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SYNOPSIS:
Evaluation o f the seismic performance of San Francisco sites shows that liquefaction will likely occur at numerous waterfront locations where the dune sands
presently have relative densities in the range of 50 to 70% . The settlements calculated from effective stress analyses agree with observations made after the Loma
Prieta event. For sites with relative density less than 50% , large liquefaction induced settlements are expected. Surface motions calculated by total stress analysis
are adequate for sites with low liquefaction potential. For sites with liquefaction potential, effective stress analysis or correction factors are required for bedrock
accelerations above 0.2 g to account for the effects o f increased pore water pressures in loose sands. T he investigation considered the significance o f classifying
sites as "soft'' for estimating potential amplification of bedrock acceleration. Site amplification may be estimated for similar soft soil sites, but actual amplification
can vary significantly, depending on stratigraphy and geometry.

INTRODUCTION
On October 17, 1989, an earthquake (M = 7.1) originated on the San
Andreas Fault near Loma Prieta in the Santa Cruz mountains, some 90 km
south of San Francisco, California. Seed et al. (1990) presented an overview
of the principal areas affected by ground failure (e.g. landslides and soil
liquefaction). Following the Loma Prieta earthquake, a study was initiated
to evaluate the liquefaction characteristics o f fill soils in San Francisco. The
rationale for selecting the specific sites for investigation was based on one or
more o f the following criteria: (a) well documented performance during the
1989 Loma Prieta event, (b) existence o f pre-earthquake data, and (c)
importance o f the facility. Field tests conducted at ten sites included
piezocone, seismic cone, dilatometer, and standard penetration tests. In
addition, a number o f undisturbed samples from the dune sands and San
Francisco Bay mud were collected.
San Francisco Bay

The interpretation o f the cone penetration tests (CPT) has been presented in
detail by Chameau et al. (1991a, 1991b). The comparison between pre- and
post-earthquake cone data shows that the relative density of loose to medium
dense deposits increased after the Loma Prieta event. The change in relative
density o f medium to dense deposits was negligible. Based on this and other
analyses, Reyna (1991) proposed dilatometer and cone charts to evaluate
liquefaction potential.
Reyna (1991) also showed that in general the
techniques available to date to evaluate liquefaction potential predicted the
performance o f the San Francisco sites reasonably well.

Sites E xplored:
1
2
3
4
5
6

This paper examines the levels o f ground acceleration and settlement
experienced at the different sites of interest through one dimensional wave
propagation analyses. Emphasis is devoted to the analysis o f the liquefaction
potential and evaluation o f settlements at three Bay shore sites along The
Embarcadero in San Francisco. Two o f these sites were previously evaluated
by Clough and Chameau (1983).

7
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Pier 45
Telegraph Hill
Yerba Buena Cove
Broadway
Pier 80
Pier 94
H unter’s Point
Winfield Scott School
Foster City

M otion Record Locations:
A
B
C

DESCRIPTION O F SITES
Ten sites were explored for this project. The sites are located in the Bay
area (Figure 1) at or near Telegraph Hill (TH), Yerba Buena Cove (YBC),
Broadway (BW), Pier 45 (P45), Pier 80 (P80-dike and P80-d section). Pier
94 (P94), H unter’s Point (HP and HPL), and Foster City (FC). The site

Telegraph Hill
Rincon Hill
Diamond Heights

Fig. 1. Map o f San Francisco showing fill sites under investigation
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sand with some gravel, silt, and occasional thin clayey beds. The upper fill
is underlain by a layer of fine to medium sand (D „ = 0.27 mm, Cu = 1.6 )
overlying Bay mud. The fine to medium sand is the material o f concern with
regard to liquefaction. T he thickness of the sand layer varied from 6 to 18
m. The groundwater table is about 2.4 m below the ground surface.

exploration at Foster City validated previous data by Idriss (1990). In
addition, the Winfield Scott School (WSS) site in the Marina district (Figure
1) reported by Arulanandan and Yogachandran (1990) was considered in this
study. The data base covers a range o f fill types (from dumped in place to
engineered fill) and observed performance during the earthquake (from major
lateral spread and liquefaction at Pier 45 to no observable liquefaction
features at Pier 80 and Pier 94). M ost o f these sites could be described as
"soft" in the sense o f amplification o f bedrock accelerations. Idealized
profiles o f the sites were developed based on the site information provided
by Clough and Chameau (1983), and piezocone (CPTU) and seismic cone
(SCPT) data.

H u n te r’s P oint
The H unter's Point site is a fill area at H unter’s Point Naval Base in San
Francisco Bay. T he site explored was built in the 1940’s by constructing
cellular cofferdams that were hydraulically filled with sand. One o f these
cells, identified as HPL, collapsed. The hydraulic fill is 13 to 15 m deep,
overlying a fractured serpentine bedrock. In the upper part o f the fill (I to
5 m), the sand is mixed with coarse particles as large as 150 mm. Below
this upper layer, the sand is clean and poorly graded (D*, = 0.29 mm, C„ =
1.8).

Sites N ear T he E m b a rcad e ro
The San Francisco waterfront was built between 1850 and 1920 by dumping
fill into the water o f the San Francisco Bay. The fill, reaching thicknesses
o f up to 15 m, consists prim arily o f dune sand, rock fragments, Bay mud,
and construction debris.

F oster C ity an d W infield Scott School

Yerba Buena Cove and Telegraph Hill

The subsurface exploration at Foster city validated the findings of Idriss
(1990). In general, the profile consisted o f 1.2 m o f sand fill overlying 9.8
m o f young Bay mud and 1.2 m of sandy clay. The sandy clay is underlain
by 4 .6 m o f sand and gravel overlying 13.7 m o f stiff clay and 152 m of
very stiff clay. The subsurface conditions at the Winfield Scott School site
are described by Arulanandan and Yogachandran (1990). In general, the
Winfield Scott School profile consisted of 3 m o f fill overlying 4 m o f loose
sand and 16 m o f interlayered (on 3 to 6 m intervals) medium to dense sand
and soft Bay mud. The interlayered zone is underlain by 62 m o f Bay mud
and clay.

In the late 1970’s the seismic response of these fills was evaluated by Clough
and Chameau (1983), with efforts concentrating on two areas known to have
experienced different levels o f ground movement in the 1906 earthquake: (a)
the Yerba Buena Cove area with evidence o f large ground movements and
liquefaction in 1906 and (b) the Telegraph Hill area with only small
movements in 1906. The Telegraph Hill profile consists o f approximately
3 m o f nibble fill overlying a uniform dune sand deposit (Dv, = 0.28 mm,
C„ = 1.30), 6 to 9 m thick, which is underlain by a Bay mud stratum 12 to
15 m in thickness that rests on the bedrock. The relative density o f the dune
sand deposit is between 50 and 70% from a depth of 4 to 5.20 m, and more
or less constant at 60% from 5.20 to 8.20 m.

E FF E C T S O F SO FT SO ILS ON RE C O R D ED GRO UND M O TIO N S
The ground motion records for the Loma Prieta event were obtained at
stations installed by the California Strong Motion Instrumentation Program
(CSMIP) and at stations monitored by the U .S. Geological Survey (USGS).
Most o f the sites analyzed in this paper and by Chameau et al. (1991b) and
Reyna (1991) are located 80 to 100 km from the epicenter. As shown in
Figure 2, Seed et al. (1990) compiled ground motion data and noted a
significant amplification for sites overlying profiles believed to consist of

The Yerba Buena Cove profile consists o f approximately 3 m o f fill which
overlies a dune sand deposit o f 4.5 to 6 m thick. The dune sand is underlain
by a Bay mud layer o f 17 to 20 m in thickness that rests above the bedrock.
T he original relative density in the dune sands was in the range o f 40 to 50%
from 4 to 6 m, 25 to 30% from 6 to 7.9 m, and 40% at the bottom o f the
sand stratum . The data obtained after the Loma Prieta earthquake shows that
at depths o f 3 to 6 m, the relative density increased slightly from about 50
to 60% . At depths o f 6 to 9 m, the increase was more significant, from
about 35% to more than 50% . The post-earthquake data is used herein for
the effective stress analysis.
Broadway and Pier 45
T hese sites were considered in The Embarcadero area in addition to those
considered by Clough and Chameau (1983) due to significant liquefaction
features observed after the Loma Prieta event. T he Broadway profile
consists o f approximately 3 m o f fill overlying a dune sand deposit which is
7.5 to 10.5 m thick. T he Bay mud layer at Broadway is considerably
thicker, 27 to 30 m, than at Telegraph Hill and Yerba Buena Cove. The
relative density of the sand is about 45 to 55% from a depth o f 4 to 4 .6 m,
and m ore or less constant at 55% from 4.6 to 9 m. One sand boil was
recorded ju st north of Broadway after the Loma Prieta earthquake, and there
was evidence o f ground displacement and settlement south o f Broadway
under The Embarcadero.
The Pier 45 area was included during the field program because o f major
displacements and boils that were observed at that site after the Loma Prieta
earthquake. Large longitudinal cracks extended the length o f the pier, and
the facilities on the pier have been closed since the earthquake.
P iers 80 an d 94
Piers 80 and 94 w ere selected for study because they are vital facilities for
the economy o f San Francisco, and the fills on which they are founded are
mostly engineered fill, thus providing the opportunity for an interesting
comparison between these fills and the dumped in place fills found elsewhere
along the Bay. T he upper 3 m o f these fill deposits consists o f fine to coarse

Fig. 2 . Recorded peak horizontal surface acceleration at soft sites (from Seed
et al., 1990)
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predominately soft soils. The curves plotted on Figure 2 represent the
relation suggested by Joyner and Boore (1988) for sites not underlain by soft
soils. The recorded data indicate that young Bay mud (soft) sites located 70
to 90 km from the epicenter experienced peak ground accelerations on the
order o f 0.1 g to 0.2 g, with amplification factors (ratio o f peak ground
acceleration to peak rock acceleration) ranging from 1.5 to 2.5.
GRO UND M O T IO N ANALYSIS M O DELS
Total stress analyses using SHAKE, developed by Schnabel et al. (1972)
were performed for the Telegraph Hill, Yerba Buena Cove, Broadway, Pier
45, Pier 80, Pier 94, H unter’s Point, and Foster City sites. The results of
these total stress analyses are compared herein to those obtained using the
effective stress analysis, DESRA2, developed by Finn et al. (1977), for the
Telegraph H ill, Yerba Buena Cove and Broadway sites.
10
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Bedrock M otion R ecords
M artin et al. (19 8 1 ):
------Strength assumed at 13.7 m
depth
----- Strength utilized in analyses
a t 13.7 m depth

Three records at the locations shown on Figure 1 were considered for
outcrop input: Rincon H ill, Diamond Heights and Telegraph Hill. The
Rincon and Diamond records have their peaks between 10 and 11 seconds.
The peak acceleration for the Telegraph record is at 1.46 seconds. The mean
frequency for the records is 2.10 cycles/sec for Telegraph, 2.83 cycles/sec
for Rincon, and 2.52 cycles/sec for Diamond. Hence, the mean periods for
the records respectively are 0.48, 0.35 and 0.40 seconds.

Clough & Chameau (1979):
------Strength at different
relative densities

The procedure by Seed et al. (1975) was used to estimate the number of
equivalent strong motion cycles. This procedure suggested 3.5 equivalent
strong motion cycles for the Rincon record, 3 cycles for the Diamond record,
and 2 .4 cycles for the Telegraph record. An average o f 11 to 12 equivalent
strong motion cycles is normally expected for an earthquake o f magnitude 7
as per Seed and De Alba (1986), and the low number o f equivalent strong
motion cycles in the 1989 earthquake greatly influenced the evaluation of
liquefaction potential o f the sites as noted by Reyna (1991).

Volum e Change
Constants
Strength

c,
c,
C,
C4

High

Med.

Low

0 .3 4 6
3 .5 3 6
3 .7 0 7
3 .0 2 5

0 .5 2 0 0 .6 6 6
2 .5 18 1.968
4 .5 6 9 4.761
3 .7 0 6 3 .8 6 5

F ig. 3. Liquefaction strength curves (adapted from M artin, et al., 1981)

shown in Figure 3 are reasonable and were used for the effective stress
analyses at Telegraph H ill, Yerba Buena Cove and Broadway.

D ynam ic P ro p erties
Shear wave velocities in the upper layer (usually sands) o f the sites were
estimated using a seismic cone. These results were in general agreement
with The Embarcadero Center shear wave velocity profile suggested by Seed
and Sun (1989). F or this reason, The Embarcadero Center velocity profile
by Seed and Sun (1989) was adopted for the Bay mud. The shear modulus
reduction curves as a function o f shear strain used by Seed and Sun (1989)
for the young Bay mud were adopted to perform the site response analyses,
while the relation used in Idriss’ (1990) study was deemed representative for
the sands. The damping values used by Idriss (1990) were selected for both
the clay and sand.

T he 1978 version o f DESRA2
settlement computation.
The
volum etric strain due to shear
settlement o f the soil deposit can
strains with respect to depth.

used in this study has no provision for
program does, however, compute the
straining for each soil sublayer and the
be obtained by integrating these volumetric

Based on the total stress analyses performed by Chameau et al. (1991b), the
Rincon record was selected for the effective stress analyses at the Telegraph
Hill and Yerba Buena Cove sites, and the Diamond record was selected for
the Broadway site.

DESRA2 V olum e C hange C onstants
The pore water pressure model used by DESRA2 requires cyclic simple
shear equipment, which is not commonly used in practice. However, the
liquefaction curve may be determined from cyclic triaxial tests and then
corrected to simple shear conditions as described by Seed (1979). Undrained
cyclic triaxial tests on the dune sands along The Embarcadero were
performed by Clough and Chameau (1979). The corrected curves by Clough
and Chameau (1979) are compared in Figure 3 to liquefaction strength curves
for a depth o f 13.7 m reported by Martin et al. (1981) based upon the Finn
model. T he confining pressure for this depth is approximately 124 kN/m 2,
which is in the range o f confining pressure used by Clough and Chameau
(1979) in their tests (69 to 138 kN/m2). The curves for 60 and 70% relative
density match the curves for medium and high strength assumed by Martin
et al. (1981). The curves for 40 and 50% relative density are below and
above the low strength curve, respectively. The pore water pressure build
up functions corresponding to the four liquefaction curves o f Clough and
Chameau (1979) are also very similar to those for the Martin et al. (1981)
data. Hence, the volume change constants used by Martin et al. (1981)

Fig. 4. Settlements from DESRA2 vs. PRA at T H , YBC, and BW
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COM PARISON O F TOTAL AND EFFECTIVE STRESS RESULTS
Settlements from Effective Stress Analyses
The effective stress analyses (DESRA2) considered a number o f different
peak rock accelerations (PRA), as shown in Figure 4. T he results o f these
analyses for PRA = 0.09 to 0.12 g (values applicable to the Loma Prieta
event) and for PRA = 0.5 g are shown in Table 1.
For Telegraph H ill, very small settlements are predicted for the Loma Prieta
event, and only moderate settlements are predicted for a very large event
(PRA = 0.5 g), although the analyses showed conditions o f zero effective
stress for 40 seconds with PRA = 0.5 g. The site observations made one
day after the Loma Prieta earthquake and the predicted settlements correlate
well with Ishihara and Yoshim ine’s (1992) criteria that for settlements o f 10
cm or less very light to no damage is expected.

- TE
—

At Yerba Buena Cove, higher strains and pore pressures were calculated than
at Telegraph H ill. Field observations after the Loma Prieta earthquake
supports these results, as a number o f longitudinal cracks were observed in
the vicinity o f Piers 19 and 23 located in Yerba Buena Cove. Ishihara and
Y oshim ine’s (1992) criteria suggests large cracks, spouting o f sands, large
offsets and lateral movements would accompany the settlements predicted for
Yerba Buena Cove.

T ab le 1.

Site

Estimated
Settlement (cm) for
Very Strong Event
PRA = 0 .5 g

Telegraph Hill
Yerba Buena
Broadway

0 .1 6 - 0 .2 5
0.45 - 1.45
1.7-3.3

9 - 18
14-28
52 - 104

SHAKE
DESRA2

•••*■•■ YBC,
YBC,

SHAKE

BW,

DESRA2 - e - BW,

SHAKE
DESRA2

Fig. 5. PGA using SHAKE and DESRA2 vs. PRA at T H , YBC and BW

o f approximately 0.45 g for Telegraph H ill, 0.30 g for Yerba Buena Cove
and 0.25 g for Broadway.
According to the effective stress analyses performed for the three sites,
Telegraph Hill is the site which has the lowest liquefaction potential, as there
was no occurrence o f zero effective stress for peak rock accelerations less
than 0 .4 g. As expected, the differences in PGA for total and effective stress
analyses for this low liquefaction potential site were small. F or Broadway
and Yerba Buena Cove, liquefaction was predicted for values o f peak rock
acceleration o f 0 .2 g. The differences in PGA for sites o f higher liquefaction
potential, such as Yerba Buena Cove and Broadway, was very significant.
As an example, for a peak rock acceleration o f 0.3 g at Broadway, DESRA2
predicts a PGA o f 0.172 g while SHAKE gives a PGA o f 0.431 g. The
difference in PGA for the Yerba Buena Cove site for a PRA o f 0.3 g was
approximately 61% , however it was less than 15% for Telegraph Hill.

Summary o f Effective Stress Settlement Results
Estimated
Settlement (cm) for
Loma Prieta event
PRA = 0.09 - 0.12 g

TH,

According to the above observations, the following reduction factors are
suggested for ground surface accelerations obtained from total stress analyses
(SHAKE) to account for the effects o f increase in pore water pressure in
loose sand deposits, as indicated by effective stress analyses (DESRA2). For
sites o f low liquefaction potential there is no need for correction. For sites
o f high liquefaction potential, the PGA obtained from SHAKE could be
reduced by 20 % for values o f PRA less than 0.2 g, and by 50 % for values
o f PRA larger than 0.2 g. The 50% reduction seems to be conservative
according to Figure 5.
The results presented by Arulanandan and
Yogachandran (1990) for the Winfield Scott School site using another
effective stress analysis (DYSAC2) confirms these suggested factors. These
factors apply to the conditions covered in this study.

At Broadway, settlements o f 1.7 to 3.3 cm were calculated (Table 1).
Hushmand et al. (1987) and Chen (1988) found that settlements predicted by
DESRA2 underestim ate the field behavior, and suggested doubling the values
found using that procedure. If a factor o f 2 is applied to these, the range o f
predicted settlements would be 3.4 to 7.6 cm. These settlements are in good
agreement with observations made ju st south o f Broadway the day after the
Loma Prieta earthquake. Also note the very large settlements predicted for
Broadway with PRA = 0 .5 g. This also correlates well with the criteria
suggested by Ishihara and Yoshim ine (1992).
The settlements for peak rock accelerations less than 0.05 g were
insignificant. Similar observations w ere made for several sites in Japan by
Ishihara and Yoshim ine (1992). T he sharp increase in settlements between
PRA o f 0.2 and 0.3 g observed on Figure 4 for Broadway occurs because
m ore than half o f the dune sand deposit reached the state o f liquefaction
between PRA o f 0.2 and 0.3 g. T he increase in settlement at Telegraph Hill
for PRA = 0.5 g was also due to a state o f partial liquefaction o f the dune
sand deposit. F or the same PRA, as the ground level acceleration increases
the settlement decreases. As an example, for a peak rock acceleration o f 0.3
g, the Telegraph Hill site has a PGA o f 0.301 g and the Broadway site a
PGA o f 0.172 (see Figure 4). T he settlements corresponding to these levels
o f PRA were 1.23 cm for Telegraph Hill and 32.37 cm for Broadway.
T hese observations are obviously directly related to the relative levels o f pore
pressure and occurrences o f zero effective stress states which result in a
reduction o f peak ground acceleration, but an increase in settlements.

VARIATIONS O F PEAK HORIZONTAL GROUND ACCELERATION
T he levels o f ground acceleration, shear strain, and shear stress have been
analyzed at all eleven sites by Chameau et al. (1991b) and Reyna (1991).
Table 2 summarizes the cases which are believed to be the most
representative o f what happened at these sites during the Loma Prieta
E arthquake. T he values o f ground acceleration (rock acceleration for Foster
City) have an uncertainty o f the order o f 10% because o f variations in
dynamic properties o f the soil layers and uncertainties in the peak rock
acceleration values adopted for analyses.
T he exploration found that Telegraph H ill, Yerba Buena Cove, Broadway,
and Pier 45 are easily classified as soft sites since they are underlain by
young Bay mud only. H unter’s Point does not have any young Bay mud, but
still shows im portant site amplification and based on its stratigraphy, would
be classified as a truly soft site. Pier 80 and Pier 94 may be considered
marginally soft sites. However, the deep profiles o f the Winfield Scott
School and Foster City sites consist o f some soft materials overlying a deep

Peak Ground Accelerations from Total and Effective Analyses
Figure 5 depicts the peak ground surface accelerations predicted for the three
sites using the total stress analyses (SHAKE) and effective stress analyses
(DESRA2). T he DESRA2 curves in Figure 5 tend to an asymptotic value
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T able 2.

during the Loma Prieta earthquake in 1989, and the empirical curve proposed
by Idriss (1990) are also included in Figure 6 . The shaded area on the figure
covers all the soft sites analyzed (TH-Rincon; YBC-Rincon; BW-Diamond;
P80-Diamond; and HP-Diamond), and an average curve for these sites is also
plotted.

Accelerations and site amplification factors

O u tcro p
A cceleration
Site
TH
YBC
BW
P45
P80-dike
P80-d section
P94
HP
HPL

(g)
0.093
0.093
0.093
0.093
0.10

0.10
0 . 1Ò
0.114
0.114

Predicted
G round Level
Site
G round
A cceleration
A m plifie. M otion
(PG A /PR A ) Record
(g)
0.148
0.172
0.183
0.154
0.179
,0.181
0.178
0.191
0.233

1.59
1.85
1.97
1.66
1.79
1.81
1.78
1.68
2.04

Rincon
Rincon
Diamond
Rincon
Diamond
Diamond
Diamond
Diamond
Diamond

2.22
1.69
3.08

Taft
Rincon
Yerba Buena

2.13

Foster City

WSS‘
WSS
FC (Idriss, 1990)

0.12

- 0.22
0.169
- 0 .3 7

FC

0.133“

0.283‘‘‘

0.10
0.10

The surface accelerations (total stress analysis) calculated for soft sites in this
study fall within the range reported by Idriss (1990). Above 0.30 g, curves
recommended by Idriss (1990) fall below the median of the results reported
herein because Idriss included an additional reduction allowing for effects o f
modulus degradation as shaking progresses. However, the effective stress
analyses results shown on Figure 6 show significantly lower peak
accelerations than the total stress analyses for PRA greater than 0.2 g. The
effective stress analysis (DYSAC2) for the Winfield Scott School site
reported by Arulanandan and Yogachandran (1990) shows the same trend as
the DESRA2 effective stress analyses from this study. These findings
support the recommendations by Idriss (1990) that the total stress analysis
(SHAKE) can provide adequate results for soft sites for low to moderate
levels o f input rock acceleration ( < 0.2 g). For values of acceleration above
0.2 g, the total stress analysis over-predicts the ground surface acceleration
for sites like Winfield Scott School and Yerba Buena Cove with significant
liquefaction potential.
SUM M ARY

‘Arulanandan and Yogachandran (1990)
“ Calculated Peak Rock Acceleration
" ‘Measured Peak Ground Acceleration

T he effective stress analyses (DESRA2) show that for levels of rock
acceleration (0.09 to 0.12 g) applicable to the Loma Prieta event, settlements
o f approximately less than half o f a centimeter, 0.45 to 1.45 cm, and 3.4 to
7.6 cm would occur at Telegraph Hill, Yerba Buena Cove and Broadway.
T hese values are in good agreement with observations made after the Loma
Prieta event. The effective stress analyses also show that for a stronger event
(PRA = 0.5 g), settlements o f 9 cm to 18 cm, 14 cm to 28 cm, and in
excess o f 50 cm could occur at Telegraph Hill, Yerba Buena Cove and
Broadway, respectively. Large cracks, spouting o f sands, large offsets, and
lateral movements could be expected, according to the Ishihara and
Yoshimine (1992) criteria.

profile o f predom inately stiff to very stiff clays. The amplification at these
sites was higher using total stress analyses than at the other sites, and the
difference may be attributed to the difference in stratigraphy.
Table 2 shows that estimated site amplification values range from 1.59 to
2.38. T hese are in good agreement with the recorded values for soft sites
found by Seed et al. (1990) (Figure 2). If Foster City and Winfield Scott
School are excluded on the basis o f their characteristically different
stratigraphy, the site amplification ranges within the relatively narrow range
o f 1.59 to 1.97.

As recommended earlier by Idriss (1990), the total stress analysis (SHAKE)
can provide adequate results for soft sites for moderate levels o f input rock
acceleration ( < 0 .2 g). For values o f acceleration above 0.2 g the total stress
analysis over predicts the ground surface accelerations for sites like Winfield
Scott School with significant liquefaction potential. These analyses are in

Figure 6 presents a summary o f all the sites analyzed herein. Also included
on Figure 6 are the results o f the Winfield Scott School analysis by
Arulanandan and Yogachandran (1990) using the effective stress analysis
DYSAC2. Values recorded in Mexico City (1985) by Seed et al. (1987) and

T otal Stress Analysis
Range o f s o ft sites
for this stu d y (SHAKE)
Average curve fo r s o ft
sites in th is study
Idriss (1990)

E ffective Stress Analysis
YBC and BW using
DESRA in th is stu d y
W SS (DYSAC2) from
Arulanandan and
Yogachandran (1990)

Acceleration on Rock Sites (g ’s)
Fig. 6. Amplification relations for soft soil sites
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agreement with the work o f Arulanandan and Yogachandran (1990) using a
effective stress finite element model (DYSAC2).
The work by Idriss (1990), the total stress analyses described herein, The
effective stress analysis by Arulanandan and Yogachandran (1990), and the
effective stress analysis using DESRA2 at Telegraph Hill, Yerba Buena
Cove, and Broadway support the characterization of soft sites as suggested
by Idriss (1990), but also indicate some sites that may or may not be
classified as truly soft sites may exhibit significantly different amplification.
General classification o f sites as soft or not soft can be misleading, and it is
desirable to evaluate amplification on a site by site basis as a function of
stratigraphy and geometry.

Joyner, W .B. and Boore, D .M . (1988). M easurement, characteristics and
prediction o f strong ground motion. Specialty Conference on Earthquake
Engineering and Soil Dynamics 11 - Recent Advances in Ground M otion
Evaluation, ASCE, Park City, Utah, June, pp. 43-102.
M artin, G .R ., Lam , I.P ., M cCaskie, S .L ., and Tsai, C-F (1981). A
param etric study o f an effective stress liquefaction model,
1st
International Conference on Recent Advancements in Earthquake
Engineering, St. Louis, M issouri, pp. 699-705.
Reyna, F .A . (1991). In-situ tests f o r liquefaction potential evaluation Application to California data including data fro m the 1989Loma Prieta
Earthquake. Ph.D . thesis, Purdue University, W est Lafayette, Indiana.

A C K N O W LE D G E M E N TS
This work was supported by grants from the National Science Foundation as
part of the research initiative co-sponsored by NSF and USGS following the
Loma Prieta earthquake. The support is gratefully acknowledged. Dr.
Reyna undertook this study at Purdue University and is now continuing work
in this area at Universidad Nacional de T ucum in in Argentina.
R E FER EN C ES
Arulanandan, K. and Yogachandran, C. (1990). A preliminary analysis of
ground response and soil liquefaction o f sites in the M arina District of
San Francisco subjected to the Loma Prieta Earthquake o f October 17,
1989. Report 1990-1, Department o f Civil Engineering, University o f
California - Davis.
Chameau, J.L ., Clough, G .W ., Reyna, F .A ., and Frost, J.D . (1991a).
Liquefaction response o f San Francisco Bayshore fills. Bulletin o f the
Seismological Society o f America, 81(5), pp. 1998-2018.
Chameau, J.L ., Reyna, F ., and Frost, J.D . (1991b). Ground motion
analyses at several sites in San Francisco after the Loma Prieta
Earthquake.
Geotechnical Report 91/9, Purdue University, W est
Lafayette, Indiana.

Seed, H .B. (1979). Soil liquefaction and cyclic mobility evaluation for level
ground during earthquakes. Journal o f the Geotechnical Engineering
Division, ASCE, 105(GT2): 201-255.
Seed, H .B ., Romo, M .P ., Sun, J.I., Jaime, A ., and Lysmer, J. (1987).
Relationships between soil conditions and earthquake ground motions in
Mexico City in the earthquake o f September 19, 1985. Report No.
U CB/EERC-87/I5, Earthquake Engineering Research Center, University
o f California - Berkeley.
Seed, H.B. and Sun, J.I. (1989). Implications o f site effects in the Mexico
City Earthquake o f September 19, 1985 for earthquake-resistant design
criteria in the San Francisco Bay area of California. Report No.
UCB/EERC-89/03, Earthquake Engineering Research Center, University
o f California - Berkeley.
Seed, R .B ., Dickenson, S .E ., Riemer, M .F ., Bray, J.D ., Sitar, N .,
Mitchell, J.K ., Idriss, I.M ., Kayen, R .E ., Kropp, A ., Harder, L .F ., and
Power, M .S. (1990). Prelim inary report on the principle geotechnical
aspects o f the October 17, 1989 Loma Prieta Earthquake. Report No.
UCB/EERC-90/05, Earthquake Engineering Research Center, University
o f California - Berkeley.

Chen, A T. (1988). On seismically induced pore pressure and settlement.
Proceedings o f the Conference on Earthquake Engineering and Soil
Dynamics II - Recent Advances in Ground M otion Evaluation, ASCE,
Park City, Utah, June, pp. 482-492.
Clough, G.W . and Chameau, J.L . (1979). A study of the behavior of the
San Francisco water front fills during seismic loading. Report No. 35,
John A. Blume Earthquake Engineering Center, Stanford University.
Clough, G.W . and Chameau, J.L . (1983). Seismic response o f San
Francisco water front fills. Journal o f Geotechnical Engineering, ASCE,
109(4): 491-506.
Finn, W .D ., Lee, K .W ., and Martin, G.R. (1977). An effective stress
model for liquefaction.
Journal o f the Geotechnical Engineering
Division, ASCE, 102(GT9): 517-533.
Hushmand, B., Crouse, C .B ., Martin, G ., and Scott, R.F. (1987). Site
response and liquefaction studies involving the centrifuge. Soil Dynamics
and Liquefaction. E lsevier, pp. 3-24.
Idriss, I.M . (1990). Response o f soft soil sites during earthquakes. H.B.
Seed M emorial Symposium, (J.M . Duncan, ed.), BiTech Publishers,
Vancouver, pp. 273-289.
Ishihara, K. and Yoshimine, M. (1992). Evaluation o f settlements in sand
deposits following liquefaction during earthquakes.
Soils and
Foundations, JSSM FE, 32(1): 173-188.

1058

