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ABSTRACT: Sites gained on the sea through near-shore reclamation are notoriously vulnerable to liquefaction and absent treatment 
provisions. The need, extent and degree of such treatment are function of the assessment of liquefaction susceptibility, which is 
assessed on the basis of in-situ characteristics of the fill materials. Given the nature of the materials and the process of placement, the 
effect of the spatial variability of the soil parameters is believed to one of most significant sources of uncertainty associated with the 
analyses and design process.  The reliable characterization of this source of uncertainty has a significant influence on the resulting 
factors of safety and eventually on the liquefaction-mitigation measures. Data obtained from site investigation, such SPT, CPT, and 
shear wave velocity can benefit from interpolation techniques to map design parameters with the corresponding uncertainty. In this 
paper, a 3-dimensional variogram was generated from an array of 118 boreholes with SPTs taken at 1.5m depth intervals up to 
bedrock. This variogram was used to estimate SPT values at unsampled locations through kriging. The SPT-based semi-empirical 
procedures for evaluating liquefaction potential and Liquefaction potential index (LPI) were then used to investigate the likelihood of 
surface manifestations in the reclaimed site. 

RÉSUMÉ: Les sites gagnés sur la mer par réclamation sont notoirement vulnérables à la liquéfaction en l’absence de traitement et 
amélioration du sol. La nécessité, la mesure et le degré d’un tel traitement sont fonction de l’évaluation de la susceptibilité a la 
liquéfaction, qui est évaluée sur la base des caractéristiques in situ des matériaux de remplissage. Compte tenu de la nature des 
matériaux et du processus de placement, l’effet de la variabilité spatiale des paramètres du sol est considéré comme l’une des plus 
importantes sources d’incertitude pour les analyses et les processus de conception. La caractérisation fiable de cette source 
d’incertitude a une influence significative sur les facteurs de sécurité et, éventuellement, sur les mesures de mitigation de la 
liquéfaction. Les données telles SPT, CPT, et la vitesse des ondes de cisaillement tirées d’une étude de site, peuvent bénéficier des 
techniques d’interpolation pour obtenir les paramètres de conception avec l’incertitude correspondante. Dans cet article, un 
variograme en trois dimensions est produit à partir de donnes SPT obtenues de 114 forages et prises à des intervalles de 1,5 m de 
profondeur jusqu'à du substratum rocheux. Ce variograme a été utilisé pour estimer les valeurs SPT à des endroits non 
échantillonnées par la technique de krigeage. Les procédures semi-empiriques basées sur les SPT pour évaluer le potentiel de 
liquéfaction et indice de potentiel de liquéfaction (IPF) ont ensuite été utilisés pour étudier le risque de manifestations de surface dans 
le site. 
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1  INTRODUCTION. 

Liquefaction is a phenomenon by which saturated cohesionless 
soils subjected to cycled loading lose their strength during 
seismic events. The occurrence of liquefaction is usually 
associated with surface manifestations such as sand boils, 
differential settlement, and lateral spreading. Although early 
studies related to this phenomenon date back to more than 50 
years, it is still a major field of study and research to date. Many 
approaches were developed to assess the susceptibility of sites 
to liquefaction (Seed and Idriss 1971; Youd et al. 2001; Idriss 
and Boulanger 2008;  Boulanger and Idriss 2014; Robertson 
and Wride 1998; Andrus and Stokoe 2000). These studies were 
empirical and correlated the occurrence of liquefaction with 
field test indices such as standard penetration test (SPT), cone 
penetration test (CPT) and shear wave velocity (vs). 

Furthermore, different indices were calibrated with the 
occurrence of surficial manifestations of liquefaction. The 
Liquefaction potential index (LPI) developed by Iwasaki et al. 
(1978) integrates the “unsafe” locations (FS<1) in a borehole 
with a linearly decreasing weight up to depths of 20m. Based on 
this approach, LPI values that are less than 5 indicate low risk 
of liquefaction while moderate and high risk levels correspond 
to LPIs between 5 and 15 and greater than 15, respectively. 
Other indices such as one-dimensional post-liquefaction 
reconsolidation settlement, liquefaction severity number, and 

the Ishihara Inspired liquefaction potential index were also 
proposed and adopted.  

These indices are useful when combined with geostatistical 
tools to develop liquefaction hazard maps. Pokhrel et al. (2013) 
used data from 86 boreholes in Saitama City, Japan (217, 5 
Km2) to krige liquefaction indices for seismic hazard 
assessment. They validated their model with a second set of 41 
boreholes. Chengcheng et al. (2014) used 65 boreholes to 
generate a liquefaction zoning map of south Tangshan. Tanaka 
(1996) presented liquefaction damage caused by the Great 
Hanshin EQ (1995) in the reclaimed lands along the north shore 
of Osaka bay. Cubrinovski et al. (2000) discussed two case 
histories on liquefaction of reclaimed land after the 1995 Kobe 
earthquake. Al-Ani et al. (2014) developed zonation maps for 
SPT-N values using the IDW interpolation method in Paradise 
Australia (4.2 Km2 with data were collected from 35 locations). 
Sun (2012) constructed seismic zoning maps using site period 
and vs data for liquefaction mitigation in Gyeongju.  

In this paper, Liquefaction hazard maps for a reclaimed area 
in Lebanon were developed using a “dense” array of SPT 
boreholes. The 3-dimensional variogram representing the 
variability and the correlation structure of the SPT data was 
determined and used to krige the data across the site. The kriged 
data was then used in the Idriss and Boulanger (2008) 
liquefaction triggering procedure to compute the means and 
variances of the factors of safety against liquefaction across the 
site. These factors of safety were then combined with the 
Iwasaki approach to estimate the liquefaction vulnerability. 
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 2  SITE CHARACTERIZATION 

The site of interest which is adopted as a test case, covers a 
total area of approximately half a square kilometer. The area 
was treated/reclaimed after it was initially used as an un-
engineered dump for two decades. Inert land excavation 
products and construction wastes were mainly used in the 
reclamation process. 118 boreholes with SPT data collected at 
1.5m depth intervals were performed as part of an exhaustive 
site investigation.  

The boreholes covered the totality of the site with spacings 
varying from 35 to 50m at most. The ground level is generally 
assumed to be relatively flat ranging from +2m to +8m. Figure 
1 shows a digital elevation model of the site. Total soil profile 
thickness (until bedrock) increases from 7m to 34m as one 
moves away from the shore. The investigation showed that the 
fill can be characterized as highly-variable loose granular 
material underlain by a native seabed sand layer of variable 
thickness ranging from 0.5m up to 8m overlying marly rock. 
The water table was taken to be at sea level as confirmed by 
piezometer readings.  

SPT values ranged from a minimum of 3 up to 70 with an 
overall mean value of about 18 and a coefficient of variation of 
0.58. Figure 2 shows a histogram of the SPT data, where it is 
clearly noticed that the SPT data could be visually estimated to 
follow a lognormal distribution. Most of retrieved samples had 
fines content (FC) ranging from zero (clean sand) up to 35% 
with a small number of extreme values in some pockets above 
60% as shown in figure 3. A plot of the variation of the SPT 
blow count with depth for all boreholes is given in figure 4.  

 

 
Figure 1. Digital elevation model of the site (MSL, m) 

 

 
Figure 2. Histogram of (N1)60 across the site 

 

 

 

 
Figure 3. Histogram of fines content (FC) across the site 

 

 
Figure 4. (N1)60 borehole data vs elevation 

3  METHODOLOGY 

The procedure followed starting from raw data to the final 
output map is illustrated in the flowchart in figure 5. This 
flowchart may be divided into three main parts: Characterizing 
spatial variability in soil parameters (N and FC), calculating the 
factor of safety against liquefaction, and lumping factors of 
safety at each soil column into a single representative value 
(LPI). More details are provided in the following subsections. 
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Figure 5. Procedure flowchart. 

3.1  Spatial variability model 

In natural soil/rock sites, horizontal and vertical scales of 
fluctuation need to be specified in order to characterize the 
spatial uncertainty. These scales of fluctuation are a by-product 
of the depositional processes that took place during the 
formation of the soil layer. However, in reclaimed lands where 
the fill is formed by dumping soils by trucks and barges, it is 
more likely that the soil properties will exhibit an isotropic 
correlation structure. An isotropic correlation structure is also 
supported by the process used in land reclamation by an initial 
assessment of the lateral and vertical semi-variograms for lag 
distances in which both lateral and vertical data is available 
(greater than 14m). Based on the above, it was assumed that the 
3-dimensional semi-variogram is a suitable representation of the 
spatial variability of the reclaimed site. 
 As a first step, N1,60 was obtained from the given 
SPT data by correcting for overburden pressure and energy. The 
former correction is important because it adjusts the increasing 
trend in the SPT along the vertical direction. The 3-dimensional 
experimental semivariogram for each parameter (fines content 
and N1,60) was generated and fitted with an exponential 
theoretical semi-variogram as shown in figures 6 and 7, 
respectively. It can be noticed that the range was about 3 meters 
and four meters for the fines content and SPT, respectively. 
Next, ordinary kriging was used to estimate N1,60 and FC at 
unsampled locations on a 3-Dimensional grid having 3m by 3m 
spacing in the horizontal direction and a 1m-spacing in the 
vertical direction. The logarithm of the SPT and fines was used 
in the kriging to meet the condition of normality. For each pair 
of nodes (N1,60 and FC), the equivalent clean sand SPT maps 

(N1,60,cs) were then obtained for use as input to the Idriss and 
Boulanger (2008) liquefaction triggering procedure.  
 

 
Figure 6. Experimental and theoretical semivariograms for fines content 

 

 
 
3.2  Liquefaction Assessment 
 
The SPT-Based Liquefaction analysis procedure presented in 
Idriss and Boulanger (2008) was adopted in the liquefaction 
assessment. At every node in the 3-D grid, the factor of safety 
against liquefaction was calculated as the ratio of the CRR to 
the CSR. The CSR was calculated based on two events: 100-
year and 500-year earthquakes. The 500-year event was 
assumed to be 6.75 in magnitude inducing a peak ground 
acceleration of 0.3g, while the 100-year return period event had 
a magnitude of 6 and peak ground motion of 0.25g. Triggering 
relations were used to calculate the CRR based on N1,60,cs. 
Results indicate that for the 500 year event, significant portions 
of the site includes zones/depths with factors of safety below 1. 
This observation was found to be particularly true at somewhat 
larger depths (at elev. below -4m). For shallower layers (0 to -
4m), factors of safety become higher than 1.  
 Results of the 100-year event were also obtained 
using a similar methodology. These showed that most of the 
site and throughout the analyzed depths exhibited acceptable 
factors of safety. 
 
 

Figure 7. Experimental and theoretical semivariograms for N1,60. 
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 3.3  Liquefaction Potential Index 
 
Given the maps of the factors of safety produced, the LPI was 
then calculated by lumping the vertical 20m strip of factors of 
safety and every node in a single value. The resulting map is 
plotted in figure 8 for the 500-year earthquake event. LPI was 
defined in Iwasaki et al. (1978) by the following equation: 


20

0

dzwFLPI     (1) 

Where F=1-FS when FS<1, F=0 when FS>1, w=10-z/2. It is 
noticed that the liquefaction potential index map follows the 
pattern seen in the maps of the factor of safety. More than half 
of the reclaimed area has an LPI of more than 15 which is an 
indication of high risk. Moderate and low risk regions appear in 
the center of the site in blue and green colors. 
 
4 ANALYSIS AND DISCUSSION 

Figure 8 indicates that the liquefaction potential index is 
dependent on three main factors. The first factor is the soil 
cyclic resistance compared to the cyclic demand characterized 
by the factor of safety across the soil column. The second and 
third factors are the proximity of the liquefiable layer to the 
surface and the thickness of the liquefiable layer. The LPI 
generally decreased as the thickness of the soil layer decreased. 
This is reflected in the low LPI values in the south zone of the 
site and the high LPI values in the northern area. Also high LPI 
values were noticed where the ground surface is near sea level. 
These areas, which appear in green in figure 1, had the highest 
LPI values across the site. This might be attributed to the 
decreasing weight with depth used in the calculation of the LPI. 
 

 
Figure 8. Liquefaction potential hazard map for earthquake magnitude 
of 6.75 and peak ground acceleration of 0.3g. 

5  CONCLUSIONS 

This paper presented a procedure for the development of a 
liquefaction hazard map in reclaimed lands. Unlike 
conventional soil profiles that are characterized with verical and 
horizontal correlation lengths, the spatial varaibility of the 
standard penertration test blowcounts in the site was 

characterized by an isotrpic three-dimensional semivariogram. 
Maps of factors of safety were then generated and used to 
produce a liquefaction potentail index map for the site which in 
turn will aid engineers in the design of future projects in the site. 
 It is important to note here that the case used to 
illustrate the methodology presented relied on actual data, with 
seismic events selected to produce interesting levels of 
liquefaction which allow for an appreciation of the usefullness 
of the technique. The goal is to show that engineers can benefit 
from the approach presented in guiding ground improvement 
decisions/designs.  
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