Effect of Soil Aging on Assessing
Magnitudes and Accelerations of
Prehistoric Earthquakes

Evangelia Leon,” Sarah L. Gassman,” and Pradeep Talwani®

Increase in strength due to aging of sands is reflected in higher blow counts
and tip resistance values in penetration resistance measurements. This affects
the magnitudes and peak ground acceleration estimates of prehistoric
earthquakes obtained from an analysis of geotechnical observations at
paleoliquefaction sites in the South Carolina Coastal Plain. In this study,
corrections were made to account for the effects of soil aging, which were
neglected in earlier estimates. The results show that when the effects of aging
of soils on their geotechnical properties are incorporated, the resulting back-
calculations reduced earlier magnitude estimates of prehistoric earthquakes by
about 0.9 units. The peak ground acceleration estimates were reduced by about
15% for those earthquakes originally estimated at approximately 0.15 g. For
those earthquakes whose original estimates were greater than 0.2 g, there was
no noticeable change when a correction was made for the aging of soils.
[DOL: 10.1193/1.1949223]

INTRODUCTION

Paleoseismicity, the history of prehistoric earthquakes, is being used increasingly in
seismic hazard analyses (SHA). In the western United States, where faults are exposed,
the effects of prehistoric earthquakes can be directly studied in suitably placed trenches.
In the eastern United States, large earthquakes are less frequent and in the absence of
surficial evidence, the indirect effects of prehistoric earthquakes, such as sand blows em-
bedded in soft sediments, are studied. By dating trapped organic material and, in some
cases, associated archeological artifacts in and around sand blows, it has now become
possible to reconstruct the chronology of past earthquakes associated with liquefaction
(e.g., Talwani and Schaeffer 2001, Tuttle et al. 2002). This chronology of past earth-
quakes is used to infer the recurrence rate of large earthquakes, one of the parameters
needed in SHA. Until recently, another parameter needed in SHA, the magnitudes of
prehistoric earthquakes, was estimated indirectly. The magnitude of the prehistoric or
paleoearthquake was based on the distribution of associated sand blows.

In the Charleston, South Carolina, region, the results of extensive paleoseismological
investigations have revealed evidence of seven prehistoric earthquakes in the past 6,000
years (Table 1). Based on the more recent events, these data suggested that, on average,
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Table 1. Paleocarthquake ages and associated sand blows in the SCCP (af-
ter Talwani and Schaeffer [2001] and Hu et al. [2002b])

Liquefaction Associated
Episode Age, Years B.P. Source Sand Blow  Re or R (km)

A 546+17 Charleston SAM-02 100-140
B 1021+30 Charleston SAM-04 100-140
C 1648+74 Northeast SAM-05 10-35
(04 1683+70 Charleston SAM-05 100-140
D 1966+212 South

E 3548+66 Charleston GAP-02 100-140
F 5038+166 Northeast GAP-03 10-35
F’ 5038+166 Charleston GAP-03 100-140
? Charleston TMHA 10-35
? Charleston TMHB 10-35

liquefaction causing earthquakes occurred every 500 years in the South Carolina Coastal
Plain (SCCP) (see Talwani and Schaeffer [2001] for a review). Estimating the magni-
tudes of these prehistoric events, however, has been problematic. Talwani and Schaeffer
(2001) compared the spatial extent of several prehistoric liquefaction features with the
observed distribution of those associated with the M7.3 1886 Charleston earthquake to
estimate these magnitudes. Earthquakes centered near Charleston were assigned magni-
tudes of 7+, and those located in northern (episodes C and F) and southern (episode D)
source zones were assigned a magnitude of approximately 6. The magnitudes of these
earthquakes were also estimated based on the epicentral distance to the farthest associ-
ated sand blow, using the magnitude-bound method established by Ambraseys (1988).
This method gave magnitude estimates of approximately 7.0 for the prehistoric earth-
quakes centered at Charleston. Details regarding the estimates of distances and calcula-
tion of magnitudes are presented in Talwani and Schaeffer (2001).

Observations of liquefaction features about 100 km from the Loma Prieta earthquake
of 1989, and their absence at shorter distances, suggested that site specific soil and water
table conditions played an important role in the onset of liquefaction. Several studies
have related various geotechnical parameters to earthquake magnitudes and peak ground
accelerations needed for the onset of earthquake-induced liquefaction (e.g., Seed et al.
1985, Ishihara 1985, Ambraseys 1988, Martin and Clough 1994, Pond and Martin 1997,
Seed et al. 2001, Idriss and Boulanger 2004). For this study, geotechnical observations
(SPT blow count [(N;)4o], CPT tip resistance [g,,], and shear wave velocity [V, ]) were
available at four locations in the vicinity of paleoliquefaction features found in the
SCCP. Two sites were in Georgetown County at Sampit (SAM) and Gapway (GAP), and
two sites were near Ten Mile Hill (TMHA and TMHB), north of the Charleston Air
Force Base. These in-situ data were first analyzed by Hu et al. (2002a, b) to back-
calculate the magnitudes and peak ground accelerations of the associated pale-
ocarthquakes. The results suggested higher magnitudes for the prehistoric earthquakes
than had been obtained empirically using the magnitude bound method. The empirical
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methods used to back-calculate the magnitudes of the prehistoric earthquakes were
based on data from Holocene soils, whereas the soils at the liquefaction sites in Geor-
getown County and Ten Mile Hill were about 450,000 and 200,000 years old. Therefore
the work presented in this paper addresses the need to account for changes in the geo-
technical properties (and the effect on the liquefaction threshold) that may have occurred
because of age.

Increase in strength and stiffness of sand with time, a phenomenon known as aging,
has been reported by Mitchell and Solymar (1984), Dowding and Hryciw (1986),
Skempton (1986), Schmertmann (1987), and Mesri et al. (1990). The nature of the re-
sponsible mechanisms that cause aging continues to be uncertain, however, the most
dominant aspects relate soil aging to mechanical and/or chemical factors. The respon-
sible mechanisms that cause this phenomenon tend to increase the penetration resistance
of the sand deposits as reflected in higher blow counts or tip resistance (Mitchell and
Solymar 1984, Skempton 1986, Kulhawy and Mayne 1990). Large increases in the pen-
etration resistance have also been observed following the use of ground modification
techniques (Mitchell 1986, Schmertmann 1987, Mesri et al. 1990) such as vibrocompac-
tion and blast densification. In paleoliquefaction evaluation the phenomenon of aging
must be accounted for when examining the change in soil properties in a specified pe-
riod of time between the occurrence of liquefaction and in-situ verification testing.

The objective of this study is to account for the effect of soil aging when estimating
the magnitudes and induced peak ground accelerations of seven prehistoric earthquakes
that produced paleoliquefaction features in the SCCP. To this end a geotechnical ap-
proach similar to the one followed by Hu et al. (2002b) was adopted, but instead of using
the current resistance of the soil as expressed by the in-situ soil indices (SPT, CPT, V),
the resistance of the soil before the occurrence of the earthquake was used. Quantitative
correlations that comprise the effect of aging on in-situ soil indices were used to esti-
mate the resistance of the soil prior to the earthquake. The geotechnical data are cor-
rected for aging of the soil over time, as well as the disturbance due to liquefaction
event. The corrected geotechnical data are used to represent the soil conditions at the
sites prior to the prehistoric earthquake to assess the earthquake magnitude and induced
peak ground acceleration.

SOIL AGING

PROPOSED MECHANISMS FOR AGING OF SANDS

Research conducted during the last two decades to investigate the different mecha-
nisms that cause aging in sands has generally focused on mechanical and chemical
mechanisms. Mechanical mechanisms involve macro-interlocking of sand particles,
micro-interlocking of surface roughness, and internal stress arching, which occur during
secondary consolidation. Chemical mechanisms involve dissolution and precipitation of
silica or other soluble material like carbonate minerals. Youd and Hoose (1977) were
among the earliest investigators to provide an explanation on the increased resistance of
sands with age. They reported that the potential mechanism to explain the reduction in
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liquefaction susceptibility with age was the cementing and compaction of the soil by
natural processes, as well as changes in topography, water table depth, and depth of
burial due to postdepositional geologic processes.

More specific explanations for the increase in strength of sand due to aging were
later proposed by Mitchell and Solymar (1984) and Mitchell (1986). They suggested that
aging of sands as measured by resistance to penetration over periods up to several
months is a result of chemical mechanisms. More recently, evidence supporting this
mechanism was presented by Joshi et al. (1995). They conducted a series of lab tests
with an aging period up to two years, and found that sands in dry state undergo a time-
dependent gain of penetration resistance attributed to mechanical mechanisms, whereas
sands in distilled water and sands in sea water undergo a time-dependent gain of pen-
etration resistance attributed to chemical mechanisms. In contrast to the significant time-
dependent gain of strength reported later by Schmertmann (1987), Mesri et al. (1990),
Schmertmann (1991), Arango and Migues (1996), and Olson et al. (2001), Baxter
(2002) did not observe noticeable increases in mini-cone penetration resistance of sands,
after performing lab tests with aging periods ranging from 30 to 118 days. The employ-
ment of a small-scale laboratory testing program may be a primary reason that no sig-
nificant aging effects were observed during this set of experiments.

CAPTURING OF SOIL AGING FROM IN-SITU TESTING

Even though the exact mechanisms that cause aging in sands remain unknown, quan-
titative correlations between in-situ soil indices and aging have been derived for aged
soils. For example, Skempton (1986) studied the increase in the SPT blow count with
time in five sand deposits and concluded that the aging effect is reflected in higher blow
counts and the resistance of sand to deformation is greater the longer the period of con-
solidation. He found that the increase of the ratio between the normalized SPT blow
count, (N;)go, and the square of the relative density, Df, for a normally consolidated
1,000-year-old fine sand would be more than 50% relative to a freshly deposited sand.

Mesri et al. (1990) observed an increase in stiffness of sand due to aging under con-
solidated or densified conditions. Based on the assumption that cone-penetration resis-
tance is mainly determined by stiffness of sand and effective horizontal stress, they pro-
posed an empirical equation to estimate the increase in cone-penetration resistance with
time:

q. ( " )cha/cC

(QC)R i ’ (1)

IR

where (g.) and 7y are values of cone penetration resistance and time at the end of pri-
mary consolidation or some other reference time, and ¢, is cone resistance at any time
t>tg. ty corresponds to the number of days after which postdensification ¢, value was
measured and it ranged from 1 to 30 days. C,/C, is the ratio of secondary compression
index to compression index, which was found to range between 0.015 and 0.03 for at
least nine different sands in the laboratory over a stress range of 50 to 3000 KPa, but as
suggested by Mesri et al. (1990), for practical purposes C,/C, for sands can be consid-
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Figure 1. Effect of change in relative density due to postliquefaction densification, Aey, on (a)
the parameter, Cp, and (b) the ratio of post- to predensification cone penetration resistance (af-
ter Mesri et al. 1990).

ered constant and equal to 0.02. Cp is an empirical parameter introduced to account for
the effect of densification due to ground improvement. Blast densification data of Dowd-
ing and Hryciw (1986) and deep densification data of Mitchell and Solymar (1984) were
used to calibrate Equation 1 by adjusting the parameter, Cp, until predicted values
matched well with the field data. The effect of the change in relative density due to
postliquefaction densification, AD, or Aep, caused by different densification procedures,
on the resulting values of C, as well as the ratio [g.]z/[¢.], of the post- to the preden-
sification cone penetration resistance is shown in Figure 1.

Kulhawy and Mayne (1990) collected field and laboratory data on SPT blow count
(N))o and relative density (D,) of both normally consolidated and overconsolidated, un-
aged sands. They suggested the following empirical relationship for normally consoli-
dated, unaged sands as a function of the soil particle size (Ds):

(V)
ﬁ =60+ 25 log Ds,, (2)

Overconsolidated sands and aged sands give higher values than those determined by
Equation 2. Based on another set of data representing aged fine to medium sands, likely
overconsolidated, of four geologic periods, a correction factor ¢, was introduced by Kul-
hawy and Mayne (1990) to describe the influence of aging (#) on the (N,)q/D? ratio:
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¢, =1.2+0.05 log(#/100), 3)

If the aging coefficient ¢, from Equation 3 is applied on the (N;)4,/ Df ratio for unaged
sands from Equation 2, the following relationship is obtained that takes into account the
post-earthquake aging process:

(N1)6o

2
D r(post)

= (60 + 25 log Ds,) - (1.2 + 0.05 log(#/100)) (4)

where D, (05 Tepresents the post-earthquake relative density, which is assumed to re-
main constant during the entire aging period, and (N, )4, represents the current SPT pen-
etration resistance of the soil (at time ¢ after liquefaction or deposition).

AVAILABLE FIELD DATA

The engineering properties for the source sands at Ten Mile Hill sites A and B,
Sampit, and Gapway, as determined by the SPT, CPT, and shear wave velocity data were
presented in Hu et al. (2002a) and are summarized in Table 2. The data were obtained in
the vicinity of locations where sand blows were or were not found at the four investi-
gated sites in the SCCP. Ten Mile Hill sites A and B involve sand deposits 200,000 years
old, whereas older sand deposits 450,000 years old are encountered at the Sampit and
Gapway sites.

Paleoliquefaction features at Ten Mile Hill associated with an earthquake that oc-
curred 3,548 years ago (Talwani and Schaeffer 2001) were discovered in a drainage
ditch. SPT, CPT, and shear-wave velocity tests were conducted at five locations (TEN-01
to TEN-05) 50 m away from the paleoliquefaction site (Ten Mile Hill site A). SPT tests
were not performed at TEN-05. Identical tests were performed at Ten Mile Hill site B
(TEN-06 to TEN-10) even though no sand blows were discovered. Both sites were lo-
cated in an area where widespread liquefaction had been observed in 1886. At the
Sampit site, sand blows were found at three locations (SAM-02, SAM-04, and SAM-05)
and were associated with earthquake episodes A, B, and C (see Table 1) that occurred
546, 1,021, and 1,648 years ago, respectively. In-situ tests were performed at six loca-
tions in total (SAM-01 to SAM-06). At the Gapway site, sand blows were found at three
locations (GAP-02, GAP-03, and GAP-04). GAP-02 and GAP-03 were associated with
earthquake episodes E and F (see Table 1) that occurred 3,548 and 5,038 years ago, re-
spectively. The sand blow discovered at GAP-04 is assumed to be associated with the
same earthquake as the nearby sand blow found at GAP-03.

CORRECTION OF DATA FOR AGING AND DISTUBANCE

The in-situ geotechnical data collected from the four paleoliquefaction sites are cor-
rected for (1) aging of the soil and (2) disturbance due to postliquefaction consolidation
(primary) and densification before they are used in this work to assess the pale-
oearthquake magnitude and acceleration. By correcting the currently recorded in-situ
geotechnical data for aging, the corresponding data immediately after the earthquake
(for the sites that liquefied) or deposition (for the sites that did not liquefy) are deter-
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Table 2. In-situ geotechnical data for source sands (after Hu et al. 2002a)

z h o, o, qel Vi Fines D5,
Site Location  (m) (m) (tsf) (tsf) (N)eo (tsf) (m/s) (%) (mm)
Gapway GAP-01 2 0.7 0.38 0.38 10 33 181 N/A
GAP-02 2 0.9 0.38 0.38 11" 58 220 9 0.15
GAP-03 2 1.0 0.38 0.38 11 87 177 6 0.19
GAP-04 2 1.1 0.38 0.38 8 83 240 N/A
GAP-05 2 1.3 0.38 0.38 16 90 154 5 0.20
Sampit SAM-01 4 5.7 0.74 0.57 14" 114 277 3 0.17
SAM-02 6 43 1.13 0.76 14" 108 250 1 0.16
SAM-03 5 5.2 0.93 0.67 14" 77 288 0 0.20
SAM-04 5 5.4 0.93 0.64 14 80 291 2 0.18
SAM-05 5 5.8 0.93 0.60 16 95 334 4 0.20
SAM-06 5 5.6 0.93 0.64 9 80 321 4 0.16
Ten Mile TEN-01 2 1.5 0.38 0.34 18 163 235 7 0.16
Hill A TEN-02 3 1.5 0.56 0.42 30 204 400 3 0.16
TEN-03 3 2.4 0.56 0.42 17 159 163 3 0.16
TEN-04 3 2.7 0.56 0.42 18 83 214 3 0.16
TEN-05 4 2.4 0.74 0.59 N/A 153 239 N/A
Ten Mile TEN-06 4 3.8 0.74 0.59 9 46 170 4 0.17
Hill B TEN-07 5 4.1 0.93 0.68 5 57 187 5 0.17
TEN-08 5 4.2 0.93 0.68 8 57 177 4 0.16
TEN-09 5 43 0.93 0.76 5 60 158 5 0.17
TEN-10 6 5.3 1.13 0.85 6 66 165 5 0.17

z: depth of the middle point of source sand layer; h: thickness of source sand layer; o,,0": total overburden
stress and effective overburden stress at the middle point of source sand layer; (NV,)q: corrected SPT blow count
number; ¢.;: corrected CPT tip resistance; V;: normalized shear-wave velocity; Fines: percentage by weight
passing through US #200 sieve; Ds,: grain diameter corresponding to 50% passing (by weight) the #200 sieve.
*The blow count values at SAM-01 to SAM-03 are based on data from SAM-04 and at GAP-02 to GAP-05 on
the data from GAP-03.

mined. These are termed the “post-earthquake” geotechnical data. The post-earthquake
geotechnical data are corrected for disturbance and the corresponding data before the
earthquake (for the sites that liquefied) are determined. These are termed “pre-
earthquake” geotechnical data. For the sites that did not liquefy, such correction is not
required and the “post-earthquake” data are assumed to be equal to the “pre-earthquake”
data.

Assuming that the structure and associated aging effects of the source sand have
been disrupted at sites where liquefaction occurred due to the earthquake, the soil after
the occurrence of liquefaction can be described as “freshly deposited.” Therefore the age
of the source sand at the sand-blow locations is equal to the occurrence date of the as-
sociated earthquake (see Table 1), assuming that no more liquefaction events have de-
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stroyed the soil structure during this period of time. Conversely, at locations where lig-
uefaction did not take place during a prehistoric earthquake and where the soil structure
was not disrupted, the age of the source sand is assumed to be equal to the geologic age
of the deposit. At Ten Mile Hill site A, the nearest paleoliquefaction feature was approxi-
mately 50 m to the northeast. Analysis of the in-situ geotechnical data by Hu et al.
(2002a) for all locations (only 23 to 27 m apart from each other) indicated that the soil
profile does not significantly change within tens of meters. Therefore it is assumed that
the soil properties encountered at TEN-01 to TEN-05 are representative of those 50 m
away at the location of the sand blow and the age of the source sand at all five locations
is 3,548 years. At Ten Mile Hill site B where no sand blows were discovered, the age of
the source sand is equal to 200,000 years. Sand blows at Sampit and Gapway sites were
only 10 m and 2m, respectively, away from the borings (Hu et al. 2002a). Thus it is as-
sumed that the properties of the source sand at the vicinity of the sand blows are repre-
sentative of those at the location of the sand blows. The age of the source sand at SAM-
02, SAM-04, SAM-05, GAP-02, GAP-03, and GAP-04 ranges from 546 to 5,038 years,
as shown in Table 1. The age of the source sand at the rest of the locations that did not
liquefy is 450,000 years.

Since site specific geotechnical data prior to the prehistoric earthquakes is not avail-
able, disturbance due to the liquefaction event and postliquefaction aging were estimated
using the two approaches currently available in the literature: (1) the Mesri et al. (1990)
method and (2) the Kulhawy and Mayne (1990) method.

APPROACH 1

Mesri et al. (1990) suggested Equation 1 to estimate the increase in CPT penetration
resistance following densification resulting from secondary compression only. Accord-
ing to Olson et al. (2001), since both CPT and SPT penetration resistances are affected
similarly by soil compressibility and horizontal effective stress, a similar equation can be
derived to account for the increase in SPT following densification, by substituting Ny
for g. in Equation 1. For values of the penetration resistance compared at the same
depth, Ny is substituted by (N;)4, and g, is substituted by g,;:

g0 (MNeo (L)CDC“/CC
(qcl)post [(N1)60]post

where ¢.; and (V)¢ are the currently recorded values of CPT and SPT, respectively;
(g¢1)post and [ (V1) g0 lpose are the post-earthquake values of CPT and SPT, respectively, at
time 7. 1 is selected equal to 30 days (=0.082 years). Mesri et al. (1990) accounted for
disturbance (Aey) in the ratio of the postdensification to the predensification cone pen-
etration resistance, which was extended by Olson et al. (2001) to the following:

(qcl)post _ [(N1)6O]post

(qcl)pre [(N1)6O]pre '
The correction factor for aging and disturbance that is applied on the V; values is

, (5)

IR

(6)
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Figure 2. Relationship between CPT ¢,; values and shear wave velocity V', values.

derived by converting the V; to equivalent g.; values where known correction factors
are applied. To this end the following correlation proposed by Andrus et al. (2003) is
employed:

Vsl = 77-4(6161)0.178 ’ ASF: (7)

where V, in m/s, g, in tsf, and ASF is equal to 1.00 for Holocene age deposits
(<10,000 years) and equal to 1.41 for Pleistocene age deposits (10,000<¢
< 1.5 million years). The above correlation agrees rather well with the data used in this
study (CPT versus V) for all the sites except Sampit (see Figure 2). Solving Equation 7
for g.; and substituting in Equations 5 and 6 the following relationships are derived for
the correction of the currently recorded (N,)¢o, g.1, and V; values for aging and distur-
bance:

(Mo Ger { (V.) :|1/0.178 ([)CDca/CC ©
[(N1)6O]post (QCl)post (Vsl)post tR ’
[(N1)6O]post _ (QCI)post _ [ (V“'l)post:| 1/0.178 (9)
[(N1)6O]pre (qcl)pre (Vxl)pre ’
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The value of Aep, was estimated by Ellis and de Alba (1999) to be around 4 to 5%;
and Stark et al. (2002) suggested 4 to 10%. Therefore two values of Aeg, 5% and 10%,
are selected in this study to represent the possible range of change in relative density due
to postliquefaction densification. So from Figure 1 and Aey equal to 5%, Cp is found
equal to 5.5 (Figure 1a) and Equation 9 becomes equal to 0.55 (Figure 1b). Similarly for
Aep equal to 10%, Cp, is equal to 7.0 and Equation 9 becomes equal to 0.67. It should be
noted that for locations that did not liquefy and, as such, a disturbance mechanism (as
expressed by Cp) never existed, the Mesri et al. (1990) method cannot be used.

APPROACH 2

Kulhawy and Mayne (1990) proposed a correction factor ¢, as described by Equa-
tion 3 to introduce the effect of aging on the (N;)qo/ Df ratio. According to Kulhawy
(2003), the same coefficient can be applied to CPT penetration resistance data. Similar
to Approach 1, the correction factor that is applied on the shear-wave velocity data is
derived by converting the V,; to equivalent g.; values using Equation 7. Thus the cor-
rection for aging of the currently recorded (NV,)q9, g.;» and V,; data with the Kulhawy
and Mayne (1990) method can be described by the following equation:

(Neo __4a :{ (V1) 11/0‘17820
[(Nl)éo]post (QCI )post (Vsl)post v

According to Ellis and de Alba (1999), after liquefaction and dissipation of seismi-
cally induced pore water pressure, the relative density of the soil increases, therefore

(10)

D Dyposy — AD, (11)

r(pre) post)

(N1)60(pre) = (N1)60(post) - [A(Nl)60:| (12)

where D, (e) and (V) go(pre) are the pre-earthquake relative density and SPT blow count,
respectively; D, posy and (Ny)goposy are the post-earthquake relative density and SPT
blow count, respectively; and AD, and A(N,)4, are the change in relative density and
SPT blow count, respectively, due to postliquefaction consolidation (disturbance effect).
By differentiating Equation 2 with respect to D,, the following relationship is obtained:

A(N1)60 =2 Dr(pre) . ADr : (60 + 25 log Dso) (13)

Once D, (s has been calculated from Equation 4, Equation 11 is used to calculate
the D,y for two different values of the change in relative density: AD,=5% and 10%.
A(N))¢ is then calculated from Equation 13 and substituted in Equation 12 to determine
(N1)6O(pre)'

To estimate the change in CPT penetration resistance due to postliquefaction con-
solidation A(g,;), the CPT data are converted to equivalent SPT data and Equation 13 is
employed again. To this end, correlations between SPT and CPT are developed specifi-
cally for each one of the four sites, as shown in Figure 3. A linear approximation can be
made from the data for each of the four sites such that the change in CPT value will be
directly proportional to the change in SPT value:
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Figure 3. Currently recorded SPT data (V)¢ versus the currently recorded CPT data (g,;) at
the four investigated sites.

A(ger) =L - A(Ny)eo (14)
where the values of L and the valid range of g, are shown in Figure 3 for the four sites.

In this case, the post-earthquake relative density D, (o) is determined using the
equation

%:305 (15)

proposed by Kulhawy and Mayne (1990) for unaged sands, where the aging coefficient
¢, from Equation 3 is applied to take into account the post-earthquake aging process:

;1;1 =305 (1.2+0.05log(z/100)) (16)
r(post)

where ¢, (in tsf) represents the currently recorded CPT penetration resistance of the soil
(at time ¢ after liquefaction or deposition). Once the equivalent A(NV,)¢, values are cal-
culated with the process just described they are converted into A(g,,) values using Equa-
tion 14 and data in Table 3. Similarly to the SPT, the pre-earthquake CPT penetration
resistance (g.1) e 18 determined as



Table 3. Penetration resistance and shear wave velocity data for source sands corrected for aging and disturbance

Pre-Earthquake In-situ Geotechnical Data for Source Sands

Approach 1 (Mesri et al. 1990)

Approach 2 (Kulhawy and Mayne 1990)

AD,=5% AD,=10% AD,=5% AD,=10%

qc1 Vsl qc1 Vsl qc1 Vsl g1 Vsl

Site Location  #(years) (N))gy (tsf) (m/s) (N)e (sf) (m/s) (N)Dg (sf)  (m/s) (N)g (tsD)  (m/s)
Gapway  GAP-01 450,000 - - - - - - 7 24 171 7 24 171
GAP-02 3,548 6 32 199 4 19 181 7 39 210 6 35 209
GAP-03 5,038 6 47 159 4 28 144 7 59 166 6 53 164
GAP-04  5,038" 4 45 215 3 27 196 5 57 159 4 51 156
GAP-05 450,000 - - - - - 12 65 145 12 65 145
Sampit  SAM-01 450,000 - - - - - - 10 82 261 10 82 261
SAM-02 546 10 75 234 6 47 216 9 77 240 8 68 239
SAM-03 450,000 - - - - - - 10 56 272 10 56 272
SAM-04 1,021 9 52 269 6 32 247 9 55 279 8 48 279
SAM-05 1,648 10 58 306 6 35 280 11 65 320 9 56 320
SAM-06 450,000 - - - - - - 7 58 303 7 58 303

Ten TEN-01 3,548 10 91 212 6 55 193 12 112 223 10 99 222
Mile TEN-02 3,548 17 115 361 10 68 329 21 142 383 18 127 383
HillA TEN-03 3,548 10 90 147 6 53 134 11 109 146 9 97 136
TEN-04 3,548 10 47 193 6 28 176 12 54 203 10 46 202
TEN-05 3,548 - 86 216 - 51 197 - 104 227 - 92 226

Ten TEN-06 200,000 - - - - - - 7 33 161 7 33 161
Mile TEN-07 200,000 - - - - - - 4 42 177 4 42 177
HillB  TEN-08 200,000 - - - - - - 6 42 167 6 42 167
TEN-09 200,000 - - - - - - 4 44 149 4 44 149
TEN-10 200,000 - - - - - - 4 48 156 4 48 156

“The sand blow at GAP-04 was not associated with a prehistoric earthquake, so its age is based on the age of the adjacent sand blow at GAP-03.
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(QCl)pre: (QCl)post_A(QCl) (17)

For the shear-wave velocity data, the correlation by Andrus et al. (2003) is employed
(Equation 7) to convert the post-earthquake (V;)pos to equivalent (g.)ps Values. The
same steps as for the calculation of the (g.),. values are followed. Once the equivalent

(g¢1)pre are calculated, Equation 7 is used again to convert to (¥;;),,. values.

The pre-earthquake SPT, CPT, and V, values at each location are presented in Table
3 based on the described Approach 1 and Approach 2. It is noted that for the same dis-
turbance due to liquefaction (AD, value), the estimated pre-earthquake SPT and CPT
values with the two different approaches are in a good agreement. The higher the dis-
turbance, the higher the difference observed between the results with the two ap-
proaches, but on the average they differ by approximately 10% for AD, equal to 5% and
by approximately 20% for AD, equal to 10%. For example, the current (N,), value of
16 for SAM-05 decreases to the pre-earthquake value of 10 and 11 for Approach 1 and
2, respectively, when AD,=5%, and to a value of 6 and 9 when AD,=10%. Similarly,
the current g,; value of 95 tsf for the same site decreases to the pre-earthquake value of
58 tsf and 65 tsf for Approach 1 and 2, respectively, when AD,=5%, and to a value of
35 tsfand 56 tsf when AD,=10%. In general, very small changes are noted in the shear-
wave velocity values when the correction for aging and disturbance is applied. In par-
ticular, the currently recorded shear wave values differ from the pre-earthquake calcu-
lated values by approximately 7%.

PALEOEARTHQUAKE ASSESSMENT METHODS

PALEOEARTHQUAKE MAGNITUDE ASSESSMENT

In a paleoliquefaction study, magnitudes of prehistoric earthquakes can be estimated
from the regional distribution of their associated liquefaction features. Accordingly, the
method of inferring earthquake magnitude from paleoliquefaction studies involves asso-
ciating each paleoliquefaction evidence with a prehistoric earthquake (as in Table 1) and
back-calculating the magnitude of the earthquake using available techniques. In this
study, the Magnitude-Bound (Ambraseys 1988) and the Energy-Stress (Pond and Martin
1997) methods are used.

The Magnitude-Bound method estimates the magnitude of a paleoearthquake by us-
ing relations between earthquake magnitude and distance from the tectonic source to the
farthest site of liquefaction. This method is based on field observations that demonstrate
an upper bound of the epicentral distance R,, beyond which liquefaction is not usually
observed during an earthquake of magnitude M. Back-calculation of the earthquake
magnitude using the Energy-Stress method is based on a relationship between the seis-
mic intensity at the site in terms of magnitude M and hypocentral distance R with the
liquefaction susceptibility as represented by the (N;)4, blow count of the soil. Hu et al.
(2002b) derived a relationship based on Pond and Martin’s (1997) work that can be used
to predict the magnitude M of the earthquake required to induce liquefaction at a site of
known hypocentral distance R with a certain value of (N;)4. Details and limitations of
these two methods are discussed elsewhere (Hu et al. 2002b, Obermeier and Pond 1999,
Obermeier et al. 2001).
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PALEOEARTHQUAKE ACCELERATION ASSESSMENT

Most of the methods available for evaluating the acceleration at a specific site are
based on correlations between some in-situ characteristics of the potentially liquefiable
soil that represent the resisting strength of the soil to liquefaction and the magnitude of
the earthquake. In this study, the Seed et al. (1985) Cyclic Stress method, the Ishihara
(1985) method, and the Martin and Clough (1994) method are used. A brief summary of
each method is presented herein. Limitations associated with using the methods for
back-analysis are discussed in detail elsewhere (Hu et al. 2002b, Obermeier and Pond
1999, Obermeier et al. 2001, Olson et al. 2001).

The Seed et al. (1985) Cyclic Stress method relates earthquake shaking to surficial
liquefaction evidence and is a few steps forward of the originally proposed “simplified”
method of Seed and Idriss (1971). The approach is based on field observations of the
performance of sand deposits that did or did not liquefy in previous earthquakes world-
wide. The earthquake-induced (horizontal) cyclic shear stress is compared to the cyclic
resistance of the soil. The cyclic shear stress is a function of the earthquake magnitude,
peak surface acceleration, the total and effective overburden stress, and the depth of the
source bed. The cyclic resistance has been correlated with in-situ “index” tests such as
the SPT blow count and the CPT tip resistance (Youd et al. 2001) and the shear wave
velocity (Andrus and Stokoe 2000) of the soil.

The Ishihara (1985) method is based upon the hypothesis that the maximum height
of dikes, accompanied by venting at the surface, is controlled by the thickness of the
liquefied sediment and the peak acceleration. Ishihara (1985) investigated the conditions
where evidence of liquefaction in deeper layers is suppressed by a resistant, or protec-
tive, surface layer. He developed an empirical correlation, which provides approximate
peak acceleration boundaries for liquefaction-induced surface damage for soil profiles
consisting of a liquefiable layer overlain by the nonliquefied cap layer. Youd and Garris
(1995) found that the thickness bounds proposed by Ishihara (1985) appear valid only
for the prediction of ground surface disruptions at sites that were not susceptible to
ground oscillation or lateral spread.

The Martin and Clough (1994) method is based upon the idea that the threshold ac-
celeration level must lie between those estimated by Seed’s simplified procedure and
those estimated by Ishihara’s guideline. Seed’s Cyclic Stress method was developed from
field observations at the surface after the earthquakes and does not consider the influ-
ence of cap thickness on liquefaction-induced ground failure, which can have a signifi-
cant effect on whether dikes have penetrated partially or completely. Ishihara, on the
other hand, produced estimates of the thickness of the cap layer required to prevent
level-ground liquefaction-related damage. Seed’s method can be used to determine
which layers within the soil profile would liquefy under various levels of peak accelera-
tion. For each one of the acceleration levels Ishihara curves can determine whether the
liquefied layers were sufficiently thick to allow sand blows to be formed at the ground
surface. The lowest value of peak ground acceleration at which both methods agree that
sand blows would be formed is considered the threshold acceleration.
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Table 4. Paleoearthquake magnitude assessment using the Energy-Stress and the Magnitude-
Bound methods

Energy-Stress Method

Average (N)eo(pre)

for Source Sands This Study
Associated Hu et al. Magnitude-Bound
Episode Sand Blow AD,=5% AD,=10% AD,=5% AD,=10% (2002b) Method
A SAM-02 10 7 68t07.0 62t0o64 741076 6.9 to 7.1
B SAM-04 9 7 6.6t068 62t0o64 741076 6.9 to 7.1
C SAM-05 11 8 56t064 51to58 63t07.0 57t06.3
C SAM-05 11 8 70t072 64t06.6 7.6t07.8 6.9t0 7.1
E GAP-02 7 5 62t064 56t058 68t07.0 6.9t07.1
F GAP-03 7 5 49t05.6 43t050 55t06.2 57t06.3
F GAP-03 7 5 59t06.1 56t058 6.8t07.0 69t07.1
? TMHA 11 8 56t064 5.1t058 6.5t07.2 57t06.3
RESULTS

The first step was to estimate the magnitudes of the seven prehistoric earthquakes
from the regional distribution of their associated liquefaction features and the geotech-
nical engineering data that characterize these sites. The results for the Energy-Stress and
the Magnitude-Bound methods are presented in Table 4. For the application of the
Magnitude-Bound method it is assumed that the sand blow associated with a specific
earthquake is the furthest liquefaction feature (epicentral distance R, in Table 4) that was
caused by this event. For the application of the Energy-Stress method, the SPT blow
counts (N)go(pre) that have been corrected for aging and disturbance are used. It is be-
lieved that these values more realistically represent the strength of the soil at the time of
the earthquake. (N 1)60(pre) Were calculated using two different approaches (Approaches 1
and 2) and two different values (5 and 10%) of the change in relative density (AD, or
Aey) due to postliquefaction consolidation. For the same disturbance due to liquefaction
(AD,=5% or 10%), the estimated (N l)60(pre) values with the two different approaches are
in a good agreement (see Table 3). Therefore the average of the two approaches for each
AD, pre-earthquake (N,)¢ is used for the magnitude assessment. The distance from the
source is assumed to be the hypocentral distance (R in Table 4), which is reasonable
since the depth to the Charleston source is known to be 1043 km. For the range of the
hypocentral distances from the earthquake source, a range of magnitudes is calculated.

It is noted that the higher the disturbance due to the liquefaction event (AD,), the
lower the estimated earthquake magnitude. On average the estimated magnitudes with
AD,=5% and AD,=10% do not differ by more than 0.5 units. The earthquake magni-
tudes estimated in this study are lower than the results by Hu et al. (2002b). By using the
current (N,)4, values to represent the soil resistance at the time of the earthquake, Hu et
al. (2002b) provided more conservative (higher) estimates of the prehistoric earthquake
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magnitudes. The estimated magnitudes from this study differ from the ones by Hu et al.
(2002b) by approximately 0.7 units when AD,=5%, and 1.2 units when AD,=10%.

Even though Ten Mile Hill was not in the immediate vicinity of any dated sand
blows, the associated seismic source for the liquefaction at Ten Mile Hill site A was as-
sumed to be near the Charleston source with a hypocentral distance of 10 to 35 km. The
representative pre-earthquake (NV,)q, value of 10 from Ten Mile Hill site A was used to
back-calculate the threshold earthquake magnitude for extensive liquefaction at Ten Mile
Hill A.

Some of the estimated earthquake magnitudes with the Energy-Stress method are in-
consistent with previous observations (Obermeier 2001), which indicate M5.5 as the
lowest earthquake magnitude capable of producing liquefaction. This is observed espe-
cially for the inferred change in relative density AD,=10%, indicating that it is probably
very high and it did not actually take place. In addition, the Energy-Stress method is
sensitive to the SPT blow count and results in significant changes in M for small changes
in (NV,)¢. Unfortunately, the number of corrections (Skempton 1986; Kulhawy and
Mayne 1990; Robertson and Wride 1997, 1998) that must be made to the raw SPT data
from even the most carefully conducted tests leads to a large amount of uncertainties
incorporated in a reported N value.

The second step was to use the Cyclic-Stress method, the Ishihara method, and the
Martin and Clough method to estimate the threshold peak ground acceleration corre-
sponding to earthquake magnitudes M6 and M7.5 at the four sites. These magnitudes
were considered representative of earthquake magnitudes in the SCCP and were used
instead of the site specific magnitudes determined in the first step to illustrate how the
peak ground accelerations would vary from site to site for the same earthquake magni-
tude.

Because locations were found in the same site that had both liquefied and not lique-
fied during the prehistoric earthquakes, they pose a lower and an upper bound, respec-
tively, of the estimated acceleration in an area. At the locations where the soil liquefied,
the resistance of the soils was exceeded, and therefore these sites provide a lower bound.
At the locations where the soil did not liquefy, the resistance was not reached, and there-
fore these locations provide an upper bound of the threshold acceleration. However, all
the locations are taken into account for the estimation of the threshold acceleration in the
site they are located, assuming that the factor of safety at the time of the earthquake was
equal to one (marginal liquefaction).

With the Cyclic Stress method, the resistance of the soil as expressed by the in-situ
soil indices (SPT, CPT, V) is taken into consideration, assuming a freshly deposited soil
prior to the earthquake at the sites where liquefaction occurred. Since field observations
of sites with aged soils might also have been incorporated by Seed et al. (1985), an aged
soil deposit can be assumed prior to the earthquake at the paleoliquefaction sites and
still yield reliable threshold peak ground acceleration results using the aforementioned
method. Similar to the Energy-Stress method, the average of the two approaches
(N1)60(pre)> et (pre)» ad Vi (pre) are used at each location since the estimated values with
the two different approaches are in a good agreement for the same disturbance due to



Table 5. Threshold peak ground accelerations back-calculated from the Cyclic Stress method for each site

Threshold Peak Ground Acceleration

SPT-based CPT-based V-based
This Study This Study This Study
Earthquake Hu et al. Hu et al. Hu et al.
Magnitude Site AD,=5% AD,=10%  (2002b) AD,=5% AD,=10%  (2002b) AD,=5% AD,=10%  (2002b)
M=17.5 Gapway 0.11-0.20 0.10-0.20 0.14-0.27 0.11-0.17 0.10-0.17 0.13-0.23 0.11-0.18 0.11-0.18  0.13-0.22
Sampit  0.06-0.10  0.08-0.13  0.11-0.20 0.10-0.16  0.08-0.16  0.14-0.28 0.09-0.12  0.09-0.12 N/A
TMHA 0.11-0.20  0.09-0.17 0.21-0.59 0.11-0.33  0.09-0.22  0.15-0.54 0.09-0.37 0.07-0.34 0.11
TMHB 0.07-0.10 0.07-0.10  0.08-0.12 0.10-0.11 0.10-0.11  0.11-0.13  0.10-0.15  0.10-0.15  0.12-0.20
M=6.0 Gapway 0.22-0.39  0.19-0.39 0.24-0.48 0.21-0.32 0.19-0.32 0.23-0.41 0.22-0.35 0.22-0.35  0.23-0.39
Sampit  0.17-0.26  0.16-0.26  0.19-0.35 0.19-0.31 0.16-0.31  0.25-0.50 0.18-0.23  0.18-0.23 N/A
TMHA 0.25-0.45 0.18-0.32 0.37-1.03 0.21-0.64 0.18-0.42 0.27-0.95 0.17 0.14 0.20
TMHB  0.13-0.19 0.13-0.19 0.14-0.22 0.19-0.22 0.19-0.22 0.19-0.23 0.20-0.29  0.20-0.29  0.20-0.28
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Table 6. Threshold peak ground accelerations back-calculated from the Martin and Clough
(1994) method for each site

Threshold Peak Ground Acceleration

This Study
Earthquake
Magnitude Site AD,=5% AD,=10% Hu et al. (2002b)
M=7.5 Gapway 0.12 0.11 0.19
Sampit 0.12 N/A 0.19
TMHA 0.24 0.24 0.37
TMHB N/A N/A 0.20
M=6.0 Gapway 0.16 0.15 0.25
Sampit 0.15 0.12 0.25
TMHA 0.30 0.25 0.46
TMHB 0.18 0.18 0.23

liquefaction (AD,=5% or 10%) (see Table 3). For the SPT- and CPT-based procedure,
the Youd et al. (2001) empirical correlations are employed, whereas for the V-based
procedure, the Andrus and Stokoe (2000) empirical correlation is employed for earth-
quake magnitude M7.5. The estimated accelerations for earthquake magnitude M7.5 and
M6.0 for the SPT-, CPT-, and V,-based procedure are presented in Table 5. The value of
the magnitude scaling factor (MSF) used is the average value from the range recom-
mended by Youd and Idriss (1997). The estimated accelerations differ from the ones by
Hu et al. (2002b), depending on the procedure used. On average, the difference in results
is approximately 30%, for the SPT-based procedure, 25% for the CPT-based procedure,
and 20% for the V-based procedure. If the lower bound value of the MSF is used per the
recommendation of Idriss and Boulanger (2004) and Seed et al. (2001), then the back-
calculated peak ground accelerations reported in this study would be 0.005 g to 0.03 g
less.

The peak ground accelerations using the Ishihara (1985) method are the same for
this study as presented by Hu et al. (2002b) because soil properties are not used in the
analysis. The method gives only a rough estimate of the minimum peak ground accel-
eration that can cause sand blows at a specific site in part because the soil properties
such as relative density and fines content are not considered in the analysis. Therefore
the Martin and Clough method, which combines the Ishihara method with the Cyclic
Stress method, was used to provide a more reliable estimate of the back-calculated
threshold peak ground accelerations. The results are summarized in Table 6. The esti-
mated threshold accelerations from this study are lower than the ones obtained by Hu et
al. (2002b) for reasons similar to those explained when using the Cyclic Stress method.
The difference is on the order of 35%, and for A,=5% and 40% for A,=10%.

The threshold peak ground accelerations independent of AD, are summarized for all
methods in Table 7. For the Cyclic Stress method, since the results for AD,=5% and
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Table 7. Estimated peak ground accelerations for each site

Estimated Peak Ground Accelerations (g)

Cyclic Stress Method

Earthquake Ishihara Martin &
Magnitude Site Method SPT CPT Vs Clough Method
M=7.5 Gapway 0.20 0.10t0 0.20  0.10t0 0.17  0.11 to 0.18 0.12
Sampit 0.20 0.06 t0 0.13  0.08 to 0.16  0.09 to 0.12 0.12
TMHA 0.30 0.09 t0 0.20 0.09 t0 0.33 0.07 to 0.37 0.24
TMHB 0.20 0.07 t0 0.10 0.10t0 0.11 0.10to0 0.15 N/A
M=6.0 Gapway — 0.19t0 0.39 0.19t0 0.32 0.22t0 0.35 0.16
Sampit — 0.16t0 0.26 0.16t0 0.31 0.18t0 0.23 0.14
TMHA — 0.18 to 0.45 0.18 to 0.64 0.14t0 0.17 0.28
TMHB — 0.13t0 0.19 0.19t0 0.22 0.20to 0.29 0.18

10% differ up to 25% and overlap considerably (Table 5), the envelope of accelerations
is preferred. For the Martin and Clough method the results for AD,=5% and 10% (Table
7) differ only slightly, so the average is preferred.

Finally, the site-specific estimated magnitudes for the prehistoric earthquakes deter-
mined from the Energy-Stress method and the pre-earthquake SPT blow counts (V)4
(average of Approach 1 and 2, see Table 3) at the location of sand blows were used to
back-calculate the minimum peak ground accelerations that could cause sand blows for
these prehistoric earthquakes using the Cyclic-Stress method. These peak ground accel-
erations and magnitudes for the seven prehistoric episodes are presented in Table 8 and

Table 8. Estimated magnitudes and peak ground accelerations of prehistoric earthquake
episodes in SCCP

Estimated Estimated Peak Ground
Magnitudes Accelerations (g)

Talwani & Schaeffer (2001)
Hu et al. Hu et al.

Episode  Empirical ~Magnitude Bound ~ (2002b)  This Study (2002b) This Study

A 7+ 7.0 7.4 t0 7.6 6.2t0 7.0 0.16 to 0.18 0.14

B 7+ 7.0 7.4 t0 7.6 6.2 t0 6.8 0.16 to 0.18  0.14 to 0.15
C ~6 6.3106.8 6.3t07.0 51t06.4 0.21t00.28  0.20t0 0.29
(O 7+ 7.2 7.61t0 7.8 6.4t07.2 0.16t00.17  0.14t0 0.15
D ~6 5.7 023t00.24  0.21t00.26
E 7+ 7.0 6.8t07.0 5.6t06.4 031t00.42  0.30t00.53
F ~6 55t06.2 43105.6 0.23t00.24  0.22t00.24
F 7+ 6.8t07.0 55t06.2

G 7+ 7.2
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are compared with the magnitudes and peak ground accelerations derived from previous
studies by Talwani and Schaeffer (2001) and Hu et al. (2002b). In general, the estimated
magnitudes from this study are lower than the ones by Hu et al. (2002b) by approxi-
mately 0.9 units. Peak ground accelerations determined by Hu et al. (2002b) on the order
of 0.15 g are estimated to be 15% lower in this study for the same episodes. However,
for episodes with higher peak ground acceleration values determined by Hu et al.
(2002b), (>0.20 g) gave almost identical values with the ones determined in this study.

SUMMARY AND CONCLUSIONS

This work employed available methods for the evaluation of the prehistoric earth-
quake magnitudes and peak ground acceleration from the spatial distribution of pale-
oliquefaction features and in-situ geotechnical data. The magnitude of the prehistoric
earthquakes was estimated by the Magnitude-Bound (Ambraseys 1988) and the Energy-
Stress (Pond and Martin 1997) methods, whereas the peak ground acceleration was es-
timated by Seed’s (1985) Cyclic Stress method, the Ishihara (1985) method, and the Mar-
tin and Clough (1994) method. For those methods that account for the resistance of the
source sand as expressed by the in-situ geotechnical data (SPT, CPT, V), these data were
corrected for the effect of aging and disturbance due to liquefaction using correlations
proposed by Mesri et al. (1990) and Kulhawy and Mayne (1990). Hence the penetration
resistance or shear wave velocity before the earthquake was employed to more realisti-
cally represent the strength of the soil at that time. The findings of this study are as fol-
lows:

* Accounting for aging of the old sand deposits in the SCCP lowered the estimated
prehistoric earthquake magnitudes by about 0.9 units.

* For the same episodes, accounting for aging lowered the estimated peak ground
accelerations by 15% for those events originally estimated at ~0.15 g. For
events originally estimated at >0.2 g, there were no changes when aging correc-
tions were applied.

* For a given earthquake magnitude, the estimated minimum peak ground accel-
erations induced by the SCCP prehistoric earthquakes were approximately 25%
lower when aging corrections were applied than when they were not.

* The prehistoric earthquakes that occurred during the past 6,000 years and caused
paleoliquefaction features in the SCCP are estimated to have magnitudes be-
tween about 5 and 7 and peak ground accelerations between about 0.15 and 0.30
g when aging effects are considered.
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