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Abstract: Steep slopes composed of weakly cemented granular soils are common along the Pacific Coast of North America. The:s
slopes, standing at angles of 30° to near vertical, are observed to be prone to seismically induced failures. The steep topography of th
slopes makes them particularly susceptible to amplification of seismic waves, and the brittle nature of these materials make deformatic
based stability analyses inappropriate. In this paper, a simplified method is presented for assessing the seismic stability of these slog
utilizing average seismic coefficients to account for the effect of topography. This procedure is based on a review of field and laborator
observations, as well as analyses carried out using generalized consistent transmitting boundaries. The results of the analyses indicate
the amplification due to the soil column in the free field behind the crest dominates the response. The amplification due to topography,
the other hand, shows little variability, and is on the order of 50%. The proposed procedure presented herein gives practicing enginet
a method to conduct stability analyses that better represents the actual field conditions for these steep, brittle slopes.
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Introduction Del Mar were responsible for minor damage to structures. More-
over, associated tensile cracking at the crests of the slopes and in
The Pacific coastline of the United States and Canada from Some cases loss of crest left many structures more vulnerable to
Southern California to British Columbia is characterized by ex- future events. Fortunately, the extent of damage was surprisingly
tensive stretches of steep coastal bluffs in marine terrace depositsiinor considering the severity of other damage in the epicentral
ranging from 20 to 200 m in height. The appearance of the bluffs region and in San Francisco. Given the apparent potential for
along this entire stretch of the coast shows evidence of activedamaging landslides during earthquakes, there is a need to de-
erosion, and there is abundant historical evidence of slope failuresvelop an improved understanding of the bluff response under seis-
caused by earthquakes, wave erosion, and intense rainfall. mic loading, and to develop guidelines for stability evaluation of
In Northern California, along the stretch of coast from these slopes.
Monterey to San Francisco, seismically induced slope failures
occurred during earthquakes in 18@9ant and Griggs 1990in
1906 (Lawson 1908 in 1957 (Bonilla 1959 and, most recently,  Behavior of Weakly Cemented Sands
during the 1989 Loma Prief@lant and Griggs 1990; Sitar 1990
The damage caused by these failures was confined to the coastalhe static behavior of weakly cemented soils, which are typical of
railroad in 1906 and to the coastal highway in 1957, and there marine terrace deposits, has been the subject of numerous studies
was no direct damage to dwellings because the bluff crests werein the recent paste.g., Haruyama 1973; Clough et al. 1981;
still largely undeveloped. Since then, the bluff crests along the Wang 1986; O’'Rourke and Crespo 1988; Airey 1993; Das et al.
coast have been extensively developed, particularly in Daly City, 1995; Puppala et al. 1995; Huang and Airey 19%ome of the
Pacifica, Half Moon Bay, Santa Cruz, Capitola, and Sea§tae earliest research devoted to cemented sands was performed by
1). The 1989 Loma Prieta earthquake demonstrated the risk posedsaxena and Lastrictl978, who studied the static stress-strain
by seismically induced slope failures to these new developments,behavior of lightly naturally cemented sand with calcite as the
as shown in Fig. 2. Numerous shallow slides from Pacifica to Rio cementing agent. They found that the cohesion caused by cemen-
tation was the predominant strength component at low strain lev-
IAssistant Professor, Dept. of Structural Engineering, Univ, of Cali- €IS (Iless than one percentout the frictional component domi-
fornia, San Diego, 9500 Gilman Drive, La Jolla, CA 902093-0085. nhated at high strain levels.
E-mail: sashford@ucsd.edu Clough et al.(198) reported on the results of over 100 tests
“Professor, Dept. of Civil and Environmental Engineering, Univ. of on naturally and artificially cemented sand. They noted that ce-
California.  at  Berkeley, Berkeley, ~CA  94720. E-maili mented sand tends to behave in a brittle fashion, with brittleness
nsitar@ce.berkeley.edu _ _ _ increasing with cement content and decreasing with increasing
e s o i ma  Sea e ey o conining presre. Huang and A3 also concluded ha
: cementation dominated the behavior at low confining pressures.

month, a written request must be filed with the ASCE Managing Editor. . 2
The manuscript for this paper was submitted for review and possible Clough et al.(198) further found the material to exhibit nearly

publication on December 6, 2000; approved on July 18, 2001. This paper!inéar behavior until failure at low confining stresses. Typical ten-
is part of theJournal of Geotechnical and Geoenvironmental Engineer-  Sile strength, determined using the Brazilian tensile test, was de-
ing, Vol. 128, No. 2, February 1, 2002. ©ASCE, ISSN 1090-0241/ termined to be on the order of 10% of the unconfined compressive
2002/2-119-128/$8.00%$.50 per page. strength, which was also confirmed by Das et(&b95. Thus,
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Fig. 1. Location map of coastal developments affected by bluff fail-
ures in 1989 Loma Prieta earthquake
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the failure envelope curves in the tensile region and gives a lower
tensile strength than would be estimated using a straight-line ex-
trapolation of the compression test results.

Fewer studies addressing the dynamic properties of cemented
sands are availablée.g., Sitar and Clough 1983; Acar and El-
Tahir 1986; Wang 1986; Sitar 1990; Baig et al. 129¥%ang 1986
showed that the stress-strain curve from static tests tend to pro-
vide an envelope for the hysteresis loops from cyclic tests. Sitar
(1990 suggested that the large strain cyclic stress-strain behavior
could be estimated from the results of static testing and showed
that there is a trend for reduction in dynamic strength with in-
creasing number of cycles. The effect is most pronounced at low
confining pressures where the reduction can be as much as 15%.

The brittle behavior of weakly cemented materials makes for
spectacular and potentially devastating slope failures during
earthquake loading. In addition to the failures observed along the
central coast, many failures have occurred in marine terrace de-
posits elsewhere in California. The most recent failures include
those at Centerville Beach during 1992 Petrolia earthquakes and
those at Pacific Palisaddfig. 3) during the 1994 Northridge
earthquake€Ashford and Sitar 1994 In general, very steep slopes
(slope angles greater than 0\ marine terrace deposits fail by
toppling or in tension behind the crest followed by shear failure at
the base of the block, while moderately steep slojplesse with
slope angles between 30° and p@nd to fail in shear along a
surface subparallel to the slope faffeig. 4. These modes of
failure were previously noted by Sitar and Cloud!983 in their
study of seismic slope stability of cemented sands and by
O’'Rourke and Crespd1988 based on their study of volcanic
soils in Ecuador.

A common characteristic of these failures is that the failure
mass at the base of a slide shows an almost complete loss of
cementation. There is little evidence of incremental permanent
deformations eventually leading up to failure, as is the case with
more ductile embankments. Consequently, a failure-based stabil-
ity analysis, rather than a deformation-based analysis, appears to
be more appropriate for these slopes.

Fig. 2. Failure of bluffs in Daly City caused by 1989 Loma Prieta earthquake
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and deformations are only due to she€dy,the shear stress on any
horizontal plane is uniform, an¢b) the effect of stored water is
negligible. Using this procedure to calculate acceleration time his-
tories throughout the height of the dam, they were able to develop
equivalent seismic force series that, in effect, represented the
forces acting on the dam during the earthquake. Based on this
analysis, an average seismic coefficient was developed that rep-
resented the effect of the earthquake on the dam. More recently,
Leshchinsky and Saf1994) presented average seismic coeffi-
cients up to 0.25 g in design charts for assessing the seismic slope
stability. Additional background on the use of the seismic coeffi-
cients for slope stability analyses can be found in Hynes and
Franklin (1984 and Special Publication 11(Division of Mines

and Geology 1997

Makdisi and Seed1978, making use of these earlier ad-
Fig. 3. House destroyed in bluff failure at Pacific Palisades during vances, Qeveloped a simple procedu're to estimate embankment
the 1994 Northridge earthquake deformations dur!ng earthquake_s. Thl_s p_rocedl_Jre has become a
standard of practice for calculating seismically induced embank-
ment deformations. The procedure is based on Newmark’s defor-
mation concept and utilizes the average seismic coefficient, as
proposed by Seed and Mariih966, and a yield acceleration that
(a) can be calculated by any number of methods. One of Makdisi and

Seed’'s main assumptions is that the embankment material be-
haves elastically up to yield, but theexhibits perfectly plastic
behavior above yield
The simple and rational approach taken by Makdisi and Seed
(1978 is very attractive; however, there are several assumptions
in the procedure that do not apply to steep slopes in weakly ce-
(b) mented sand. Most importantly, the brittle nature of weakly ce-
mented sand does not lend itself to a deformation-based analysis,
and a factor-of-safety or failure-based analysis is more appropri-
ate.

The intent of our research is to develop a procedure for the
analysis of the seismic response and stability of steep natural
Fig. 4. Typical failure mode for(a) moderately steep angh) very slopes. This procedure has to account for the semi-infinite extent
steep slopes in weakly cemented satafter Sitar 199D of the soil mass behind the crest, which is characteristic of many
natural slopes. It also has to account for a steep, relatively shal-
low, planar failure surface. In this context, a simple procedure that
Seismic Response Analysis Method allows the estimation of the crest acceleration based on a simple
one-dimensional analysis is needed, since the simplified methods

Though there are some studies that specifically consider the seistSed for the analysis of dante.g., Makdisi and Seed 19ya@re

mic response of banks or bluffsdriss and Seed 1967; Kovacs not approprl_ate for s_eml-lnflnlte ge_ometnes_ where the shear stress
et al. 1971; Sitar and Clough 1983nany more studies are avail- &0ng any given horizontal plane is not uniform.

able if the seismic response of embankments is considered, andComputational Model
the procedures and concepts developed for embankments may
often be extended to banks or bluffs. Newm#tR63 proposed The computational model used in the study is the generalized
the concept that the stability of an earth dam should be assessedonsistent transmitting boundafcCTB) developed and vali-

in terms of earthquake-induced deformations, rather than a mini- dated by Dendg1991) for two-dimensional seismic site response
mum factor of safety. Newmarkl969 then presented a proce- analysis. The GCTB is an extension of the consistent transmitting
dure in which deformations were modeled using the analogy of a boundary, developed by Lysmer and W&&872), that allows for
sliding block on an inclined plane. Many other researchers useda boundary of arbitrary shape. One of the key advances by Deng
this sliding block analogy in estimating the response of embank- is the formulation of the solution to the equation of motion along
ments to seismic loadine.g., Seed and Goodman 1964; Sarma an arbitrarily shaped boundary in a layered system, specifically
1975, and more recently Kramer and SmitB97 for complaint along a rectilinear curve, and this representation is the basis for

Shear Plane \

Tension Cracks

Shear Plane"

slopes. the formulation of the GCTB. The prefix “generalized” refers to
Seed and Martin1966 applied the one-dimensional shear the ability of these elements to conform to arbitrarily shaped
slice method, first proposed by Mononobe et(2836), to calcu- boundaries. The GCTB is formulated by using the exact analytical

late average seismic coefficients for use in the stability analysessolution in the horizontal direction and a discretized first- or
of earth dams. This method simulates the dam as a series of thirsecond-order displacement shape function along the arbitrarily
horizontal slices. Seed and Martin assumed thatthat dam is shaped boundary. The frequency-domain model is linear vis-
infinitely long and rests on a rigid foundatiof) the dam is coelastic and utilizes the complex response method. An example
composed of a homogeneous, viscoelastic matéBathe width of a GCTB model for steep slopes is shown in Fig. 5. Additional
to height ratio is large enough so that bending can be neglecteddetails on the development and validation of the GCTB can be
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f 5 — AM= ——— (2)
= *
Lt " From Eq.(2), it can be seen that the weighting factai, is
independent of the slope angl®,, and the angle of the failure
{— plane,S,. This simple result based on the similarity of the tri-

angles simplifies the calculation of the average seismic coefficient
for varying slope geometries, if an acceleration value can be de-
termined for each slice.

It is convenient to compute the acceleration that occurs at face
of the slope for each slice, rather than obtaining the average value
along the slice. While not appropriate for deep-seated failure sur-
faces in embankment dams, this is a reasonable, though somewhat
conservative assumption for the analysis of steep slopes, resulting
Fig. 5. Example of slope model using pair of generalized consis- iy gverestimation of accelerations by less than 1@&hford and
tent transmitting boundaries Sitar 1994.

In summary, an approach similar to that used by Seed and
Martin (1966 and Makdisi and Seed 977; 1978 can be used to

found in Deng(199) and Ashford et al(1997. Ashford and develop average ;eismic coefficients for steep slope.s, as long as
Sitar (1997 also validated the model for various angles of inci- the condmo_ns parﬂcular_ to s_teep slopes are met. In t_hls article, the
dence for shear waves traveling at various directions relative to @verage seismic coefficient is calculated using a weighted average
the face of the slope. summation procedure within the potential failure wedge, rather

than using the shear slice method, because of the steepness of the
failure surface and the semi-infinite extent of the material behind
Calculation of k ,, for Steep Slopes the crest. For convenience, the accelerations used in the analysis
In defining the average seismic coefficieky,, Seed and Martin ~ herein are those computed at the slope face, which were shown to
(1966 were able to avoid a summation procedure by assuming P& reasonable and conservative. Finally, the peak crest accelera-
that the shear force at the horizontal base of the failure wedge!ion is computed by two-dimensional seismic site response analy-
represented the total inertia force induced by the earthquake. InSiS using GCTB.
the case of steep slopes, however, the base of the failure surface is
steeply inclinedFig. 4).

If the unit weight is assumed to be constant within the failure Site Specific Analyses
wedge, and the absolute acceleration of an individual slice is
given in terms of the acceleration of gravity, then the average Site specific analyses were performed to determine the effect of

Leff GCIB

seismic coefficient can be calculated as topography on the seismic response of actual slopes composed of
weakly cemented sand. The slopes analyzed include typical sec-

Kay= > Mua(y) (1) tions from three coastal sites in California with a history of seis-

M mically induced slope failures: Seacliff State Beach, Daly City,

wherem(y) =mass of the slice at depth M =total mass of the and Racific Palisad.es. _Field exploratior_ls were carried out at t_he
wedge; andi,(y)=absolute acceleration of slice. This is essen- Seacliff and Daly City sites to characterlze f[he subsurface stratig-
tially a “weighted” average. raphy gnd dynamic sp_ﬂ properties at the sites. The dynam|c_ SQI|
For the wedge shown in Fig. 6, weight must be given for each Properties of the Pacific Pgllsades site were assumed to be §|mllar
slice in order to develop the “weighted” average seismic coeffi- 0 thpse of _the other two in order to investigate a slope of inter-
cient from the summation in Eq1). The weighting of an indi- ~ Mediate height and steepness.
vidual slice is independent of the slope angle and the angle of the
failure surface. .Cor}sider the g(.aometry.of Fhe potential slidiljg Site Characterization
wedges shown in Fig. 6. Assuming a unit width, it can be easily
shown that the weighting\M, given to a horizontal slicée.g., Site-specific field explorations, including borehole logging and
the slice formed by points DEGFRs given by downhole shear wave velocity testing, were carried out at the
Seacliff and Daly City sites to characterize the subsurface stratig-
raphy and dynamic soil properties at the sites. All three sites are
underlain by weakly cemented sand, and the dynamic soil prop-
y /E /G erties of the Pacific Palisades site were assumed to be similar to
B [ F those of the other two in order to investigate a slope of interme-
I s diate geometry. Detailed descriptions of the Seacliff and Daly
X;

s City sites are presented below.

The Seacliff State Beach si(Eig. 7) is located just south of Santa

4 Cruz, California. The coastal bluffs at the site are nearly vertical

. . ._and about 30 m high. The terrain behind the crest of the slopes is
Fig. 6. Wedge-shaped failure surface used 1o calculate average SEIStjat and level for several hundred meters. The Seacliff site was

mic coefficient for steep slopes selected due to its relatively simple geology and its record of

l Seacliff State Beach
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borehole samples, cementation within this stratum increases with
depth, and the unit is a part of the Purisima formation.

Daly City

The Daly City site is located in the Westlake area of Daly City,
California. Here, the coastal bluffs are moderately steep, with
slopes between 40 to 55°, and attain heights in excess of 150 m.
The bluffs face to the west. The terrain behind the crest of the
bluffs is relatively flat, sloping approximately 5 degrees to the
north.

Though the geology of this site is more complex than the
Seacliff site, it was selected for analysis because of its geometry
and because of its long history of failures during seismic events.
Failures were documented along these bluffs in the 1906 and
1957 San Francisco earthquakes by Youd and H6t8@8, and
in the 1989 Loma Prieta earthquake as shown in Fig. 2 by Sitar
(1991.

The field exploration at the Daly City site confirms the com-
observed failures during seismic events. Plant and Grig§80 plex geology, and generally agrees with the description by Bonilla
provide a detailed description of slope failures at this site follow- (1959 Samples from the boring indicate that the site is underlain
ing the 1989 Loma Prieta earthquake and indicate that two typesPY alternating layers of weakly cemented and uncemented, poorly
of failures occurred. Translation failures originating along joints 9raded sand and claystone of the Merced Formation to the termi-
or weathering surfaces occurred in the top 12 m of the bluffs. Nal depth of the boring of 100 m. Sand layers dominate the profile
These failures were vertical in the Quaternary sediments and@nd are typically uniformly graded, with layer thicknesses ranging
tended to flatten out in the Purisima formation. Tension cracks ffom 3 to over 15 m. The clay is very stiff to hard, often slicken-
were observed extending 1—6 m behind the slope crests. TheSided, and occurs in layers up to 20 m thick. The measured shear
other type of failure was block sliding and toppling observed to Wave velocity profile for the Daly City site is presented in Fig. 8.
occur over undercut bases. Failures of coastal bluffs were also
observed in this general area during the 1906 San Francisco earthS,ope Models
guake(Lawson 1908

The results of the borehole logging and shear wave velocity Each model consists of a left and a right GCTHg. 5), with
testing (Fig. 8 at the Seacliff site were generally in agreement each boundary divided into layers that are at most 0.1 wave-
with the observations by Plant and Grigg990. The samples lengths thick. This dimension is based on the strain-compatible
recovered from the boring indicated a surfical layer of sandy silt shear wave velocity within the layer and the highest frequency of
to a depth of 3.1 m, with an increasing sand content with depth. motion under consideration. The frequencies considered in the
This material is the Quaternary period sand referred to by Plantanalyses were between 0.1 and 10 Hz, which is in the general
and Griggs(1990. It is underlain by a poorly graded, uniform, range of engineering interest and contains the dominant frequen-
fine sand to the terminal depth of the boring at 33 m. Based on cies of the seismograms used in the analyses.

Both the Seacliff and Daly City models were based on the
results of the field exploration. The Seacliff model is a 27-m high,
0 L 75° slope that is representative of the specific conditions occur-
e St Seaclif ring at Seacliff State Beach. In order to determine the effect of the
20k ~ '—-f; top boundary of the viscoelastic half-space, three different depths
i ! of this boundary were analyzed: 27, 41, and 67 m below the crest
ey of the slope. The GCTB model for the Daly City site consists of
40 a 116-m high, 45° slope with the viscoelastic half-space boundary
et located 134 m beneath the crest of the slope.
i The Pacific Palisades model is based on the geometry of those
slopes that failed during the 1994 Northridge earthquake, and
consists of a 61-m high, 60° slope with a viscoelastic half-space
80 I boundary located 91 m below the crest of the slope. Since there is
Dalycﬂ/.g no site-specific data available for this site: the soll prpperties used
i in the analyses are based on the properties determined at the two
other sites, which are typical for cemented sands. Though site
specific properties would have been desirable, these analyses
1201 allow for a reasonable comparison of the response of a slope with
geometry intermediate between the two other sites.
140 L 1 L L The strain-compatible shear wave velocity profiles used in the

0 200 400 600 800 1000 analysis for each site are presented in Fig. 9, and are significantly

Shear Wave Velocily, m/s less than the low-strain values obtained from the downhole testing
as presented in Fig. 8. The strain compatible soil properties were
obtained from one-dimensional equivalent-linear site response
analyses using the computer program SHAKERItiss and Sun

Fig. 7. Bluffs at Seacliff State Beach

o} L.,

Depth Below Crest, m

8
T

Fig. 8. Measured shear wave velocity profiles at Seacliff and Daly
City sites
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0 torical use in slope and embankment response studigs Seed
and Martin 1966 The peak acceleration in the record is 0.32 g
20 b and the dominant frequencies are between 5 and 6 Hz.

The UCSCO seismogram was recorded at the University of
California at Santa Cruz campus during the October 17, 1989,
Halfspace, L_oma Pri_eta ea_lrthquakeh/(sz 7.1). The p_eak recorded z_:lccelera-_
V=915 m/s tion at this station was 0.42 g. The dominant frequencies for this
outcrop motion occur at 3 Hz and between 5 and 7 Hz. This
record was selected because it likely has a frequency content
representative of the motion experienced by the Seacliff site.

The JOS90 record is from the June 28, 1992, Landers earth-

L,
40 pPacific Palisades

3
(=1
T

Depth Below Crest, m
@
Q
T

’ quake M¢=7.5). This record was selected primarily because it

100 b L— contained low-frequency motion that was not observed in the
' other two records. The seismogram was recorded at the Joshua

Da’y@_y/ﬁ Tree Fire Station_approximately 14 km frpm the epicent_er. It has
120 |- i a peak acceleration of 0.28 g, and dominant frequencies near 1

i and between 3 and 4 Hz.

140 0 200 400 600 800 1000

Shear Wave Velocity, m/s Results

Fig. 9. Strain-compatible shear wave velocity profiles used in analy- In each analysis, acceleration time histories were computed at the
sis of each site model crest of the slope, in the free field behind the crest, and in front of
the toe. The free-field response is taken as the one-dimensional
. . . response of the GCTB under consideration. The amplification of
1992 with the UCSCO record as the input rock outcrop motion. e mqtion at the crest of the slope was determined from the peak

Relgtionships presented by Wa(@SO for. t.he variatipn of nor- ground acceleration using the computed acceleration time histo-
malized shear modulus and fraction of critical damping were used joq

in the analyses. The strain-compatible soil properties obtained
using the other two seismograms were very similar to those ob-
tained from the UCSCO record, and, in order to make a direct
comparison between the different frequency contents of the earth-The comparison of the maximum acceleration computed at the
quakes, the same strain-compatible profile was used in eachcrest of the slope and in the free field is presented in Table 1. The
analysis. The strain-compatible damping values in all models table shows the following information for each model: slope
ranged from about 3 to 6%. Damping in the half-space was as-height H), slope angle$,), Z/H ratio, and natural frequency of
sumed to be 0.5%. the soil profile behind the crest of the slopig ). The position of

the half-space boundary relative to the slope crest is represented
by the ratioZ/H, whereZ is the depth to the half-space boundary
below the slope crest, artlis the height of the slopesee Fig. 5.

The El Centro N/S seismogram from the May 18, 1940 El Centro The site response is characterized by maximum acceleration at
earthquake 1,,=6.9) was selected primarily because of its his- various locationgshown in Fig. % as follows: ag=maximum

Slope Crest Amplification

Seismograms Used in Analysis

Table 1. Summary of Results for Two-Dimensional Site Response Analyses

Site f, f, Input feq A Ae Amax A A, A,
model (Hz) Z/H (Hz) motion (Hz) (9) (9) ((©)] (%) (%) (%)
ECNS 5-6 0.51 0.78 1.13 45 53 122
2.44 1.76 UCSCOo 3,5-7 0.64 0.86 1.33 55 34 108
Seacliff JOS90 1,3-4 0.30 0.45 0.65 44 50 117
S=75°, 2.46 ECNS 5-6 0.48 0.84 1.21 44 75 152
H=27m 15 2.39 UCSCO 3,5-7 0.66 1.04 1.55 49 58 135
JOS90 1,3-4 0.29 0.45 0.65 44 55 124
ECNS 5-6 0.32 0.81 1.15 42 153 259
1.0 3.07 UCSCo 3,5-7 0.42 1.12 1.57 40 167 274
JOS90 1,3-4 0.27 0.51 0.75 a7 89 178
Daly City ECNS 5-6 0.44 0.60 0.87 45 36 98
S=45°, 0.75 1.16 0.85 UCSCO 3,5-7 0.57 0.72 1.02 41 26 79
H=116m JOS90 1, 3-4 0.28 0.48 0.75 56 71 168
Pacific Palisades ECNS 5-6 0.43 0.74 1.24 67 72 188
S=60°, 1.26 15 1.32 UCSCO 3,5-7 0.57 0.83 1.46 76 46 156
H=61m JOS90 1,3-4 0.27 0.52 0.79 52 92 192
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free-field acceleration in front of the to@x.=maximum free- 0 Seacliff ZJH = 1.0, 75-Degree Slope

field acceleration behind the crest; aag,,=maximum crest ac-
celeration. In addition, three measures of amplification are com- 0.1} /o
puted, “topographic amplification,” i.e., the amplification of the oz v ]
free-field motion at the crest; “soil amplification,” i.e., the ampli- ’ ,'
fication due to the differences in the soil columns in front of the 03t )
toe and behind the crest, and “apparent amplification,” i.e., the 0 R
apparent amplification of the motion between the base and the ’ L
crest(Ashford and Sitar 1997 %o.s ,~'
Mathematically, these parameters are obtained as follows: S r
_ o | ucsco/ 1
Topographic amplification: 07 S
. ; ;
Amax— & : ;
A= Smax__ “ifc A3) 0.8t ECNS;
Afic J N
0.9 g .
Soil amplification: : ‘.’ JOS90
ar.—a 10 01 02 03 04 05 06 07 08 09 )
A= e it (4) kmax/amax
S afft
o Fig. 10. Normalized maximum seismic coefficient profile for Sea-
Apparent amplification: cliff model
Amax— At
AfT ®)
In general, the results of the analyses of acceleration distribu-
Consequently, tion in the models show that amplification due to the soil column
A=(1+A)(1+A)—1 6) is more important than topographic amplification. The effect of

soil amplification is readily estimated using existing methods and

Thus, the apparent amplification is completely described by the it does vary predictably with the frequency content of the earth-
soil amplification and the topographic amplification. The apparent quake. Topographic amplification also varies with the frequency
amplification is the parameter commonly noted in field studies of content of the earthquake; however, a simple relationship between
topographic effects following earthquakes, and it does not sepa-frequency content and response is not evident from our paper. In
rate out the amplification due to the differences in the soil column general, topographic amplificatioA, , appears to be affected by
between the crest and toe of the slope. In this paper, the topo-a broadband of frequencies. However, the magnitudg, dfas a
graphic and soil amplification are treated separately in an attemptrather small range of values in the cases considered here, and in
to determine the contribution of the different factors. general, is on the order of 50%.

Overall, the results in Table 1 show that the average topo-
graphic amplification is on the order of 50%, compared with the . S .

. o Maximum Average Seismic Coefficients

average site amplification of over 70% and an average apparent
amplification of over 150%. Perhaps more interesting is the range Time histories of average seismic coefficieky,, were devel-
of values for the different measures of amplification: 40 to 76% oped as described above from the three input seismograms for
for topographic amplification, as compared to between 26 to each of the five site models as a function of the depth of the toe of
167% for soil amplification. In general, the soil amplification has the failure wedgeh). From each time history, the maximum av-
a much greater effect on the apparent amplification than does theerage seismic coefficienk,,.,, was selected, and lg,,, profile
topographic amplification, and the topographic amplification has for each model was developed. Similar to the procedure used in
much less variability than the soil amplification for the models Makdisi and Seed1978, the k.., profiles were normalized by
studied. the maximum crest acceleration of the modgl,,. Profiles of

A comparison of the data for each site shows that the greatestk,,./amax Versus normalized depttn/H, are presented in Fig.
apparent amplification always occurs along with the greatest soil 10—12 for the Seacliff, Daly City, and Pacific Palisades models,
amplification. The converse is also true: the least apparent ampli-respectively. For the Seacliff site, very little difference was found
fication occurs along with the least soil amplification. This further between each of the 3 models with varying depth of soil column,
shows the primary dependence of the acceleration at the crest otherefore, only the results fa/H= 1.0 are shown. All results are
the slope on the soil column rather than the topography. summarized in Fig. 13 and compared to the range of values from

The Seacliff models were also used to analyze the influence of Makdisi and Seed1978.
the boundary of the half-space below the crest of the slope. The An overall review of the results reveals a wider range of val-
results show thafg increases dramatically, from an average of ues than presented by Makdisi and S¢&@78, exceeding both
46% to an average of 136%, d¢H decreases, the soil column the upper and lower bounds. The upper bound of this data is the
gets shorter and the natural frequency of the deposit matchesSeacliff Model with the JOS90 motion, while the lower bound is
more closely the dominant frequencies of the input motion. In the Daly City Model with the UCSCO motion. For each site
contrast, there is very little variance and no clear trend betweenmodel, the shape of the profiles are similar, with the upper bound
A; and Z/H, indicating that the topographic amplification is created by the JOS90 input motion in each case. The results from
somewhat independent of the depth of the soil column. This is the UCSCO and ECNS input motions are very similar within each
especially clear when contrasted to the strong dependence of soiket, the lower bound being formed by one or the other, or a com-
amplification on the soil column. bination of the two, depending on the model set.
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Daly City, ZIH = 1.16, 45-Degree Slope
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Fig. 11. Normalized maximum seismic coefficient profile for Daly
City model

A comparison between profiles &f,./amax for different sites
but the same input motion shows that #g,,/aax profile tends
to increase(i.e., shift to the right with increasing slope angle.

This is consistent for all input motions. As noted above, the

Kmax/@max Profiles for the Seacliff models using the same input
motion, but varyingH/Z (not shown are very similar, indicating
that thek,.,/amax Profile is somewhat independent of the depth to
the half-space boundary.

These results also indicate that thg,,/anay profile is depen-

Results from all site models
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Fig. 13. Comparison of all maximum seismic coefficient profiles
from this study with range of values from Makdisi and S€&878

slope. In addition, points along the flatter slopes may be more out
of phase with the crest motion than points along steeper slopes.

Proposed Procedure for Seismic Stability Analysis
of Steep Slopes

Though the study presented herein was carried out specifically for
steep slopes in weakly cemented sands, the procedures used in the
seismic response portion of the study are equally applicable to
steep slopes in other materials. Therefore, based on the above

dent on the frequency content of the earthquake, as exhibited byye|ationships between the peak acceleration at the crest and maxi-
the comparison within sets; and the slope angle, as exhibited byyym seismic coefficient, a procedure for incorporating the results
the comparison between sets. The contrast between the profilgy this study into the stability analysis of steep slopes can be
shapes for the 75 and 45° slopes can be explained by focusing ok ggested, as follows:

the motion at the crest of the slope, and attenuation of the motion1 ~ The initial step should be a one-dimensional seismic site

along the face of the flatter slope. This effect would result in the

reduction ofk,,.,/amax @s the failure surface extends down the

Pacific Palisades, Z|H = 1.5, 60-Degree Slope
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Fig. 12. Normalized maximum seismic coefficient profile for Pacific
Palisades model

response analysis in the free field behind the crest of the
slope using a suite of input motions appropriate for the site
under consideration. When considering topographic effects,
ample conservatism can be obtained by selecting an input
motion with a dominant frequency close to the natural fre-

quency of the site.

2. To account for the effect of topography, the maximum
ground surface acceleration obtained by the one-dimensional
analysis should be increased by 50% to estimate the maxi-
mum acceleration at the crest of the slope.

3.  Normalized values df,,,, at various depths can be selected
from the relationships presented in this paper. Upper bound
values should be used for steepest slopes, while average val-
ues should be used for shallower slopes. The valuds,of
should be multiplied by 0.65, as suggested by Seed and Mar-
tin (1966, to obtain thek,, value to use for analysis.

4. This value ofk,, can be used in traditional pseudostatic
slope stability analyses, though it is recommended that other
conditions specific to these steep slopes, including steep
shallow failure planes and low tensile strengths, also be in-
corporated into the analyses.

Example Analysis

A brief example using the Seacliff State Beach site is given here
in order to illustrate the use of the proposed procedure. Plant and
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— Failure Plane

QUATERNARY-AGED DEPOSIT
PURISIMA FORMATION
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Total Siope Height, H = 30 m

Fig. 14. Slope geometry used in example problem

Griggs (1990 provide a detailed description of slope failures at
this site following the 1989 Loma Prieta earthquake and indicate
translation failures originating along joints or weathering surfaces
occurred in the top 12 m of the bluffs. The heidght) of the 75°
slope is 27 m. Based on Plant and GriggE990 observations,
the base of most failure surfacé® was located 12 m below the
crest of the slope, with tension cracks found aBtm behind the
crest. Sitar et al(1983 carried out an extensive laboratory inves-
tigation on quite similar materials in nearby Pacifica, California,
and found that values @f=40 kPa,p =38°, and a unit weight of
16.7 kN/n? were typical of these types of materials. The proposed
steps in determining the average seismic coeffici&gj) (are il-
lustrated below. Onck,, is determined, an example pseudostatic
analysis is carried out using the above materials properties.

this example slope, free-field accelerations as low of 0.43 g would
be sufficient to lower the factor of safety to 1.00, which corre-
sponds to an average seismic coefficient of 0.36. However, the
value ofk,,=0.36 is still much higher than values typically used
(e.g., Leshchinsky and San 1994 pseudostatic slope stability
analyses, and indicates that these slopes would likely be consid-
ered safe using currently accepted practice.

Conclusions

This paper has shown that because of the brittle nature of weakly
cemented granular soils, a factor-of-safety-based approach, rather
than a deformation-based approach, is most appropriate for these
materials when considering seismic slope stability. Furthermore,
based on site-response analyses using the generalized consistent
transmitting boundary method, it was concluded that soil effects
dominate the seismic response of steep slopes. More specifically,
the effect of the soil column behind the crest of a steep slope,
though quite variable, can have a much greater affect on the seis-
mic response than the effect of topography. In this paper, topo-
graphic amplification was defined as the amplification at the slope
crest as compared to the free-field motlwehind the crestrather

than comparing the crest motion to the base motion. Using this
definition, the effect of the soil column could be factored out. It
was found that the amount of amplification due to topography is
relatively consistent between different slope geometries and soil
profiles, and is on the order of 50%.

Based on the field and laboratory observations presented in
this paper, together with analyses carried out herein, a new sim-
plified method to assess the seismic stability of steep slopes is
presented. This pseudostatic method uses average seismic coeffi-
cients to account for the effect of topographic amplification. This
method can be used along with traditional slope stability analysis
procedures as long as factors specific to these steep slopes are
properly accounted fofe.g., shallow planar failure surfaces and
tension cracks Though this method was developed for slopes in
California, and specifically validated for slopes that failed in the
Loma Prieta earthquake, it should be applicable to steep slopes

To account for site effects, a one-dimensional equivalent linear €/Sewhere along the Pacific Coast, and to steep slopes in general.

site response analysis would normally be carried out at this stage.

However, nearby strong motion records obtained from the Loma

Prieta earthquake also provide the opportunity to show the effec-Acknowledgments

tiveness of the proposed procedure. In this example, the nearby

CDMG Capitola Fire Station record will be used as representative This research was supported by the U.S. Geological Survey under
of the free-field motion behind the crest. The mean peak horizon- USGS Award No. 14-08-0001-G2127. The views and conclusions

tal ground acceleration from this record is 0.50(@ampbell contained in this paper are those of the writers and should not be
1990. This assumed free-field motion is then multiplied by 1.5 to interpreted as necessarily representing the official policies, either
account for topographic amplification, resulting in a peak ground expressed or implied, of the U.S. Government. The financial sup-

acceleration at the cresd,,,, of 0.75 g. The average seismic
coefficient from Fig. 13 using the ratio of the depth to the base of
the failure surface to the slope height/H=0.44) results in a
Kmax/@max Value of 0.84. Thereforek . is 0.63 g. As suggested
by Seed and Marti{1966), this value is multiplied by 0.65 to
obtain the average seismic coefficiekt,j of 0.41 g.

The stability analysis was carried out using the method pro-
posed by Hoek and Bra§1981 for planar sliding surfaces, with
tension cracks assumed to be located @ @&m behind the crest,

and failure planes assumed to be located between 40 and 50° from

horizontal. The most critical case analyzed is shown in Fig. 14,
with a static factor of safety of 1.59. Using the computed value of
ko, ~=0.419, we obtain a factor of safety to 0.95, which is consis-
tent with the large number of failures observed in the area. For

port of the donors is greatly appreciated by the writers.

Notation

The following symbols are used in this paper:

A, = topographic amplification;

As = soil amplification;

A, = apparent amplification;

ag. = maximum free-field acceleration behind the

crest;

ag = maximum free-field acceleration in front of toe;
amax = Maximum crest acceleration;

¢ = cohesion intercept;
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f, = natural frequency of soil profile behind crest of
slope;
H = height of slope;
h = depth to base of failure surface;
k,, = average maximum seismic coefficient;
Kmax = maximum seismic coefficient;
M = mass of failure wedge;
m(y) = mass of slice at depty
S, = slope angle;
S, = angle of failure plane;
U,(y) = absolute acceleration of slice;
X1, Xp, = vertical dimensions;
Z = depth to half-space surface;
AM = slice weighting; and
¢ = angle of internal friction.
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