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ABSTRACT: The artificial sinkholes caused by urbanization lead to severe socioeconomic losses. A damaged sewer pipe is regarded
as one of the primary causes of such phenomena in Seoul. The discharge of soil particles through a damaged sewer pipe due to
groundwater infiltration induces soil loosening, cavity formation and eventually a sinkhole. A video camera robot or a ground
penetrating radar (GPR) is widely used for detecting and replacing the ruptured sewer pipes to prevent sinkholes. However, most of
the big cities run massive number of sewer pipes which make the inspection require a lot of time and expense. Thus, this study
utilized the logistic regression method to identify the important variables of sewer pipes which contributes to the occurrence of
sinkholes and to propose a failure probability model based on related data of Seoul metropolitan area. The proposed logistic
regression model can be useful for setting priorities during inspection and evaluating the risk of sinkhole.

1 INTRODUCTION

A large number of sinkholes, which is irrelevant to the
dissolution of limestones, have been reported from many urban
areas in the U.S., Japan, and South Korea (Calrson and
Urquhart 2006, NILIM 2012, Bae et al. 2016). In case of Seoul,
total 3,328 sinkholes were reported between 2010 and 2014
emerging as a major social problem. The sewer system,
however, was turned out as a primary reason, occupying 81.4 %
of the entire sinkholes (Bae et al. 2016).

The formation of sinkhole due to a sewer system is first
introduced by WRC (Water Research Center) in England
(Rogers 1986). The groundwater or sewage infiltration through
a damaged sewer pipe, especially during and after a heavy
rainfall, accompanies the discharge of soil particles which
induces soil loosening, forms underground cavities and
sometimes leads to ground collapse and subsidence.

To prevent socioeconomic losses due to sinkholes, extensive
inspection using a video camera robot and a ground penetrating
radar (GPR) is required for detecting and replacing the ruptured
sewer pipes (Zisman et al. 2005). But, most of the big cities in
the world runs thousands of sewer pipes beneath the streets.
Seoul, for example, runs about 350,000 sewer pipes, with a total
length of approximately 10,000 km
(http://data.si.re.kr/node/383). The massive number of sewer
pipes running beneath the pavements makes their inspection
practically impossible.

This study aims at producing a logistic regression model
based on damaged-sewer-induced sinkhole occurrence cases of
Seoul incorporating sewer pipe characteristics. The evaluated
sinkhole susceptibility model will serve as an useful mean to
classify the high and low susceptibility sinkhole areas, and thus
assist efficient inspection on the damaged sewer pipes.

2 METHODOLOGY

2.1 Database

The sewer pipe database and sinkhole case reports, which were
made by the Seoul metropolitan government, provide the
characteristics of each of the sewer pipe buried in Seoul and
information on each damaged-sewer-induced sinkhole
occurrence, respectively. Using Google map, the location of
each sinkhole obtained from the sinkhole case reports were

converted to TM coordinates. With the coordinates of sinkholes
and the sewer pipe database, damaged sewer pipes were
identified and assigned to the sinkhole occurrence group (443
pipes), and the remaining sewer pipes were assigned to the
ground cave-in non-occurrence group (217,236 pipes) by using
nearest sample tool in QGIS, open source GIS software (QGIS
Development Team 2014). The sewer pipes of the occurrence
group and the non-occurrence group were assign 1 and 0 for the
dependent variable, respectively.
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Figure 1. Definitions of independent continuous variables.

This study includes eight independent (predictive) variables,
six continuous variables and two categorical variables. For the
continuous variables, length, average burial elevation, average
burial depth, elevation difference between the two ends,
equivalent radius of the cross-sectional area, and operating
duration of the sewer pipe were selected, some of which are
illustrated in Figure 1. Whereas cross-sectional shape and type
of the sewer pipe were selected for the categorical variables.

2.2 Logistic regression analysis

Logistic regression is the most important model for binary
response data and has been used for a wide variety of
applications (Agresti 2015). Logistic regression is used to
explain the relationship between one dependent binary variable
and one or more independent variables, as expressed in
Equation (1).

P(y=1)=F[iﬂ,.x,J (M
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where, y is the dependent binary variable, x is the independent
variables which can have continuous or categorical values, f is
the estimated regression coefficients, and n is the number of
independent variables. This study performed best subset logistic
regression, which considers every possible combinations of
independent variables, to find the fittest model (Zhang 2016).
To avoid overfitting problem, we used hold-out method, which
is a widely used cross-validation technique due to its efficiency
and easinesss (Reitermanov’a 2010). The two-thirds and one-
third of the entire dataset were randomly assigned to two sets,
the training set and the test set, repectively. Using the training
set, the best substet regression selected the fittest model based
on goodness-of-fit criteria, for which this study used AIC
(Akaike Information Criterion). According to Akaike (1974),
the AIC is defined by

AIC =2k —2In(L) 2)

vyhere, k is the number of estimated variables in the model and
L is the maximized value of the likelihood function for the
model.

3 RESULTS AND DISCUSSION

Table 1 summarize the lists of the independent variables which
the top three models include based on AIC. These models
commonly include length, average burial elevation, operating
duration, equivalent radius, average burial depth, and type of
sewer pipe. While the model II, the fittest model, excludes
elevation difference and cross-sectional shape of sewer pipe.
The fittest model excludes cross-sectional shape and elevation
difference between the two ends of a sewer pipe.

Table 1. Independent variables of the top three logistic regression
models based on AIC.

probability less than 0.05 for all variables included in model II
which implies that the six independent variables have influence
on the occurrence of sinkholes.
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Figure 2. ROC curves and AUC values of training set and test set.

Table 2. Coefficients and test statistics of the continuous variables

Continuous variables s Standard error  Significance
length 0.0273 0.0018 <2 x 10"
burial elevation -0.0281 0.0055 3.63 x 107
operating duration 0.0208 0.0043 1.28 x 10°
equivalent radius 0.7452 0.2879 9.64 x 107
burial depth -0.3649 0.1202 240 x 107

Independent variables Model 1 Model 11 Model 111
length

burial elevation 0} O (6]
operating duration (6] (0] (6]
equivalent radius (6] (0] (6]
burial depth o (0] (6]
type (6] (6] (6]
elevation difference (6] X X
cross-sectional shape X X (6]
AIC value 39523 3950.3 3952.1

The performance of a model is generally evaluated using
receiver operating characteristic (ROC) curves and area under
the ROC curve (AUC). Figure 2 shows the ROC curves and
AUC values of training set and test set. As the ROC curve
becomes left-upper-sided and AUC becomes larger, the model
can predict the occurrence of the sinkhole more accurately.
According to Grenier et al. (2000), model II, of which AUC is
equal to 0.731, shows a ‘fair’ performance.

The coefficients and test statistics of the continuous
variables used in model II are summarized in Table 2. The
model II includes length, operating duration, equivalent radius
with positive coefficients and burial depth and burial elevation
with negative coefficients. Among various types of sewer pipes,
the wrinkle pipes (B=-5.970) are turned out to be most
suspicious to induce a sinkhole. Wald test gave significance

4 CONCLUSION

This study performed best subset regression analysis to find the
fittest model which relates the probability of sinkhole
occurrence and characteristics of sewer pipe. The proposed
model can be used as an evaluation tool for decision-making
concerning sinkhole investigations, especially when planning a
thorough inspection.
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