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Reconsideration of Case Histories for Estimating

Undrained Shear Strength in Sandy Soils

C.E. (Fear) Wride, E.C. McRoberts and P.K. Robertson

Abstract

When sandy soils respond in a strain-softening manner to undrained loading, an estimation of the
resulting undrained shear strength (S,) is required to determine the potential for flow liquefaction
at a given site. One of the most commonly used methods for estimating the undrained strength of
liquefied sand is an empirical SPT-based chart (originally proposed by H.B. Seed), which was
developed using a number of case histories. The original interpretations of these case histories
are viewed by many workers and regulatory agencies as the most authoritative measure of the
liquefied strength of sand. Consequently, in comparison, other less conservative methods are
generally held in an unfavourable light. This paper re-examines the original database of case
histories in view of some more recent concepts regarding soil liquefaction. The objectives of this
paper are to explore and re-assess the issues involved in the original assessment and to offer
alternative views of the case records. The conclusions presented here indicate that alternative

explanations of the liquefied strength of sand are not inconsistent with the original case histories.
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Introduction

If a sand is considered to be strain-softening (i.e. susceptible to flow liquefaction), an estimation
of the resulting undrained shear strength (S,) is required for stability analyses for either statically
or dynamically triggered flow liquefaction. One of the most commonly used methods for
estimating the undrained strength of liquefied sand is the SPT-based chart by Seed and Harder
(1990), based on earlier work by Seed (1987). The chart is based on 17 case histories and
provides a relationship between S, and equivalent normalized Standard Penetration Test (SPT)
resistance, (N})eo, in clean sand. Figure 1 presents a metric version pf the Seed and Harder
(1990) chart, identifying the case histories by number. Table 1 summarizes the data presented in

Figure 1, in tabular form.

Several issues arise in practice when using this relationship, which is considered by many to be
the most authoritative standard for assessing the undrained strength of liquefied soil. First, there
are other techniques available for assessing the undrained strength of loose sand (e.g. Byme
etal., 1994; Fear and Robertson, 1995; Konrad and Watts, 1995; Yoshimine et al., 1998) which
often result in higher design strengths for denser soils than those predicted by Figure 1. Second,
practice often results in a lower bound assessment of the lowest (N )¢, for a given site or soil unit
and the subsequent introduction of this value into the lower bound relationship given in Figure 1.
As will be shown, the selection of the (N;)¢ values in the original interpretation of the case
histories often did not adopt a lower bound of the in-situ (N 1)so- Therefore, a considerable degree
of potentially unwarranted conservatism can be introduced when Figure 1 is applied in practice.
Thirdly, Fear and McRoberts (1995) reviewed the database compiled by Seed et al. (1984) and

presented an alternative assessment of the seismic triggering of sands using a lower bound



05/06/98 Version

assessment of the site data. The conclusion was that triggering was not observed above an (N 1)60
of about 15. Therefore, it can be suggested that the prediction offered by Figure 1 (i.e. that
a sand with (N1)so > 15 may have a strain-softening response and a low undrained shear strength)
may well be unlikely. Finally, it is possible that some of the case histories are cases of true flow
liquefaction for which S, is meaningful; however, some of the case histories appear to be cases of
cyclic liquefaction for which deformations might be associated with a loss in soil stiffness rather

than a loss in soil strength (Robertson, 1994).

The intent of this paper is to provide a review of the original case records in order to consider if
an alternative view — and one more supportive of other developments in liquefaction — could be
seen in the original database. The review of the database presented in this paper assesses the case
histories on a somewhat qualitative basis. A full discussion of the database is provided in one
chapter of the first author's Ph.D. dissertation (Fear, 1996). Further studies into each of the
individual case histories would be both interesting and useful in an attempt to answer some of the

questions that are raised here and to assess the case histories in a more quantitative manner.

Historical Information about the Case Histories

Essential statistics

Table 2 summarizes some essential statistics for each of the individual case histories. Included in
Table 2 are the 17 case histories from the original database by Seed and Harder (1990), three case
histories added to the database by Stark and Mesri (1992) and an additional case history, Duncan
Dam (Byrne et al., 1994). The case histories are identified by name and number. The numbers

were used to identify the case histories in Figure 1 and are used in subsequent figures throughout
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this paper. Included in Table 2 for each case history are the initial height and slope angle, the
type of trigger mechanism, the earthquake (EQ) magnitude and acceleration (if applicable), the
nature of the observed failure, the runout distance (defined as the horizontal distance from the toe

of the original slope to the toe of the post-failure slope) and the post-failure slope angle.

Other key facts

Detailed descriptions of each of the case histories are provided by Fear (1996), based on the work
by Seed (1987), Seed and Harder (1990) and Stark and Mesri (1992) as well as the many original
references for each case history. Thus, these descriptions will not be repeated here. However,
several key facts will be emphasized, as outlined in Table 3 and described below. References for

each case history in addition to the three main papers are cited in Table 3.

As indicated in Table 3, the various failures occurred between 1918 and 1987. Nine of the
failures occurred prior to 1970. It is likely that the data for older case histories may be less
reliable than those for more recent failures. A related fact is that there were no SPT data
available for most of the failures which occurred prior to 1970; only limited data were available
for the Fort Peck Dam case history. For two of the later case histories, only Becker penetration
test (BPT) data or cone penetration test (CPT) data were available. In the case of the Lower San
Fernando Dam, only post-earthquake downstream SPT data were available; using various
assumptions, these data were extrapolated to pre-earthquake upstream SPT data. Therefore, for
many case histories, values of (N)so can only be estimated and, as a result, are less reliable.
In addition, as indicated in Table 3, both the Lower and Upper San Fernando Dams consisted of

highly stratified deposits. In such materials, selecting a representative (N1)g is very difficult.
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For each case history, Table 3 also indicates the type of structure involved, the direction of the
failure, whether the failure involved a mass of soil or a distinct layer of soil, and various other
observations regarding the nature of some of the failures, as reported in the literature.
Consequently, the table is useful for identifying some additional similarities and differences

between the various case histories.

The additional case history presented here is Duncan Dam. Duncan Dam is a hydroelectric dam
located on the Duncan River, about 8 km upstream from Kootenay Lake in southeastern British
Columbia, Canada. The dam itself has never experienced a liquefaction failure; however,
arecent dam safety review by B.C. Hydro (Little et al., 1994) investigated the seismic resistance
of the dam, with liquefaction resistance of primary concern. Duncan Dam is a zoned earthfill
embankment founded on sandy soils. In-situ testing and sampling (Sego et al., 1994; Plewes et
al., 1994), laboratory testing of undisturbed frozen samples (Pillai and Stewart, 1994) and
subsequent analysis (Pillai and Salgado, 1994) indicated that the soil unit of greatest concern was
Unit 3-c, which is located under the downstream side of the right half of Duncan Dam. Unit 3-c
consists of uniform fine sand with approximately 5% fines. The sand is composed of angular to

subangular grains of quartz, plagioclase, K-feldspar and calcite-dolomite.

Representative values of (N4)s0 and S, selected by other authors

Over the years, different researchers have assigned different representative values of (N|)go and
Sy to each case history in the Seed and Harder (1990) and Stark and Mesri (1992) databases.

These values are summarized in Table 4 and Table 5, together with comments as to how they
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were selected by the various authors.

At Duncan Dam, the in-situ site investigation found that the SPT (Ni)go increased non-linearly
with increasing overburden stress (Byrne et al., 1994; see Table 6). Laboratory testing
(post-cyclic undrained monotonic simple shear tests) of undisturbed frozen samples concluded
that an undrained residual shear strength ratio, S,/c'y,, 0of 0.21 was applicable to the Unit 3-c sand
(Pillai and Salgado, 1994). As shown in Table 6, the site investigation and laboratory testing
results for Duncan Dam can be combined, in order to correlate values of S, with values of (N)eo
for given values of overburden pressure. These datapoints can be plotted and compared with the

other empirical case histories discussed above, keeping in mind that this case history did not fail.

Classification of the Case Histories

Summary of case history statistics

As mentioned earlier, Table 2 summarizes essential details for each of the individual case
histories. Based on the details in Table 2 and the information presented earlier, the case histories
in Table 2 have been classified into various categories in an attempt to ultimately distinguish
between cases of flow liquefaction (strain-softening response) and cyclic liquefaction. Of the
21 case histories listed in Table 2, three case histories were statically triggered failures, while
17 case histories suffered some type of deformations as a result of cyclic loading. The cyclic
loading was predominantly earthquake loading, but one case history (18, Lake Ackerman) was
triggered by cyclic loading related to a seismic exploration. The type of failure assigned to each

case history in Table 2 will be discussed below.
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Comparison of initial conditions

Table 2 clearly indicates that the database contains a wide range of initial slope height and angle
combinations. Five case histories had initial slope angles less than 5° (this includes case history
6, which was not a slope, but a building on level ground). Of these five case histories, only case
history 10 (San Fernando Juvenile Hall) has a large slope height (i.e. > 10 m). As explained in
Table 2, this is a result of the fact that the lateral spread at the site was approximately 1.2 km
long and thus there was a 30 m height difference between the toe and head of the slide mass area.
Eight case histories had initial slope angles greater than 25°, but all of these case histories had
initial slope heights of less than 11 m. Nine case records had initial slope angles ranging from
approximately 11° to 22°. Although one of these case records (2, Sheffield Dam) had an initial

slope height of 7.6 m, the others had much higher initial slope heights ranging from 17.6 to 61 m.

Comparison of observed deformations

Drawing on the information in Table 1 and Table 2, Table 7 provides a summary of the simple
deformation analysis performed as part of this study. For each of the case histories, several terms
have been computed to help quantify the observed deformations relative to those experienced by

the other case histories in the database.

The observed runouts for the various case histories cannot be compared directly because of the
wide range in initial slope height (see Table 2). It is logical to conclude that as the initial slope
height increases, observed runouts could increase as a result of the higher driving stresses and the

additional momentum that the material will gather as it fails. Dividing the observed runout by
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the initial slope height provides a simple way of comparing relative runouts between various case
histories. Table 7 indicates that nine of the case histories had relative runouts of 3 or greater.
The remaining case histories had relative runouts ranging from zero to 2. A related term to the
relative runout ratio is the amount of horizontal strain that occurred. This was defined by simply
dividing the observed runout by the initial slope length (defined as the horizontal distance from
the toe of the initial slope to the point immediately below the crest of the initial slope) and
expressing the result in percent. Table 7 indicates that eleven of the case histories had horizontal

strains greater than 90%. Four of the case histories had horizontal strains less than 4%.

Another simple measure for comparing the deformations of the various case histories is the
relative slope ratio. This is defined as the ratio of the post-failure slope angle to the initial slope
angle. Table 7 indicates that four of the case histories had relative slope ratios of 1.0; i.e. no
significant change in slope was observed from before to after the soil failure. Ten case histories
had relative slope ratios of less than 0.40. Figure 2 indicates that there is a clear relationship
between relative runout and relative slope angle for all of the case histories. This is to be
expected because a slope that runs out further relative to its initial height would obviously have
alower ratio of its post-failure slope angle to its initial slope angle. However, as will be
discussed further in later sections of this paper, what is of most interest is where the various case

histories happen to plot in Figure 2.

Another method of comparing the various failures is in terms of brittleness index (Ig). Sladen
et al. (1987) suggested that for slides that do not involve toe erosion, the brittleness index of the
slope failure can be estimated by comparing initial and post-failure slope profiles using the

following formula:
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_ tanf; —tanp,
tan 3,

[1] I
where (3; and B are the initial and post-failure slope angles, respectively. This term is related to
the relative slope ratio term discussed above. Note that the maximum possible value for Ig using
Equation 1 is 1.0. Table 7 indicates that ten of the original Seed and Harder (1990) case histories

have values of Iy greater than or equal to 0.64.

Sladen et al. (1985b) found that the brittleness index of a soil in undrained loading appears to be
related to the state of a sandy soil, when measured in terms of the ratio of the initial mean normal
effective stress of the soil to that at steady state at the same void ratio. Fear (1996) used the same
measure of state for sandy soils and termed it reference state ratio (RSR). RSR is given by the

following formula:

2] RSR = £
Pous

where p'; is the initial mean normal effective stress and p'ys is the mean normal effective stress at
ultimate (steady) state at the same void ratio. Note that p'y is related to the deviator stress at

ultimate state, qus, by the following formula:

[3] M = (l'us
P ous
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Estimating the average RSR for each case history is difficult. The best that can be done is to
calculate an approximate single average value. The average value of p'; was estimated based on
the average value of o'y, given by Stark and Mesri (1992) for the middle of the liquefied layer
and assuming a K, of 0.5. The average value of p',s was estimated by assuming an average M of
1.2 (which, for triaxial compression loading, corresponds to ¢',s=30°), assuming that q,s = 2S,,
and using the mean value of S, in the Seed and Harder (1990) database. Clearly, the resulting
average RSR is only an estimation and may be somewhat inaccurate. Nevertheless, it is
interesting to compare the relationship between Ig and estimated RSR for the case histories in the
original Seed and Harder (1990) database (with the exception of case history 2, for which the
post-failure angle was not available, and case history 6, which was not a slope failure) with that
suggested by Sladen et al. (1985b), as presented in Figure 3. Despite some scatter, there is
definitely an observable increase in Ig with increasing RSR, similar to that suggested by Sladen
et al. (1985b). The only exceptions to this are the lateral spread case histories (8, 10, and 14),
which have zero brittleness irrespective of the estimated RSR because no significant change in

slope angle occurred as a result of each lateral spread.

Classification based on deformation characteristics

In general, as outlined in Table 2, all of the case histories in the database can be divided into
three types of failures: flow failures, slump failures and lateral spreads. The category that
a given case history falls into depends on its deformation characteristics as quantified by the
various terms in Table 7. Case histories in the database classified as flow failures have large

relative runouts (and large strains) and small slope angle ratios (and large values of Ig). As an

10
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example, Figure 4(a) illustrates the flow failure at the Calaveras Dam (case history 1). Case
histories in the database classified as lateral spreads have small relative runouts (and small
strains), slope angle ratios of 1.0 (and Iz values of zero) and occur in gently sloping ground
(i.e. initial slope angle < 5°). As an example, Figure 4(b) illustrates the lateral spread at Whiskey
Springs Fan (case history 14). Slump failures have deformation characteristics in between those
of flow failures and those of lateral spreads. Case histories in the database classified as slump
failures have smaller relative runouts (and smaller strains) and larger slope angle ratios (and
smaller values of Ig) than the flow failures, but have large enough deformations in steeply
sloping ground that they cannot be considered to be lateral spreads. As an example, Figure 4(c)
illustrates the upstream and downstream slump failures at La Marquesa Dam (case records 15
and 16, respectively). The large deformations could have resulted from cyclic liquefaction

combined with large earthquake motions.

This study has classified flow failures as those failures which had a relative runout of 2 or greater
and a slope angle ratio of less than 0.4. Therefore, case histories 1, 3, 4, 7, 9, 13a & b, and 19
(Calaveras Dam, Fort Peck Dam, Solfatara Canal Dike, Uetsu Embankment, Mochi-Koshi
Tailings, and Nerlerk Embankment, respectively) would be classified as flow failures (see data in
Figure 2). Case histories 8, 10, and 14 (Snow River Bridge Fill, San Fernando Juvenile Hall, and
Whiskey Springs Fan, respectively) would be classified as lateral spreads because they all had
a relative runout less than 2, a slope angle ratio of 1 and occurred in gently sloping ground (initial
slope angle < 5°). Case histories 5, 12, 15, 16 and 17 (Lake Merced Ba;lk, Upper San Fernando
Dam, La Marquesa Dam - Upstream and Downstream, and La Palma Dam, respectively) would
be classified as slump failures because they had relative runouts less than 2 and slope angle ratios

greater than 0.4. Case histories 11 and 18 (Lower San Fernando Dam and Lake Ackerman,

11
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respectively) can be considered as borderline between the flow and slump categories.

The dividing line between a flow failure and a slump failure, as described above, is obviously
somewhat subjective. It would be reasonable to expect some transition zone between flow and
slump type failure deformation characteristics. Examining Figure 3, the dividing line between
flow and slump failures in terms of brittleness index is an Iy of about 0.6. It is interesting to note
that the classification of the individual case histories is similar to that by Baziar and Dobry

(1995) who divided the database into flow slides, lateral spreads and major slides.

Flow Liquefaction versus Cyclic Softening

Robertson and Fear (1995), building on earlier work by Robertson (1994), proposed specific
definitions of soil liquefaction, which distinguished between flow liquefaction (strain-softening
response in undrained loading initiated by either a monotonic or cyclic trigger mechanism) from
cyclic softening (progressive decrease in soil stiffness during cyclic loading). Cyclic softening
was further divided into cyclic liquefaction (shear stress reversal occurs and zero effective stress
can be reached) and cyclic mobility (no shear stress reversal occurs). A full description of these
definitions is given by Robertson and Wride (1998) in a recent NCEER report on soil
liquefaction evaluation (NCEER, 1998). It is often difficult, if not impossible, to distinguish
between flow liquefaction (strain-softening response) and cyclic softening (liquefaction)
phenomena in the field after a failure has occurred. Both types of liquefaction can result in large
deformations. Ideally, instrumentation during and after a failure together with comprehensive
site characterization would be required to correctly identify which phenomenon occurred.

However, such information is not available for the case histories being discussed here. The best

12
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that can be done is to make an estimate of which phenomenon controlled which case history,
based on the terminology definitions described above and the observed deformation

characteristics of each case history.

Statically triggered slope failures

Case histories 1 (Calaveras Dam), 3 (Fort Peck Dam), and 19 (Nerlerk Embankment) suffered
failures as a result of static triggers. All three of these case histories have been classified as flow
failures. Provided that failure truly occurred in the sand within each slope, these three case
histories would have to be classified as cases of flow liquefaction, because the trigger was static.
As indicated in Table 3, there is some ongoing debate over the influence of other factors such as
weak clay shale or clay layers influencing the failure. However, it is possible that although
strains may have first occurred in these weak layers, they may have been sufficiently large to
trigger flow liquefaction in the strain-softening sand above, such that the overall failure was

a result of the phenomenon of flow liquefaction.

Cyclically loaded case histories

Of the case histories in Table 2, one case history (21, Duncan Dam) did not fail, but consisted of
field and laboratory studies investigating what conditions could lead to failure. Case history 6
(Kawagishi-Cho Building) differed from all of the other cyclically loaded case histories in that it
consisted of the failure of a building foundation rather than deformations or failure of a slope.
However, the remaining 16 case histories suffered some type of slope deformation as a result of
cyclic loading. As discussed in the previous section, these case histories have been subdivided as

to the nature of the deformation that occurred (see Table 2).

13
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Lateral spreads

Four of the cyclically loaded case histories (8, 10, 14 and 20; Snow River Bridge Fill,
San Fernando Juvenile Hall, Whiskey Springs Fan, and Heber Road, respectively) were lateral
spreads, rather than severe slope failures. All four of these case histories had initial slope angles
less than or equal to 5° and suffered no significant change in slope angle after failure. Each of
these case histories suffered lateral deformations ("runouts”) of less than or equal to 3 m.
Youd (1993), based on earlier work by Bartlett and Youd (1992) included all four of these case
histories within a database of lateral spread case histories. Since these lateral spreads occurred in
level to gently sloping ground, it is reasonable to conclude that shear stress reversal did occur
during the earthquake loading. Consequently, these lateral spreads are all likely deformations

that are predominantly a result of cyclic softening (liquefaction).

Flow failures

Case histories 4, 7, 9, and 13a &b (Solfatara Canal Dike, Uetsu Embankment, Mochi-Koshi
Tailings Dam 2 and Dam 1, respectively) were all cyclically loaded case histories that were
classified as flow failures (see Figure 2). It is likely that these case histories suffered such large
runout ratios and responded in such a brittle manner because they contained a sufficiently large
mass of potentially strain-softening material that was triggered to strain-soften by the cyclic
loading. Once triggered, the driving stresses were higher than the undrained shear strength and
the material flowed significantly relative to the size of the slope or embankment. Thus, these
case records are likely all cases of flow liquefaction. They can be grouped together with the

statically triggered cases of flow liquefaction discussed earlier.

14
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Slump failures

The slump failures are more difficult to classify as being controlled primarily by either flow
liquefaction or cyclic softening (liquefaction). The observed slumping deformation pattern could
be due to either type of liquefaction. If flow liquefaction occurred within the soil structure, there
must have been an insufficient quantity of strain-softening material relative to strain-hardening
material to result in a true flow failure. However, if shear stress reversal did occur within the soil
structure, cyclic liquefaction with deformations accumulating during cyclic loading may have
caused the observed deformations. In particular, if cyclic liquefaction occurred in the level
ground at the toe of any of the slopes, the slumping deformation pattern may have been a result
of the soil structure moving into the zone of softened soil. Further studies into all of the failures
would be required to clearly identify what happened at each site. However, for interest, this

study attempts to distinguish between possible flow liquefaction and possible cyclic softening.

Using results by Pando and Robertson (1995) as a guide, it is possible that shear stress reversal
may have occurred within the slope of case histories 5, 15, 16 and 17 (Lake Merced Bank,
La Marquesa Dam - Upstream and Downstream, and La Palma Dam, respectively) because they
were all relatively short steep structures (see Table 2). In particular, shear stress reversal may
have occurred in the level ground in the toe region of each slope, causing a loss in soil stiffness
and resulting in the embankment slumping into the surrounding ground. Case history 6

(Kawagishi-Cho Building) may have been affected by a similar phenomenon.

Case history 12 (Upper San Fernando Dam) was a large enough structure that it is possible that

15
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shear stress reversal may not have occurred throughout the structure. A more probable
explanation is that the dam consisted of a small portion of strain-softening or limited
strain-softening material such that it suffered damaging, but limited deformations, rather than
a catastrophic flow failure. The presence of the downstream berm may have also contributed to

limiting the deformations that occurred.

Case histories 11 and 18 (Lower San Fernando Dam and Lake Ackerman, respectively) which
were considered as borderline between the flow and slump categories, may have contained more
strain-softening material than case history 12, but still had an insufficient amount to result in
relative runouts as high as most of the flow failure case histories. Also, the approximate RSR for
the Lower San Fernando Dam was smaller than the approximate values of RSR calculated for the
other case histories classified as flow failures (i.e. it appears to have had a denser initial state than
the other flow failure case histories; see Table 7). Nevertheless, these two case histories will be
included with the flow failure group because the deformations were fairly large and their slope
angle ratios were low. The observation of a time delay between the end of the earthquake and the
failure of the Lower San Fernando Dam supports the classification of the case history as flow
liquefaction. However, the zone of material that suffered flow liquefaction was limited in size

relative to the overall size of the dam, resulting in the borderline flow/slump deformations.

Sy versus (Np)gp for flow liquefaction case histories

Figure 5 presents a similar plot to that by Seed and Harder (1990) given in Figure 1, but includes
only the case histories in the combined Seed and Harder (1990) and Stark and Mesri (1992)

database which were classified as flow failures or borderline flow/slump failures (see Table 2).

16
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These case histories are considered most likely to be cases of flow liquefaction, for which
estimating an undrained strength is appropriate. Clearly, the data still falls within the Seed and
Harder (1990) boundary lines because the values of S, and (N))ss-cs have not been changed.
However, it is important to note that case histories 1, 2, 3, 4, and 7 had SPT values which were
only estimated because little or no data were available (see Table 3 and Table 4). Therefore these
data contain uncertainty; in particular, case histories 1 and 3, which have higher SPT values can
be considered to have larger uncertainty associated with them than the lower blowcount case
histories. Case history 19 had SPT values estimated from CPT measurements. Case history 11
consisted of highly interbedded silt and sand layers; hence, the average SPT blowcount can be
misleading. If case histories 1, 3, 11 and 19 are removed from the plot because of the uncertainty
associated with their SPT values, no case history data for flow failures are left with values of

SPT (Ni)so-cs > 6. Hence, the shape of the relationship for (N})so-cs > 6 becomes uncertain.

Superimposed on Figure 5 is a theoretical ultimate state strength line (for triaxial compression
direction of loading) for clean Ottawa sand (K,=0.5), based on the results of Fear and Robertson
(1995). Also superimposed on Figure 5 are the results from the detailed site investigation and
laboratory testing for case record 21 (Duncan Dam), as summarized in Table 6. The sand under
investigation at Duncan Dam was essentially a clean sand, having a fines content of 5 to 8%.
Consequently, essentially no blowcount correction is required for fines content and the measured
(N1)eo-in-situ values can be plotted directly on this figure. The data for Duncan Dam (which did
not fail) certainly appear to follow the trend of the theoretical lines for Ottawa sand loaded in
triaxial compression. For values of (N))go-cs greater than about 10, both the Ottawa sand line
and the Duncan Dam data certainly suggest a different trend to the relationship between S, and

(N1)go-cs than that suggested by the Seed and Harder (1990) boundary lines.

17
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Representative Values of (N4)so and S,

Range of data reported in the literature

Table 1 summarized the values of (Ni)go (both in-situ and clean sand equivalent) and S, used by
Seed and Harder (1990). However, there is considerable uncertainty in the selected values and
there appears to be a wide range of reported representative values of (N)¢ and S, for each case

history (as indicated in Table 4 and Table 5).

It is important to note, as outlined earlier (see Table 3), that several of the case histories in the
Seed and Harder (1990) database had representative (N )gy values selected based on no or little
SPT data. In particular, case histories 1 and 3 (Calaveras Dam and Fort Peck Dam), which are
two of the case histories with higher representative values of (N;)s (see Figure 1), had (N})eo
values assigned based on relative density type estimates. Case history 16 (La Marquesa Dam,
Downstream Slope), which was also one of the higher (N))sp case histories (see Figure 1),
appears to have a representative (Nj)go selected based on a single blowcount in the layer that
appeared to have liquefied. Case history 14 (Whiskey Springs Fan had SPT values estimated
from Becker penetration test (BPT) measurements. Case history 19 had SPT values estimated
from CPT measurements. Uncertainties also arise for case histories 11 and 12 (Lower and Upper
San Fernando Dams, respectively) which had the highest representative (N)q values in the Seed
and Harder (1990) database (see Figure 1). The selected values were extrapolated from
post-earthquake conditions to pre-earthquake conditions and in the case of the Lower San

Fernando Dam, from downstream conditions to upstream conditions. In addition, the

18
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interbedded nature of the case history 11 and 12 deposits make the selection of an appropriate
blowcount value difficult. Some of the uncertainties associated with the selection of

representative values of S, are discussed later in this paper.

Table 8 summarizes the range in values of (Nj)go-in-situ, S, and estimated fines content, as
reported by various authors and given in Table 4 and Table 5. Based on the estimated fines
content, the values of (N;)es-in-situ could be converted to equivalent clean sand values of
(N1)eo-cs (after Seed, 1987). It is important to note that there is a considerable uncertainty with
these fines content corrections. The data given for the case histories in Table 8 clearly cover

a wider range than in Table 1, based on the Seed and Harder (1990) data alone.

A minimum (N,)¢ approach

In general, the values of (Ni)s in the Seed and Harder (1990) chart appear to be average
representative values for each case history. Experience has shown that the Seed and Harder
(1990) chart often gives conservative estimates of S, (e.g. Byrne et al., 1994), particularly when
applied to all points in an SPT profile, including any low values. Based on the discussion in
Fear and McRoberts (1995), it is likely the “weakest-link-in-the-chain”, represented by the
minimum (N)so, that can result in either cyclic softening (liquefaction) or flow liquefaction
being triggered at a particular site. Likewise, it could be argued that the resulting estimation of
undrained shear strength for a liquefied soil deposit should be correlated with the minimum
representative (Nj)eo, rather than the average value. Based on earlier work by Popescu (1997),
Yoshimine et al. (1998) suggested that the 80-percentile value, or approximately the mean minus

one standard deviation, of CPT data would be the appropriate value to link to undrained shear
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strength. Since CPTs are continuous in nature and, particularly if several CPTs are conducted
adjacent to one another, this calculation is fairly straightforward. However, when only limited
SPT data are available, calculating a representative mean minus one standard deviation of (N)g0

is difficult. Therefore, selecting the minimum (N )40 value may be a reasonable alternative.

Table 9 presents a summary of the revised values of S, and (N)g chosen to represent each case
history, based on the minimum (N;)so viewpoint. A reasonable lower bound (N;)gg-in-situ was
selected and the clean sand equivalent value was estimated based on the fines content and the
SPT corrections proposed by Seed (1987). Table 9 provides comments regarding the selection of
both S, and (Nj)¢ for each case history. When possible, the value of S, was selected as one
which incorporated energy effects (Poulos, 1988; Davis et al., 1988), as this was felt to be closer
to the "true" value of S,. Conducting this exercise led to the conclusion that it is very difficult to

represent a complex slope failure by a single S, and a single (N )go.

Although Table 9 presents the revised selections of S, and (Nj)g for each of the case histories in
the database, an undrained shear strength is really only appropriate for cases of flow liquefaction.
While cases of cyclic softening (liquefaction) will likely experience deformations related to the
minimum (N))eo, undrained shear strengths are not appropriate to the analysis of such a site.
At best, they can represent equivalent values of S, that would result in similar deformations as
those caused by the progressive loss in soil stiffness. However, these values of S, may not be

appropriate for analyzing sites outside of the database.

Figure 6 presents the revised selection of S, and (N)go-cs in Table 9 for the case histories in the

combined Seed and Harder (1990) and Stark and Mesri (1992) database that were classified as
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flow failures and borderline flow/slump failures. Superimposed on Figure 6 are the Seed and
Harder (1990) boundary lines and the K,=0.5 theoretical line for clean Ottawa sand (Fear and
Robertson, 1995). The general trend of the data appears to be more similar to the clean Ottawa
sand line than the Seed and Harder (1990) boundary lines. However, the data are fairly limited
and contain considerable scatter. If case histories 1, 3, 11 and 19 are removed due to the larger

uncertainty in their SPT data, the shape of the relationship for (N|)eo-cs > 6 becomes uncertain.

The earlier discussion has suggested that undrained shear strengths only have real meaning for
flow liquefaction case histories. Although an attempt has been made here to separate what
appear to be true flow failures from other case histories in the database, some uncertainty remains
as to which case histories should actually be included on a plot of S, versus (N1)so-cs. Therefore,
Figure 7 presents the same plot as in Figure 6, but with all of the case histories shown, rather than
just what are considered here to be true flow failures. Different syrnbpls are used to distinguish
each type of failure; i.e. flows and flow/slumps, slumps, lateral spreads, and the one building
failure. Case history 5 (Lake Merced) is not shown in Figure 7 because an argument has been
made in this study to remove it from the database (see Table 3 and Table 4). Similar conclusions

can be drawn for Figure 7 as were drawn above for Figure 6.

Figure 8 presents the same data as in Figure 7, but in terms of undrained shear strength ratio. In
order to normalize the values of undrained shear strength used in Figure 7, the values of c'y;
selected by Stark and Mesri (1992) were used for each case history (see Table 7). However, for
the Nerlerk Embankment case history (19), the value of S,/c',; of 0.148 selected by Stark and

Mesri (1992) was used directly (see Table 5). Most of the flow failure case histories had values
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of Sy/a'y; of less than 0.15. No data plot above an (N1)so-cs of 10. However, in general, the data
appear to suggest a different trend than that suggested by the Stark and Mesri (1992) boundary
lines, which are shown in Figure 8 for comparison. Also shown for comparison K, =0.5

theoretical line for clean Ottawa sand (Fear and Robertson, 1995).

Uncertainty with Sy

In reviewing the case histories in the combined Seed and Harder (1990) and Stark and Mesri
(1992) database, it soon becomes clear that there is considerable uncertainty in the selection of
a representative value of S, for an individual case history (see Table 4 and Table 5). As indicated
in Table 3, many of the case histories involved "liquefaction” of a soil mass, while others
(case histories 2, 10, 15, 16, 17, 18 and 20) involved "liquefaction" of a particular soil layer.
For case histories involving failure of a soil mass, the zone occupied by the mass within the soil
structure was sometimes limited in extent (e.g. case histories 11 and 12). Different assumptions
were made by various authors as to the mechanics of failure in calculating a single representative
Sy for each case history, resulting in the range of reported values presented in Table 8.
For example, Lucia (1981) and Lucia et al. (1982) calculated S, based on post-failure slope
configurations, while Poulos (1988) and Davis et al. (1988) noted that the pre-failure and
post-failure driving stresses would bracket the actual mobilized undrained shear strength and
attempted to account for energy effects associated with the dynamics of failure when calculating

the values of S,.

In actual fact, a single value of S, may reflect only the overall failure, but not apply everywhere

within the failing soil mass or layer. Different directions of loading may occur at different points
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within a soil structure such that various elements reach different values of S,. However, many
authors assume a single S, along a failure surface. In addition, variability in soil state within the
soil mass could result in different elements of soil having different values of S,. Some failures
(e.g. 19, Nerlerk embankment) were progressive in nature. If this is not accounted for, undrained
strengths may not be properly estimated. Newmark type deformation analyses were often used to
estimate the S, that would result in the observed accumulated deformations during cyclic loading
for the lateral spreading type case histories. However, the previous discussion has suggested that
these deformations are generally due to a loss in soil stiffness during cyclic loading. While
a value of S, estimated using this method may match the observed deformations at a particular
site, it is really only an equivalent S, because the physics leading to failure did not necessarily

involve a loss in strength. Extrapolating such results to other sites is not appropriate.

Deformations that result from the phenomenon of cyclic softening (liquefaction) should not be
analyzed using an undrained shear strength in a stability analysis. Although the magnitude of the
deformations that may occur will depend on the density of the soil (as indicated by (Ni)e
values), they will also depend on the size and duration of cyclic loading. Other methods such as
that developed by Youd (1993) should be used to estimate deformations associated with potential
lateral spreads. Sloping ground that is not considered to be susceptible to flow liquefaction based
on site specific testing should be carefully evaluated for the potential of cyclic softening
(liquefaction) and resulting deformations. In such cases, it is important to carefully evaluate the
level ground at the toe of a slope, in order to examine the effect that cyclic liquefaction and loss
in stiffness within that zone may have on overall deformations of the slope. Similar

investigations should be carried out for buildings located on level ground.
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Conclusions

The empirical SPT-based chart by Seed and Harder (1990) is one of the most commonly used
methods for estimating the undrained shear strength of sand for either statically or dynamically
triggered flow liquefaction. This paper has illustrated the complexity and range of liquefaction
failures contained within the combined Seed and Harder (1990) and Stark and Mesri (1992)
database. It appears that the database contains a wide range of deformation characteristics and
possibly a variety of flow liquefaction and cyclic softening case histories. However, after
a failure has occurred, it is often very difficult to correctly identify which phenomenon controlled
the observed deformations. In addition, the detailed summaries provided for each case history

illustrate the difficulty in assigning a single S, and a single (N})so to a complex slope failure.

Recent studies (e.g. Byme et al., 1994; Fear and Robertson, 1995; Konrad and Watts, 1995;
Yoshimine et al., 1998) have indicated that the undrained shear strength of sand is a flow
liquefaction response parameter that is very sensitive to variability in a soil deposit as well as the
direction of loading. These approaches often result in higher design strengths for denser soils
than those predicted by the Seed and Harder (1990) chart. Nevertheless, the Seed and Harder
(1990) chart continues to be considered by many workers and regulatory agencies as the most

authoritative standard for assessing the undrained strength of liquefied soil.

However, the original relationships proposed by Seed and Harder (1990) appear to be
conservative and based on average representative (N})so values for each case history. As a result,

when applied in practice, they may be overly conservative for low points in any SPT (N))so
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profile in a soil deposit. In addition, the original database appears to contain limited reliable
data for (N1)so-cs > 6; thus, the shape of the relationship between S, and (N1)so-cs becomes
uncertain. However, as suggested by other authors (e.g. Byme et al., 1994; Konrad and Watts,
1995; Fear and Robertson, 1995; Yoshimine et al., 1998), the relationship may be extremely
sensitive to small changes in density at values of (N1)so-cs in the order of 10 to 15. When
(Ni)go-cs falls above this threshold value, undrained strengths may be quite large. This is
consistent with Fear and McRoberts' (1995) observation that a lower bound assessment of the
Seed et al. (1984) seismic triggering database showed that seismic triggering was not observed

above an (N})4 of about 15.

Finally, when re-examined in view of some of the more recent concepts regarding soil
liquefaction, it appears that the case histories in the original database are not inconsistent with
alternative views and other recent developments in liquefaction. Thus, in practice, the revised
database could be a useful tool which should be used in conjunction with other alternative
approaches when assessing a particular site for instability due to flow liquefaction. The review
of the database presented here assessed the case histories on a somewhat qualitative basis.
Further studies into each of the individual case histories would be both interesting and useful in
an attempt to answer some of the questions that are raised here and to assess the case histories in

a more quantitative manner.
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Table 4. (N;)go values selected by various authors for each of the case histories

Case History Researchers (N1)eo FC Comments
No. Name In-situ  Cleansand (%)
equivalent
I Calaveras Dam Seed (1987) 12 Typical value for hydraulic sand fill in original structure, based on “tests
performed in recent years”
* No SPTs performed Seed & Harder (1990) 12 Adopted value by Seed (1987)
Stark & Mesri (1992) 12 Adopted value by Seed (1987)
Poulos (1988) 7 > 60 Adopted Ni=2; assuming ER=60% & FC>60%, gives (N})go-cs = 7
2 Sheffield Dam Seed (1969) Estimated D, of 35 t0 40% for upper 1 to 1.5 feet of foundation material,
based on degree of compaction of about 76%
* No SPTs performed Seed (1987) 6t0 8 Based on estimated Dy of 40 to 50% appears to use correlations such as in
Skempton (1986)
Seed & Harder (1990) 6
Stark & Mesri (1992) 6
3 Fort Peck Dam Marcusen & >7 D; of 40 to 50% in shell material and 55% in foundation sands
Krinitzsky (1976)
* Limited SPTs performed  Seed (1987) 11to 12 Based on foundation sands having a D, of 45 to 50%, based on Marcusen &
Krinitzsky (1976)
Poulos (1988) 7.3 30 Adopted N;=5.3; assuming ER=60% & FC=30%, gives (N})eg-cs =7.3
4 Solfatara Canal Dike Ross (1968) Noted that original north levee could be considered to have had a similar D to
the existing south levee, which was estimated from borings to be about 32%
* No SPTs performed Seed (1987) 5 Based on a relative density of 30% and the fact that the sand is clean uniform
fine sand
Poulos (1988) 0 <5 Adopted N;=0 (D, ~ 32%); assuming ER=60% & FC<5%, gives (N} )g0-cs = 0
5 Lake Merced Bank Ross (1968) Range in raw N (based on BH1 and BH2 combined): 4 to 21
(average 11) in unit B, 8 to 24 (average 16) in unit C
Seed (1987) ) Estimated D, of 40%
Seed & Harder (1990) 6
Stark & Mesri (1992) 6 3
This study TH* Two boreholes: BH1 (located outside failure zone); BH2 (located within slide
area). Unit B average raw N is 4 to 21 (avg. 16) in BH! and 4 to 10 (avg. 7)
in BH2; BH2 results in (N})s0 in-situ = 7. ** However, BH1 was
located well outside fill, through natural soil; BH2 was located on the outside
edge of the cut/fill boundary of the highway, through natural soils. It appears
that the soil that played the predominant role in the failure was underwater fill
SPT results in natural soil have no meaning for the fili; therefore, remove case
history from the database.
6 Kawagishi-Cho Building  Seed (1987) not less than 4 (referring to paper by Yamada, 1966)
This study A value of 4 is probably reasonable: low blowcounts of raw N = 2 to 4.5 were
* SPTs reported by Yamada recorded in the upper sand layer beneath the Railway Station (Yamada, 1966),
(1966) were performed at a it appears that the ground conditions beneath the Kawagishi-Cho building
nearby building only were assumed to be similar (probably a good assumption, based on an SPT
sounding for Kawagishi-Cho site presented by Ishihara & Koga, 1981)
7 Uetsu Railway Seed (1987) <3 “since the embankment had performed satisfactorily under train loadings
Embankment before the earthquake, it [was] unlikely that the [equivalent clean sand] (N))so
value for the sand was less than about 3”
* No SPTs performed Seed & Harder (1990) 3
Stark & Mesri (1992) 3
8 Snow River Bridge Fill Ross et al. (1969) Raw N of 5 to 10 in upper 40 to 50 ft of river bed and increasing to 30 at tips
of deepest piles (= 60 feet)
Seed (1987) 7 Value given in Seed (1987) text (Noted that the soil involved in the lateral
slide was a gravelly sand)
S Value given in Seed (1987) table
Seed & Harder (1990) 7
Stark & Mesri (1992) 5 71010 10t 30
9 Koda Numa Embankment  Seed (1987) 3tod Seed (1987) felt that the (N, )eo-cs “is not likely to be less than about 3 or 4 in
a railway embankment of this type” since the embankment had performed
satisfactorily under loadings prior to the earthquake, similar to the Uetsu
Railway Embankment
* No SPTs performed Seed & Harder (1990) 3
Stark & Mesri (1992) 3
10 San Fernando Juvenile Hall Seed (1987) 2 6 For the saturated sandy silt in unit B1
Davis et al. (1988) 4 S0to 75
Bennett (1989) 37t011.2 Average value =79
Seed & Harder (1990) 6* 10 65 *Note: it appears that the value of (N, )s-cs reported by Seed & Harder
(1990) has been double corrected for fines content since the value they
assumed as the in-situ (N|)so was 6; however, this was the equivalent clean
sand value reported by Seed (1987), having already been corrected for fines
content from the in-situ (Ny)gp of 2
Stark & Mesri (1992) 6* 10.5t013.0 65 *Note: same comment as for Seed & Harder (1990) (N )so-cs value
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11

Lower San Fernando Dam

Seed (1987)

Based on a post-EQ average (N1)so in D/S shell of about 16 and D of about 50
to 55%; assumed pre-EQ values would be lower; selected (N1)socs of 15 based
on Dy of 50%

* Post-EQ SPTs in Seed et al. (1988) 11.5 13.5 2510 30 Pre-EQ (N1)so in-situ in U/S shell estimated from average (N} )so in-situ of
downstream shell only 14.5 in D/S shell (post-EQ), corrected to 12.5 downstream (pre-EQ), corrected
to 11.5 upstream (pre-EQ)
Final correction to (N})socs of 13.5 based on FC of 25 to 30%
Poulos (1988) 50 Adopted N;=8.5; assuming ER=60% and FC=50%; no indication as to if this
was for U/S or D/S side
Davis et al. (1988) 5.5% 7.5109.5* 50  Assigned an (N;)so of 8.5 to the downstream side of the dam
* Note: if (N})go of 8.5 is assumed to be the in-situ (Ni)so In the D/S site, it
becomes an U/S, pre-EQ (N))go in situ of 5.5, using the A(N )¢ values applied
by Seed et al. (1988); this converts to an (N1)so-cs of 9.5 for FC = 50%;
however, for FC = 25 to 30% (like Seed et al., 1988, assumed), (N )socs = 7.5
Seed & Harder (1990) 11.5 13.5
Stark & Mesri (1992) 11.5 13.5t017.5 2510 30 Clean sand equivalent value depends on type of correction factor used
McRoberts & Sladen 7 Based on a sensible lower bound for the post-EQ D/S in-situ (N})ep of 8,
(1992) converted to a pre-EQ U/S (N)go-cs of 7
4 Based on CPT logs from 1985 fieldwork (GEI Consultants, 1988), giving a
lower bound post-EQ D/S tip resistance of 24 bars (25 tsf) and converting to a
post-EQ D/S (N1)socs of 7 or a pre-EQ U/S (N))so-cs of 4
12 Upper San Fernando Dam  Dept. of Water 13 15 25 Based on average post-earthquake (N, )go in-situ of 17.5 in lower elevations of
Resources (1989) the hydraulic fill, corrected to pre-earthquake average (N)eo of 13, corrected
to pre-earthquake average (N1)gocs of 15 for FC = 25% (N.B. correction from
post-earthquake to pre-earthquake of 4.5 blows based on estimated relative
density change of 12%)
Seed & Harder (1990) 13 15 25
Stark & Mesri (1992) 13 15t0 19 25 __Clean sand equivalent value depends on type of correction factor used
13 Mochi-Koshi Tailings Ishihara (1984) 85 In tailings pond, raw N of 0 down to 15 m, at which raw N = 3 to 7; in starter
13a—~Dam?2 dikes (did not fail), raw N about 5
Seed (1987) 1 6
Poulos (1988) 0 > 60
Davis et al. (1988) 0 > 60
Seed & Harder (1990) 0 5 80
Stark & Mesri (1992) 0 S5to7 80 Clean sand equivalent value depends on type of correction factor used
13b- Dam 1 This study 0 5 Assumed same values as for Dam 2 (Seed & Harder, 1990)
14 Whiskey Springs Fan Harder (1988) 8 10 20  Based on Becker Penetration Test (BPT) values converted o equivalent SPT
values; total fines content = 20%
* No SPTs performed; Seed & Harder (1990) 8 11 40 40% FC based on sand matrix alone
BPTs were converted to Stark & Mesri (1992) 8 ITtol15 40 Clean sand equivalent value depends on type of correction factor used
SPT values
Andrus & Youd 6to 12 Average CPT results converted to equivalent SPT values
(1989)
15 LaMarquesa Dam De Alba et al. (1988) 4% 6 30 *Note, however, that only two blowcounts were measured in the silty sand
- U/S Slope layer that liquefied
Seed & Harder (1990) 4 6
Stark & Mesri (1992) 4 6to 10 Clean sand equivalent value depends on type of correction factor used
16 LaMarquesa Dam De Alba et al. (1988) 9* 11 20 __* Only three blowcounts in layer that liquefied; 9 = highest value
- D/S Slope Seed & Harder (1990) 9 11
Stark & Mesri (1992) 9 11to 14 Clean sand equivalent value depends on type of correction factor used
This study 5.5 7.5 20 Lower bound approach
17 LaPalma Dam De Alba et al. (1988) 3 4 15 *In the damaged area, the only blowcounts measured in the loose silty sand
layer were one blowcount in each of two boreholes located midslope.
Seed & Harder (1990) 3 4
Stark & Mesri (1992) 3 4107 15 Clean sand equivalent value depends on type of correction factor used
18 Lake Ackerman Hryciw et al. (1990) 3 (N1)eo in-situ: 6 to 8 (failed section); 1 to 4 in (unfailed section)
Stark & Mesri (1992) 3 4 Oto5
19 Nerlerk Embankment Jefferies et al. (1990) 11 Inferred from CPT results
* No SPTs performed Stark & Mesri (1992)  10to 11 10t0 125 0Oto 10 Referred to Jefferies et al. (1990); Clean sand equivalent value depends on
type of correction factor used
20 Heber Road Youd & Bennett Raw N of 1 to 7 (safety hammer) or 2 to 4 (donut hammer)
(1983)
Davis et al. (1988) 1.4 15 _ Based onraw N of 1 over adepth of 6 to 11 feet
Stark & Mesri (1992) 1 1.5t05 15 Clean sand equivalent value obtained depends on type of correction factor
used
21 Duncan Dam Plewes et al. (1994) 10to 18.5 (N1)so values increased with depth in soil unit of interest (see Table 5)

and Pillai & Stewart
(1994)
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Table 5. S, values selected by various authors for each of the case histories

Case History Researchers Su Comments
No. Name (psf)
1 Calaveras Dam Seed (1987) 750 Based on post-failure configuration of slide mass; no specific details are given

Poulos (1988) 700 Incorporated effects of energy and dynamics of failure; calculated 1500 psf for pre-failure
driving stress, 250 psf for post-failure driving stress, and 600 psf to 1100 psf for mobilized
undrained shear strength; 700 psf is recommended value

Davis et al. (1988) 700 Same results as Poulos (1988)

Seed and Harder (1990) 650+ 50 No explanation given; appears to represent range from the minimum value of 600 psfto
recommended value of 700 psf, given by Poulos (1988)

Stark and Mesri (1990) 650 + 50

2 Sheffield Dam Seed (1987) 50 Based on a simple calculation assuming the entire base liquefied and acted as slip surface
with thrust leading to failure a result of the 15 ft deep upstream reservoir

Seed and Harder 75+25  No explanation

Stark and Mesri 76 £25  No explanation

3 Fort Peck Dam Lucia (1981), Lucia et al. (1982) 250 Based on post-failure configuration of the slide mass

Seed (1987) 600 No specific explanations; stated that "other studies indicate a pre-sliding driving stress of
about 700 psf; a reasonably conservative value [for S,] is 600 pstf”

Poulos (1988) 700 Incorporated effects of energy and dynamics of failure; calculated 1800 psf for pre-failure
driving stress, 50 psf for post-failure driving stress, and 500 psfto 1100 psf for mobilized
undrained shear strength; 700 psf is recommended value

Davis et al. (1988) 700

Seed & Harder (1990) 350+ 100

Stark & Mesri (1992) 351+ 100

4 Solfatara Canal Dike Seed (1987) 130 "the average shear stress at the base of the dike"; no further details given

Poulos (1988) Incorporated effects of energy and dynamics of failure; calculated 105 psf for pre-failure
driving stress, 0 psf for post-failure driving stress; no specific value was calculated for the
mobilized undrained shear strength, but concluded it would have to be greater than 0 psf

Seed & Harder (1990) 50+25 No explanation

Stark & Mesri (1992) 5125  No explanation

5  Lake Merced Bank Seed (1987) 100 No explanation
Seed & Harder (1990) 100
Stark & Mesri (1992) 100
6  Kawagishi-Cho Building  Seed (1987) 120 Value calculated as the average shear stress in the foundation, based on an estimated
average base pressure from the building of 600 psf; thus, it appears that S, was calculated
using the plasticity theory undrained foundation failure equation of g¢ = 5.14 S,, where qe
is the base pressure from the building
Seed & Harder (1990) 120
Stark & Mesri (1992) 120
7 Uetsu Railway Lucia (1981), Lucia et al. (1982) 35 Based on post-failure configuration of the slide mass
Embankment Seed (1987) 35 Adopted the value from the work of Lucia (1981), Lucia et al. (1982)

Seed & Harder (1990) 40 No explanation

Stark & Mesri (1992) 40

This study 37.5+2.5 Based on reported range of 35 to 40 psf; however, value would be larger if energy effects
had been taken into account, as done by Poulos (1988) and Davis et al. (1988) for some of
the case histories

8  Snow River Bridge Fill Seed (1987) 50 Concluded that "the residual strength of the liquefied sand was very low, probably about
50 psf, for movements of about 10 ft to have occurred”; no other explanation given, but
possibly something like a Newmark sliding block analysis was used

Seed & Harder (1990) 50

Stark & Mesri (1992) 50

9 KodaNuma Embankment Lucia (1981), Lucia et al. (1982) 25 Based on post-failure configuration of slide mass which flowed over level ground
Seed (1987) 25 Value in Seed (1987) text (referring to the work by Lucia (1981), Lucia et al. (1982))
50 Value in Seed (1987) table
Seed & Harder (1990) 50
Stark & Mesri (1992) 50
10 San Fernando Juvenile Hall Seed (1987) 140 Newmark-type deformation analysis for a maximum ground surface acceleration of 0.6g
and the 5 ft observed surface displacements

Davis et al. (1988) 200 Incorporated effects of energy and dynamics of failure, using a Newmark-type analysis;
calculated 55 psf for both the pre- and post-failure driving stresses and a mobilized
undrained shear strength of 50 to 450 psf with recommendation to use an S, of 200 psf

Seed & Harder (1990) 130+ 70 No explanation given; upper end coincides with recommendation by Davis et al. (1988)

Stark & Mesri (1992) 131+ 70

[T Lower San Fernando Dam  Seed (1987) 750 Estimated based on the pre-failure slope configuration and assigning know strengths to the
non-liquefied zones at the toe and crest of the slope

Seed et al. (1988) 580 35-percentile strength of 850 psf (the pre-EQ U/S S, estimated by steady-state analysis)

(N.B. reported that "actual residual shear strength determined from configuration when
slide mass stopped moving" was 400 % 100 psf; lower bound of this range calculated
"knowing that sliding would stop when the factor of safety attained a value of unity" and
"based on the configuration of the slide mass at the end of stiding"; upper bound calculated
by allowing for "the inertia effects associated with the rate of movement and a possible
70% reduction in strength of the liquefied soil as it moves into the reservoir")
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Davis et al. (1988)

Incorporated effects of energy and dynamics of failure; calculated 950 psf for pre-failure
driving stress and 510 psf for mobilized undrained shear strength

Poulos (1988) 750 Incorporated effects of energy and dynamics of failure; calculated 1000 psf for pre-failure
driving stress, and 500 to 1000 psf for mobilized undrained shear strength; 750 psf is
recommended value

Seed & Harder (1990) 400 + 100 Based on findings of Seed et al. (1988)

Stark & Mesri (1992) 401 + 100

Gu (1992) Finite element post-earthquake deformation analyses, based on collapse mechanics and
ultimate state strengths, investigating stress redistribution; found that the observed
progressive failure wold be predicted if the ultimate state strength in the hydraulic fill were
lower than the average value based on laboratory tests reported by Seed et al. (1988)

12 Upper San Fernando Dam  Dept. of Water Resources (1989) 500 to 700 Liquefied zone (Zone 1V) predicted to have occurred in bottom half of hydraulic fill,
based on earthquake-induced compressive strain potential analysis; S, values calculated
based on FS=1 for a circular failure surface through the pre-failure dam configuration and
assuming strength parameters for the other, non-liquefied zones (range in S, values based
on range in strength parameters assigned to the partially liquefied zone around Zone IV)

Seed & Harder (1990) 600+ 100

Stark & Mesri (1992) 601 + 100

13 Mochi-Koshi Tailings Lucia (1981), Lucia et al. (1982) 210 Based on post-failure configuration of the tailings remaining in the tailings pond

13a-Dam 2 Seed (1987) 210 Value in Seed (1987) test  (Referred to work by Lucia (1981), Lucia et al. (1982))
250 Value in Seed (1987) table

Poulos (1988) Incorporated effects of energy and dynamics of failure; calculated 390 psf for pre-failure
driving stress, 100 psf for post-failure driving stress, and 75 to 200 psf for mobilized
undrained shear strength; 130 psf is recommended value

Davis et al. (1988) 250

Seed & Harder (1990) 250+ 150

Stark & Mesri (1992) 250+ 150

13b-Dam 1 Poulos (1988) 60 Incorporated effects of and dynamics of failure; calculated 540 psf for pre-failure driving
stress, < 50 psf for post-failure driving stress, and 50 to 110 psf for mobilized undrained
shear strength; 60 psf is recommended value

Davis et al. (1988) 60

14 Whiskey Springs Fan Harder (1988) 13010 160 Lower bound estimated using a stability analysis under static loading conditions and
determining S, for FS=1; upper bound estimated using 1978 Makdisi-Seed modification of
Newmark's sliding block double integration method, based on 1.2 m of moverent

Seed & Harder (1990) 150+ 10 Referred to Harder (1988), but used a slightly narrower range

Stark & Mesri (1992) 150+ 10

15 LaMarquesa Dam - U/S  De Alba et al. (1988) 7610 340 Lower bound estimated based on the post-failure configuration and equals the post-failure

Slope driving stress; upper bound based on the initial configuration of the slope, including
horizontal stresses from the core plus inertia effects

Seed & Harder (1990) 200+ 120

Stark & Mesri (1992) 200+ 120

16 LaMarquesa Dam - D/S  De Alba et al. (1988) 26610 580 Lower bound estimated based on the post-failure configuration and equals the post-failure

Slope driving stress; upper bound based on the initial configuration of the slope, including
horizontal stresses from the core plus inertia effects

Seed & Harder (1990) 400+ 150

Stark & Mesri (1992) 400 + 150

17 La Palma Dam De Alba et al. (1988) 120t0 300 Lower bound estimated based on the post-failure configuration and equals the post-failure
driving stress. Upper bound based on the initial configuration of the slope, including
horizontal stresses from the core plus inertia effects

Seed & Harder (1990) 200+ 100

Stark & Mesri (1992) 200+ 100

18 Lake Ackerman Hryciw et al. (1990) 170 10 260 Both strengths estimated using 2-D stability analyses, one in failed zone (giving S,= 260
psf) and one in the zone that did not fail, although seismic trucks had passed over it
(giving S, = 170 psf); analysis assumed a single S, throughout both the loose sand fill and
the denser sand above the groundwater table; therefore, S, may be overpredicted

19 Nerlerk Embankment Sladen et al. (1985a) <42 psf  For all slides in Nerlerk embankment; represents steady state strength required for limiting
equilibrium of an infinite slope, based on the ranges in post-failure slope angles and
thicknesses of the failed soil masses (did not take into account dynamics of the failure, as
done by Poulos (1988) and Davis et al. (1988) for other cases)

Jefferies et al. (1990) Su/o'ye = approximately 0.15 (K, = 0.7)

Stark & Mesri (1992) S«/c'v = 0.148, based on Jefferies et al. 1990); based on average embankment height of
12 m and estimated unit weight of soil of about 18 kN/m®, this strength ratio translates into
an average S, of approximately 14.4 kPa (300 psf)

20 Heber Road Davis et al. (1988) 100 psf  Incorporated effects of energy and the dynamics of the lateral spread, using a Newmark
type analysis to match observed movements; results indicated both pre- and post-faifure
driving stresses of 40 psf and mobilized S, of 100 psf

Stark & Mesri (1992) 100 psf

[

Duncan Dam

Pillai & Salgado (1994)

Su/c'v = 0.21, based on laboratory testing on undisturbed frozen samples (based on
post-cyclic undrained monotonic simple shear test results)
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Table 6. Duncan Dam results (Byrne et al., 1994)

0-v' Su:'.O'ZIOAVv Su (NI)GO
(kPa) (psf) (kPa) (psf) in-situ
100 2089 21 439 10
200 4177 42 877 11
300 6266 63 1316 12.4
400 8354 84 1754 13.2
600 12531 126 2632 14.5
800 16708 168 3509 15.7
1000 20886 210 4386 17.3
1200 25063 252 5263 18.5

Note: S,=0.210", is based on undrained monotonic direct simple shear
testing of undisturbed samples

4]

05/06/98 Version



[4%

‘(313ue pue yyBSroy adofs feniul woly pajenofes 2°1) 2do[s [BLIUI 3y} JO 15310 AU MOJq
Apererpaurut jutod oy 01 2dofs [enIUT 2Up JO 303 AU} WOL SOURISIP [EIU0ZLIOY = Yius| adofs [entur a1oym ‘YiSusy adofs [enrur 4q pepIAp Jnoun PAAISSQO = UlRNS [RIUOZLIOY :3JON

-- - - V/N V/N V/IN V/N we(y uedun  Ig
- €8¢ 008 - -- - - PeOY 19G3H (T
-- - - 88°0 4 S€6 Ty Juounjuequy Y9N 61
- £'88 SH8I vL0 820 6'€6 61 UBULIDYOY ae] 8]
€€ 008 0L91 S50 0S°0 L0€ S0 wed ewed ¥l L]
81 LS8 06L1 50 £5°0 979 60 ado]S §/(1 - we(] esanbreN BT 9]
a3 99L 0091 950 940 6°0L vl ado[S S/ - we( esonbrey BT S
0L 6'STI 0£9¢ 000 00'1 A 10 ue,f sSuudg A)siym bl
0561 S TLOY 8L°0 0 6'609 L91 [ weq- Qg1

€Y 00¢1 SILT 8L°0 70 1'6¢p 0l g weq- s3ulfie] IYSOY-IYoON BE]
07T vyl SL6T 000 00°1 v'e 10 we(] opuewld f ueg addn 71
6'¢ 7881 0€6¢ ¥9°0 LEO L'9S ! We(] OpUBUId,{ UBS JOMOT [T
09 6'T6 0v61 000 001 10 00 [[BH 9[IUdAN[ OpUBWId] UBS (]
vl TyL 0SS1 88°0 €1°0 v op¢ 09 Jusun{uequWy ewnN epOy 6
891 S001 0012 000 00°1 T 01 [IL] 93pug 12Arg moug g
69T 8871 0692 L8°0 v1°0 $LEY SI1 lusunjuequig Aem[rey nse L
87 L'8S szl surpfing oyD-1ysidemey] 9
8¢ $'SY 0S6 ve0 1L°0 6'€T1 81 Jueq pAORN 3] ¢
9L LSt $S6 88°0 €10 '8¢ 011 SYI(T [BURD) BIBIBJ[OS
a4l 8°LIS S1801 080 020 8981 S'L wed y3d Hog €
S0l 9'¥6 SL6T 6'LST 6'¢ wed pPYeys ¢
81 L9g1 $S8T 0L0 1€°0 866 0¢ we(] SeloABRD) |

"/ d) (e (gsd) 'J uey (%) (vu/ux)
sy (T661 ‘LSO 2 YavlS) ‘gueguer =9  s[Sueauqg ureq)s 1y3H JweN "ON
‘xoaxddy "o Xopuj SSOUdNIIY  J[SUE JSOJ  [BIUOZLIOF] jnouny A10)STH ase)

SIsA[eut UONBULIOJIP JOo Alewwing °/ d[qeL

uorsia 4 §6/90/50



137

Apnys sny) 10 pajewnss ,

6T 0 1 1 i 00 0 8v 001 8 001 8 001 Peoy 1243H 0T
A z S0 $01 1 01 79 6C1 78 121 vl 00€ 0C 44 uaun{Uequy YIAION 61
S 0 0 € € 3 [ Sy €01 ¥4 A 09¢ 18 0LL uBUIDY e g1
<1 Sl 0 € 3 € 8 001 96 00T 184! 00€ 8y 001 we ewed el L]
0T 07 0 6 6 6 S'L LS1 €07 €Ty 8L 08s Lel 99¢ ado§ /(1 - we(] esonbreN BT 91
0¢ 0g 0 4 4 v £9 (431 001 802 €91 ove 9¢ 9L adoj§ /) - we esonbreN BT 1
4]2 ot € 6 4! 9 L0 St 69 941 LL 091 79 0€l ueq sgundg AsmA bl
08 09< S0 S0 I 0 vl o€ 8¢ 08 00 011 00 0s [ weq- q€l
08 09< S0 S0 I 0 TL 0s1 0zl 05T 6l 00 8t 001 Tweq-  s3uljie] 1YSON-IYIO  BE]
09< 94 0 €1 €1 €1 8 001 L8 009 33 00L 6'€C 00 we(y opuewsa] ue§ Jeddn ]
54 54 3 S8 Sl [ 801 STT 1'st 94 65E 0sL vyl 00€ We(} opuRwLIo { UES JOMOT ]
59 0§ 4 4 9 4 ve oL 79 o€l 96 002 6¢ 09 [[eH spruaAnf opueusa g ues  Of

S0 93 4 3 90 €1 81 8¢ v'T 0s A Y4 JUSUN{UBQU BWNN BPOY 6

ST sTs $'S S 00 0 vT 0§ VT 0§ ¥'Z 0s 1114 23pug Joarg moug g

0 3 € 3 10 € 8l 8¢ 61 oy L'l 93 eunjuequry Aem{tey nsp(] L

0 ¥ 4 14 00 0 L's 0zt LS 021 L ozt Supping oyD-lysidemey 9

¢ 13 1 9 L S 00 0 8y 001 8y 001 8 001 uegq PRSI E] S
s> z z v 0 1'e $9 e <9 9 o€l 00 0 oI [eue)) RXEIGIOS b
0¢ S5 9L o1 £ 801 $TT L SLy see 00L 0zl 0S¢ we Y924 MO ¢
£ST 1 S 9 4 Al ST 9¢ SL 8y 001 v'T 0 weq ppWeys ¢

09< ST Sy L z 9¢ SL €z LY 6°s¢ 0SL L'8T 009 we( serAeE) |

(%) (%) UIA/XBIN WIA/REN (eq) (sd) (ed¥) (sd) (ed) Gsd) (eq) (sd)
WNUHIXBIA @AW 0¥ - /4 Jo "BAy W TIXBJA]  WINWIUIA UIAI/XEIA] 0] ~/+ UIAI/XBIA] JO “3AY WINWHXBA W EIEU A N ‘ON
o4 myss-ur O(IN) S Aloysip ase)y

sioyine snoriea Aq pajiodar ejep ui d8uel Jo Atpwwng °g I[qe

UoIs434 86/90/50



124

(§D) pues uesjo aq 01 pawnsse , ‘Apnis syl 10 PAIRWINSS .

(S661 ‘€661) SHOGOUOIN 7 1Eo 995 ‘BSEQEIEP JBBLI (S861) [E 13 PooS U OS[5 v 1105 1) peaidg

6T £ l 8P 001 peaids [esore] peoy IsqsH QT
§°0=""('N)/"D pue B1ep 1D ($861) '[2 10 USPEIS U0 paseq %9(*N) punoq 1omor 01 % € [61 Si¢ MO[} usunjueqwig YIoIeN 61
0 £ ¢ €01 ST dumps/mop HBULIOY .T 8]
Si 14 € 96 007 dunys weqgewed 87 L]
0T §L S’ 761 00y dunys ado[S g/ - weq esanbre e 9f
0€ 9 14 96 00T dwnys adojs g/n - ureq esanbrepy ey G
sjus[eainba 133400g wox (636 1) ProA pue stupuy wol 9 N) ov Y S L oSl peaids jelae| ue f suudg Aaysiymy i
10qe sy 08 9 0 00 09 Moy [ wec- q¢l
(¥861) BrRyIyST woy O°(IN) (8861) SOInOd puv (3861) ‘|2 19 Sine( woy "y 08 S 0 79 0¢1 moy Zweq- sSuiie} IYSOM-IYDON  Ef}
102A3-21d 03 Po12s.LI0D BIEP Z¢p 2InB14 (686 1) Sa0mM0SIY 131M JO swredaq (w4 S’/ S'¢ L'8C 009 dwnjs we( opuella, ueg BQ&D H4t
(8861) "2 12 siae(q woy S pue (8861) [AD Ul SLJS APUES JO JUIISSISSE PUROG 19MO] woy (') ST S 9 6€T 00S QEEQ}»OC We(] OpuBlS { UBS JoMOT ||
2ou1 NV patidde (966 1) 19pseH % pads ‘T=""('N) (L861) P93 [PuIZLI0 {(3861) '[€ 10 s1arQ Woy °S $9 9 z 96 00T peaids jeiorej [IEH 2[1UsAN(f OpuewIaj U (]
18O £ € yT 0s moy} juaunjuequy ewnN epoy 6
WS 9 S T 0S peaids [esie] 11 3Spug soAry moug g
510930 AS10us 10 1unodoe 01 UO_DSOU “nournt uo peseq :m _mz._wto wmu m M w M Ow >>OG HCQEENLEM \Ama—nmm ZmﬁmD \.
2do[s © 10U SeAm 31 9SNEIDG SISED JOYIO [[B WO JUSIJIP St PIOIDI ase)) »mU b v LS [ird| uonepunoy wEE.:E wc%::m OLU'Em_wQSaM 9
QUOZ SNl PUIYSQ PUNOLS [BINIEU WO BIEp “ONef Ui [[If WO Blep Ou ‘[yIqnop AYpHeA pIodal 9ser) [ [« [« Y 001 dunjs jueg paviajN axe] S
(%09=44 1) (' N)="N pawnsse (g861) so[nog woy N $> 0 0 vT 0s moy M| [eue)) erRlRJ[OS b
(%09=43 9'1) (' N)=!N pawnsse (3861) So0|nod woy 'N (8861) I8 12 SIAEQ woy "g 0¢ L < [ 23 00L MO} e jo3d Hof €
nIs-ul 10J p¢= pue jus[eAambs pues ues[o Joj wvnN_D\%c N) Pu® %5 ¢="(] pa1e1s 15amoj pas[} +mN 9 % 9°¢ SL MO[] weq plryjays 4
(%09=47 2'1) P('N)='N pownsse {(§861) SO[n04 woy "§ pue }N wnwiuip 09< L 4 Sgg 00L Mo[} ure(] seloae[e) I
yuajpamba eD (gsd)
(%) pues uga[d nys-ul uBamw aanpey AWEN ON
SLEL 1T ) od O(IN) S JoadAy, A103s1 358

yoeoadde 0(IN) winunurw jo Ligwwing ‘¢ I[qeLL

uosia4 86/90/50



197

(0661 “19p4EH put pasg 13)5e)
SoL103STY 3skd w0y ("S) YI3Ud.nS [enpIsaa paureipun pue ‘sa-09(IN) Gunodmorq LJS 3usjeamnbo pues ueapo udamjaq diysuonepy -y dansig

$2-09(1\)
¢¢ 0¢ 0
T T T T “ T T T T T O
T 0C
T 0¥
4 wn
=
| &
1 £
+ 09
T 08
001

uos4e 4 86/90/50



9v

"(o13ue adofs [ey1ur 03 9j3ue adofs sanjiej-ysod jo oyed) onud 3[Sue ado[s pue
(3ySrey [enIuyINOUNY) JNOUN dANE[RL JO suLId) ul payold (T66T) LSIAl pue yaels put (g661) IOPIL pue pads uro.ay SALI0}SIY 9se)) -7 dIn3Iy

uoIsI24 86/90/50

(,/,) d18ue-aad 0y sj3ue-jsod jo opey

o1 I 80 90 b0 0 0
—rt—¢— ottt _\L_Q_ L B S A S N L ‘o
8 e OL® cle 1le ]
Se Sl ® 1z
e ]
61 ® TV
ce to
] 7
Ceo ] 5
T8 =
101 &
ve i =
ec] Le 1z =
. ——
o g
] E
Hxi
191
qcl @ 1
81
L oz



Ly

"uosrredwod 10y umoys (qS861) [k 19 Uape[S Aq pajsedsns diysuonejad ayy yiim QASYH
deurrxosdde snsIaA Xapur ssaUdIILQ Jo suridy ur paygo[d (Zg6T) MSIAl pue yielg pue (0661) 9P pUE PIIS WO SILIOJSIY dse)) °¢ aInSiy

1.d/ d ‘oney 93e)§ douaajay Y Aewxoadd
A7 I S J US I A4

9)B}S 9S007] 21B)S ISud(

0€ ST 0T ST 01 S 0
T T T Y “ T T T T “ T ¥ Mw-‘ T n T ¥ T ¥ " i »_\nw QuT. f Nw t O
+ 70
] ™
] 5
T¥0o &
i (]
=
§ o
4
@a ® 1 o
i =
=
TY0 2
] o
(qs861) "¢ 39 uspels le ]
ftie T 80
Le 6e e .

uoisia 4 86/90/50



03/06/98 Version

PROPOSED RECONSTRUCTION
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Figure 4. Pre-failure and post-failure cross-sections for examples of different types of
failures: (a) flow: Calaveras Dam (1), after Hazen (1918); (b) lateral spread:
Whiskey Springs Fan (14), after Harder (1988); (c) slump: La Marquesa Dam
Upstream and Downstream (15 and 16), after De Alba et al. (1988).
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List of Figure Captions

Figure 1. Relationship between clean sand equivalent SPT blowcount, (Nj)s-cs, and undrained
residual strength (S,) from case histories (after Seed and Harder, 1990).

Figure 2. Case histories from Seed and Harder (1990) and Stark and Mesri (1992) plotted in terms of
relative runout (runout/initial height) and slope angle ratio (ratio of post-failure slope angle
to initial slope angle).

Figure 3. Case histories from Seed and Harder (1990) and Stark and Mesri (1992) plotted in terms of
brittleness index versus approximate RSR, with the relationship suggested by Sladen et al.
(1985b) shown for comparison.

Figure 4. Pre-failure and post-failure cross-sections for examples of different types of failures: (a)
flow: Calaveras Dam (1), after Hazen (1918); (b) lateral spread: Whiskey Springs Fan (14),
after Harder (1988); (c) slump: La Marquesa Dam Upstream and Downstream (15 and 16),
after De Alba et al. (1988).

Figure 5. Plot of S, versus clean sand equivalent SPT blowcount, (N 1)éo-cs, for those case histories
from Seed and Harder (1990) and Stark and Mesri (1992) classified as flow failures, with
theoretical clean Ottawa sand line (after Fear and Robertson, 1995) and Duncan Dam (21)
results shown for comparison.

Figure 6. Plot of S, versus minimum clean sand equivalent SPT blowcount, (N)g-cs, for those case
histories classified as flow failures, with Seed and Harder (1990) lines and theoretical clean
Ottawa sand line (after Fear and Robertson, 1995) shown for comparison; note: S, and
(N1)so-cs are the revised values from this study (see Table 9).

Figure 7. Plot of S, versus minimum clean sand equivalent SPT blowcount, (N))go-cs, for all case
histories except Lake Merced (5), with Seed and Harder (1990) lines and theoretical clean
Ottawa sand line (after Fear and Robertson, 1995) shown for comparison; note: S, and
(N1)so-cs are the revised values from this study (see Table 9).

Figure 8. Plot of undrained strength ratio, S,o', versus minimum clean sand equivalent SPT
blowcount, (Ny)g-cs, for all case histories except Lake Merced (5), with Stark & Mesri
(1992) lines and clean sand Ottawa line (after Fear and Robertson, 1995) shown for
comparison; note: S, and (Nj)g-cs are the revised values from this study (see Table 9),

while values of ¢'y; are from Stark and Mesri (1992) (see Table 7).
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