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Proceedings: Second International Conference on Recent Advances In Geotechnical Earthquake Engineering and Soli Dynamics, 
March 11-15, 1991 St. Louis, Missouri, lnvHed Paper LP01 

Earthquake Ground Motions at Soft Soil Sites 

I. M. ldriss 
Department of Civil Engineering, University of California, Davis, USA 

INTRODUCTORY REMARKS 

This Special Session of the Second International Conference on 
Recent Advances in Geotechnical Earthquake Engineering and Soil 
Dynamics has been dedicated to the Memory of the late Professor H. 
Bolton Seed. I had the privilege and the pleasure to work closely with 
him for about 25 years. For that reason, I was asked to provide in the 
opening remarks to this Special Session a glimpse of the "Life and 
Philosophy" of Professor H. B. Seed. It is with a mixture of sadness 
and a sense of loss, coupled with pride in the man we are honoring 
today, that I offer the following few comments regarding the life and 
philosophy of Professor Seed. 

He was born in Bolton, England on 22 August 1922. He studied at 
Kings College, London University, receiving a B. S. in Civil 
Engineering in 1944 and a Ph. D. in Structural Engineering in 1947. 
Following two years as Assistant lecturer at Kings College, he came to 
the USA to study Soil Mechanics at Harvard with Karl Terzaghi and 
Arthur Casagrande. 

In 1950, he came to the University of California at Berkeley where he 
stayed until his untimely death in April1989. 

Over that span of almost 40 years, he was engaged as a teacher, a 
public servant, a researcher in geotechnical engineering and as a 
consultant to numerous companies and governmental agencies on 
projects and technical issues throughout the world. He built the 
program in Geotechnical Engineering at UC Berkeley into one of the 
best (if not the best) and largest in the world by attracting and keeping 
excellent faculty colleagues and by attracting and educating excellent 
students. 

As a Teacher, he was superb. He received all the honors a superb 
teacher receives both from his own institution and from many other 
campuses throughout the USA and other pa:ts of the world. 

As a Public Servant, he devoted large amounts of time and energy to 
the Technical Societies, to State and Federal Committees and 
Commissions. In all these assignments, he gave unselfishly of his 
time and talent and always made significant contributions. 

As a Researcher, he had an enormous impact on every area of research 
activity in which he worked. In the 1950's and early 1960's he 
pioneered research on pile foundations, soil compaction, influence of 
methods of compaction on soil structure and on analytical methods of 
pavement design. 

He created the field of Geotechnical Earthquake Engineering in the 
early 1960's and guided it throughout the remainder of his career. He 
pioneered research and applications in site response, dynamic soil 
properties, liquefaction, earthquake ground motions, soil-structure 
interaction, earthfill and rockfill dams ... etc (ie, just about each and 
every topic covered in this conference). This research resulted in the 
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development of evaluation and design methods that revolutionized 
many aspects of engineering practice and thinking. One area of 
research that Professor H. Bolton Seed thrived in was the full 
utilization of case histories to create, calibrate or modify an evaluation 
procedure. 

As a Consultant, he was involved in some of the most significant and 
tough projects throughout the USA and in many parts of the world. 

For all his contributions, Professor Seed was honored on numerous 
occasions. He received 14 awards from the American Society of Civil 
Engineers (ASCE) and was selected to give several distinguished 
lectures, such as the Terzaghi, Rankine, Martin Kapp and many others. 
He became a member of the Academy of Engineering in 1970 and of 
the Academy of Science in 1986. He was elected an honorary member 
of ASCE and of the Earthquake Engineering Research Institute 
(EERI). He received the first honorary doctorate degree in 
engineering from the Ecole Nationale des Pontes et Chausses in Paris 
In 1987. 

When we read the numerous writings of Professor Seed, we begin to 
glimpse the trend that is present in any topic he tackled. First and 
foremost, he always chose an important and relevant topic to work on. 
He started with the overall issue, divided it into solvable segments 
(never losing sight of the full picture, however), incorporated the 
lessons that can be learned from relevant case histories, and 
augmented each step with "good quality" analyses to arrive at an 
evaluation and design procedure for the issue at hand. At each step he 
tried to keep things as simple as possible, but 'no simpler' (as he wrote 
in his Rankine Lecture quoting from Albert Einstein). 

An excellent example of this process is his work in the evaluation of 
earth- and rock-fill dams due to earthquake loading conditions. The 
basic issues were laid out in his paper titled "A Method for Earthquake 
Resistant Design of Earth Dams " which was published in the Soil 
Mechanics and Foundation Engineering Journal of ASCE in January 
1966. These were followed by the evaluation of the failure of the 
Sheffield Dam and the slides in the San Fernando dams. Several 
studies later (including analytical and experimental developments as 
well as utilization of additional case histories) together with the re
evaluation of the slides of the lower San Fernando Dam in 1988 
completed all the steps he had outlined in 1966. 

This is only a glimpse that provides a slight insight into the approach 
that Professor Seed followed in his research. He wrote in his Rankine 
Lecture "it is extremely important that we take every opportunity that 
Nature provides to continually refine the procedures". This best 
expresses the importance he attached to case histories. 

At the Memorial Symposium held in May 1990 'in recognition of 40 
years of Extraordinary Contributions by Professor H. Bolton Seed to 
the Teaching, Research and Practice of Geotechnical Engineering', 
Professor J. K. Mitchell (who was a long time colleague of H. B. Seed 
and the Chairman of that Symposium) wrote "Harry Seed was truly a 
giant of his generation and all of us are richer for having had him 
among us." This statement truly reflects the feelings of all of us who 
knew Harry well. 



This Special Session of this Conference is dedicated to summarizing 
the lessons learned from the recent Lorna Prieta earthquake. This 
earthquake has been designated the "geotechnical earthquake" and two 
issues were particularly highlighted in this earthquake. One issue 
pertained to liquefaction, which was wide-spread in San Francisco, in 
Oakland and many other locations from Moss Landing in the south to 
Richmond in the north. The other issue was the variations of recorded 
ground mo.tions with the local site conditions. 

Professor H. Bolton Seed made giant contributions to both issues. 
Thus, it is very appropriate that this Special Session of this Conference 
is dedicated to the Memory of Professor H. Bolton Seed and to 
honoring Professor Seed and his contributions to the art and science of 
geotechnical earthquake engineering. 

The remainder of my presentation at this Special Session is devoted to 
providing an assessment of the recordings obtained during this 
earthquake, with particular emphasis to those recorded at soft soil 
sites. 
GROUND MOTIONS RECORDED DURING THE LOMA 
PRIETA EARTHQUAKE 

The Lorna Prieta earthquake occurred on 17 October 1989 at 5:04pm 
PDT along a segment of the San Andreas fault in the Santa Cruz 
Mountains. The extent of the rupture zone was about 45 km. The 
hypocenter of the earthquake was at a depth of about 18 km; the 
rupture plane dips to the southwest at about 70 degrees thus the 
epicenter is located several kilometers west of the San Andreas fault 
trace (Fig. 1 ). The earthquake was assigned a surface wave 
magnitude, Ms = 7.1, and a moment magnitude, Mw = 7. The rupture 
was bilateral and thus the duration of shaking was only about one half 
what might be expected during a magnitude 7 earthquake. 
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Fig. 1 Locations of CSMIP Stations that 
Recorded the 17 October 1989 Earthquake 

(from Shakal et al, 1989) 

Ground motion were recorded at stations installed by the California 
Strong Motion Instrumentation Program (CSMIP) [Shakal et al 
(1989), CSMIP(1989) and Huang et al (1990)] and at stations installed 
by the U.S. Geological Survey (USGS) [Maley et al (1989)]. Figure 1 
shows the location of the CSMIP stations that recorded this 
earthquake, together with the segment of the San Andreas fault on 
which this earthquake occurred. 

The peak horizontal accelerations recorded at 33 rock and 70 soil sites 
(other than soft soil sites) are presented in Fig. 2a; the peak horizontal 
accelerations recorded at 9 soft soil sites are presented in Fig. 2b. 
(Note that both horizontal components from each station are shown in 
Figs. 2a and 2b). Also shown in both Fig. 2a and Fig. 2b are the 
median and the median ± one standard deviation from attenuation 
studies at rock sites for Mw = 7 (using the equations presented later in 
this paper). Examination of Fig. 2a indicates that the variations of 
peak horizontal accelerations at rock and at soil sites (other than those 
underlain by soft soils) can be reasonably estimated using typical 
attenuation relations. The peak horizontal accelerations recorded at 
soft soil sites, however, are significantly greater than those recorded at 
the other sites at distances of about 45 to 100 km as shown in Fig. 2b. 
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Fig. 2a Peak Horizontal Accelerations of Motions Recorded during the 
1989 Loma Prieta Earthquake at Rock and Soil Sites (other than soft 
soil sites) 
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The peak horizontal acceleration recorded at these soft sites during this 

earthquake ranged from slightly less than 0.1 g to a little over 0.3 g at 

distances ranging from about 4S to about 100 km. At comparable 

distances, the peak horizontal accelerations at rock sites ranged from 

about O.OS g to about 0.18 g (Fig. 2a). These ranges are presented in 

Fig. 3 to illustrate the fact that there are no recorded data at soft soil 

sites where the peak accelerations at nearby rock sites exceed 0.2 g. 

Thus, to estimate levels of shaking at such soft soil sites for higher 

levels of shaking, it is necessary at this time to utilize results of 

analytical procedures to extend the range shown in Fig. 3. 
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Selection of Input Rock Motions for Use in Site Response Studies 

When conducting site response studies, it is essential that the 

appropriate input rock motion be selected for use in such studies. The 

key parameters that seem to affect the output .inc.Iude both the P.eak 

acceleration and the frequency content of th1s mput rock motion. 

These parameters depend on the magnitude of the earthquake under 

consideration as well as the distance of the site to the earthquake 

source. Seed et al (1969) suggested the use of "predominant period" 

to represent the frequency content of the. input ro~k motion. The 

predominant period is defined as the. penod at wh1ch the resp~nse 

spectrum (typically, at spectral dampmg of about 0.05) of a giVen 

accelerogram has the largest peak. For e~ample, the t.wo 

accelerograms shown in Fig. Sa were both obtamed at rock s1tes 

during the Lorna Prieta earthquake. The ~op accelerogram was 

recorded at Rincon Hill in San Francisco at a distance of about 80 km, 

and the lower accelerogram was recorded in Santa Cruz at a distance 

of about 20 Ian from the source. As can be readily noted in Fig. Sa, 

the two accelerograms appear to have significantly different frequency 

characteristics in addition to having significantly different peak 

accelerations. 
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Fig. 3 Approximate Range of Peak Accelerations Recorded at Soft ~ 0.4 

Soil Sitesand at Nearby Rock Sites during the Lorna Prieta Earthquake ~ 
~ 0.2 

GROUND RESPONSE ANALYSES ~ 

i 

Ground response analyses, incorporating equivalent linear procedures, 

were conducted for several of the soft soil sites ( eg, Idriss, 1990; 

Dickenson et al, 1991; Idriss et al, 1991) using the computer program 

SHAKE (Schnabel et a!, 1972). These analyses showed reasonable 

agreement between recorded and calculated motions (for peak 

accelerations as well as for spectral ordinates) and hence offered a 

reasonable means for extending the range shown in Fig. 3. For 

example, Idriss (1990) had proposed the curve shown in Fig. 4 as a 

median relationship for use in empirical correlations. On-going 

research, at several institutions, using nonlinear analytical procedures, 

have shown similar results to those depicted in Fig. 4. 
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Fig. 5o East-West Components of Accelerogroms Recorded 
at Santo Cruz and at Rincon Hill in Son Francisco 
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for Rock Motions Recoroed during the 1989 Lama Prieta Earthquake 



Similar characteristics were observed for other rock accelerograms 
near the source (within about 20 km) and for other accelerograms 
recorded at distances of about 80 km. The average normalized 
spectral accelerations (ie, spectral acceleration divided by the peak 
acceleration) for these two sets of recordings are shown in Fig. Sb. 
(The accelerograms recorded at Corralitos, at Gilroy No. 1 and at 
Santa Cruz were used to obtain the average spectral shape for motions 
near the source. The accelerograms recorded at Diamond Heights, 
Rincon Hill, Pacific Heights, Telegraph Hill, Golden Gate, Cliff 
House, Presidio and Y erba Buena were used to obtain the average 
spectral shape for motions at a distance of about 80 km). 

The predominant period for the recordings obtained within 20 km of 
the source is about 0.32 sec and that for the recordings at about 80 km 
is about 0.48 sec. The range of predominant periods at these distances 
and the average values together with the relationship originally 
proposed by Seed et al (1969) forM= 7 are shown in Fig. 6. The 
results presented in this figure indicate that the values initially 
proposed by Seed et al (1969) are reasonable at close distances from 
the source and that there is a significant distance-dependence of 
frequency content (as expressed by the predominant period) of rock 
motions. Based on the results obtained for Lorna Prieta (as shown in 
Fig. 6), the predominant periods originally proposed by Seed et al 
(1969) as a function of magnitude and distance were slightly modified 
and are presented in Fig. 7. 
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Fig. 6 Estimated Predominant Periods for 
Rock Motions - Earthquake Magnitude = 7 
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Estimates of Response of Soft Soil Sites at Hieher Levels of 
Shakine 

Rock motions obtained at a distance of about 80 km were used to 
calculate the response at several soft sites in the San Francisco
Oakland area for levels of shaking up to about 0.25 g in rock. For 
higher levels of input rock motion, the earthquake was considered to 
occur closer to the site and recordings at rock sites obtained at closer 
distances were used for these calculations (including the 
accelerograms recorded at Santa Cruz and those recorded at Gilroy 
No. I). The results of these analyses are presented in Fig. 8; note that 
these and similar results were used in developing the range designated 
as "range based on analytical studies" in Fig. 4. The results shown in 
Fig. 8 are for an earthquake magnitude of 7. 
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Fig. 8 Calculated Peak Accelerations at Soft Soil Sites 
Earthquake Magnitude = 7 
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Estimates of Response of Soft Soil Sites durine Smaller Maenitude 
Earthquakes 

The response at soft soil sites during an earthquake having a 
magnitude of about 5Yz are presented in Fig. 9. The guidelines 
discussed above for the selection of appropriate input rock motions 
and the predominant periods for a magnitude 5'h were used in these 
analyses. (The accelerogram recorded at Golden Gate Park during the 
1957 Daly City earthquake as well as somewhat modified 
accelerograms recorded near the source during the Lorna Prieta 
earthquake were used in these analyses). 

Based on the results shown in Fig. 9, an average relationship for the 
variation of peak horizontal acceleration at a soft soil site as a function 
of peak input rock acceleration was developed for an earthquake 
having a magnitude, M = 5'h and is presented in Fig. I Oa. Also 
shown in Fig. lOa is the average 'curve developed forM= 7 (from Fig. 
4). The amplification ratios (ie, the ratios of peak accelerations at a 
soft soil site divided by the corresponding peak accelerations at a 
nearby rock site) for each magnitude are presented in Fig. I Ob. The 
amplification ratios for M = 7 shown in Fig. lOb are very similar to 
those reported by Jarpe et al (1989) based on measurements at 
Treasure Island and at Yerba Buena during the Lorna Prieta 
earthquake and aftershocks. Similar amplification ratios were also 
reported by Borcherdt and Glassmeyer ( 1990) based on recordings 
from the Lorna Prieta earthquake and aftershocks. 
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Fig. 7 Variations of Predominant Periods for Rock Motions 
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The curves presented in Figs. lOa and lOb were used in conjunction 

with median attenuation relationships for rock motions to estimate 

median peak horizontal accelerations at soft soil sites as discussed 

below. 

MEDIAN PEAK HORIZONTAL ACCELERATIONS AT SOFT 
SOIL SITES 

There are several attenuation relationships for estimating median peak 

accelerations at rock and at stiff soil sites. For example, Joyner and 

Boore ( 1988) include several of these relationships that were available 

as of 1988. Since that time, additional relationships have been 

proposed (eg, Tsai et al, 1990; Campbell, 1991; Idriss, 1991; Youngs 

et al, 1991). For example, the equations derived by Idriss (1991) for 

the median acceleration, Br (in g's), at rock sites are the following: 

ForM :S 6 

Ln (ar) = -0.05 + exp(2.261 - 0.083*M)- exp(l.602 -
0.142*M)* Ln(R + 20) 

and, forM> 6 

Ln (ar) = -0.05 + exp(3.477- 0.284*M)- exp(2.475-

0.286*M)* Ln(R + 20) 

[Eq. la) 

[Eq. lb) 

in which Ln is the natural logarithm, exp is the exponential function, 

M is essentially moment magnitude Mw and R is the closest distance 

to the source .in km. The above equations were derived for 

earthquakes occurring on strike slip sources; for those occurring on 

reverse faults, the above median values should be increased by a factor 
of about 1.22 . 

The standard error terms, £, associated with the above equations are 

magnitude-dependent and are given by the following expressions: 

e = 1.39- 0.14*M forM< 7Y. 

£ = 0.38 for M ;;;: 7Y. 
[Eq. 2a) 
[Eq. 2b) 

Fig. 10a Magnitude-Dependence Variations of Peak Horizontal Accelerations These standard error terms are similar to those obtained by Tsai et al 

at Soft Soil Sites (1990) and are those derived by Youngs et al (1991). 
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Equations for estimating the median peak acceleration at soft soil sites 

can be derived by combining the above equations (Eqs. la and lb) for 

median rock acceleration with the amplification ratios presented in 

Fig. 1 Ob. The resulting equations for the median peak acceleration, a8 

(in g's), at soft soil sites are the following: 

ForM :S 6 

Ln (as)= exp(1.673- 0.137*M)- exp(1.285-
0.206*M)* Ln(R + 20) 

and, forM> 6 

Ln (as) = exp(2.952- 0.350*M) - exp(2.015-
0.328*M)* Ln(R + 20) 

[Eq. 3a) 

[Eq. 3b) 

Fig. 10b Magnitude-Dependence Variations of Amplification of Peak Horizontal 

Accelerations at Soft Soil Sites 
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Standard Error Terms for Peak Horizontal Accelerations at Soft 
SoU Sites 

Because of the limited amount of recorded data at low levels of 
shaking and lack of recorded data at high levels of shaking at soft soil 
sites, it is not possible to obtain a direct es~imate of the standard. error 
terms for the motions at these sites. To amve at a reasonable esttmate 
of the standard error terms, use is made of the limiting value of peak 
horizontal accelerations at these soft soil sites. This limiting value is 
obtained by equating the available shear strength at a particular depth 
in a soft soil layer to the shear stress that may be induced by the 
ground motion at that depth in the layer. (Note ~hat the_ proced~e 
outlined below does not take into account the potenttal for hquefacttan 
in overlying or underlying soil layers at the site under consideration.) 

Young Bay Mud underlies the soft soil sites c~nsidered in th!s paper. 
Most of the Young Bay Mud in the San Franctsco Bay area ts nearly 
normally consolidated to slightly over-consolidated; the o_ver
consolidation ratio typically is less than about 1.5. The undramed 
shear strength, Su· under static loading conditions is related to ~e 
effective vertical overburden pressure, p', by the followmg 
relationship: Sufp' = 0.3 for a normally consoli_dated Young Bay Mud. 
Under dynamic conditions, this ratio may be mcreased by a factor of 
1.3 to 1.5 to reflect the effect of rate o~ loadi~g and by a factor of 
about 1.4 if the over-consolidation ratio ts as htgh as 1.5. _Thus, ~he 
undrained shear strength of Young Bay Mud under dynamtc loadmg 
conditions could range from about Sufp' = 0.4 to about 5u/p' = 0.64, 
with a reasonable overall value of about Sufp' = 0.55. 

The shear stress induced by the earthquake ground motions at a give_n 
depth in a soil profile can be estimated using a site_response analysts 
or the equation originally derived by Seed an~ ldJ!ss (1971) ~or the 
simplified liquefaction analysis. The latter equatton ts as follows. 

'tunr= 0.65*av*amax*rd (Eq. 4] 

in which T f is the equivalent uniform shear stress induced by the 
earthquake~~v is the total vertical overburden at a given depth bel~w 
the ground surface, amax is the maximum ground surface acceleratiOn 
and rd is a depth correction factor that is equal to about 0.95 at a depth 
of about 20 ft and 0.85 at a depth of about 40 ft. 

For example for a site underlain by 10 ft of fill (total unit weight of 
125 pet) and 40ft of Young Bay Mud (total unit weight_ of 96 pet) and 
the water table at the bottom of the fill, the followmg values are 
obtained at a depth of 20 ft: 

uv = 10*125 + 10*96 = 2210 psf 

Tunf = 0.65*2210*0.95*amax = 1365*amax psf 

p' = 10*125 + 10*(96- 64) = 1570 psf 

Su = 0.55*1570 = 864 psf 

Thus, equating the average induced stress and the av~il~ble shear 
strength gives a value of amax = 864/1365 = 0.63 g. Stmtlarly, at a 
depth of 40 ft, the corresponding value of amax would be about 0.53 
g. 

Using other assumptions regarding the thickness of fill over the Young 
Bay Mud, total thickness of the Young Bay Mud, depth of the water 
table and total unit weights, the calculated values of peak horizontal 
acceleration range from about 0.4 g to about 0. 7 g. Thus, at this time 
a limiting value of 0. 6 g is suggested as a first order approximation for 
use in empirical correlations. For simplicity, and until additional 
recordings are obtained at soft soil sites, it is also suggested to use the 
same magnitude-dependent standard error terms as those given above 
for rock motions (ie, Eqs. 2a and 2b) with the provision that a limiting 
value of 0.6 g is used for soft soil sites. (Note that at any given site, a 
site- specific limiting peak horizontal acceleration can be readily 
derived using the above procedure or a more detailed site response 
evaluation to estimate the stresses induced by the earthquake ground 
motions and an appropriate laboratory testing program to estimate the 
strength of the soil). 

The use of Eqs. 3 for estimating median peak accelerations for M = 7 
is illustrated in Fig. lla. This figure shows the peak accelerations 
recorded at soft soil sites during the Lorna Prieta earthquake and the 
median and the median ± one standard deviation calculated using 
Eqs. 3b and 2a with M = 7. Also shown in this figure is the limiting 
peak acceleration of 0.6 g, which would not limit the calculated 
median value at any distance for M = 7; the median + one standard 
deviation for this magnitude earthquake, however, is limited to 0.6 g 
at distances less than about 10 km. 
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The residuals for the recorded accelerations are presented in Fig. 11 b; 
also shown in this figure is the average residual, which is only about 
0.03. The information shown in Fig. 11b indicates that the equations 
(Eqs. 3) given above for calculating the median peak accelerations at 
soft soil sites appear to provide a reasonable estimate of the recorded 
values at distances of about 45 to 100 km. These equations are also 
suggested for use in estimating peak horizontal accelerations at soft 
sites at other distances and for other magnitude earthquakes. 

The median peak horizontal accelerations calculated at rock sites using 
Eqs. 1 for earthquake magnitudes ranging from 5 to 7.5 (in increments 
of Yz magnitude) are presented in Fig. 12a. Corresponding values at 
soft soil sites (using Eqs. 3) are presented in Fig. 12b. 
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CONCLUDING REMARKS 

This Special Session is being held to honor the memory of the late 
Professor Harry Seed. In addition to this presentation on site effects, 
other invited speakers have also discussed at this Special Session 
various aspects of the Lorna Prieta earthquake, including liquefaction, 
earth dams, lifelines and structural effects. Professor Harry Seed of 
course made giant contributions to each and every aspect of these 
topics. Many of the comments and conclusions he wrote in his 
numerous papers on these topics were _ observed during this 
earthquake. 

· It is hoped that the material presented in the preceding pages of this 
paper will provide a convenient means for incorporating the effects of 
local site conditions on ground motions at soft soil sites. Much of the 
work needed to fully evaluate this problem is still in progress by many 
investigators and the results will be reported in the coming months. 

Finally, I would like to express a special appreciation to Dr. Shamsher 
Prakash for organizing this Special Session to honor the memory of 
Professor Harry Seed. 
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