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ABSTRACT 

 
The primary basis of the empirical methods for estimating post-liquefaction ground 

settlement is the laboratory data presented in Ishihara and Yoshimine (1992). These data are 
from one series of cyclic simple shear tests performed on one uniform clean sand reconstituted to 
three relative densities and tested at one effective confining stress. It is not clear if these data are 
applicable to other clean sands with other gradations, nonplastic silty sands, and nonplastic silts. 
A comprehensive database of post-liquefaction volumetric strain test results on nine additional 
clean sands, two gravels, three silty sands, and five silts is compiled to examine trends over a 
wider range of soils. The general trends of the larger database of clean sand test data provide the 
basis for a new relationship between post-liquefaction volumetric strain and the cyclic-induced 
maximum shear strain for clean sand. Relationships are then extended to nonplastic silty sand 
and nonplastic silt using relative density to characterize the volumetric strain potential of clean 
sand and nonplastic silty sand and silt. 
 
INTRODUCTION 
 

Saturated soil under cyclic loading undergoes an accumulation of shear strain that can 
increase pore-water pressure. Depending on the magnitude and duration of the cyclic loading, the 
generated excess pore-water pressures can trigger liquefaction. At a free-field, level ground site, 
the dissipation of the excess pore-water pressure is followed by an accumulation of volumetric 
strain in the soil due to sedimentation and reconsolidation processes that cause ground 
settlement. The quantification of the likely amount of ground deformation resulting from this 
liquefaction effect is important because excessive ground deformation can result in significant 
losses. Hence, researchers have developed empirical methods based on soil and seismic demand 
proxies that capture these complex phenomena for estimating liquefaction-induced ground 
settlement due to the volumetric strain potential of liquefiable soil. Empirical models are 
typically used in earthquake engineering practice because they provide reliable estimates of soil 
response, whereas most soil constitutive models do not capture well all key aspects of post-
liquefaction soil deformation in post-liquefaction reconsolidation settlement. 

The primary basis of the empirical methods for estimating post-liquefaction ground 
settlement (e.g., Zhang et al. 2002, Idriss and Boulanger 2008) is the laboratory data developed 
by Nagase and Ishihara (1988) as interpreted by Ishihara and Yoshimine (1992). These 
laboratory data which are shown in Figure 1 are informative. However, the data are from one 
series of cyclic simple shear tests performed on one uniform clean sand, the Fuji River sand, 
reconstituted to three relative densities of 47%, 73%, and 93%, and tested at one vertical 
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effective stress (196 kPa). Engineers and researchers have questioned if the volumetric strain vs. 
shear strain relationships developed by Ishihara and Yoshimine (1992) based on just one uniform 
clean sand are applicable to other clean sands with other gradations, nonplastic silty sands, and 
nonplastic silts (e.g., Bray et al. 2017). To address this question, a comprehensive database of 
post-liquefaction volumetric strain test results on nine additional clean sands, two gravels, three 
silty sands, and five silts is compiled and interpreted. The general trends of the larger database of 
clean sand test data provide the basis for a new relationship between post-liquefaction volumetric 
strain and the cyclic-induced maximum shear strain for clean sand. Relative density is employed 
as a proxy for the state of the soil in the development of relationships for nonplastic silty sand 
and nonplastic silt in addition to clean sand. The proposed model of post-liquefaction volumetric 
strain provides a basis for re-interpreting current post-liquefaction ground settlement procedures. 

 
 

Figure 1. Uniform clean sand volumetric strain data of Ishihara and Yoshimine (1992). 
 
VOLUMETRIC STRAIN POTENTIAL LABORATORY DATABASE 

With the objective of expanding the original work of Ishihara and Yoshimine (1992) on 
uniform clean Fuji River sand, a comprehensive database of laboratory testing of soil ranging 
from clean gravel to silty soils was compiled. The laboratory data included in the database 
contain information of grain size distribution, initial void ratio or relative density, test type and 
conditions, shear strain and volumetric strain measurements. Information that summarizes the 
volumetric strain potential laboratory data collected through this study are presented in Table 1. 
In this table, the source of the laboratory test data, the soil type tested, the type of cyclic test, 
number of tests, and test specimen conditions (i.e., specimen preparation method, initial relative 
density (Dr), and effective confinement stress (σ'vc) are shared. Figure 2 displays the range of 
particle gradations of the soils in the assembled laboratory cyclic testing database using the Test 
Series Identification (ID) number provided in the left column of Table 1.  

Seed (1979) used the term cyclic mobility to describe the overall mechanical response of 
sand to cyclic loading leading to liquefaction with different strain potential. Cyclic mobility with 
limited strain potential is typically observed in medium to dense angular sands and loose to 
dense silts as a result of cyclic stress applications in which the pore-water pressure ratio (ru ) 
momentarily achieves high values. The limited nature of this response is because the rate of 
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strain development is restrained by a tendency for soil dilation that temporarily increases soil 
stiffness during cyclic loading which prevents large, uncontrollable deformation. This type of 
response is referred to as cyclic mobility. Conversely, cyclic mobility with unlimited strain 
potential is associated to clean rounded loose sand undergoing uncontrolled deformation due to a 
sustained drop in the effective confining pressure accompanied by a low residual strength. This 
condition is typically triggered by high ru values that are sustained during the cyclic loading. 
This type of soil response is termed flow liquefaction because the soil has the potential to flow if 
the static driving shear stress exceeds the soil’s residual strength. The generation of high ru 
values in level soil sites undergoing cyclic mobility or flow liquefaction eventually leads to the 
dissipation of excess pore-water pressure which in turn leads to post-liquefaction reconsolidation 
volumetric strain. Large volumetric strains can be produced if flow liquefaction and 
resedimentation occur. 
 

Table 1. Liquefied Soil Strain Potential Laboratory Test Data 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1. Ishihara and Yoshimine (1992) reinterpreted the test results first published by Nagase and 
Ishihara (1988) 

2. CTS: Cyclic torsional shear; CSS: Cyclic simple shear test; CTX: Cyclic triaxial test  
3. NA: Not available 

ID Study Soil Type Type of test 
(2) 

Number of 
tests USCS 

Test Specimen Conditions  

εvol -γmax  Preparation method Initial Dr 
(%) 

Confinement 
(kPa) 

1 Tatsuoka et al. (1984) Sengenyama sand CTS 12 SP Dry pluviation 55-86 196 

2 Chin (1987) Li-kong sand CTX 16  SP Moist tamping 60 73.6 

3 Ishihara and   
Yoshimine (1992) (1) Fuji River sand CSS 200  SP Water pluviation 47, 73, 93 196 

4 Shamoto et al. (1996) Toyoura sand CTX 12  SP NA 50 100 

5 Toriihara et al. (2000) Silty sand CTX 25  SM Dry pluviation 72-112 NA 

6 Wu (2002) Monterrey No. 0/30 CSS 35  SP Moist pluviation 38-87 34-182 

7 Sancio (2003) Adapazari silty soils CTX 32  
CL, ML, 

MH Undisturbed NA 25-300 

8 Tsukamoto                  
et al. (2004) 

Toyoura sand Large CTX 43  SP Dry pluviation 60-80 98 

Kobe gravelly soils Large CTX 29  GW Moist tamping 65-90 98 

9 Donahue (2007) Adapazari silty soils CTX 2  CL Slurry deposition / 
wet pluviation NA 50 

10 Porcino and           
Caridi (2007) Ticino silica sand CSS 2  SP Water 

sedimentation 40-75 100 

11 Cetin et al. (2009) Kizilirmak River sand CTX 35  SP Dry pluviation / 
moist tamping 35-85 100 

12 Bilge (2010) Adapazari and Ordu 
soils CTX 41  ML - CH Undisturbed NA NA 

13 Thevanayagam and 
Shenthan (2010) Otawa F-55 sand CTX 6  SP Moist tamping 32-81 100 

14 Wang and Luna (2014) Collinsville Silt CTX 12  ML Slurry   
consolidation NA 90 

15 Markham (2015) Christchurch CBD 
soils CTX 21  

SP-SM / 
ML Undisturbed 58.3-86.3 36.7-210 

16 Parra (2016) Ottawa F-65 sand CSS 14  SP Dry deposition   / 
air pluviation 24-85 50-404 

17 Beyzaei (2017) Christchurch soils CTX 38  
ML, CL, 
SP-SM Undisturbed NA 35-113 

18 Hubler (2017) 
Ottawa C109 sand Large CSS 2  SP Dry tamping 50, 90 100 

Pea Gravel Large CSS 2  GP Dry tamping 44, 81 100 
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Figure 2. Grain size distribution of the soils in the compiled database. Numbers indicate 
soil ID listed in Table 1.  

 
In the studies presented in Table 1, liquefaction was typically defined by the test specimen 

achieving a transient ru ≈ 100% condition or reaching a single-amplitude shear strain, γcyc,SA of 3-
5%. Only in a few cases was the testing continued to large strain or data provided to accurately 
classify the liquefaction phenomenon as either cyclic mobility or flow liquefaction. Because the 
subsequent development of post-liquefaction volumetric strain (εvol) is the focus of this study, for 
practical purposes in the following sections, the term “liquefaction” is used to characterize the 
condition of a soil that was sheared enough to reach either cyclic mobility or flow liquefaction.  

The uniform clean sand data presented in Table 1 was obtained from Tatsuoka et al. (1984), 
Chin (1987), Shamoto et al. (1996), Wu (2002), Porcino and Caridi (2007), Cetin et al. (2009), 
Thevanayagam and Shentan (2010), Parra (2016), and Hubler (2017) in addition to Ishihara and 
Yoshimine (1992). These test results form an enlarged database, provide salient insights on the 
εvol - γmax relationship for clean sand and importantly provides the opportunity to evaluate the 
applicability of the commonly used empirical methods based on the Ishihara and Yoshimine 
(1992) to a wide range of clean sands.  

The uniform gravel (GP) γmax - εvol data from Hubler (2017) are comparable to most of the 
uniform sand data. Similar trends, but with slightly higher εvol values, were observed in the 
Tsukamoto et al. (2004) gravel (GW-GM), FC = 8%. Test results from Markham (2015) and 
Beyzaei (2017) provide results on silty sand which are worth comparing to the larger amount of 
data on uniform clean sand. Non-plastic silt response is explored through examination of the test 
data by Beyzaei (2017). Sancio (2003), Donahue (2007), Bilge (2010), Wang and Luna (2014) 
and Beyzaei (2017) provide data to examine low-plasticity silt and plastic clayey soil using state 
indexes other than Dr, which is outside the scope of this paper. Overall, the laboratory test 
database collected through this study contains a 579 γmax - εvol data points. The enlarged test 
database provides the opportunity to better characterize the volumetric strain and shear strain 
potential of liquefied soil. In this paper, the datasets on γmax - εvol for clean sands and gravel 
materials are first examined. Silty sand test data and non-plastic silt are then explored.  
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VOLUMETRIC STRAIN POTENTIAL OF CLEAN SAND 
 

Data from nine different uniform clean sands were collected and processed to produce 177 
datapoints in addition to those presented in Ishihara and Yoshimine (1992). The cyclic testing is 
on sands from different origins, formation process, gradation, and Dr values ranging from 24% to 
92%. This enlarged database supports the development of a new generalized γmax - εvol model for 
clean uniform sands over a wider range of Dr. Accordingly, the data were binned in 10% Dr bins 
to explore the influence of the sand’s initial state on its post-liquefaction response and to develop 
representative central values for εvol in addition to plus and minus one standard deviation (±1σ) 
ranges for each bin.  

Examination of the expanded clean uniform sand test data provides useful insights (as noted 
also by others, e.g., Tsukamoto et al. 2004, and Ishihara and Yoshimine 1992), including: (1) εvol 

measurements have significant scatter for a given set of initial density and loading conditions; (2) 
isotropic reconsolidation (triaxial conditions) and Ko reconsolidation (zero lateral strain 
conditions) produce similar amounts of εvol; (3) εvol depends primarily on the induced γmax and not 
the type of loading; (4) εvol correlates better to γmax than to the ratio of pore-water pressure ratio 
(ru = ue /σ'vo) because while ru reaches a maximum of unity at initial liquefaction (ru,max= 100%), 
εvol keeps increasing for strain levels beyond initial liquefaction; (5) a direct relationship between 
εvol and γmax exists, (6) an inverse relationship between εvol and Dr exists; (7) εvol increases rapidly 
as the soil approaches initial liquefaction; and (8) εvol increases linearly with increasing γmax up to 
a limiting shear stain of about γmax = 6% to 10%, and then εvol remains relatively constant (within 
the limits of its inherent variability) at larger shear strain. Lastly, the εvol results can be smaller or 
higher than those estimated with the Ishihara and Yoshimine (1992) relationships developed 
from tests on solely Fuji River Sand. 

Data of four of the eight Dr bins generated are shown in Figure 3, where additional uniform 
clean sand γmax - εvol data are shown along with the Ishihara and Yoshimine (1992) original data 
points in lighter color for comparison. Data from Wu (2002), Markham (2015), and Parra (2016) 
illustrate that the amount of spread in the measured εvol could be as large as ±1%. Despite this 
inherent variability, the data across the different Dr bins support a linear relationship between 
γmax - εvol up to γmax ≈ 7% to 10%, and past that range a εvol plateau is observed. The additional 
data shown in Figure 3a and 3b indicate that for low Dr values (< 50%) the Ishihara and 
Yoshimine (1992) relationship shown in gray broken lines could overestimate slightly εvol. 
Conversely, for the high Dr (>70%) data shown in Figure 3c and 3d, the Ishihara and Yoshimine 
(1992) relationship slightly underestimates εvol. The additional sand data also enable the 
investigation of the effects of combining different datasets. For the Ishihara and Yoshimine 
(1992) data, the variation of εvol about its mean trend is less than 0.5%; however, if two different 
datasets are analyzed together, the variation can exceed 1%.  

 
VOLUMETRIC STRAIN RESPONSE OF NONPLASTIC SILTY SAND 
 

Cubrinovski and Ishihara (2000) and Jefferies and Been (2016) showed that, with all other 
conditions maintained, nonplastic fines increase the sand’s compressibility which reduces its 
penetration resistance while also reducing its cyclic resistance. Empirical liquefaction triggering 
methods deal with this difference in resistance in more compressible nonplastic silty sand by 
introducing a corrected equivalent-clean-sand penetration resistance which is obtained by adding 
a correction for the effect of fines to the measured resistance (known as a fines content (FC) 
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correction). This correction maps the penetration resistance of a silty sand to that of an 
equivalent-clean-sand so that the liquefaction evaluation can be performed in the clean sand 
domain where most of the adjustment factors to the cyclic resistance and magnitude scaling 
factor to the cyclic demand are better constrained. However, researchers have questioned 
whether this corrected equivalent-clean-sand penetration resistance should be used directly with 
empirically based clean sand γmax - εvol models (e.g., Bray et al. 2017). This issue warrants the 
examination of silty soil test data to better understand the post-liquefaction response of silty soil. 
An empirical evaluation that could help bridge both approaches is to explore if clean sands and 
nonplastic silty sands prepared at similar Dr and sheared to similar γmax develop also similar εvol. 

 

 
 

Figure 3. Clean uniform sand εvol – γmax data for (a) Dr = 40% - 50%, (b) Dr = 50% - 60%, 
(c) Dr = 70% - 80%, and (d) Dr = 80% - 90%. Ishihara and Yoshimine (1992) data are 

shown in light blue for reference. 
 

In estimating Dr, it should be remembered that emax and emin are not intrinsic soil properties. 
Instead, they represent the loosest and densest states possible in a standard test (e.g., ASTM 
D4254 and JIS A 1224:2000). Cubrinovski and Ishihara (2002) found emax and emin could be 
reliably estimated for sands with FC up to 30% using the Japanese standard JIS A 1224:2000. 
Ishihara et al. (2016) later obtained emax reliably using the Japanese standard for silty sands with 
FC up to 50%. Mijic et al. (2021) recently determined reasonable emax and emin values using the 
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Japanese standard test method on nonplastic silt from Christchurch with FC up to 70%. Also, 
their emin and emax values were not unreasonable for nonplastic silt with 100% fines. Thus, Dr is 
used in this study to enable sand, silty sand, and nonplastic silt data to be compared and 
interpreted. The silty sand data available to this study were taken from Beyzaei (2017) with FC = 
34%, and from Markham (2015) with FC = 44% (for a soil with PI=4). In these studies, emax and 
emin were measured using the Japanese standard.  

Figure 4 shows data corresponding to the 60% - 70% Dr bin. The silty sand test results are 
plotted in solid black whereas clean sand data are plotted in lighter colors for comparison. In this 
case, both the nonplastic and low-plasticity silty sands were sheared to about γmax ≈ 6% and after 
liquefaction both developed εvol ≈ 2%, which is consistent with the observed response of clean 
sands. Although reasonable trends are observed, the amount of data available on silty sands is 
limited. Additional empirical data on silty sands is warranted for the advancement of our 
understanding of liquefaction effects on silty sand deposits. 

 
 

Figure 4. Nonplastic to low plasticity sands εvol – γmax data for Dr = 60% - 70%. Clean sand 
data shown in light colors. 

 
VOLUMETRIC STRAIN RESPONSE OF NONPLASTIC SILT 
 

Liquefaction of fine-grained soils has been reported after major earthquakes such as the 1999 
Kocaeli and 1999 Chi-Chi earthquakes, and more recently identified after the 2010-2011 
Christchurch earthquake sequence. After a comprehensive field and laboratory investigation, 
Bray and Sancio (2006) found that liquefaction of shallow low-plasticity silts can induce 
significant post-liquefaction deformation. Bray and Sancio (2006) found that fine-grained soils 
of low plasticity (PI ≤ 12) and high water contents (w/LL > 0.85) could undergo cyclic mobility 
if intensely shaken. Cubrinovski and Ishihara (2000) showed that the flow potential of sands with 
FC > 30% is higher than clean sand and mainly controlled by the fine matrix. Later, Cubrinovski 
and Ishihara (2002) investigated the emax and emin characteristics of clean sands, sands with fines, 
and silty soils. They identified that for soils with FC greater than 20% to 30%, the finer fraction 
controls particle fabric. These two observations indicate that sands with a FC greater than about 
30% respond more like a silt than a clean sand. Hence, silty sand with FC greater than about 
30% are combined with the data on silts classified as per USCS to examine the volumetric 
response of nonplastic silt.  
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Bray and Sancio (2006), Markham (2015), and Beyzaei et al. (2018) showed that nonplastic 
silt liquefies in a similar manner as medium angular clean sand in what is termed cyclic mobility. 
A total of eleven γmax - εvol data points were collected and following the previously discussed 
findings of nonplastic silts showing a similar cyclic response as medium angular clean sands, the 
volumetric reconsolidation of nonplastic silts is compared to the larger clean sand data, shown in 
lighter colors, in the two of the Dr bins in Figure 5. The non-plastic silts do reconsolidate similar 
amounts compared to clean sand across a wide range of densities. For example, the nonplastic 
silts with Dr = 61% to 67% in Figure 5a reconsolidate similar amounts compared to Cetin et al. 
(2009) Kizilirmak River sand (Dr = 62% to 69%) and Tsukamoto et al. (2004) Toyoura sand 
with Dr = 60%. Similar agreement between nonplastic silts and clean sands post-liquefaction 
reconsolidation is observed for dense sands as shown in Figure 5b. The test data provided in 
Figure 5 combined with that in Figure 4 when compared to the data in Figure 3 suggest 
nonplastic silty sands and nonplastic silts reconsolidate similar amounts to that of clean sand 
when at similar Dr. Additional studies are warranted to confirm these findings, but at this time, 
there is a reasonable basis to treat sand and nonplastic silty sand and silt similarly in terms of 
their relationship of γmax - εvol lab data. 

 

 
 

Figure 5. Nonplastic silts εvol–γmax data for (a) Dr = 60% - 70% and (b) Dr = 80% - 90%. 
Clean sand data shown in light colors. 

 
VOLUMETRIC STRAIN POTENTIAL OF NONPLASTIC SOIL 
 

All data on nonplastic soil (i.e., clean sand, silty sand, and nonplastic silt) are combined to 
develop a model to characterize their volumetric strain potential. The regression equation was set 
to be a function of Dr up to a limiting plateau. Linear, quadratic, and exponential forms were 
evaluated considering not only how well the data are fit but also considering that the model 
should produce mechanistically sound responses over a wide range of densities. For example, 
data from Ishihara and Yoshimine (1992), Wu (2002), and Cetin et al. (2009) show that εvol 

increases at a higher rate as Dr decreases towards low Dr values. The resulting functional model 
to estimate εvol (in %) as function of γmax (in %) for a specified value of Dr (in decimal) is: 
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𝜀𝑣𝑜𝑙 = 1.14 ∙ exp⁡(−2.0 ∙ 𝐷𝑟) ∙ min( 𝛾𝑚𝑎𝑥, 𝛾̅) ⁡± ⁡𝜀                                   (1) 
 

where 𝛾̅ is the limiting shear strain value of 8%. Using 𝛾̅ = 8% from the possible range of 7% to 
10% described previously, rendered slightly higher R2 and slightly smaller standard deviations. 𝜀 
represents the model residual with standard deviation σ = 0.62 in natural log units. The model’s 
contours corresponding to Dr from 30% to 90% are shown in Figure 6 along with the Ishihara 
and Yoshimine (1992) clean sand curves. The results of the regression analyses using the 
enlarged database indicate εvol should vary within a narrower range than envisioned previously. 
For example, the proposed model estimates a maximum εvol ≈ 4.1% at large shear strain for Dr = 
40% soil, which is lower than the Ishihara and Yoshimine (1992) estimate of 4.5%. At a high Dr 
= 90%, the proposed model calculates a maximum εvol ≈ 1.5%, which is higher than the Ishihara 
and Yoshimine (1992) estimate of 1.3%. 
 

 
 

Figure 6. Nonplastic soils εvol – γmax relationships in terms relative density. 
 

CONCLUSIONS 
 

The primary basis of current empirical methods for estimating post-liquefaction ground 
settlement is one series of cyclic tests performed at one effective confining stress on one uniform 
clean sand reconstituted to three relative densities. A comprehensive database of post-
liquefaction volumetric strain test results on ten clean sands, two gravels, three silty sands, and 
five silts was compiled to examine volumetric strain results over a wider range of soils. The 
general trends of the larger database of clean sand test data provide the basis for a new 
relationship between post-liquefaction volumetric strain and the cyclic-induced maximum shear 
strain for clean sand. The available cyclic tests on silty sand and nonplastic silt indicate that 
relative density can be used to characterize these materials so they can be combined with the 
clean sand data. The proposed volumetric strain model is fairly consistent with that of Ishihara 
and Yoshimine (1992), although slightly lower εvol values are calculated at low relative densities 
and slightly higher εvol values are calculated at high relative densities. The proposed model is 
supported by a database containing clean sands, silty sands, and nonplastic silts of different 
gradations. Thus, it provides greater confidence in its use for estimating post-liquefaction ground 
settlement for a wide range of soils, including soils with fines. 

Geo-Congress 2022 GSP 334 503

© ASCE

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Jo
na

th
an

 B
ra

y 
on

 0
3/

21
/2

2.
 C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.



ACKNOWLEDGEMENTS 
 

This work was supported financially by the U.S. National Science Foundation through Grant 
CMMI-1956248. Additional support was provided by the Faculty Chair in Earthquake 
Engineering Excellence at UC Berkeley. The findings, opinions, and conclusions presented in 
this paper are those of the authors and do not necessarily reflect the views of the sponsoring 
bodies. The authors would like to thank Dr. K. Ishihara who provided data and references on 
Japanese silty sands. 
 
REFERENCES 
 
ASTM. Standard Test Methods for Minimum Index Density and Unit Weight of Soils and 

Calculation of Relative Density, Standard D4254. 
Bilge, H. T. (2010). Cyclic Volumetric and Shear Strain Response of Fine-Grained Soils Ph.D. 

Dissertation. Middle East Technical University, Turkey. 
Bray, J. D., Boulanger, R. W., Cubrinovski, M., Tokimatsu, K., Kramer, S. L., O’Rourke, T., 

Rathje, E., Green, R. A., Robertson, P., and Beyzaei, C. S. (2017). “U.S.–New Zealand–
Japan International Workshop, Liquefaction-Induced Ground Movements Effects, University 
of California, Berkeley, California, 2–4 November 2016,” PEER Report 2017/02, Pacific 
Earthquake Engineering Research Center, UC Berkeley, March. 

Bray, J. D., and Sancio, R. B. (2006). “Assessment of the liquefaction susceptibility of fine-
grained soils”, J. Geotechnical and Geoenvironmental Eng., 132(9), 1165–1177. 

Beyzaei, C. Z. (2017). Fine-Grained Soil Liquefaction Effects in Christchurch, New Zealand 
Ph.D. Dissertation. University of California, Berkeley. 

Cetin, K. O., Bilge, H. T., Wu, J., Kammerer, A., and Seed, R. B. (2009). “Probabilistic Models 
for Cyclic Straining of Saturated Clean Sands.” J. Geotechnical and Geoenvironmental Eng., 
135(3), 371-386. 

Chin, R. (1987). “Volumetric strain characteristics of saturated sand under cyclic loadings”. 
Proc. of the 9th Southeast Asian Geotechnical Conference, Bangkok, Thailand, pp. 7.81-7.90. 

Cubrinovski, M., and Ishihara, K. (2000). “Flow potential of sandy soils with different grain 
Compositions”. Soils and Foundations, 40(4), 103–119. 

Cubrinovski, M., and Ishihara, K. (2002). “Maximum and minimum void ratio characteristics of 
sands”. Soils Foundations, 42 (6), 65–78. 

Donahue, J. L. (2007). The Liquefaction Susceptibility, Resistance, and Response of Silty and 
Clayey Soils Ph.D. Dissertation. University of California, Berkeley. 

Hubler, J. F. (2017). Laboratory and In-situ Assessment of Liquefaction of Gravelly Soils Ph.D. 
Dissertation. University of Michigan, Michigan. 

Idriss, I. M., and Boulanger, R. W. (2008). Soil Liquefaction During Earthquakes. EERI 
Monograph MNO-12. 

Ishihara, K., Harada, K., Lee, W. F., Chan, C. C., and Safiullah, A. M. M. (2016). “Post-
liquefaction settlement analyses based on the volume change characteristics of undisturbed 
and reconstituted samples”. Soils and Foundations, 56(3), 533–546. 

Ishihara, K., and Yoshimine, M. (1992). “Evaluation of settlements in sand deposits following 
liquefaction during earthquakes”, Soils and Foundations, 32(1), 173–88. 

Jefferies, M., and Been, K. (2016). Soil liquefaction: A critical state approach, 2nd edition. 
Taylor & Francis Group. 

Geo-Congress 2022 GSP 334 504

© ASCE

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Jo
na

th
an

 B
ra

y 
on

 0
3/

21
/2

2.
 C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.



Japanese Geotechnical Society. (2000). Test Methods for Minimum and Maximum Densities of 
Sands, Soil Testing Standards, 136-138 (In Japanese). 

Markham, C. S. (2015). Response of Liquefiable Sites in the Central Business District of 
Christchurch, New Zealand Ph.D. Dissertation. University of California, Berkeley. 

Mijic, Z., Bray, J. D., Riemer, M. F., Cubrinovski, M., and Rees, S. D. (2021). “Test Method for 
Minimum and Maximum Densities of Small Quantities of Soil”, Soils and Foundations, 
61(20211), 533–540. 

Nagase, H., and Ishihara, K. (1988). “Liquefaction-induced compaction and Settlement of Sand 
During Earthquakes”, Soils and Foundations, 28(1), 66–76. 

Parra, A. M. (2016). Otawa F-65 Sand Characterization Ph.D. Dissertation. University of 
California, Davis. 

Porcino, D., and Caridi, G. (2007). “Pre- and Post-Liquefaction Response of Sand in Cyclic 
Simple Shear”, Proc. of Geo-Denver 2007, Denver, Colorado, ASCE 2007. 

Sancio, R. B. (2003). Ground Failure and Building Performance in Adapazari, Turkey Ph.D. 
Dissertation. University of California, Berkeley. 

Seed, H. B. (1979). “Soil Liquefaction and Cyclic Mobility Evaluation for Level Ground During 
Earthquakes”. ASCE J. Geotech. Eng. Div. 105(GT2), 201-255. 

Shamoto, Y., Sato, M., and Zhang, J. (1996). “Simplified estimation of Earthquake-induced 
Settlements in Saturated Sand Deposits”., Soils and Foundations, 36(1), 39–50. 

Tatsuoka, F., Sasaki, T., and Yamada, S. (1984). “Settlement in saturated sand induced by cyclic 
undrained simple shear”. Proceedings, 8th World Conference on Earthquake Engineering, 
San Francisco, California, (3), pp. 398-405. 

Thevanayagam, S., and Shentan, J. (2010). “Cyclic Pore Pressure Generation, Dissipation and 
Densification in Granular Mixes”., Int. Journal of Geotechnical Earthquake Engineering, 
1(1), 42–60. 

Toriihara, M., Yamada, Y., Morimoto, I., and Ishihara, K. (2000). The characteristics of 
settlement after liquefaction for sand containing fines., Proceedings of 35th Japan 
Conference on Geotechnical Engineering, (3), 1655-1656. [In Japanese]. 

Tsukamoto, Y., Ishihara, K., and Sawada, S. (2004). “Settlement of Silty Sand Deposits 
Following Liquefaction During Earthquakes”, Soils and Foundations, 44(5), 135–148. 

Wang, S., and Luna, R. (2014). “Compressibility Characteristics of Low-Plasticity Silt before 
and after Liquefaction” J. Materials in Civil Eng., 26(6), 04014014 1-6. 

Wu, J. (2002). Liquefaction Triggering and Post-Liquefaction Deformation of Monterrey 0/30 
Sand under Uni-directional Cyclic Simple Shear Loading Ph.D. Dissertation. University of 
California, Berkeley. 

Zhang, G., Robertson, P. K., and Brachman, R. W. I. (2002). “Estimating liquefaction-induced 
ground settlements from CPT for level ground”, Can. Geogr., 39, 1168–1180.   

Geo-Congress 2022 GSP 334 505

© ASCE

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

Jo
na

th
an

 B
ra

y 
on

 0
3/

21
/2

2.
 C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.


