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ABSTRACT

The effect of alluvium on strong ground motion can be seen by comparing 

two strong-motion records of the Coyote Lake, California, earthquake of 

August 6, 1979 (M. = 5.9). One record at a site on Franciscan bedrock had a 

peak horizontal acceleration of 0.13 g and a peak horizontal velocity of 10 

cm/sec. The other, at a site 2 km distant on 180 m of Quaternary alluvium 

overlying Franciscan, had values of 0.26 g and 32 cm/sec, amplifications by 

factors of 2 and 3. Horizontal motions computed at the alluvial site for a 

linear plane-layered model based on measured P and S velocities show 

reasonably good agreement in shape with the observed motions but the observed 

peak amplitudes are greater by a factor of about 1.25 in acceleration and 1.8 

in velocity. About 15 percent of the discrepancy in acceleration and 20 

percent in velocity can be attributed to the difference in source distance; 

the remainder may represent focusing by refraction at a bedrock surface 

concave upward. There is no clear evidence of nonlinear soil response. 

Fourier spectral ratios between motions observed on bedrock and alluvium show 

good agreement with ratios predicted from the linear model. In particular, 

the observed frequency of the fundamental peak in the amplification spectrum 

agrees with the computed value, indicating that no significant nonlinearity 

occurs in the secant shear modulus. Computations show that nonlinear models 

are compatible with the data if values of the coefficient of dynamic shear 

strength in terms of vertical effective stress are in the range of 0.5 to 1.0 

or greater. The data illustrate that site amplification may be less a matter 

of resonance involving reinforcing multiple reflections, and more the simple 

effect of the low near-surface velocity. Application of traditional 

seismological theory leads to the conclusion that the site amplification for



peak horizontal velocity is approximately proportional to the reciprocal of 

the square root of the product of density and shear-wave velocity.



INTRODUCTION

The Gilroy strong-motion array was established by the U.S. Geological 

Survey in 1970 to study the effect of local geology on strong ground motion in 

earthquakes. It is a linear array of six, three-component accelerographs 

extending 10 km from Franciscan rocks on the southwest across Quaternary 

alluvium of the Santa Clara valley to Cretaceous rocks of the Great Valley 

sequence on the northeast. The Coyote Lake earthquake occurred on the 

Calaveras fault near the northeast end of the array. Five records were 

obtained from the array including two of particular interest in studying the 

effect of geology on ground motion, the record from station ,1 on Franciscan at 

the southwest end of the array and the record from station 2, two km to the 

northeast on 180 m of Quaternary alluvium overlying Franciscan (Figure 1). 

The effect of the alluvium was to amplify both horizontal and vertical 

motion. Peak horizontal acceleration at station 1 was 0.13 g and peak 

horizontal velocity 10 cm/sec. At station 2 values of 0.26 g and 32 cm/sec 

were recorded. At station 1 peak vertical acceleration was 0.08 g and peak 

vertical velocity 2.6 cm/sec versus 0.18 g and 6.6 cm/sec at station 2 

(Porcella £t &]_. , 1979; Brady et_ ^1_., 1980). These records provide an 

especially favorable opportunity to study the effect'of sediments on 

earthquake ground motion at moderate amplitude levels.

Attempts to predict the response of soil to earthquake ground motion have 

a long history. An important pioneer was Kanai (1952) who solved the problem 

for a system of layers with linear viscoelasticity of the Voigt type excited 

by a vertically incident shear wave in the underlying elastic medium. Idriss 

and Seed (1968a, 1968b) warned against assuming linear soil behavior under 

conditions'of strong ground motion. To deal with nonlinearity they introduced



the "equivalent linear method", which is an iterative method based on the 

assumption that the response of the real soil can be approximated by the 

response of a linear model whose properties are chosen in accord with the 

average strain that occurs at each depth in the model during excitation. The 

strain-dependent soil properties are estimated on the basis of laboratory test 

data. More recently, a number of workers have described methods that use 

nonlinear stress-strain relationships directly (Streeter e_t a_L, 1974; 

Constantopoulos, 1973; Faccioli et a_[., 1973; Chen and Joyner, 1974). Ooyner 

and Chen (1975) used a direct method to demonstrate that the equivalent linear 

method may significantly underestimate short period motions for thick soil 

columns and high levels of input motion.

The ground motion data available for testing these ideas has been meager. 

Such testing is desirable not only because of the simplifications necessarily 

introduced in devising mathematical models of site response, but also because 

of douDts about the degree to which laboratory measurements on soil are 

representative of the dynamic behavior of the soil jn situ. Idriss and Seed 

(1968b) tried their method out on data from the 1957 San Francisco 

earthquake. These data were recorded on strong-motion accelerographs, but 

they have peak horizontal accelerations of 0.13 g or less and peak horizontal 

velocities of 5 cm/sec or less, too small to provide a decisive test of 

nonlinearity.

Borcherdt (1970, Borcherdt and Gibbs, 1976) made recordings in the San 

Francisco Bay area of distant nuclear explosions. These recordings showed 

marked variations in amplitude that were consistently related to the geology 

of the recording site. The indicated relationships between geology and 

ground-motion amplitude paralleled the relationship between geology and 1906 

earthquake intensities as reported by Wood (1908) and Lawson (1908).



Ground motion data from downhole seismometer arrays have been considered 

by a number of authors. Data from an array at Tokyo Station were analyzed by 

Shima (1962) and Dobry et_ a]_., (1971); data from an array at Union Bay, 

Seattle by Seed and Idriss (1970), Tsai and Housner (1970), and Dobry et. a\_. 

(1971); and data from an array near San Francisco Bay by Joyner et al. 

(1976). In all these cases general agreement was reported between the 

observations and the predictions of simple plane-layer theory, but in all the 

cases the motion was small in amplitude.

Rogers and Hays (1979; Hays e± ji]_., 1979) studied the consistency of site 

transfer functions between rock and soil sites for different events recorded 

at the same site. They concluded from the lack of dependence on amplitude 

that soil response remains linear up to rather high values of estimated

strain, values up to 10 for data from the San Fernando earthquake and
_3 

10 for recordings of nearby nuclear explosions.

In this report we use data from the Coyote Lake earthquake to examine the 

effect of soil on strong ground motion with particular emphasis on the 

linearity of the response. We compare the observed data with the response 

computed for a plane-layered linear viscoelastic model and for plane-layered 

nonlinear models. We restrict our attention to the horizontal components of 

motion since they have the greater engineering importance.



THE EARTHQUAKE

The mainshock (ML = 5.9) occurred on the Calaveras fault zone southeast 

of Coyote Lake near the town of Gilroy on August 6, 1979 (Lee et^]_., 1979, 

Uhrhammer, 1980). Focal depth was 9.6 km (+_ 2 km). Aftershock hypocenters 

for the first 15 days occurred along a 25 km segment of the fault lying 

principally to the southeast of Coyote Lake (Figure 1) with focal depths down 

to 12 km. Discontinuous surface faulting was observed along a 14.4 km length 

of the Calaveras fault southeast of Coyote Lake with a maximum offset of 5 mm 

near San Felipe Lake (Herd et al., 1979).

Although the aftershock zone extends about 20 km southeast of the 

mainshock hypocenter, it is not certain that the mainshock rupture extended 

that far. Archuleta (1979; personal communication, 1980) concluded from an 

analysis of the strong motion record at station number 6 of the Gilroy array 

that the rupture extended at least 8 km. Okubo (1979; personal communication, 

1980) examined spectra of broad-band data recorded at Berkeley and concluded 

that the coherent rupture did not extend the full length of the aftershock 

zone.

The length of rupture affects the interpretation of the records at Gilroy 

stations number 1 and number 2 in the choice of an average azimuth for 

resolving the horizontal motion into radial and transverse components. On the 

basis of the available information, we choose (somewhat arbitrarily) a point 4 

km southeast of the epicenter and determine the average azimuth from that 

point to stations 1 and 2. The result is S20°W.



SITE STUDIES

After the earthquake a systematic program of documenting site 

characteristics at the array sites was undertaken by J. F. Gibbs, T. E. Fumal, 

and R. M. Hazlewood. Holes were drilled, geologic logs prepared, and P and S 

velocity surveys carried out to a depth of 20 m at station 1, 30 m at stations 

2, 4, and 6, and 60 m at station 3. Results of these studies are being 

prepared for separate publication. Since none of these first holes at the 

alluvial sites (stations 2, 3, and 4) penetrated the full thickness of 

alluvium, a second hole was drilled at station 2 to a depth of 197 m. 

Franciscan was encountered at the base of the alluvium at 180 m. A geologic 

log was made for the hole (Figure 2), and P and S velocity surveys were run. 

The velocity profiles are shown in Figure 3. We were unable to obtain 

reliaole velocity measurements in the Franciscan bedrock at station 2; the 

values shown on Figure 3 and assumed in later calculations are obtained from 

the measurements in the shallow hole at station 1. The water table at station 

2 is at a depth of 20 m, judging both by the standing water level in the well 

and by the results of the P velocity survey. A standard penetration test gave 

a count of 21 at a depth of 3 m at station 2.

Walter D. Mooney and others (unpublished data) have shot a refraction 

profile across the Santa Clara valley 2.7 km southeast of station 2. 

Preliminary interpretation (W. D. Mooney, personal communication, 1980) 

indicates that the Franciscan bedrock surface exposed southwest of the valley 

dips about 10 degrees to the northeast beneath the Quaternary alluvium of the 

valley. This agrees quite well with the 7 degree dip computed from the depth 

to Franciscan at station 2 and the distance to the edge of the alluvium. It 

is also consistent with the dip of approximately 14 degrees northeast that 

characterizes the exposed Franciscan surface southwest of the valley.



THE LINEAR MODEL

Kanai's (1952) original solution to the plane layer problem applied to the 

case of an SH wave vertically incident in a semi-infinite elastic medium 

overlain by three horizontal soil layers with viscoelasticity of the Voigt 

type. Matthiesen ert aK (1964) adapted Kanai's solution to machine 

computation and extended it to an arbitrary number of layers. We use the same 

general approach extended to general viscoelastic behavior for the soil layers 

and extended with the aid of the matrix methods of Haskell (1953, 1960) to the 

case where the input wave in the underlying medium has arbitrary angle of 

incidence and to the case of incident SV as well as SH waves. Similar 

developments have been presented by Silva (1976) and A. F. Shakal (1979, Ph.D. 

thesis, Massachusetts Institute of Technology).

The viscoelastic properties of the soil layers were represented by using a 

complex shear modulus that can be written in real numbers as

V = MR (1 + i/Q)

where the p^ and Q are independent of frequency. Strictly speaking these 

assumptions lead to a violation of causality (Futterman, 1962), but in this 

case the transit time in the soil is so small that the effect should be 

negligible. Zero energy loss is assumed in congressional deformation and the 

bulk modulus is, accordingly, real.

Values for the moduli are determined from the measured P and S velocities
o o

and assumed densities of 2.0 gm/cm for the soil and 2.6 gm/cm for the 

rock. We do not have a measurement of Q at the site, and we assume a value of 

16 based on measurements (Ooyner e_t aj_., 1976) in similar materials in the San 

Francisco Bay area (equivalent to a damping ratio of about 3 percent). The 

velocity values used are shown in Figure 3.



To compute the angle of incidence at the base of the alluvium we first 

take the distance from the site to the reference point on the fault 4 km 

southeast of the epicenter and divide by the focal depth. This gives the 

tangent of the incidence angle at depth. Noting that the shear velocity at 

depth should be about 3 km/sec, whereas the shear velocity just below the 

alluvium is 2 km/sec, we apply Snell's law and obtain an incidence angle of 

30° at the base of the alluvium. We assume that all of the incident motion is 

represented by S waves.

With these assumptions we use the Haskell methods to obtain the complex 

transfer functions between a site at the surface of the alluvium and a site 

with bearock at the surface. The transfer functions are then used with the 

aid of the Fast Fourier Transform to obtain computed motions at the surface of 

the alluvium from the recorded motions at the site with bedrock at the 

surface. No allowance is made for the difference in source distance at the 

two sites. Results for the transverse component of motion are shown in Figure 

4. The bottom trace is the observed acceleration at station number 1 on 

oedrock, the middle trace is the observed acceleration at station number 2 on 

the surface of the alluvium and the top trace is the acceleration computed for 

the surface of the alluvium using the plane-layered linear model. The 

computed trace is smaller in peak value than the observed trace, 0.17 g as 

opposed to 0.24 g, but there is good agreement in the wave form. As will be 

seen, some but not all of the amplitude difference can be explained by the 

difference in source distance. Similar results are shown for the radial 

component of acceleration on Figure 5, the transverse component of particle 

velocity on Figure 6 and the radial component of velocity on Figure 7.
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In order to isolate the response characteristics of the site from the 

effects of the source we compute Fourier spectral ratios between the motion on 

alluvium and bedrock. The spectral ratios are computed in the following 

manner: The whole record is usea. To avoid spectral leakage the 

accelerograms are first multiplied by a window that is flat in the central 

portion and has a cosine half-bell taper occupying 10 percent of the total 

window length at each end (Kanasewich, 1973, p. 93-94). The complex Fourier 

spectrum is then calculated using the Fast Fourier Transform and the square 

modulus of the spectrum is smoothed using a symmetrical 31 point triangular 

window. After smoothing, the square root is taken to give a smoothed modulus 

from which the ratios are computed. Use of a 31 point triangular window gives 

spectra with a resolution, after smoothing, of about 0.4 Hz. Theoretical 

spectral ratios are calculated using a method described by Joyner et a_U 

(1976) to insure that the theoretical ratios show the same effects from 

windowing and smoothing as are present in the observed ratios. In addition to 

calculating spectral ratios from the whole records, we calculated ratios using 

a window, centered on the S wave, which was flat for 2.2 sec in the central

portion ana had a one-sec cosine half-bell taper at each end. The results did
>

not differ significantly from the whole-record ratios and are not shown. 

Comparisons of observed and theoretical spectral ratios are given in 

Figure 8 for the transverse and radial components. The observed ratios are 

consistently somewhat higher, but the agreement in shape is good. It is 

particularly important to note that there is no significant shift in frequency 

of the fundamental peak. This observation puts limits on the degree of 

nonlinearity that can be ascribed to the soil response.

11



NONLINEAR MODELS

We also do computations with nonlinear models to show that there is a 

range of properties for which nonlinear models are compatible with the data. 

We use the explicit method described by Joyner and Chen (1975) with one 

significant change, described below. The method is based on a rheological 

model proposed by Iwan (1967), which is illustrated in Figure 9. It is 

composed of simple linear springs and Coulomb friction elements arranged as 

shown. The friction elements remain locked until the stress on them exceeds 

the yield stress Y/. Then they yield, and the stress across them during
X^

yielding is equal to the yield stress. By appropriate specification of the 

spring constants u . and the yield stresses Y . we can model a very broad range
-C "C

of material behavior. There is one model of the kind diagrammed in Figure 9 

for each soil layer in the system.

There is one problem with this model; the anelastic attenuation goes 

toward zero for small amplitude motion. As a result it may give good results 

for the high-level portion of a record but give excessive amplitudes in the 

low-level portion. We do not consider this a serious defect since it affects 

only the low-amplitude motion, but it is easy to remedy and we will do so. 

Problems like this are commonly solved by adding a dashpot to the system. We 

object to that approach because it produces an unrealistic dependence of 

damping coefficient upon frequency. What we do is replace the first linear 

spring u-j by a nonlinear spring of the appropriate kind. Such a nonlinear 

spring has been described by Andrews and Shlien (1972). When shear stress and 

shear strain rate have the same sign (loading) the spring is characterized by 

a constant modulus PO . When they have opposite sign the modulus is 

variable, given by

max
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where s is the shear stress and smav is the maximum shear stress reached inmax

the previous loading cycle. The equivalent Q is controlled by the value of Ay. 

Straightforward integration give the relationship

1 1S = "

We use a value of 0.38 for ratio Ay/y , and this gives a low-strain Q of 

16, the value assumed for the linear model.

The parameters of the model are chosen to give a hyperbolic stress-strain 

curve

y sr s

where e is shear strain and s/> is the dynamic shear strength, the maximum 

shear stress the material can withstand. Values of y and density for the soil 

layers are the same as used for the linear model. The maximum shear stress 

s is assumed proportional to vertical effective stress P

s£ =Ypve 

and computations are performed for coefficients Y of 1.0 and 0.5. In

computing vertical effective stress the water-table depth of 20 m is taken 

into account.

Results for the transverse component of acceleration are shown in Figure 

10. The bottom trace is the observed acceleration at station number 1 on 

bedrock, the second trace is the observed acceleration at station number 2 on 

the surface of the alluvium, the third trace is the acceleration computed for 

the surface of the alluvium using the linear model, the fourth trace is 

computed using the nonlinear model with a coefficient of 1.0 for s*> in terms

13



of vertical effective stress, and the top trace is computed using the 

nonlinear model with a coefficient of 0.5. A similar comparison is shown in 

Figure 11 for the transverse component of velocity. The nonlinear models give 

somewhat smaller values of peak acceleration than the linear models but 

otherwise the results are very similar. A comparison of observed and computed 

peak acceleration and peak velocity values for all the models is given in 

Table 1. We may conclude that the nonlinear models are compatible with the 

data for values of the coefficient relating s« to vertical effective stress in 

the range of 0.5 to 1.0 or greater. It is necessary to emphasize, however, 

that these models are nonlinear only in the sense that they are capable of 

nonlinear behavior, not that they exhibit appreciable nonlinear behavior in 

this instance.

Peak strain was also computed for the nonlinear models. It was 

3.3 x 10 achieved at a depth of about 110 m for both values of the 

coefficient. This is probably a good estimate of the strain that actually 

occurred, since the value is insensitive to the strength coefficient.

14



DISCUSSION

The results of calculations with linear models as shown in Figures 4 

through 7 give waveforms in horizontal acceleration and velocity similar to 

the observed motion for both components. The peak observed motions are 

actually stronger than the computed motions in both components by a factor of 

about 1.25 in acceleration and 1.8 in velocity. Allowance for the difference 

in source distance using the attenuation curves of Boore ^t a^_. (1980) would 

reduce these values by 18 percent for acceleration and 25 percent for 

velocity. Using more recent curves (W. B. Ooyner, D. M. Boore, and R. L. 

Force!la, manuscript in preparation), the reductions are 13 percent and 19 

percent, respectively. We do not have enough information to give a unique 

explanation for the remaining discrepancy in amplitude, but if the bedrock 

surface beneath station 2 is concave upward, focusing could account for it 

(Boore et aj_., 1971; Hong and Helmberger, 1978). This explanation is given 

some support by the fact that the exposed Franciscan surface west of the edge 

of the alluvium projects to a greater depth at the site of station number 2 

than the actual depth. This fact requires that there be concave curvature of 

the surface in the vicinity of station number 2.

The data show amplification on Quaternary alluvium in both acceleration 

and velocity and no clear evidence of nonlinearity. Significant nonlinearity 

in the secant shear modulus is precluded by the fact that the observed 

frequency of the fundamental response peak agrees with the frequency computed 

for a linear model. The data are compatible with nonlinear models in which 

the coefficient of dynamic shear strength in terms of vertical effective 

stress is in the range 0.5 to 1.0 or higher. Data at higher levels of motion 

will be required to demonstrate soil nonlinearity and to determine the
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threshold above which it occurs. The Coyote Lake data indicate that linear 

models are applicable to the response of soil to ground shaking at higher 

levels of motion than has been widely believed, levels of at least 0.25 g peak 

horizontal acceleration and 30 cm/sec peak horizontal velocity at the soil 

surface.

An important point concerning the mechanism of soil amplification is 

illustrated by Figure 6. The velocity observed at the bedrock surface shows 

only one half cycle of motion at significant amplitude and the velocity 

observed on the alluvium shows only two half cycles. The amplification of a 

broaa-band signal such as this is obviously not primarily a resonance 

phenomena involving multiple reflections. Narrow-band measures such as the 

Fourier spectral amplitudes are, of course, affected by resonance but the 

amplification of the peak velocity shown in Figure 6 is simply the effect of 

the low shear-wave velocity in the near-surface materials and can be estimated 

by a relatively simple method from traditional seismological theory (Sullen, 

1965), a method that does not require detailed information about site 

conditions. If we neglect losses due to reflection, scattering, and anelastic 

attenuation, the energy along a tube of rays is constant, and the amplitude is 

inversely proportional to the square root of the proauct of the density and 

the propagation velocity. If we include a correction for the change in 

cross-sectional area of the wave tube due to refraction in a medium where 

velocity is a function of depth we obtain an expression for the amplification 

ratio at a soil site

1/2 

where VR and V^ are the near-surface velocities in rock and soil

16

/PRV R \ 1/2 /cos^ \ 

Ws/ \cos^s /



respectively, p R and p$ are the densities and ^R and ^ are the angles 

of incidence. The factor involving the angles of incidence can be neglected 

in cases such as this where the angle of incidence in rock is not large. If 

the angle of incidence is neglected the expression reduces to one derived by 

Wiggins (1964) on a somewhat different basis. To use the expression one must 

decide over what interval the near-surface velocities should be measured. We 

propose a quarter wavelength down from the surface. In the case of stations 

numbers 1 and 2, estimating the dominant frequency for velocity at about 1 Hz, 

we obtain a value of 2.4 for the amplification ratio. This is somewhat 

smaller than the observed ratios for peak horizontal velocity (Table 1), as 

would be expected if some additional amplification mechanism such as focusing 

is operable; but it is reasonably close to the ratios computed for the linear 

model. Application of this approach to the amplification of peak acceleration 

requires modification to allow for the effect of anelastic attenuation in the 

alluvium. Estimating the dominant frequency for acceleration at 3 Hz we 

obtain an amplification ratio of 2.9, uncorrected for attenuation. Correcting 

for attenuation using a frequency of 3 Hz and the assumed Q of 16 gives a 

ratio of 2.3, which is similar to the observed values and also to the values 

computed for the linear model (Table 1). The effect of anelastic attenuation 

may account for the fact that at this site both peak horizontal acceleration 

and velocity show significant amplification on the alluvium whereas in the San 

Fernando earthquake (Boore £t a]_. , 1980) soil sites showed significant 

amplification in peak horizontal velocity but not acceleration. These 

relationships can be readily explained if, as would seem likely, there is a 

greater thickness of low-Q material on the average at the soil sites that 

recorded the San Fernando earthquake than at Gilroy station number 2.
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Table 1. Observed and predicted peak horizontal acceleration and velocity 
at Gilroy station numbers 1 and 2.

Peak Transverse Peak Radial Peak Transverse Peak Radial 
Acceleration Acceleration Velocity Velocity

Gilroy 1 
observed*

Gilroy 2 
observed*

predicted, 
linear model

predicted, 
nonlinear model, 
Y = 1.0

predicted, 
nonlinear model, 
Y= 0.5

0.10 g

0.24 g

0.17 g

0.15 g

0.11 g 8.9 cm/sec

0.26 g 28 cm/ sec

0.23 g 15 cm/sec

13 cm/sec

5.5 cm/sec

20 cm/sec

12 cm/sec

0.12 g 12 cm/sec

*The peak values cited in the text apply to the components in the directions 
as originally recorded and are slightly different from the values for the 
radial and transverse components given here.
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Figure 1. Map showing aftershocks for the first 15 days after the Coyote

Lake earthquake (modified from Lee el ^1_., 1979). Also shown are 

the strong motion stations (1, 2> 3, 4, 6) of the Gilroy array 

where records were obtained of the mainshock.
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Figure 2. Geologic log of the drill hole at the site of Gilroy station 

number 2.
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Figure 3. Velocity profiles for the site of Gilroy station number 2
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Figure 4. Transverse horizontal acceleration observed at Gilroy stations

number 1 and 2 and calculated at station number 2 for the linear 

model.
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Figure 5. Radial horizontal acceleration observed at Gilroy stations number 

1 and 2 and calculated at station number 2 for the linear model.
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Figure 6. Transverse horizontal velocity observed at Gilroy stations number 

1 and 2 and calculated at station number 2 for the linear model.

30



C
O
Y
O
T
E
 
L
.
R
K
E
 
E
Q
 .

T
R
R
N
S
V
E
R
S
E
 
V
E
U
O
C
I
T
Y

-1
00

 
cm

L 
se

c

2 
- 

ca
lc

.

2 
- 

ob
s.

1 
- 

ob
s.

0
.0

5
.0

1
0
.0

 
1
5
.0

S
E

C
O

N
D

S

2
0

.0
2
5
.0

B
R

O
O

M
 A

ll
 

IN
O

ll
S

T
P

IF
S

 
IN

C

[ 
\°

\.
 
V



Figure 7. Radial horizontal velocity observed at Gilroy stations number 1 

and 2 and calculated at station number 2 for the linear model.
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Figure 8. Spectral ratio of transverse (above) and radial (below) horizontal 

ground motion at Gilroy station number 2 relative to station 

number 1, observed and calculated for the linear model.
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Figure 9. Model used for the nonlinear constitutive relationship,
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Figure 10. Transverse horizontal acceleration observed at Gilroy stations 

number 1 and 2 and calculated at station number 2 for different 

models.
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Figure 11. Transverse horizontal velocity observed at Gilroy stations number 

1 and 2 and calculated at station number 2 for different models.
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