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CPT BASED LIQUEFACTION RESISTANCE OF SANDY SOILS
Scott M. Olson', S.M. ASCE and Timothy D. Stark?, M. ASCE

ABSTRACT

Stark and Olson (1995) compiled 180 field case histories of liquefaction and non-
liquefaction to develop relationships between liquefaction resistance and corrected
CPT tip resistance. In developing some of these case histories, more than one
elevation within a single sounding was evaluated. Herein, these case histories have
been re-evaluated so that one sounding provides only one case history, reducing the
original database to 80 cases. Furthermore, 92 additional case histories of liquefaction
and non-liquefaction have been added to the revised database. The revised database
now contains 172 independent field case histories of liquefaction and non-
liquefaction, and confirms the liquefaction resistance relationships proposed by Stark
and Olson (1995). This study also concludes that the procedure of utilizing more than
one elevation within a single sounding for evaluating liquefaction resistance is
justified. This practice is especially applicable to CPT soundings that penetrate
deposits of significantly different geologic age.

INTRODUCTION

Peck (1979) indicated that because of difficulties in understanding and modeling all of
the factors that affect the liquefaction resistance of a soil, in-situ penetration testing is
the preferred method to estimate liquefaction resistance. In-situ penetration testing
includes the cone penetration test (CPT) and the standard penetration test (SPT). The
cone penetration test offers several advantages over the standard penetration test
including better standardization, precision and accuracy, improved cost-effectiveness,
and it provides a nearly continuous record of penetration resistance throughout a soil
deposit. For these reasons, the cone penetration test has seen increasing popularity
and use for liquefaction assessment. However, the SPT allows a sample to be
obtained for gradation purposes and allows verification of liquefaction resistance
using existing correlations.
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Recently, the number of field case histories of liquefaction and non-liquefaction where
CPT results are available has increased significantly. Stark and Olson (1995) compiled
180 field case histories of liquefaction and non-liquefaction to develop relationships
between liquefaction resistance and corrected CPT tip resistance. In developing some
of these case histories, more than one elevation within a single sounding was
evaluated. The evaluation performed by Stark and Olson (1995) was based on the
zones of liquefaction estimated by the original investigators. It should be noted that in
nearly every case, the CPT sounding was conducted shortly after the earthquake, and
no correction was made to the CPT tip resistance to account for any possible
densification effects resulting from earthquake shaking.

Herein, these case histories have been re-evaluated so that one sounding provides
only one case history. This reduced the database to 80 cases. In addition, 92 case
histories of liquefaction and non-liquefaction presented by Suzuki et al. (1995) and
Boulanger et al. (1997) have been added to the revised database. The revised
database now contains 172 field case histories of liquefaction and non-liquefaction,
and confirms the liquefaction resistance relationships proposed by Stark and Olson
(1995).

-LOCHHVOAAOZ RESISTANCE FROM CASE HISTORIES AND CPT

Stark and Olson (1995) presented liquefaction resistance relationships based on
corrected CPT tip resistance, qei, and seismic (shear) stress ratio (SSR). Corrected
CPT tip resistance is defined as:

Qo1 =qc * C 1)
where
Cq= 1.8 t al. 1992) 7))
! 0.8 +AQ..§\O..R\V QAN%OSO a
Cq~Cn= 0 ._ o (Liao and Whitman 1985) 3)
T vo

where "\, is the vertical effective stress (and is in terms of tsf kg/cm’ or
atmospheres for Equation 3), ¢’ is a reference stress equal to one atmosphere
(approximately 100 kPa), and C, and Cy are the overburden corrections for CPT tip
resistance and SPT blowcounts, respectively.

The two relationships for C, correct values of q. to correspond to a vertical effective
overburden stress of approximately 100 kPa. Both relationships provide similar
corrections for the range of stresses involved in the case histories presented herein.
The correction presented by Kayen et al. (1992) was used for most of the case
histories, with the exception of those where overburden information necessary to
utilize the correction was unavailable. In these 56 cases, the correction reported by
the original investigator(s) was used.
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Values of seismic (shear) stress ratio (SSR) used in this study were mm:m:ﬁoa using
the simplified procedure developed by Seed and Idriss (1971) as outlined in Stark and
Olson (1995). The procedure outlined in Stark and Olson (1995) was followed for
116 of the case histories and included the earthquake magnitude correction presented
by Seed and Idriss (1971) so that the additional cases are noavmqm.a_o to the original
cases presented by Stark and Olson (1995). The exceptions to this procedure were
those case histories where necessary information was unavailable. In these 56 cases,
the values of SSR reported by the original investigator(s) were utilized.

Liquefaction resistance is significantly affected by the fines content om. the soil. Fines
content (FC) is defined as the percentage by weight passing the #200 sieve. Stark and
Otson (1995) presented three relationships to account for the effect of fines content as
shown in Figure 1. These boundary lines between liquefaction and non-liquefaction
define relationships between the mobilized undrained yield strength ratio and qc
values for sandy soils and magnitude (M) 7.5 earthquakes.
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Figure 1. CPT Based Liquefaction Resistance Relationships for Sandy Soils
and M=7.5 Earthquakes (from Stark and Olson 1995)

Liquefaction Case Histories

Liquefaction and non-liquefaction case histories compiled by Stark and Olson (1995),
Suzuki et al. (1995), and Boulanger et al. (1997) are presented in this paper. The case
history database is presented in Table 1. Table 1 does not include all of the columns
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presented in Stark and Olson (1995) due to space constraints. However, the
remainder of the data for the original case histories, although not necessary for
backcalculation, are presented in Stark and Olson (1995). Table 1 also does not
include references for the case histories. The references for all sites, with the
exception of the Moss Landing sites (Boulanger et al. 1997) and the cases reported by
Suzuki et al. (1995), can be found in Stark and Olson (1995). In the revised database,
each case history represents one elevation within a sounding, and only one value of
qet was selected from each sounding. The clean sand case histories reported by
Suzuki et al. (1995) were used directly because the information required to analyze
the case histories is unavailable. Because of space constraints the clean sand cases
obtained from Suzuki et al. (1995) are not included in Table 1. In addition, the stlty
sand case histories presented by Suzuki et al. (1995) are not included herein because
information required for the proper classification of these case histories is unavailable.
Boulanger et al. (1997) reported cases of liquefaction and non-liquefaction of clean
and silty sands and all of these cases were included in the revised database. This study
did not re-interpret the reported critical values of q. from the cases presented by
Suzuki et al. (1995) or Boulanger et al. (1997). The revised database contains 172
case histories of liquefaction and non-liquefaction of sandy soils. The original
investigator(s) judged the occurrence of liquefaction at a site from the appearance of
sand boils, settlement and/or damage of overlying structures, or lateral ground
spreading.

The CPT field data was divided into three categories based on fines content (in
percent) and median grain size, Dso (in millimeters). The three categories are clean
sand (FC < 5 and 0.25 < Dsy < 2.0), silty sand (5 < FC < 35 and 0.10 < Dso < 0.25),
and silty sand to sandy silt (FC > 35 and Dsg < 0.10). Fines content refers to non-
plastic to low plasticity fines with a clay size fraction less than 15%, as suggested by
Seed et al. (1983). Clay size fraction is defined as the percent by weight finer than
0.002 mm. Fines content was used to classify most of the case histories, and where
fines content is not available, median grain size was used for classification.

Liquefaction Resistance of Clean Sands

Figure 2 presents a compilation of 105 liquefaction and non-liquefaction case histories
involving clean sand for which CPT data are available. The boundary line presented
by Stark and Olson (1995) for clean sand is included in Figure 2. It can be seen that
the relationship presented by Stark and Olson (1995) is in good agreement with the
available case histories, with only six case histories plotting below the boundary line.
As noted by Stark and Olson (1995), the relationship for clean sand is limited to
values of Dso less than 2.0 mm because: (1) liquefaction case histories in soils with
Dso greater than 2.0 mm where CPT results are available are limited; and (2) the use
of a standard cone penetrometer (ASTM D3441) in coarse sand and gravel (gravel
content as low as 5%) may result in artificially large values of ..
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Figure 2. Relationship between Seismic (Shear) Stress Ratio Triggering
Liquefaction and q. values for Clean Sand and M=7.5
Earthquakes

Six cases of observed liquefaction fall below the boundary line. The case with a q..
value of about 8.0 MPa and an SSR of 0.14 is touching the boundary line and does
not require additional consideration. The cases with qc; values of 7.9,12.2, and 15
MPa and SSRs 0of 0.30, 0.17, and 0.11, respectively, were obtained from Suzuki et al.
(1995) and no further scrutiny of the data was possible. The case with a q.1 value of
12.3 MPa and an SSR of 0.17 was reported by Boulanger et al. (1997). This case
involved a layer of sand that was significantly looser in its upper portion than in its
lower portion, It is possible that liquefaction occurred in the upper portion first, and
pore-water pressure re-distribution led to the liquefaction of the lower portion. If this
were the case, the representative qc; value would be lower. The case with a q1 value
of 10.2 MPa and an SSR of 0.15 represented a sounding that was conducted in an
area that liquefied, but was very near an area of non-liquefaction. Therefore, the
reported tip resistance would be on the borderline of non-liquefiable soils.

Liquefaction Resistance of Silty Sands

Figure 3 presents a compilation of 46 liquefaction and non-liquefaction case histories
involving silty sand for which CPT data are available. The boundary line presented by
Stark and Olson (1995) for silty sand is included in Figure 3. It can be seen that the
relationship presented by Stark and Olson (1995) is in good agreement with the
available case histories, and only three non-liquefaction case histories plot above the
relationship. These three case histories are near the boundary, and probably represent
the transition from liquefiable to nonliquefiable conditions, or the variation of
parameters such as maximum ground acceleration.
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Figure 3. Relationship between Seismic (Shear) Stress Ratio Triggering
Liquefaction and q. values for Silty Sand and M=7.5
Earthquakes

The three liquefaction case histories that plot below the boundary line were obtained
from Kayen et al. (1992) and Boulanger et al. (1997) as shown in Table 1. The two
cases with q., values of 10 MPa with values of SSR near 0.2 represent cases where
the tip resistance and soil type changed considerably over the layer interval.
Therefore, if these soils were considered clean sands, liquefaction would have been
predicted correctly. The case with a qe; value of 8.5 MPa and an SSR of 0.2 from
Boulanger et al. (1997) represents another case where soil type variations over the
layer could have affected the interpreted critical Qa1 value. Further, Boulanger et al.
(1997) reported that the maximum ground acceleration could not be determined
accurately, and probably ranged from 0.2g to 0.3g, with a value of 0.25g used for
interpretation.

Liquefaction Resistance of Silty Sand to Sandy Silt

Figure 4 presents a compilation of 21 liquefaction and non-liquefaction case histories
involving silty sand to sandy silt for which CPT data are available. The boundary line
presented by Stark and Olson (1995) for silty sand to sandy silt is included in Figure
4. It can be seen that the relationship presented by Stark and Olson (1995) is in good
agreement with the available case histories.

Only one of the 21 cases where liquefaction was observed lies outside of the
boundary proposed by Stark and Olson (1995). This case history corresponds to the
T-25 sounding from the 1976 Tangshan Earthquake (Shibata and Teparaksa 1988).
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Figure 4. Relationship between Seismic (Shear) Stress Ratio Triggering
Liquefaction and q. values for Silty Sand to Sandy Silt and
=7.5 Earthquakes

As noted by Stark and Olson (1995), the investigators reported the anomalously large
ger value without explanation, and no further scrutiny was possible.

Two non-liquefaction cases plot above the Stark and Olson (1995) boundary. The
case history with an SSR of approximately 0.22 plots near the boundary and probably
represents the transition from liquefaction to non-liquefaction. The second case
history (near SSR of 0.15) is the Middle School site from the 1975 Haicheng
Earthquake. As explained by Stark and Olson (1995), the soil layer that was reported
to have liquefied had a clay fraction of more than 20%. This large clay size fraction
probably accounts for the low Qe value. Furthermore, a soil with a clay fraction of
greater than 15% is unlikely to show typical effects of liquefaction.

In summary, the revised database confirms the applicability of the relationships
presented by Stark and Olson (1995) to estimate liquefaction resistance of sandy soils.
This study also suggests that the use of et values from more than one elevation
within a single sounding may be justified. This is especially true for soundings that
penetrate strata that are of significantly different geologic age or penetration
resistance. For example, soundings at Juvenile Hall, California, described by Bennett
(1989), penetrate strata of different geologic age (and significantly different
penetration resistance). Bennett (1989) concluded that portions of the upper, younger
Stratum (with lower penetration resistances) liquefied during the 1971 San Fernando
Valley Earthquake, while the lower, older stratum (with higher penetration,

]



‘885-€£865 ‘S661 1990300 ‘uspamg ‘Burdoyury ‘z '|oA (66, LdD) Sunsa] uonvyauad
auo) uo dwdg juy ‘0044 eiep 14D uo paseq uondejenbyj jios Jo uonejpauod

PIdL,, (S661) "X ‘eioqny] pue “x ‘eAel “) ‘epewedoy] “Y ‘nsjewryo] X ‘mnzng
'698-958 “(T1T1 "HOSV “BuF 1(02j020 fo [ 'S3U0ISHY 958
play pue 14D Suisn soueisisar uonoggenbr, (S661) 'S UOS|O pue ‘'L IS

. "ebe-8€€ ‘vd eydpepeud
‘NLSV ‘P uouda§ ‘g0°+0 104 ‘spivpuvss fo yooq pnuuy ‘(b661) . 98-1¥bE d
— [10s JO 1597 uonensuad auod-uoKOLY pue 3uod ‘onels-Isenb ‘dasp 1oy 3591 prepuess,,

‘09-6¢ “(2)8T ‘suouvpunog pup spog . s1593 uonesjauad suos Suisn
sfios Jo sfenusjod uonsejanbyj Jo uonenjead,, (8861) "M ‘esyereds] pue °y, ‘elequs

"78b-85Y (£)601 ‘HOSV “Buy y221030) fo [ ‘erep dueuniopad ploy Suisn
Tenuajod uonogganby yo uonenfeay,, (€861) 1 ‘08uely pue “W'T ‘ssUpl “g'H ‘padS

"€LT1-6vT1 (6)L6 “OSV “Suy 4221020 fo r  renuaiod
uonoegonbif Sunenyeas 103 ainpasoxd pagyduns,, "(1L61) W' ‘SSUPL pue ‘g'H ‘padS

£ee III SOIWVYNAQ TI0S ANV ONRIFIANIONT IVNOHLIVE TVIINHOALOTO

'86€-€6¢ (£)S01 ‘HISV “Buq
§021020) 0 °f 9011081d SNSIAA IOUAIDS ;Jenuajod uonoryanbi, (6L61) "€ Mo2d

‘LLE-ELE ((€)T11 ‘FOSV “Sug yoa1000 fo  ,pues
ul 1JS JOJ SI0I0B} UOIIALIOD USPINGIIAQ,, ($861) "AM ‘Ueuniypm pue “'g ‘oer]

‘TOI-LLT “A'N ‘Ofegng ‘yoiwasay
SuriaawSusy  ayonbylpy 1o0f 4;ua)) (oUoULN 6100-76-4ATIN ‘uonyonfanbry
10§ 40f S2nspauLIIUN0]) pup SaIIDL autpafi7 Jo uSisa(q upisisay axyonbyriog
uo doysyio S 1-updor y1p “2044 eiep €I WO Swisn SUSUISSISSE [enuajod
uonjorgenby| JOJ SPOYIBW Paseq-dABM 1edYs pue “1LdD “1dS Jo uoneniead,, (z661)
N ‘oyunno) pue “§ ‘OYSIN “V 93p0T “dU ‘PeeS NI TRUONIN “HY ‘Uaded

LoV
g5t (S)€T1 “FOSV “Suy yo21020 fo r enbyues ejeud ewo Suunp Suipue]
ssopy 18 uonoejenbry, (L661) AT ‘SSHPI pue “H'T ‘N “my ‘13uenog

'977-60T (09T

‘sss180j000) ‘Buy fo oossy fo uyeyng . ewiope) ‘IBH 2[uaAnf As[jeA OpueulId
ueg ay3 je aunjigy punoid [L61 dY3 Jo sisAjeue uonoejenbi,, "(6861) [N ‘heuueg
SHONTHIIAY ‘T XIANAdV

‘plemy Jejoyos [eH ‘d
aute[g pue ‘f welpm 2yl Aq papiaoid poddns ay3 sa3pajmownjoe Os[e Joyne puodss
ay1 -paSpajmowyoe Afryoresd s1 JSN oy woy Hoddns syx "€p000-£6-SOL JPGUNN
queIn ‘(ISN) UOHEPUNO,] 90USI0S [eucneN Y3 jo ued e se paunopad sem Aprys ST

SINTAODAITMONMADYV

(230900 20BINS JO SISAjRUE 3ZiS UTEIS 1O B1Bp J919WOUIIOUY SB YONS) UondEyanby
JO s3u0Z oy} suysp Ajresjo 03 souspias Suipeddns justoigns aq Isnur d1ay) ‘pasn st
sonoesd STl JI “J9ASMO] "20UEJSISaI uoneljuad JudIRPIp Ajjueogusis 10 98¢ 01801023
W2JaPIp JO ®iens Jlos juasaides b jo sonea oy jeyy paplaoad ‘Guipunos yoed
wox b Jo anjea [EdIILD U0 URYY 210W s 0] 3[qeIdadoe 3q Arw If Jey) S3jEIIPUT OS[E
Apms sy (S661) UOSIO pue yress Aq pajuasald sdmysuonejol soueysisal uonoejenby
ay) suuyuod pue ‘Surpunos yoes woy b JO 3njeA [e2UD duO AJUO SISN SSBQEIRP
paswal oyl ‘(s661) UOS|O pue yiei§ Aq pajussard aseqeiep oyl wog pasiadr sem
uiaioy pajussaid aseqelep ayY 'S[Qe[leA® i€ BlEp LdD 2Iym uopoejenbi-uou pue
uonoeyanbyy Jo seUIoISHY ased 7L] JO 9SeqRIEp Pasiadl € sjuasaid saded spyL ‘rejndod
ABuiseaiour Sunuooaq §1 UOHEN[EAD IDUBISISAI uUOHOEJANDY J0f LD SY) JO 9sn YL

SNOIS('IONOD

‘uoyyoryanbij-uou pue uonoejanbi] usamiaq Arepunoq ogroads-ans oy
aUYSp 01 BILJIS Y10q WOY PauIRIqo 3q PJnod sanfea 1°b punoq-10moj Jeys pajedionue si
31 “Butpunos o[8uis & uryim (sanfea 1°b jualapip ApuedyIuBis yiim siake[) UOHEAI[D JUO
uey) ssow woy elep pasn osfe (L661) Te 10 JoBuenog “Aanbrj Jou pip (saourisisa

11l SOTNVNAQ TIOS ANV ONIIIINIONT 3 VNOHLYVE TVOINHOILOID [4%1%



