherent Landers runs with Type # 1 bearings 

Run 

No. Description 

Bearing Displacement, 

Umax Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 0.49 -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 -0.21 

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   0.51   -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 (Trans.)   -0.77   0.74   -0.58   0.50   0.54   0.52 

119 180 + 500 (Biaxial)** 0.57 0.49 0.59 -0.33         0.54 -0.21 0.54 -0.20 

              

Note: * - The earthquake record used is from the minor component (i.e., N-S component 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 

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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   0.57   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 (i.e., E-W component 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 is from soil with VS=180m/s         

 

 

 

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

Run 

No. Description 

Experiment Newmark's Method SAP 2000 

North End South End North End South End North End South End 

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 
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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 (i.e., E-W component in the case of N. Palm Springs)  

 

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

component     

 

Table 6-13 Ratios of bearing displacements for coherent Loma Prieta runs with Type # 3 bearings 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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)**         1.21 1.08 1.21 1.11         

              

Note: 

* - The earthquake record used is from the minor component (i.e., N-S 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 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 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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 -0.90 -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 (i.e., N-S component in the case of Loma Prieta)   

 

** - For biaxial runs, the 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 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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)**         1.45 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.e., N-S 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 6-16 Ratios of bearing displacements for incoherent Landers runs with Type # 3 bearings 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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 



 

 

1
3

9
 

110 Rock + 180 (Biaxial)**          1.05 1.68 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 (Long.) 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 1.61 1.09 1.84         

              

Note: * - The earthquake record used is from the minor component (i.e., N-S component 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 

Run 

No. Description 

Experiment / 

Newmark Experiment / SAP2000 Newmark / SAP 2000 

North 

End 

South 

End North End South End North End South End 

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 1.21 1.35 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)**         1.28 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 (i.e., E-W component 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 is from soil with VS=180m/s         

 

 

Table 6-18 Ratios of bearing displacements for incoherent N. Palm Springs runs with Type # 3 bearings 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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 1.98 1.58 -2.51         

134 500 + Rock (Long.) 1.06   1.08   1.49   1.53   1.40   1.42   

135 500 + Rock (Trans.)   1.03   1.04   1.32   1.33   1.29   1.28 

136 500 + Rock (Biaxial)**         1.54 -2.36 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 1.48 -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 1.97 1.54 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)**         1.48 1.63 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 2.04 1.46 1.94         

              

Note: * - The earthquake record used is from the minor component (i.e., E-W 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 with Type # 1 bearings 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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)**         1.50 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)**         1.52 1.43 1.56 -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.)   0.97   0.89   1.06   0.99   1.08   1.11 

72 180 + 180 (Biaxial)**         1.08 1.16 0.95 -1.27         

              

Note: * - The earthquake record used is from the minor component (i.e., N-S 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 used is from soil with VS=500m/s         

 180 - Earthquake 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 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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)**         2.47 -1.57 2.48 1.90         

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 -1.50 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 2.42 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)**         2.47 -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)**         2.11 -1.65 2.31 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)**         2.35 -2.00 2.19 1.95         

              

Note: 

* - The earthquake record used is from the minor component (i.e., N-S component in the case of Loma 

Prieta)   

 

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

component     

Table 6-21 Ratios of bearing displacements for coherent Landers runs with Type # 1 bearings 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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)**         1.46 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 component (i.e., N-S 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 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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 1.61 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 2.40 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 1.65         

              

Note: * - The earthquake record used is from the minor component (i.e., N-S component in the case of Landers)   

 

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

component     

Table 6-23 Ratios of bearing displacements for coherent N. Palm Springs runs with Type # 1 bearings 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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)**         1.41 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 earthquake record used is from the minor component (i.e., E-W component 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 

Run 

No. Description 

Experiment / Newmark Experiment / SAP2000 Newmark / SAP 2000 

North End South End North End South End North End South End 

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 (Biaxial)**          1.88 -2.21 1.82 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 2.56 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   
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147 180 + 500 (Trans.)   1.04   1.20   2.00   -1.97   1.93   -1.64 

148 180 + 500 (Biaxial)**         2.79 2.49 1.71 1.77         

              

Note: * - The earthquake record used is from the minor component (i.e., E-W component in the case of N. Palm Springs)  

 

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

component     



 

148 

 

 

Figure 2.1 Four span, simply supported, two girder prototype bridge 

 

 

 

 

 

 

 
 

 

Figure 2.2 Bridge model 
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Figure 2.3 Steel plate girder and deck slab 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.4 Detail of end cross frames 
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Figure 2.5 Detail of intermediate cross frames 

 

 

 

 

 

 

 

 
 

Figure 2.6 Bridge Model and Shake Table Setup 
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Figure 2.7 Detail of Type #3 Bearings 

 

 

 

 
 

Figure 2.8 Detail of Type #1 Bearing 
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Figure 2.9 Unscaled acceleration time histories on rock for a) 000 component and b) 

090 component of Loma Prieta 
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Figure 2.10 Unscaled acceleration time histories on rock for a) 000 component and 

b) 275 component of Landers 
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Figure 2.11 Unscaled acceleration time histories on rock for a) 180 component and 

b) 270 component of North Palm Springs 
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Figure 2.12 Response spectra from unscaled earthquake record on rock for a) 000 

component and b) 090 component of Loma Prieta 
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Figure 2.13 Response Spectra from unscaled earthquake record on rock for a) 000 

component and b) 275 component of Landers 
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Figure 2.14 Response spectra from unscaled earthquake record on rock for a) 180 

component and b) 270 component of North Palm Springs 
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Figure 2.15 Unscaled acceleration time histories on soil with VS=500m/s for a) 000 

component and b) 090 component of Loma Prieta 
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Figure 2.16 Unscaled acceleration time histories on soil with VS=500m/s for a) 000 

component and b) 275 component of Landers 
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Figure 2.17 Unscaled acceleration time histories on soil with VS=500m/s for a) 180 

component and b) 270 component of North Palm Springs 
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Figure 2.18 Response spectra for unscaled ground motion on soil with VS=500m/s 

for a) 000 component and b) 090 component of Loma Prieta 
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Figure 2.19 Response spectra for unscaled ground motion on soil with VS=500m/s 

for a) 000 component and b) 275 component of Landers 
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Figure 2.20 Response Spectra for unscaled ground motion on soil with VS=500m/s 

for a) 180 component and b) 270 component of North Palm Springs 



 

164 

 

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0 5 10 15 20 25 30 35 40 45

Time (sec)

(a)

A
c
c

e
le

ra
ti

o
n

 (
g

)

 

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0 5 10 15 20 25 30 35 40 45

Time (sec)

(b)

A
c
c

e
le

ra
ti

o
n

 (
g

)

 
Figure 2.21 Unscaled acceleration time histories on soil with VS=180m/s for a) 000 

component and b) 090 component of Loma Prieta 
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Figure 2.22 Unscaled acceleration time histories on soil with VS=180m/s for a) 000 

component and b) 275 component of Landers 
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Figure 2.23 Unscaled acceleration time histories on soil with VS=180m/s for a) 180 

component and b) 270 component of North Palm Springs 
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Figure 2.24 Response spectra for unscaled ground motion on soil with VS=180m/s 

for a) 000 component b) 090 component of Loma Prieta 
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Figure 2.25 Response spectra for unscaled ground motion on soil with VS=180m/s 

for a) 000 component and b) 275 component of Landers 
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Figure 2.26 Response spectra for unscaled ground motion on soil with VS=180m/s 

for a) 180 component and b) 270 component of North Palm Springs 
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Figure 2.27 Load cell positions 
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Figure 2.28 Displacement transducers 

 

 

 



 

172 

 

 

 

 

 
 

Figure 2.29 Locations of accelerometers 
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Figure 3.1 a) Table 1 and b) Table 3 displacement for Run12-2 with Type #3 

bearings 
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Figure 3.2 Bearing 1 relative displacement for Run 12-2 with Type # 3 bearings 

-2

-1

0

1

2

3

4

5

-1.5 -1 -0.5 0 0.5 1 1.5

Brg1 Long Displ.

T
1
W

e
s
t_

S
h

e
a
rX

X

 
Figure 3.3 Brg 1 shear force vs displacement for Run 12-2 with Type #3 bearings  
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Figure 3.4 a) Table 1 and b) Table 3 displacement for Run 13 with Type # 3 

bearings 
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Figure 3.5 Bearing 1 relative displacement for Run 13 with Type #3 bearings 
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Figure 3.6 Brg 1 shear force vs displacement for Run13 with Type #3 bearings 
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Figure 3.7 a) Table 1 and b) Table 3 displacement for Run21-2 with Type # 3 

bearings 
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Figure 3.8 Bearing 1 displacement for Run 21-2 with Type #3 bearings 
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Figure 3.9 Brg1 shear force vs displacement for Run21-2 with Type #3 bearing 
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Figure 3.10 a) Table 1 and b) Table 3 displacement for Run22 with Type # 3 

bearings 
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Figure 3.11 Bearing 1 displacement for Run 22 with Type #3 bearings 
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Figure 3.12 Brg1 shear force vs displacement for Run22 with Type #3 bearing 
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Figure 3.13 a) Table 1 and b) Table 3 displacement for Run12-2 with Type # 1 

bearings 
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Figure 3.14 Bearing 1 displacement for Run 12-2 with Type #1 bearings 
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Figure 3.15 Brg1 shear force vs displacement for Run12-2 with Type #1 bearings 
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Figure 3.16 a) Table 1 and b) Table 3 displacement for Run13 with Type # 1 

bearings 
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Figure 3.17 Bearing 1 displacement for Run 13 with Type #1 bearings 
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Figure 3.18 Brg1 shear force vs displacement for Run13 with Type #1 bearings 
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Figure 3.19 a) Table 1 and b) Table 3 displacement for Run21 with Type # 1 

bearings 
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Figure 3.20 Bearing 1 displacement for Run 21 with Type #1 bearings 
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Figure 3.21 Brg1 shear force vs displacement for Run21 with Type #1 bearings 
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Figure 3.22 a) Table 1 and b) Table 3 displacement for Run22 with Type # 1 

bearings 
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(b) 

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) Brg1 and  Brg 5 shear force vs displacement for Run22 with Type #1 

bearings 


