
  

INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 
 

 

 

 

 

 

 

 

   

  
 
 
 
 
This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 
 
https://www.issmge.org/publications/online-library 
 
This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE 
and maintained by the Innovation and Development 
Committee of ISSMGE.   

 

 

 

The paper was published in the proceedings of the 7th 
International Symposium on Geotechnical Safety and 
Risk (ISGSR 2019) and was edited by Jianye Ching, Dian-
Qing Li and Jie Zhang. The conference was held in 
Taipei, Taiwan 11-13 December 2019.  
 
 

 

 

https://www.issmge.org/publications/online-library


 
Post-Liquefaction Settlements: Spatial Variability and Correlation to Spatially Variable 

Soil Characteristics 

 
Taeho Bong1, Armin Stuedlein2, Jianye Ching3, Kok-Kwang Phoon4, and Jack Montgomery5 

 
1Institute of Construction and Environmental Engineering, Seoul National University, Seoul, South Korea. 

E-mail: bth21@snu.ac.kr 
2School of Civil and Construction Engineering, Oregon State University, OR, USA. 

E-mail: armin.stuedlein@oregonstate.edu 
3Department of Civil Engineering, National Taiwan University, Taipei, Taiwan. 

E-mail: jyching@gmail.com 
4Department of Civil & Environmental Engineering, National University of Singapore, Singapore. 

E-mail: kkphoon@nus.edu.sg 
5Department of Civil Engineering, Auburn University, AL, USA. 

E-mail: jmontgomery@auburn.edu 

 
Abstract: Recent earthquakes continue to point to the damaging effects of differential settlement following strong ground 

motion and subsequent liquefaction. Post-liquefaction differential settlement develops due to spatially-varying thicknesses of 

soil strata and the inherent spatial variation within a given stratum. This paper describes an experiment where controlled 

blasting was used to raise excess pore pressures within a liquefaction-susceptible soil layer. Optical surveys prior to and 

following the blast tests allowed observations of the post-blast settlements, as well as the spatial distribution of settlements. 

The inherent spatial variability of the settlements was quantified, and compared to the results of a geostatistical model of the 

ground surface including the three-dimensional distribution of CPT measurements and fines content. It is shown that the 

spatial distribution of differential surface settlements is correlated to those spatially-varying subsurface characteristics that 

are known to be more susceptible to liquefaction-induced settlement. This work serves as a case study that can be used to 

guide inferences of liquefaction-induced ground failure at other sites. 

 

Keywords: Inherent variability; random fields; liquefaction; post-liquefaction settlement. 

 

1 Introduction 

 

Recent earthquakes have shown that the need to develop reliable procedures to predict liquefaction-induced 

damage remain a high priority in the geotechnical profession. The spatial variability of stratigraphy (e.g., 

azimuthally-dependent strata thickness) and inherent variability within a given stratum is consistently pointed to 

as responsible for the observed distribution of damage (Cubrinovski et al. 2011), and a source of error in the 

accuracy of available procedures (e.g., Bong and Stuedlein 2018). This paper seeks to answer the question: Can 

the spatial variability in the consequences of liquefaction be predicted using a random field approximation of 

relevant soil properties? A well-characterized test site where blast-induced liquefaction testing was conducted, 

and resulting post-liquefaction settlements observed, facilitate the investigation of this important hypothesis. 

This study relies on the cone penetration test (CPT) cone tip resistance, qt, and derivative soil behavior type 

index, Ic, and CPT-based fines content, FC, correlation developed for the test site by Stuedlein et al. (2016) and 

tested in Bong and Stuedlein (2017) to serve as the basis for the inquiry. 

 

2 Use of Random Field Theory for the Representation of Spatially-Variable Soil 

 

The natural variability of geologic deposits can lead to significant consequences to geotechnical structures due to 

the concentration of strains arising from structural or geotechnical loading within locally softer and weaker 

portions of the subsurface (Ching and Phoon 2013; Montgomery and Boulanger 2016; Bong and Stuedlein 2018). 

Owing to its simplicity and efficiency, spatially-variable soil properties can be effectively characterized using 

random field theory, RFT (Vanmarcke 1983; Phoon and Kulhawy 1999). The inherent spatial variability of a soil 

parameter of interest can be described using the mean value or trend function of the parameter, the coefficient of 

inherent variability (COVw), and the scale of fluctuation (d), the latter representing an autocorrelation distance 

within which soil properties exhibit marked correlation (Vanmarcke 1977; 1983). The trend function may be 

determined using ordinary least squares regression, whereas the COVw simply represents the ratio of the standard 

deviation in detrended residuals normalized by the mean. Numerous methods are available to estimate the scale 

of fluctuation, including the: (1) expeditive method (VXP, Vanmarcke 1977); (2) variance reduction function 

(Vanmarcke 1977); (3) intersection of the sample autocorrelation function (ACF) with the Bartlett�s limit (Jaksa 
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1995); and (4) autocorrelation model fitting (AMF, Vanmarcke 1977). Among these, the ACF and AMF 

methods represents a convenient and systematic approach, and is conducted by fitting a theoretical 

autocorrelation model to the experimental correlation function. However, these approaches require a significant 

number of observations and so are difficult to interpret when the dataset is sparse, which is commonly the case 

when considering the horizontal scale of fluctuation, dh. In this instance, the VXP method provides a simple, 

though inexact, approach for estimating dh (Stuedlein et al. 2012; Bong and Stuedlein 2017, 2018a).  

 

3 Test Site Characterization 

 

3.1 Subsurface characterization 

The test site evaluated in this study is located in Hollywood, South Carolina, and has been subject of extensive 

study owing to its use for the evaluation of displacement pile ground improvement (Stuedlein et al. 2016), blast-

induced liquefaction testing (Mavhelati et al. 2016; Gianella and Stuedlein 2017), and assessment of the spatial 

variability of soil (Bong and Stuedlein 2017, 2018; Ching et al. 2018). The reader is referred to these works for a 

detailed description of the test site and subsurface characteristics. In general, the test site consists of a control 

zone, where the post-liquefaction response of the loose to medium dense native sand was studied, and the treated 

zones, which consist of five different arrangements of displacement pile-improved ground. Figure 1a presents 

the site and exploration plan (from which the five treatment zones may be inferred), and Fig. 1b presents a 

subsurface profile of the liquefiable layer (depths of 2.5 to 11 m) across a 30 m cross-section of the test site prior 

to pile installation. The general 

stratigraphy consists of a 2 m thick layer 

of loose to medium dense silty and clayey 

sand (SM and SC) fill overlying 10 m of 

loose to medium dense, clean to silty fine 

sand (SP and SM). Below this potentially 

liquefiable soil unit lies several non-

liquefiable strata including a layer of 

medium stiff sandy clay approximately 1 

m thick, underlain by a 1.5 m thick 

deposit of dense sand. 

 

3.2 Controlled blasting program 

Controlled blasting was used to size the 

explosive charges necessary to produce 

blast-induced liquefaction in the untreated 

control zone, which could then be used in 

the displacement pile-treated zones to 

evaluate the degree of densification on the 

resulting settlement of the ground surface. 

The reader is referred to Mahvelati et al. 

(2016) and Gianella and Stuedlein (2017) 

for details of the blasting program. 

Sustained residual excess pore pressures 

of 100% of the in-situ effective 

overburden stress were achieved in the 

control zone, resulting in maximum post-

liquefaction settlements of 200 mm. A similar charge pattern executed within the treated zones resulted in 

residual excess pore pressures ranging from 65 to 90% and post-liquefaction settlements of 3 to 99 mm (Fig. 1c; 

Gianella and Stuedlein 2017). The spatial variation in post-liquefaction settlements, shown in Figure 1, form the 

basis for this study. 

 

4 Assessment of the Spatial Variability of Observed Post-Liquefaction Settlement 

4.1 Blast-induced settlement: deduced random field model parameters 

The VXP method and fitted linear trend functions were used to determine the dh and COVw,h in blast-induced 

liquefaction settlement. This approach correlates the scale of fluctuation to 80% of the average distance between 

the parameter crossing of fitted trends (Vanmarcke 1977). The scale of fluctuation in the horizontal direction is 

assumed to be isotropic, and the settlements observed in the north-south direction with a relatively large number 

of observations (i.e., 19), were used to estimate dh. Several representative horizontal profiles of post-liquefaction 

settlement, and the corresponding trend functions, are shown in Fig. 2; Table 1 summarizes the random field 

 

Figure 1. Relevant information governing the test site: (a) site and 

exploration plan (adapted from Bong and Stuedlein 2018), (b) sample 

cross-section from kriged CPT data (proposed by Bong and Stuedlein 

2017), and (c) spatial distribution of post-liquefaction settlements (in mm) 

reported by Gianella and Stuedlein (2017). 
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model (RFM) parameters for settlement as computed for the North-South direction and partitioned by various 

East-West offsets. Table 1 indicates that the average horizontal coefficients of inherent variability, COVw,h, was 

approximately 33%, and the slope was generally negative, with decreasing settlement proceeding south. Based 

on the VXP method, the dh ranged from 3.8 m ~ 9.5 m. However, large dh, corresponding to E-W offsets of 3.04 

m and 4.56 m and equal to 9.5 m and 8.1 m, respectively, are considered suspect given that their trend lines 

produced just two or three crossing points (Fig. 1). The VXP method can overestimate dh if some crossing points 

are not sampled in the explorations (Ching et al. 2018), and common practice is to reject dh for trends 

exhibiting less trend crossings than desirable (e.g., Stuedlein et al. 2012; Bong and Stuedlein 2017; 2018). 

Therefore, the dh and COVw,h computed at those elevations where less than four trend crossings occurred were 

neglected in order to avoid non-representative magnitudes. As a result, the average dh in settlement was 

estimated equal to 4.76 m, with a COV(dh) of 15.6 %. 
 

Table 1. Summary of horizontal random field model parameters for blast-induced post-liquefaction settlements. 

East-West Mean Trend COVw,h 

(%) 

δh 
Comment 

Distance (m) (mm) Slope Intercept (m) 

0.00  31  -0.83  42  42.8  5.11 - 
1.52  38  -0.33  43  39.1  4.18 - 

3.04  55  -0.11  57  - - Insufficient trend crossings 

4.56  65  0.58  58  - - Insufficient trend crossings 

6.08  63  0.43  57  24.7  5.63 - 

7.60  49  -1.02  62  22.6  3.81 - 

8.72  34  -1.99  60  36.7  5.08 - 

Mean 48  -0.47  54  33.2  4.76   

COV (%) 29.1  -191.8  15.4  27.1  15.6   

 

4.2 Indicators of settlement potential: Deduced random field model parameters 

In order to investigate the potential for correlation of the spatially-varying post-liquefaction surface settlements 

with the spatially-varying soil properties derived from the CPTs conducted at the test site, the dh of qt, Ic, and FC 

were estimated for, and compared in, the North-South direction. The values of qt, Ic, and FC corresponding to the 

locations of the settlement measurement points were kriged using the 25 pre-densification CPTs and for the 

individual sampling depths in the range of 2.5 to 11.0 m. The horizontal RFM parameters for qt, Ic, and FC were 

estimated for two different cases: 

· Case 1: RFM parameters were estimated using 

the average value over the full depth of the 

liquefiable layer (i.e., from 2.5 to 11.0 m); and,  

· Case 2: RFM parameters were estimated for each 

depth (2 cm intervals), and then the average RFM 

parameters were calculated. 

These two cases allow for the investigation of the 

predictive strength of the magnitude of variability in 

post-liquefaction settlement as a function of the 

degree of averaging used. In both cases, the parameter 

profiles with less than four trend crossings were 

neglected in the evaluation of dh and COVw,h. 

Representative average horizontal qt, Ic, and FC 

profiles for selected East-West sections and Case 1 

are shown in Fig. 3a � 3c. The three soil properties 

showed similar tendency for the east, middle, and 

west section, and their variations were found to be small because of the use of depth-averaged values. The 

resulting RFM parameters derived for qt, Ic, and FC are presented in Table 2; the use of globally-averaged qt 

resulted in infrequent trend crossings, such that Case 1 produced just one estimate of COVw,h and dh, and 

therefore is not considered further. Considering Case 2, the representative horizontal qt, Ic, and FC profiles for 

the E-W section offset 4.56 m are shown in Fig. 3d � 3f. As compared to Case 1, the variations in qt, Ic, and FC 

for Case 2 are significantly larger due to the use of depth-specific profiles. However, the average dh deduced for 

both cases resulted in similar values (i.e., percent difference between 3 and 12%). On the other hand, use of the 

globally-averaged (i.e., Case 1) qt, Ic, and FC profiles produced significant differences in the deduced COVw,h, 

with potential implications for the predictive strength of Case 1 COVw,h to predict the COVw,h in post-liquefaction 

settlements as evaluated below. 

 

 

Figure 2. Representative horizontal profiles and fitted trends 

of post-liquefaction settlement. 
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4.3 Comparison of spatial variability in settlement and settlement indicators 

The main question this investigation seeks to answer is: Can the spatial variability in the consequences of 

liquefaction be predicted using the RFM parameters of relevant soil properties? In order to seek resolution to 

this hypothesis, the dh and COVw,h of qt, Ic, and FC were compared with those of settlement as shown in Fig. 4.  

Considering the mean horizontal scale of fluctuation, the dh in settlement appeared best approximated by the soil 

behavior type index, Ic, with a percent difference of 0 and 5.6% for Cases 1 and 2, respectively. Although this 

suggests that the global averaging approach (i.e., Case 1) may be most suitable (Fig 4a), the COV in dh for Case 

1 is twice as large as Case 2; nonetheless, the dh in Ic appeared to produce the most accurate estimate of dh in 

post-liquefaction settlement, regardless of the case investigated. The percent difference between the dh in 

settlement and FC for Case 1 was 18.1%, whereas for Case 2, the percent difference between the dh in settlement 

and qt and FC was 6.9 and 6.3%, respectively, indicating that these explanatory soil properties (under Case 2) 

appear to satisfactorily represent the observed spatial autocorrelation in settlement. Thus, it appears that the 

autocorrelation length of liquefaction-induced deformations may be correlated to pre-earthquake measurements. 

Table 2. Summary of horizontal random field model parameters for qt, Ic, and FC computed using Cases 1 and 2. 

 
Corrected Cone 

Tip Resistance, qt 

Soil Behavior 

Type, Ic 

Fines Content, 

FC (%) 

East- COVw,h 

(%)
δh (m) COVw,h (%) δh (m) COVw,h (%) δh (m) 

Distance 

(m)
Case 2 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 

0.00  7.3  5.04 1.9    4.94 22.8    4.95 

1.52  11.7  4.67 1.1  3.3  5.57 4.60 8.3  35.6  4.81 4.56 

3.04  19.0  4.27 1.7  5.4  3.39 4.14 11.8  55.9  3.59 4.09 

4.56  18.5  3.92 1.2  5.5  5.55 4.03 6.3  56.6  2.47 3.99 

6.08  19.1  4.02 1.6  5.5  4.78 4.26 10.9  74.3  5.00 4.07 

7.60  12.6  4.43 1.2  3.4  4.67 4.66 7.4  41.9  5.05 4.65 

8.72  7.7  4.67 0.9  2.2  4.63 4.85 5.0  24.6  5.03 4.92 

Mean 13.7  4.43  1.3  3.9  4.76  4.50  8.3  44.5  4.33  4.46  

COV(%) 38.0  8.9  24.8  40.6  16.7  7.9  31.5  42.1  24.7  9.2  

 

On the other hand, Fig. 4b shows that the horizontal coefficient of inherent variability for the pre-event soil 

properties could be quite different from that of the observed settlements. In particular, the properties evaluated in 

Case 1 exhibited very small COVw,h compared to that of settlement, with percent differences of 75% or greater. 

The magnitude of settlement is affected by the strength and stiffness of the liquefiable soils and the magnitude of 

shaking. Bong and Stuedlein (2018) showed that the variation of post-liquefaction settlement computed using 

simplified techniques is significantly affected by the magnitude of shaking, and the variation in settlement can be 

greater for lower magnitudes of shaking due to the liquefaction of locally looser pockets soil, as can be surmised 

from observations of localized ejecta (e.g., Boulanger et al. 1997). Therefore, it is difficult to estimate the 

variation in settlement with only one soil property. Nevertheless, the COVw,h of FC computed using Case 2 

exhibited the greatest similarity to the observed settlement, with a difference and percent difference of 11 and 

34%, respectively. The overall predictive strength of FC is not surprising, given that the compressibility of silty 

 

Figure 3. Representative horizontal profiles and fitted trends of (a) qt, (b) Ic, and (c) FC for Case 1, and (d) qt, (e) Ic, and (f) 

FC for  Case 2 and E-W section offset of 4.56 m. 
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sand increases with silty fines content, and the amount of silty fines at a given location within the subsurface is 

relatively unchanged by ground improvement. Nonetheless, it remains unclear as to what specific multivariate 

relationship exists between the coefficient of inherent variability of relevant soil properties and surface 

expression of post-liquefaction settlement. 

In order to identify the correlation between post-liquefaction settlement and the soil properties of the ground 

after ground improvement with displacement piles, the relationships between the settlement and soil properties at 

12 points, where CPTs were conducted post-densification were analyzed. Note that the Ic and FC computed and 

correlated using the CPT data, respectively, will falsely indicate changes in their magnitudes following ground 

improvement due to the changes in lateral stress following densification (Nguyen et al. 2014).  Therefore, it is 

more reasonable to use Ic and FC before ground improvement to evaluate correlations to post-liquefaction 

settlement. Figure 5 shows the correlations between soil properties and post-liquefaction settlement. The qt, qc1N, 

qc1Ncs, and Dr following ground improvement showed similar relationships with the post-liquefaction settlement, 

and exhibited low correlation to the observed settlements. Although larger qt should result in lower settlements 

due to the increased density and strength of the soil, Zone 3 exhibited smaller settlements despite the overall 

lower qt because other factors govern the performance of the improved ground (e.g., area replacement ratio, pile 

toe condition). However, the pre-improvement FC exhibited the highest correlation, 0.76, with settlement. 

Owing to the increased compressibility of silty sands with increases in fines content (Bandini and Sathiskumar 

2009), greater settlements are expected where the concentration of silty fines are larger. As mentioned above, 

settlement and its variation settlement can vary depending on the magnitude of shaking. Thus, it appears that FC 

can be used as an effective indicator for the prediction of the relative magnitude of post-liquefaction settlement. 

 

 

Figure 4. Comparison of RFM parameters for observed post-liquefaction settlements and in-situ, pre-improvement soil 

properties (a) mean scale of fluctuation, dh, and (b) coefficient of inherent variability, COVw,h. 

 

Figure 5. Relationships between various pre- and post-densification soil properties and post-liquefaction settlement, 

0

1

2

3

4

5

6

Sett qt Ic FC

M
e
a
n

 S
c
a
le

 o
f 

F
lu

c
tu

a
ti

o
n

, 

d
h

 
(m

)

Settlement           qt Ic FC
0

10

20

30

40

50

Sett qt Ic FC

A
v
e
ra

g
e
 C

o
e
ff

. 
o

f 
In

h
e
re

n
t 

V
a
ri

a
b

il
it

y
, 

C
O

V
w

,h

Case 1

Case 2

Settlement           qt Ic FC

(a)                                                                                                       (b)

0

10

20

30

40

50

45 55 65 75

S
e

tt
le

m
e

n
t 

(m
m

)

Post-Densification Dr (%)

0

10

20

30

40

50

1.9 2.0 2.1 2.2

S
e

tt
le

m
e

n
t 

(m
m

)

Pre-Densification Ic

0 5 10 15 20

Pre-Densification FC (%)

80 100 120 140 160 180

Post-Densification qc1N

r = -0.21                                                     r = 0.04

r = 0.64                                                     r = 0.76

(a)                                                              (b) 

(c)                                                              (d)



Proceedings of the 7th International Symposium on Geotechnical Safety and Risk (ISGSR) 857

indicating the apparent correlations between pre-densification measures and post-event deformations. 

5 Concluding Remarks 

 

Post-earthquake reconnaissance efforts consistently point to the spatial variability of soils, including azimuthal 

variation in strata thickness and the inherent variability of properties within a given stratum, as significant 

contributors to the observed ground failure and structural damage. This paper leveraged a previously reported 

series of investigations implementing blast-induced liquefaction techniques to attempt to ascertain whether the 

observed random field characteristics of the spatial distribution in post-liquefaction settlements could be 

estimated using the spatial distribution of relevant soil parameters, including pre-densification cone tip resistance, 

soil behavior type index, and fines content. The results of this study clearly show that a measure of the 

autocorrelation structure of the liquefiable soil, the horizontal scale of fluctuation, could indeed predict the 

autocorrelation characteristics of the observed deformations. The coefficient of inherent variability of the soil 

properties investigated, specifically cone tip resistance and soil behavior type index, could not satisfactorily 

capture the variability in settlements, whereas the inherent variability of the fines content appeared to 

approximate the random field representation of deformations when the local (i.e., Case 2) random field 

representation of FC was considered. Clearly, the inherent variability in the magnitude of post-liquefaction 

settlements arises from complex soil mechanical and dynamical interactions, and efforts to clarify those variables 

contributing to variability are necessary. Nonetheless, a relatively strong correlation between soil behavior type 

index and fines content to the post-liquefaction settlements of densified ground indicate that these initial 

investigations hold promise. 
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