
Influence of estimation method of compression index on spatial distribution of
consolidation settlement in Songdo New City

Donghee Kim a, Kyu-Sun Kim b, Seongkwon Ko c, Youngho Chae d, Woojin Lee d,⁎
a Infrastructure Engineering Team, SK E&C, Seoul, 100–130, Republic of Korea
b Construction Technology Research Institute, Samsung C&T Corporation, 137–956, Seoul, Republic of Korea
c Vietnam Business Unit, Posco E&C, 406–732, Incheon, Republic of Korea
d School of Civil, Environmental, and Architectural Engineering, Korea Univ., 136–701, Seoul, Republic of Korea

a b s t r a c ta r t i c l e i n f o

Article history:
Received 17 September 2011
Received in revised form 31 August 2012
Accepted 9 November 2012
Available online 20 November 2012

Keywords:
Consolidation settlement
Cokriging
Cross-variogram
Compression index

This paper describes the influence of themethod that estimates the compression index (Cc) on the spatial distri-
bution of consolidation settlement (sc) for Songdo New City. The spatial distribution of consolidation settlement
can be evaluated by using the spatial distribution (Case 1), mean value (Case 2), and probability distribution
(Case 3) of soil properties. For Case 1, ordinary cokriging was adopted to estimate the spatial distribution of Cc
as it provides more reliable estimates than ordinary kriging. It is observed that the spatial distribution of sc for
Case 1 has significantly shorter scale variability than that for Case 2 because the short scale variability of the spa-
tial distribution of Cc and void ratio (eo) affect the spatial distribution of sc for Case 1. It is also shown that the ratio
of the area of sc>100 cm (design criterion) to the total area for Case 1 (7.7 %) is larger than that for Case 2 (0.5 %)
because the ordinary cokriging estimate of Cc is larger than the mean value of Cc in some regions. The probabi-
listic analysis (Case 3) shows that the ratio of the area of P(sc>100 cm)>probabilistic criterion (α) to the
total area increases as the coefficient of variation (COV) of Cc/(1+e0) increases and α decreases. For Songdo
New City, the area ratio for the probabilistic design criterion (α) of 0.30–0.45 is found to be in the range of
2.9–19.4 %.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

To evaluate the spatial distribution of the consolidation settle-
ment (sc) in a large coastal reclamation area, geotechnical engineers
need to correctly access the spatial characteristics of soil properties.
However, it is difficult to evaluate the exact spatial characteristics of
soil properties because the amount of geotechnical investigation
data is insufficient in most cases. When there is a limited amount
of geotechnical information, the spatial distribution of sc can be eval-
uated by using one of three methods according to the spatial charac-
teristics of soil properties: (1) a single deterministic value such as
the mean value, which is used in the most geotechnical engineering
design; (2) multiple deterministic values which differ at locations in
the study area, where the spatial distribution of these values are es-
timated by an interpolation method such as kriging and inverse dis-
tance weighting methods (Soulie et al., 1990; Pan et al., 1993;
Chiasson et al., 1995; Jaksa et al., 1997); and (3) a random variable,
which is described by a probability distribution.

Geotechnical design methods commonly take two approaches:
deterministic and probabilistic. In a deterministic approach, sc is evalu-
atedusing themeanvalues or spatial distributions of soil properties. In a
probabilistic approach, probability distributions of soil properties are
used to evaluate the uncertainty of sc because soil properties generally
show inherent variability (Phoon and Kulhawy, 1999; Duncan, 2000;
Baecher and Christian, 2003). The deterministic approach is generally
used in most geotechnical problems while the probabilistic approach
has been frequently used to evaluate the uncertainty of consolidation
parameters (Corotis et al., 1975; Freeze, 1977; Athanasiou-Grivas and
Harr, 1978; Chang, 1985; Hong and Shang, 1998; Zhou et al., 1999;
Huang et al., 2010).

The objective of this study is to assess the influence of the spatial
characteristics of the compression index (Cc) on the spatial distribution
of sc for Songdo New City. Three cases are used to evaluate the spatial
distribution of sc. Cases 1, 2 and 3 use the spatial distribution of Cc, the
mean value of Cc, and the probability density function (PDF) of Cc, re-
spectively. To obtain a reliable estimation of the spatial distribution of
Cc for Case 1, ordinary cokriging and ordinary kriging are used. Cases
1 and 2 use the deterministic approach, whereas Case 3 uses the prob-
abilistic approach because sc is evaluated by considering the uncertainty
of Cc. The spatial distributions of sc evaluated by different approaches
are compared in order to study the characteristics and dissimilarity of
their distributions.
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2. Geostatistical approach

In a geostatistical approach, a spatial pattern is usually expressed
by an experimental semivariogram γ(h) which is computed as half
of the average squared difference between paired data values sepa-
rated by a vector h:

γ hð Þ ¼ 1
2N hð Þ

XN hð Þ

α¼1

z uαð Þ−z uα þ hð Þ½ �2 ð1Þ

in which N(h) is the number of data pairs within a given class of dis-
tance and direction; z(uα) is the value at the start of the pair α at the
location uα; and z(uα+h) is the corresponding end value at a lag of h
from the location uα (Journel and Huijbregts, 1978). In most situa-
tions, several soil properties are measured on each soil sample, and
geostatistics is increasingly used to treat such multivariate soil infor-
mation (Wackernagel, 1995; Goovaerts, 1998). A measure of the joint
variability of two continuous attributes z and y is the experimental
cross semivariogram which is needed in the cokriging system. The
cross semivariogram is computed as follows:

γZY hð Þ ¼ 1
2N hð Þ

XN hð Þ

α¼1

z uαð Þ−z uα þ hð Þ½ �⋅ y uαð Þ−y uα þ hð Þ½ � ð2Þ

Experimental values for a finite number of separation vectors are
obtained using a semivariogram. A theoretical semivariogram model
should be fitted to these experimental values to obtain the semi-
variogram values for any possible separation vectors used in the kriging
system. The spherical, exponential, and Gaussianmodels are frequently
used as basic models. The semivariogram stops increasing and fluctu-
ates around a specific value at a specific separation distance. The specific
value and separation distance are called the sill and range, respectively.
The range denotes the distance beyond which data values appear inde-
pendent (Isaaks and Srivastava, 1989; Goovaerts, 1997).

In many cases, the geostatistical approach is used to estimate the
spatial distribution of geo-layers and soil properties at unsampled loca-
tions (Christakos, 1985; Soulie et al., 1990; Chiasson et al., 1995; Jaksa et
al., 1997; Parsons and Frost, 2002; Baise et al., 2006; Mendes and
Lorandi, 2008; Marache et al., 2009). Among kriging algorithms, ordi-
nary kriging and ordinary cokriging are frequently used in geotechnical
problems. Ordinary kriging estimates the value of a continuous attri-
bute z at any unsampled location u using the neighboring z-data
{z(uα), α=1,…,n} available over the study area. Ordinary kriging esti-
mates this value as a linear combination of the neighboring z-data:

z�OK uð Þ ¼
Xn uð Þ

α¼1

λOK
α uð Þz uαð Þ ð3Þ

in which z⁎OK is the ordinary kriging estimator; λα
OK is the weight

assigned to z(uα); and n(u) is the number of data involved in the es-
timation. The n(u) weights λα

OK are determined to minimize the
error variance σE

2(u)=Var{Z⁎(u)-Z(u)} under the constraint of un-
biasedness of the estimator. This requires solving of the following or-
dinary kriging systemwhich includes the (n(u)+1) linear equations
with (n(u)+1) unknowns, the n(u) weights λβ

OK and the Lagrange
parameter μOK that accounts for the constraint on weights (Journel
and Huijbregts, 1978; Goovaerts, 1997):

Xn uð Þ

β¼1

λOK
β uð Þγ uα−uβ

� �
−μOK uð Þ ¼γ uα−uð Þ

α ¼ 1;…;n uð Þ
Xn uð Þ

β¼1

λOK
β uð Þ ¼ 1

8>>>>>>><
>>>>>>>:

ð4Þ

When observations are poorly correlated in a study area, the predic-
tion of the primary attribute of interest is generally improved by consid-
ering secondary correlated continuous attributes. In the case of a single
secondary attribute Y, the ordinary cokriging estimate z⁎OCK is deter-
mined as a linear combination of both neighboring primary and second-
ary data as follows:

z�OCK uð Þ ¼
Xn uð Þ

α¼1

λOCK
α uð Þz uαð Þ þ

Xn′ uð Þ

α′¼1

νOCK
α′ uð Þy uα′ð Þ ð5Þ

in which λα
OCK and να'OCK are the weights applied to the n(u) z-samples

and n′(u) y-samples, respectively. The objective of ordinary cokriging
is to minimize the error variance under the unbiasedness constraint,
which yields a system of n(u)+n′ (u)+2 linear equations (Journel
and Huijbregts, 1978; Goovaerts, 1997, 1998):

Xn uð Þ

β¼1

λOCK
β uð ÞγZZ uα−uβ

� �
þ

Xn′ uð Þ

β′¼1

νOCK
β′ uð ÞγZY uα−uβ′

� �

−μOCK
Z uð Þ ¼ γZZ uα−uð Þ α ¼ 1;…;n uð Þ

Xn uð Þ

β¼1

λOCK
β uð ÞγYZ uα′−uβ

� �
þ

Xn′ uð Þ

β′¼1

νOCK
β′ uð ÞγYY uα′−uβ′

� �

−μOCK
Y uð Þ ¼ γYZ uα′−uð Þ α′ ¼ 1;…;n′ uð Þ

Xn uð Þ

β¼1

λOCK
β uð Þ ¼ 1

Xn′ uð Þ

β′¼1

νOCK
β′ uð Þ ¼ 0

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:

ð6Þ

in which μZOCK and μYOCK are Lagrange parameters to account for the con-
straints on primary and secondary dataweights, respectively. Also input
information comprises the values of direct (γZZ and γYY) and cross
semivariograms (γZY or γYZ) for different lags.

The reliability of kriging estimates is evaluated by comparing the es-
timated values and known values at each location. Thismethod is called
the cross validation. The mean absolute error (MAE) and mean squared
error (MSE) measure the accuracy of the kriging estimates:

MAE ¼ 1
n

Xn uð Þ

α¼1

z uαð Þ−z� uαð Þ�� ��� � ð7Þ

MSE ¼ 1
n

Xn uð Þ

α¼1

z uαð Þ−z� uαð Þ� �2 ð8Þ

in which z*(uα) is an estimate of value z(uα) at location uα. The small
MAE and MSE values represent the more accurate prediction, on a
point-by-point basis.

3. Study site and available data

Songdo New City is located in the southwest of Incheon, South
Korea, with an area of 53.4 km2. The study site was built on an artifi-
cial island, which was reclaimed with silty sand dredged from the
west coast of Incheon. The study site at Songdo New City is composed
of seven sections according to the land-use plan. Among these sec-
tions, Sections 1 and 3 are selected as the study area (Figure 1).

The data obtained from the geotechnical investigation for Sections 1
and 3 are used to determine the statistics of soil properties and to esti-
mate the spatial distributions of geo-layers in Songdo New City. Fig. 2
shows the locationswhere the data of the soil properties were obtained
and the borehole locations where the stratifications were obtained. The
subsoil of the study area consists of eight units as shown in Fig. 3: a
reclaimed sandfill (NSPTb15), upper soft silty clay (NSPTb6), upper
silty sand (NSPT>30), lower medium and stiff silty clay (NSPT>10),
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