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Abstract 

Land subsidence is one of typical secondary disaster related to earthquake and 

occurs annually, worldwide. Accordingly, large economic losses and deaths in densely 

industrialized and highly populated urban areas as a result of these hazards. As a major 

earthquake occurred in Iburi subprefecture, Japan on September 2018, Sapporo has also 

damaged by ground subsidence. 

The purpose of this study is assessing the vulnerability of earthquake-induced 

land subsidence in Sapporo, Japan and produce susceptibility map. For this aim, bivariate 

statistical analysis method (frequency ratio model) and geographic information system 

(GIS) technique were applicated. For the susceptibility modelling, past ground 

subsidence location map was prepared. And seven ground subsidence causative factors 

were considered for the subsidence probability analysis include: geology, slope angle, 

land use, ground water level, distance from railroad and subway line, intensity of 

earthquake (MMI) and rainfall. Weightage for each conditioning factors were identified 

using frequency ratio model to assess subsidence susceptibility index and mapped using 

GIS.  

Area under curve (AUC) was applied to verify the performance of predicted 

model using prepared past ground subsidence location map. The prediction accuracies 

were (1) 85.17% for Higashi ward, (2) 95.44% for Kiyota ward and (3) 83.22 for 

Sapporo, respectively.  
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This result showed sufficient possibility for reliable susceptibility mapping of 

ground subsidence using GIS and frequency ratio model. EGSSM can be used as a 

helpful material on ground subsidence risk influenced by earthquake to reduce the scale 

of damages and manage in advance, effectively. The result of this study can be used as a 

helpful material for the disaster risk mitigation and efficient management in urban area. 

 

Keywords: Ground subsidence, Earthquake, Ground subsidence susceptibility, Frequency 

ratio model, GIS. 
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Chapter I 

Introduction 

1.1 Background 

 

Now, ground subsidence occurs frequently worldwide and the damage from this 

risk is increasing. In big cities, as population growth and man-made structures are 

increasing more and more, huge scale of damage on human lives and economic aspect 

have been occurred by ground subsidence. In urban areas, ground subsidence can be 

occurred by results of human activities such as construction of underground structures 

and groundwater extraction (Ezquerro et al. 2017; Kaitantzian et al. 2020). Also, soil 

liquefaction is well known as a major reason on ground subsidence occurrence (Avilés-

Campoverde et al. 2021; Li et al. 2021). Regarding this, earthquake, one of the important 

natural hazards, is the trigger of this liquefaction phenomenon. In Japan, earthquakes 

have occurred on various scale, frequently and there have been more than 70 major 

earthquakes in the past current decades. On September 6, 2018, a strong earthquake has 

occurred in Iburi Subprefecture which is named as 2018 Hokkaido Eastern Iburi 

earthquake. Magnitude of this earthquake was 6.6 MW and maximum MMI was 12. This 

earthquake resulting a lot of casualties, injuries and severe economic losses. And most of 

damage was caused by landslides and ground subsidence those affected by earthquake. 

The study area of Sapporo has also damaged by ground subsidence due to this earthquake 

and occurred widely in two wards of Higashi and Kiyota.  
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Normally, restoration work has been carried out as a countermeasure after the 

damage but it costs high and also having difficulties on complete restore, especially in 

urban areas. For this reason, predict and measure the earthquake-induced ground 

subsidence is very important for the reduction of disaster hazards and management. A 

number of studies have conducted on assessment of ground subsidence in urban areas 

(Zhou et al. 2019; Blasco et al. 2019; Khorrami et al. 2020; Sevil et al. 2020; Maghsoudi 

et al. 2021). Also, several quantitative analysis models and GIS have been applied in 

previous studies for evaluating risk of ground subsidence. However, despite of many 

studies on ground subsidence have conducted, it has been not well studied concerning 

assessment of earthquake-induced ground subsidence in urban areas.  

1.2 Research Aim and Objectives 

 

The main purpose of current study is vulnerability assessment of earthquake-

induced ground subsidence in urban area and produce hazard susceptibility map. For this 

purpose, Sapporo city, Hokkaido in Japan where subsidence has occurred by 2018 

Hokkaido Eastern Iburi earthquake was selected as study area and ground subsidence 

location map was prepared. Also, seven subsidence causative factors were selected and 

considered to identify correlation between ground subsidence occurrence: geology, slope 

angel, land use, ground water level, distance from railroad and subway line, precipitation 

and intensity of earthquake (MMI). Frequency ratio (FR) model was applied that has 

previously demonstrated as having good performance on disaster risk prediction findings 

in previous researches for the quantitative subsidence probability analysis. From the 
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analysis results, ground subsidence susceptibility index (GSSI) was identified and 

earthquake-induced ground subsidence susceptibility map (EGSSM) was constructed in 

the geographic information system (GIS) environment. Area under the curve approach 

was applicated for the verification of prediction accuracy of the hazard map using 

prepared past ground subsidence location map. The objectives for the main aim of this 

study could be summarized as below: 

• Collect and extract database of ground subsidence causative factors and actual 

ground subsidence area from reasonable agencies websites and geology company. 

• Determine the relationship between ground subsidence and conditioning factors. 

• Produce earthquake-induced ground subsidence susceptibility map (EGSSM) for 

the visualization. 

• Examine the prediction accuracy of EGSSM by comparing data of actual ground 

subsidence area. 

1.3 Outline of Dissertation 

 

This dissertation is composed of total five chapters to provide understanding of 

vulnerability risk assessment and early warning of ground subsidence and earthquake 

using geospatial techniques, quantitative and probability analysis method. Chapter I 

presents background, main aim and objectives of this study. Chapter II introduce 

literatures review regarding ground subsidence and earthquake. Also including, ground 

subsidence susceptibility mapping and potential ground subsidence risk assessment 

methods. Chapter III provides information of three study areas, methodology, considered 

Akita University



 

16 

 

seven ground subsidence conditioning factors, borehole database, applicated analysis and 

verification methods. Chapter IV presents results and discussion for each study areas. In 

chapter V, conclusion, limitation of this work and recommendation are provided for the 

future study.  
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Chapter II 

Literature Review 

2.1 Earthquake-induced ground subsidence 

2.1.1 Ground subsidence  

Ground subsidence (or land subsidence) is generally defined as a gradual settling 

to downward or sudden sinking of the ground’s surface. Ground subsidence occurrence is 

not limited by the place and it can be occurred by natural processes like dissolution of 

limestone, earthquake, intensive rainfall, climate changes, groundwater-related 

subsidence and faulting. Also, can be caused by human activities; activity of mining 

(extraction of minerals and natural gas), extraction of ground water and construction of 

underground structures.  

In urban environment, ground subsidence may be occurred by some typical 

reasons. Regarding human activities, excessive extraction of ground water (Holzer and 

Johnson, 1985) is one of the most well-known reason of ground subsidence in urban area. 

In the case of natural causes, ground subsidence occurrence has been considered as one 

of the most typical effects by the earthquake. From the past to present, earthquakes have 

occurred continuously and frequently world-wide, and as a result it caused severe 

damages in big cities by ground subsidence. 

Damages by the ground subsidence in urban area can be occurred in several 

aspects including human lives, properties, houses and infrastructures, etc. Abidin et al. 
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(2015) classified the impacts of ground subsidence in big cities into aspect of 

infrastructure, environment, economy and society as shown in the Table 1.  

Table 1. Categorized impacts of ground subsidence (Abidin et al. 2015). 

No. Category Representation of impact Level of impact 

1 Infrastructural 

cracking of permanent constructions 

and roads 
Direct 

tilting of houses and buildings Direct 

‘sinking’ of houses and buildings Direct 

breaking of underground pipelines and 

utilities 
Direct 

malfunction of sewerage and drainage 

system 
Indirect 

deterioration in function of building 

and infrastructures 
Indirect 

2 Environmental 

changes in river canal and drain flow 

systems 
Indirect 

frequent coastal flooding Indirect 

wider expansion of flooding areas Indirect 

inundated areas and infrastructures Indirect 

increased inland sea water intrusion Indirect 

deterioration in quality of 

environmental condition 
Indirect 

3 Economic 

increase in maintenance cost of 

infrastructure 
Indirect 

decrease in land and property values Indirect 

abandoned buildings and facilities Indirect 

disruption to economic activities Indirect 

4 Social 

deterioration in quality of living 

environment and life 

(e.g. health and sanitation condition) 

Indirect 

disruption to daily activities of people Indirect 
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2.1.2 Earthquake Events in the World 

Earthquake is one of the most main causes of ground subsidence occurrence. 

Thus, it can be explained as there is a close correlation between earthquake and ground 

subsidence (Cotecchia, 1986). During the strong ground shaking by earthquake, ground 

subsidence can occur in various areas with diverse reasons. According to the United 

States Geological Survey (USGS), there were 1,518 earthquakes with magnitude over 6 

have occurred worldwide in the past 10 years (Figure 1). And more than 150 earthquake 

events have stroke globally with magnitude over 7 in this period. 

Figure 1. Earthquakes in past 10 years worldwide (USGS). 

 

Since 20th century, there were 20 largest earthquake events in the world (Table 

2). Minimum magnitude was recorded 8.4 which has occurred in Indonesia, Peru and 

Japan. And maximum magnitude was 9.5 earthquake that occurred in Chile, 1960. Result 

of earthquakes striking, there were massive casualties and economic losses worldwide. 

Akita University



 

20 

 

 

Table 2. Twenty largest earthquakes in the world (USGS). 

 Mag Location Alternative Name 
Date 

(UTC) 

Time 

(UTC) 
Latitude Longitude 

1 9.5 Bio-Bio, Chile Valdivia Earthquake 1960-

05-22 

19:11 38.14°S  73.41°W 

2 9.2 Southern Alaska 1964 Great Alaska 

Earthquake, Prince 

William Sound 

Earthquake, Good 

Friday Earthquake 

1964-

03-28 

03:36

  

60.91°N

  

147.34°W 

3 9.1 Off the West 

Coast of 

Northern 

Sumatra 

Sumatra-Andaman 

Islands Earthquake, 

2004 Sumatra 

Earthquake and 

Tsunami, Indian 

Ocean Earthquake 

2004-

12-26 

00:58 3.30°N  95.98°E 

4 9.1 Near the East 

Coast of Honshu, 

Japan 

Tohoku Earthquake 2011-

03-11

  

05:46

  

38.30°N 142.37°E

  

5 9.0 Off the East 

Coast of the 

Kamchatka 

Peninsula, 

Russia 

Kamchatka, Russia 1952-

11-04

  

16:58 52.62°N 159.78°E

  

6 8.8 Offshore Bio-

Bio, Chile 

Maule Earthquake 2010-

02-27

  

06:34 36.12°S 72.90°W 

7 8.8 Near the Coast of 

Ecuador 

1906 Ecuador–

Colombia 

Earthquake 

1906-

01-31 

15:36 0.96°N 79.37°W 

8 8.7 Rat Islands, 

Aleutian Islands, 

Alaska 

Rat Islands 

Earthquake 

1965-

02-04

  

05:01

  

51.25°N 178.72°E 

9 8.6 Eastern Xizang-

India border 

region 

Assam, Tibet 1950-

08-15 

14:09 28.36°N

  

96.45°E 

10 8.6 Off the West 

Coast of 

Northern 

Sumatra 

 2012-

04-11

  

08:39 2.33°N 93.06°E  
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Table 2. (continued) 

 Mag Location Alternative Name 
Date 

(UTC) 

Time 

(UTC) 
Latitude Longitude 

11 8.6 Northern 

Sumatra, 

Indonesia 

Nias Earthquake 2005-

03-28 

16:10 2.09°N 97.11°E 

12 8.6 Andrean of 

Islands, Aleutian 

Islands, Alaska 

 1957-

03-09 

14:23 51.50°N

  

175.63°W 

13 8.6 South of Alaska Unimak Island 

Earthquake, Alaska 

1946-

04-01 

12:29 53.49°N 162.83°W 

14 8.5 Banda Sea  1938-

02-01

  

19:04 5.05°S 131.61°E 

15 8.5 Atacama, Chile Chile-Argentina 

Border 

1922-

11-11 

04:33 28.29°S 69.85°W 

16 8.5 Kuril Islands  1963-

10-13 

05:18 44.87°N 149.48°E

  

17 8.4 Near the East 

Coast of 

Kamchatka 

Peninsula, 

Russia 

Kamchatka, Russia 1923-

02-03 

16:02

  

54.49°N 160.47°E 

18 8.4 Southern 

Sumatra, 

Indonesia 

 2007-

09-12 

11:10 4.44°S  101.37°E

  

19 8.4 Near the Coast of 

Southern Peru 

Arequipa, Peru 

Earthquake 

2001-

06-23 

20:33

  

16.27°S  73.64°W 

20 8.4 Off the East 

Coast of Honshu, 

Japan 

Sanriku, Japan 1933-

03-02 

17:31 39.21°N

  

144.59°E
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For example, by the impacts of 1964 Prince William Sound Earthquake, Alaska, 

United States, there were 131 casualties. Moreover, it caused severe damage in many 

towns including building collapse, destruction of residential areas, occurrence of huge 

scale of landslides and vertical displacement. Estimated properties damage was about 2.3 

billion dollars (USGS). 

Due to frequent earthquakes in the world as mentioned above, the occurrence and 

damage of ground subsidence is also increasing. And according to scale of the 

earthquake, the scale and damage by the ground subsidence also increases dramatically to 

the aspects of human lives, properties, infrastructure, etc. Thus, it is crucial that 

considering the relation to earthquakes together in the evaluation of ground subsidence 

hazards. 

2.1.3 Earthquake Events in Japan 

Japan is already well known as one of the most earthquake-prone countries in the 

world. In Japan, more than 980 earthquake (MMI 6 or higher) including around 70 major 

earthquakes have occurred in past decade, nationwide. Among those earthquakes, 74 

earthquakes with a MMI of more than eight were reported (Japan Meteorological 

Agency). Due to these frequent earthquakes, Japan suffers a lot of casualties and 

economic losses every year. As a representative event, massive earthquake (magnitude of 

9) occurred on 11 March, 2011 at off the Pacific coast of the northeastern part of the 

Japanese main land. The earthquake named as 2011 Great East Japan Earthquake was the 

largest earthquake in Japan history.  Because of the huge scale of tsunami caused by this 

earthquake, more than 15,000 people were dead and more than 2,900 people were 
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missing. Moreover, caused disastrous damages such as caused by ground subsidence and 

landslide occurrence in many cities around Kanto region and failure of nuclear power 

plant in Fukushima, etc. (Yasuda et al. 2012).  

Hokkaido prefecture is secondly largest island of Japan and one of the most 

earthquake-prone regions. On September 6, 2018, Hokkaido Eastern Iburi earthquake has 

occurred in Iburi subprefecture (Epicenter: 42.691°N, 142.007°E, depth: 37.0 km, M 6.7). 

Figure 2 shows the location of epicenter and degree of seismic intensity (JMA) of 2018 

Hokkaido Eastern Iburi Earthquake by regions.  

 

Figure 2. Epicenter location and Intensity of 2018 Hokkaido Eastern Iburi Earthquake 

(Zhou et al. 2021). 

 

Akita University



 

24 

 

The earthquake caused 42 deaths and 762 people were injured. Moreover, it 

caused massive damage to social infrastructures such as houses, farmland, roads in a 

wide range of areas in Hokkaido. Estimated economic losses was around 114.5 billion 

yen (Japanese Geotechnical Society, 2019). Sapporo city, (capital city of Hokkaido 

Prefecture and Ishikari Prefecture) where located more than 50 kilometers from the 

epicenter, also damaged by ground subsidence occurrence.  

2.2 Ground Subsidence Hazard Assessment Methods 

Recently, many of studies have conducted by applicate various quantitative 

analysis models based on the geographic information system (GIS) to assess and predict 

the ground subsidence hazards and produce susceptibility map. GIS based researches 

have highly contributed on various hazards assessment with its efficient and advanced 

techniques in gathering data, analysis and also verification process (Pradhan et al. 2014).  

So far, a number of researchers have conducted hazard mapping on ground 

subsidence using various quantitative analysis models with GIS techniques: evidential 

belief function model (Pradhan et al. 2014; Najafi et al. 2020), logistic regression model 

(Kim et al. 2006; Park et al. 2014;), weight of evidence model (Oh and Lee, 2010; Perrin 

et al. 2015), frequency ratio model (Choi et al. 2007 and Oh et al. 2011), support vector 

machine model (Abdollahi et al. 2019; Mohammady et al. 2019), fuzzy operator (Choi et 

al. 2010; Bianchini et al. 2019) and artificial neural network (ANN) (Kim et al. 2009 and 

Lee et al. 2012). 

Pradhan et al. (2014) applicated multivariate statistical analysis method 

(evidential belief function model, EBF) and frequency ratio model for the estimation of 
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sinkhole type subsidence hazards at Kinta Valley of Perak, Malaysia. In this research, 

EBF model had better performance in subsidence hazard mapping. Kim et al. (2006) 

generated ground subsidence hazard map in around abandoned underground coal mines 

(AUCMs) at Samcheok City in Korea. Research had conducted by using and comparing 

two statistical approaches including logistic regression model and frequency ratio model. 

A developed method for evaluate the conditioning factors related to the sinkhole 

occurrence in a context of limestone karst using weight-of-evidence analysis was 

suggested by Perrin et al. (2015). Abdollahi et al. (2019) provided land subsidence 

susceptibility map in Kerman province, Iran using support vector machine (SVM) model. 

Five fuzzy operator was applicated to estimate the vulnerable areas to ground subsidence 

in Taebaek City, Korea and advantages of fuzzy combination operators were proposed by 

Choi et al. (2010). Kim et al. (2009) and Lee et al. (2012) applicated artificial neural 

network (ANN) and GIS to construct potential ground subsidence risk map in around 

abandoned underground coal mines in Korea. 

In recent studies, researchers have conducted assessment of ground subsidence 

susceptibility by using and comparing several models for more accurate and reliable 

results. Bui et al. (2018) assessed subsidence susceptibility using four machine learning 

models including Bayesian Logistic Regression (BLR), Support Vector Machine (SVM), 

Logistic Model Tree (LMT) and Alternate Decision Tree (ADTree).  

Mohammady et al. (2019) compared weight of evidence model and support vector 

machine model to assess subsidence susceptibility in Semnan plain, Iran. Rehman et al. 

(2020) analyzed mining subsidence susceptibility in Raniganj coalfield using frequency 

ratio, statistical index and Mamdani fuzzy models.  
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Probabilistic approaches including evidential belief function (EBF) and Bayesian 

theory (BT) have applied for the land subsidence susceptibility zonation (Najafi et al. 

2020).  

Some of study have conducted with ensembled two or more analysis methods to 

obtain higher prediction accuracy on subsidence susceptibility assessment. Arabameri et 

al. (2020) suggested ANN-bagging method for the land subsidence susceptibility 

mapping in Semnan Plain of Iran. They compared three different models include ANN, 

bagging and ANN-bagging and showed the most reliable prediction was obtained from 

ensembled ANN-bagging model.  

Bayesian, functional, and meta-ensemble machine learning models were applied 

and compared to produce land subsidence susceptibility map in Hwajeon, Korea (Oh et 

al. 2019). Compared results showed meta-ensemble machine learning model had the 

highest prediction accuracy. 

Ilia et al (2018) predicted land subsidence and identified spatiotemporal pattern of 

groundwater resources in Western Thessaly, Greece using remote sensing and random 

forest method. Some of study have conducted with ensembled two or more analysis 

methods to obtain higher prediction accuracy on subsidence susceptibility assessment.  

Though, despite above numerous researches on ground subsidence have been 

undertaken, regarding the earthquake-induced ground subsidence in urban areas has not 

been studied. And as well as it has not been considered and analyzed about the 

correlation between ground subsidence occurrence and conditioning factors related with 

subsidence, under same situation above. 
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2.3 Earthquake-induced Subsidence Hazard Assessment in Hokkaido 

In recent decade, as the major earthquake (named as 2018 Hokkaido Eastern Iburi 

Earthquake) event has occurred in Hokkaido, many of studies have conducted related 

with this disaster. About studies related with the topic of this thesis (hazard mapping for 

the assessment of ground subsidence that strongly influenced by earthquake in urban 

area), we found that most of studies performed related with assessment of earthquake-

induced landslides (Aimaiti et al. 2019; Nam and Wang, 2019; Zhou et al. 2021). Nam 

and Wang (2019) assessed susceptibility of landslides that influenced by earthquake 

using autoencoder framework based on deep neural network and GIS (Figure 3).  

Figure 3. Architecture of autoencoder framework (Nam and Wang, 2019).  

 

Some of the researchers identified and interpreted ground displacements and 

assess the damage by 2018 Hokkaido Eastern Iburi Earthquake. For the analysis, remote 

sensing techniques were applicated (Karimzadeh et al. 2018; Fujiwara et al. 2019). For an 
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instance, Karimzadeh et al. (2018) applicated interferometric synthetic aperture radar 

(InSAR) technique to detect the liquefaction-related damages and surface displacements 

in urban area. For the purpose, weighted overlay (WO) analysis performed with 

influential parameters including space-based InSAR results, ground-based LiquickMap 

and topographic slope (Figure 4).  

Figure 4. Weighted overlay (WO) analysis using synthetic aperture radar (SAR) 

coherence (Karimzadeh et al. 2018). 

 

However, these studies were focused on the detection and observation of 

liquefaction and landslides. After literature review, confirmed that there was no research 

related with assessment of earthquake-induced ground subsidence hazard, especially in 

Sapporo and Hokkaido. Thus, ground subsidence caused by earthquake is a new subject.  
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Chapter III 

Materials and Methods 

3.1 Study Areas 

3.1.1 Higashi-Ward of Sapporo 

Study area, Higashi ward (East area) of Sapporo, is one of the 10 wards in 

Sapporo, Hokkaido, Japan. And Sapporo is capital city of Hokkaido Prefecture and its 

Ishikari Subprefecture. Study area is located in the southwest part of Ishikari Plain and 

the alluvial fan of the Toyohira River, a tributary stream of the Ishikari River. Higashi-

Ward is lies between 43°4'8"N - 43°10'3"N and 141°20'35"E - 141°27'25"E. And total 

study area is 56.97 km2. Hokkaido is one of the most earthquake-prone areas in Japan 

and there have been 93 earthquakes which over 6 Modified Mercalli Intensity scale 

(MMI) in past decade (Meteorological agency of Japan). Accordingly, as one of damages 

from earthquake, there has always been danger of ground subsidence in this area. On 

September 6, 2018, great earthquake (2018 Hokkaido Eastern Iburi earthquake, 

Maximum MMI 12) occurred in Iburi Subprefecture, southern Hokkaido. Result of the 

earthquake, there were 42 confirmed deaths and 762 people were injured. Also, the 

earthquake caused serious damage of properties and total damage was estimated at 

around 114.5 billion yen (Japanese Geotechnical Society, 2019). Study area has also 

damaged by ground subsidence due to the earthquake and estimated maximum MMI was 

9. In the study area, around 4 kilometers of subsidence and road damage has occurred. 

According to geologic columnar section of this area (Consulting company of Utsuki Geo 
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Solution), ground contains organic soil, clay and silt with very small N values, and sand 

with N values of 10 or less are deposited to a depth of 12 to 20 meters. And also, the 

layer of peat or organic soil is deposited around 2 to 3 meters close to the surface. 

Reported subsidence location was consistent with the location of the Toho subway lines. 

It can be considered that subsidence and damage was concentrated on the subway line. 

The location map of study area with ground subsidence site are shown in Figure 5. 
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Figure 5. Higashi-Ward with ground subsidence location map. 
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3.1.2 Kiyota-Ward of Sapporo 

Kiyota-Ward is located in the southeast part of Sapporo city in Hokkaido, Japan 

and total study area is 59.87 km2. Study area lies between 42°56'2"N - 43°0'25"N and 

141°24'36"E - 141°26'2"E. Hokkaido is one of the most earthquake-prone areas and in 

the past 10 years (2010 ~ 2020) there were 56 earthquakes have occurred which are 

magnitude over 5 (Meteorological agency of Japan). Also, these frequent earthquake 

events have affected to the ground subsidence in Hokkaido, including study area. There 

was a major earthquake on September, 2018 which is called 2018 Hokkaido Eastern Iburi 

earthquake (M6.7) in around Iburi Subprefecture, southern Hokkaido. This earthquake 

caused serious damage of human lives and properties including infrastructures. Kiyota-

Ward was also damaged by ground subsidence that influenced by the earthquake 

(Maximum MMI, 8). Reported locations of ground subsidence in the study area were 

distributed to over a wide area in residential area. Not as much as subsidence damage 

caused by 2018 Eastern Iburi earthquake, ground subsidence has occurred in the same 

area affected by another past earthquake (2003 Tokachi-oki earthquake). The thematic 

map of study area and investigated actual ground subsidence sites are presented in Figure 

6. Residential area in Kiyota-Ward is composed with volcanic ash soil on the hilly area 

by using cut and fill method. The volcanic ash soil is already known as vulnerable to 

earthquake and ground subsidence. Thus, this indicates that housing complex in the study 

area is prone to liquefaction influenced by earthquake. 
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Figure 6. Kiyota-Ward and location of ground subsidence. 

3.1.3 Sapporo 

Sapporo is biggest and highly populated city in northern Japan and located in 

southwest of Hokkaido. Total area is 1,121.12 km2 and lies between 42°46'51"N (south) 

- 43°11'22"N (north) and 141°30'19"E (east) - 140°59'25"E (west). Sapporo has 10 

administrative wards including: Atsubetsu, Chuo, Higashi, Kita, Kiyota, Minami, Nishi, 

Shiroishi, Teine and Toyohira (Figure 7). Population of study area has been growing 

annually and now is around 1.89 million as 5th highly populated city in Japan. 

Earthquake is a most common natural hazards in Japan and including around Hokkaido. 

Every year, lots of earthquake events occurring in various degree of magnitude and there 

were over 86 earthquake events had occurred which at least magnitude over 4 in around 

Hokkaido in the past ten years (Meteorological agency of Japan). On September in 2018, 

one of Japanese major earthquake has occurred in around Hokkaido. This earthquake was 

Akita University



 

34 

 

named as “2018 Hokkaido Eastern Iburi earthquake” by meteorological agency of Japan. 

Due to the effects of this earthquake, land subsidence has occurred in Higashi and Kiyota 

ward of Sapporo. More specifically, subsidence sites in Higashi ward were occurred 

intensively on the road above the subway line. In Kiyota ward, subsidence has occurred 

in many places of building site (consist with residential area). Locations of ground 

subsidence in study area are given in Figure 7. 

 

 

Figure 7. Administrative districts of Sapporo and ground subsidence sites. 

3.2 Methodology 

The flow of methodological approach in the current study has following five steps 

as presented in Figure 8.  

(1) From investigated ground subsidence sites information produced by report of 

Japanese Geotechnical Society, ground subsidence location map was prepared as point 

data.  
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(2) Also, layers of all selected seven ground subsidence conditioning factors were 

constructed as polygon, line and point type data. 

(3) Correlation between ground subsidence and related factors and weightage for 

all factors were identified using frequency ratio model. 

(4) Overlay analysis was conducted and 3 thematic layers were constructed using 

6 subsidence trigger factors. Then, earthquake-induced ground subsidence vulnerability 

map was constructed using GIS technique. 

(5) Predicted susceptibility map was compared with prepared ground subsidence 

location map to evaluate the performance of this model using area under curve (AUC). 

 

 

Figure 8. Flowchart of adopted methodology in current study. 
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3.3 Ground Subsidence Conditioning Factors 

 

Many studies have identified major factors that causing ground subsidence in 

mine site or abandoned mines (Singh and Dhar, 1997; Waltham, 1989). However, 

important factors are not yet clearly defined regarding ground subsidence in urban areas. 

In this study, to identify major factors that contribute to ground subsidence and to 

evaluate ground subsidence susceptibility in the study area, seven conditioning factors 

were selected. Considered seven factors are including geology (lithology), slope, land 

use, ground water level, distance from railroad, precipitation and intensity of earthquake 

(MMI). Geology, slope, land use, railroad and precipitation databases were collected 

from geological map, topographic map, land use map, railroad map and climate data 

provided by National Land Information Division (MLIT of Japan). Factor of land use was 

divided into 8 subclasses as shown in Figure 9-11. MMI data was collected as point data 

of 20 nearest regions from study area based on the earthquake information provided by 

meteorological agency of Japan and constructed as a layer using inverse distance 

weighting (IDW) interpolation method. Ground subsidence area where occurred by 

Eastern Iburi earthquake was collected using Google Earth Pro with data of location 

information from final report of ground subsidence disaster investigation team (Japanese 

Geotechnical Society). Then, this file was converted to GIS database format (polygon and 

point) using ArcGIS Pro software. Constructed ground subsidence area data was used for 

EGSSM mapping and verification of prediction accuracy. Constructed layers of each 

factor are listed in Table 3 and presented in Figure 9-11. 
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Table 3. Considered seven conditioning factors and location of ground subsidence. 

Factors Data type Data source 

Ground subsidence area Polygon and Point Japanese Geotechnical Society 

Geology, Lithology Polygon 

National Land Information Division  

(MLIT of Japan) 
Slope Polygon 

Land use Polygon 

Ground water level Point Borehole database (Utsuki Geo Solution) 

Distance from railroad Line National Land Information Division  

(MLIT of Japan) Precipitation Polygon 

MMI Point Meteorological agency of Japan 

 

 

 

Figure 9. Constructed data of each factor for Higashi-Ward. a lithology, b slope, c land 

use, d ground water level, e distance from railroad and subway line, f precipitation g 

MMI. 

 

a 
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Figure 9. (continued) 

b 

c 
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Figure 9. (continued) 

 

d 

e 

Akita University



 

40 

 

 

 

 

 

 

Figure 9. (continued) 

 

f 

g 
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Figure 10. Thematic layers of ground subsidence trigger factors for Kiyota-Ward. a 

geology, b slope, c land use, d ground water level e distance from railroad, f 

precipitation, g MMI. 

 

 

 

a b 
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Figure 10. (continued) 

 

c d 

e f 
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Figure 10. (continued) 
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Figure 11. Thematic layers of ground subsidence trigger factors for Sapporo. a geology, b 

slope, c land use, d ground water level e distance from railroad, f precipitation, g MMI. 

 

a 
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Figure 11. (continued) 

 

 

c 
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Figure 11. (continued) 

 

e 
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Figure 11. (continued) 

 

3.4 Borehole Database 

Information from the borehole is essential to identify and evaluate the earthquake-

induced soil liquefaction (Lu et al. 2017 and Lai et al. 2020). The damage risk from 

earthquake-induced ground subsidence is critical to big cities more than rural areas. Thus, 

it is very important to secure and utilize abundant borehole data for assessment of ground 

subsidence susceptibility in urban areas.  

In this study, borehole databases of Sapporo produced by Consulting company of 

Utsuki Geo Solution were used for preparing data of ground water level. Also, these data 

were used for understanding geological deposition close to the surface for study area. 

g 
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Normally, it is hard to get borehole databases for urban areas. However, for the purpose 

of risk reduction and management in urban areas, researchers can get the borehole data 

from reliable agencies or companies. Moreover, by gathering borehole databases for 

other main cities not only Sapporo and systemizing it by sum of all the data, it can be 

applied approach of this study for real situation, more properly. Figure 12 shows flow of 

ground water level data extraction from raw databases (borehole data) and Figure 13 

shows the location of boreholes. For the first step, only ground water level data was 

extracted from 3D type of borehole data and arranged as a table with information of 

longitude, latitude and ground water level (m) for Sapporo using Excel software. 

Extracted total number of data were 4,814 for entire area of Sapporo city. Then, inverse 

distance weighting (IDW) interpolation method was used with 4,814 ground water level 

data using ArcGIS software. From the results of IDW method, data was re-extracted for 

constructing GIS database of target areas using clip tool in ArcGIS Pro. Finally, layer of 

ground water level for study area was constructed with 605 borehole databases for 

Higashi-Ward, 134 borehole databases for Kiyota-Ward and 4,814 borehole databases for 

entire area of Sapporo city.  
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(a) Raw data (borehole data) 

 

(b) Extracted data of target area 

Figure 12. Flow of construction for GIS databases from raw data. 
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(c) Constructed GIS database 

Figure 12. (continued) 

 

 

Figure 13. The location map of original borehole databases. 
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3.5 Analysis Methods 

3.5.1 Frequency Ratio Model 

Frequency ratio model is a quantitative and probability analysis method which is 

frequently and widely used with reliable results to assess and predict the susceptibility of 

disasters (Ding et al. 2017; Yalcin et al. 2011; Cao et al. 2016; Lee and Park. 2013; 

Arabameri et al. 2021).  The strength of FR model is, it could be applicated easily with 

simple calculation to the assessment of vulnerability index of hazard risks. In addition, 

this method has great interconvertible with GIS technique which is now widely used 

around the world (Intarawichian and Dasananda, 2011; Oh and Lee, 2011). 

Relationship between conditioning parameters and ground subsidence area is 

important for the evaluation of ground subsidence susceptibility. And this relationship 

could be considered from relationship between conditioning parameters and the areas 

where ground subsidence has not occurred (Rasyid et al. 2016). To analysis this co-

relationship, frequency ratio approach was applicated in this study. 

FR values of each factor were calculated by using Eq 1. 

 

 𝐹𝑅 =  
𝑃(𝑠𝑓) / ∑ 𝑆𝑃

𝑃(𝑐𝑓) / ∑ 𝐶𝑃
 (1) 

 

where, P(sf) number of pixels of ground subsidence within class c of factor f, 

∑SP total pixels of ground subsidence area, P(cf) number of pixels in class c of factor f, 

and ∑CP total pixels of the area.  
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Calculated FR values are normalized from 0 to 1 by dividing FR of classes within 

a factor by total FR of the factor. This normalized ratio value is the relative frequency 

(RF) and RF has defection that consider all conditioning factors as equal weight. To solve 

this problem and also consider mutual interrelationship among selected factors (weights 

of individual factors related with ground subsidence), prediction rate (PR) was calculated 

(Acharya and Lee, 2019; Ullah and Zhang, 2020). 

 

 𝑃𝑅 =  
(𝑀𝑎𝑥 𝑅𝐹 − 𝑀𝑖𝑛 𝑅𝐹)

(𝑀𝑎𝑥 𝑅𝐹 − 𝑀𝑖𝑛 𝑅𝐹)𝑀𝑖𝑛 𝑅𝐹
 (2) 

 

Using PR values, ground subsidence susceptibility index (GSSI) was calculated 

by combining PR values of each factor and RF values of each class as below: 

 

 𝐺𝑆𝑆𝐼 =  ∑ 𝐼𝑁𝑇(𝑅𝐹𝑐) ∗ 𝑃𝑅𝑓 (3) 

 

where, 𝑅𝐹𝑐 RF values of each class within factor, 𝑃𝑅𝑓 PR values of each factor. 

FR indicates subsidence occurred areas to the total areas of the study. FR value of 

1 means the average and higher FR value than 1 indicates that the conditioning factor has 

a higher influence on ground subsidence. Lower FR value than 1 means the parameter 

has lower influence on ground subsidence (Akgun et al. 2008; Khan et al. 2019). And 

calculated GSSI was utilized for the construction of EGSSM. 

Akita University



 

53 

 

3.6 Validation Method 

3.6.1 Area Under Curve (AUC) 

The predicted result on potential risk of earthquake-induced ground subsidence in 

study area was verified using area under curve (AUC) method which is widely used to 

assess the performance of prediction models. (Bradley, 1997). Accuracy of prediction 

result was evaluated by comparing constructed ground subsidence vulnerability map with 

investigated past ground subsidence areas. For this, subsidence susceptibility indices 

were used to draw the rate curve. All grid indices in the study area were reclassified in 

descending order to generate this rate curve. In the next step, as cumulative 1 percent 

intervals, the reclassified grid values were divided into 100 classes. Generated rate curve 

indicates how well the considered trigger factors and applicated model predict the 

potential ground subsidence. As a consequence, the area under the curve approach can be 

used to evaluate the prediction accuracy, qualitatively. (Lee and Dan, 2005; Lee et al. 

2012). Then, area under curve was calculated to compare the results. 
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Chapter IV 

Results and Discussion 

4.1 Analysis results of ground subsidence susceptibility in Higashi-Ward 

4.1.1 Probability of ground subsidence 

FR values of all seven factors were calculated by using frequency ratio model as 

shown in Table 4. Considered seven factors in this study are lithology, slope, land use, 

ground water level, distance from railroad and subway line, precipitation (Rainfall) and 

intensity of earthquake (MMI). Also, to analysis weightage for seven factors and 

construct ground subsidence susceptibility map PR values were calculated from RF.  

In the case of lithology, only class of Late Pleistocene to Holocene marine and 

non-marine sediments had FR over 1 (1.07) and this result indicates having high ground 

subsidence probability. Also, FR of Late Pleistocene to Holocene swamp deposits class 

had FR value of 0.96 and it indicates less probability to ground subsidence than FR value 

greater than 1. Rest classes had FR value of 0.24 and 0, respectively which means low 

probability or no likelihood of ground subsidence.  

For degree of slope, higher FR values were shown as gradient increased up to 1.3 

and peak FR value was 1.98 at degree of 0.4 to 1.3. Results of gradient from 1.4 to 12.9 

were indicated very low probability of ground subsidence in the study area. 

Land use is an important factor regarding ground subsidence hazard in the urban 

area, because of the risk of damage of properties and human lives is high. Land use factor 

was divided into subclasses as building site, waste land, etc. land, riverside and lake, farm 
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land, forest, railroad and road. Among the classes, railroad and road classes were denoted 

very high subsidence probability had FR of 15.78 and 7.69, respectively. Also, the FR 

values were greater than 1 in the class of building sites, farm land and forest. This result 

indicates, at railroad and road are more prone to ground subsidence than other land use 

sites in this study area. 

Subsidence probability for ground water level, had high FR values at 5.21-7.16 

and 7.17-9.27 m with ratio of 2.38 and 2.21, respectively and this denotes that high 

probability of ground subsidence at this range of ground water level. 

For distance from railroad and subway line, only had highest FR value of 2.77 

from 0 to 1,000 m and denoted very low probability over 1,000 m. This result indicates 

susceptibility of ground subsidence is higher as closer to railroad or subway line. Also, 

this result shows agreement with reported actual ground subsidence area information. 

In the case of precipitation, data of three-decade averages of climatological 

variables were used. FR values were higher as precipitation increase within range 0 to 

9,847 mm. And indicated highest probability of subsidence at the range of 9,769 to 9,847 

mm which had FR value of 2.42. 

For MMI, as intensity of earthquake increase, the FR values denoted higher from 

range of 7.5 to 8.9 in the area. Highest FR value of 12.47 were for class of 8.3 to 8.9 and 

this result indicates very high ground subsidence probability. 
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Table 4. FR values for all classes of each factor for Higashi Ward. 

Factor Classes Class pixels (%) 
Subsidence 

Pixels (%) 
FR 

Lithology 

Late Pleistocene to 

Holocene marine and 

non-marine sediments 

66.50 71.45 1.07 

Late Pleistocene to 

Holocene fan deposits 
2.52 0.60 0.24 

Late Pleistocene to 

Holocene swamp 

deposits 

29.07 27.95 0.96 

water 1.91 0.00 0.00 

Slope 

(Degree) 

0-0.3 87.74 80.48 0.92 

0.4-1.3 9.85 19.52 1.98 

1.4-3.5 1.55 0.00 0.00 

3.6-6.1 0.59 0.00 0.00 

6.2-12.9 0.27 0.00 0.00 

Land use 

Building site 46.90 52.67 1.12 

Waste land 10.45 3.62 0.35 

Etc. land 13.22 4.55 0.34 

Riverside and lake 23.89 4.50 0.19 

Farm land 1.81 1.88 1.04 

Forest 1.41 3.97 2.82 

Railroad 1.35 21.33 15.78 

Road 0.97 7.47 7.69 
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Table 4. (continued) 

Factor Classes Class pixels (%) 
Subsidence 

Pixels (%) 
FR 

Ground 

water level 

(m) 

0-3.65 7.70 0.00 0.00 

3.66-5.20 53.02 15.22 0.29 

5.21-7.16 23.19 55.21 2.38 

7.17-9.27 13.39 29.57 2.21 

9.28-13.54 2.70 0.00 0.00 

Distance 

from  

railroad and 

subway line 

(m) 

0-1,000 36.05 100.00 2.77 

1,001-2,000 25.76 0.00 0.00 

2,001-4,000 7.76 0.00 0.00 

4,001-6,000 15.98 0.00 0.00 

6,001-9,000 14.44 0.00 0.00 

Precipitation 

(mm) 

0-9,704 36.12 17.24 0.48 

9,705-9,768 46.34 62.51 1.35 

9,769-9,847 8.35 20.25 2.42 

9,848-10,046 8.18 0.00 0.00 

10,047-10,264 1.01 0.00 0.00 

MMI 

5.0-6.8 2.42 0.00 0.00 

6.9-7.4 3.93 0.00 0.00 

7.5-7.8 60.29 16.34 0.27 

7.9-8.2 27.83 14.68 0.53 

8.3-8.9 5.53 68.98 12.47 
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4.1.2 Interrelationship between factors and ground subsidence 

After preparation of all factor layers related with ground subsidence, to construct 

final ground subsidence susceptibility map of study area, PR value (weight) of each 

factor were calculated from prepared RF values using frequency ratio model. Table 5 

shows calculated weight of each factor and weight rank. Highest rank of factor was 

Railroad and subway line and this means the factor has high influence to ground 

subsidence. MMI has second highest PR value after rank 1 factor. Slope and Precipitation 

have some influence to predict ground subsidence occurrence. Lithology, Land use and 

Ground water level have low contribution to subsidence than other 4 factors in this study.  

 

Table 5. Weight of each factor and rank for Higashi Ward. 

Factor Rank PR (Weight) Factor Rank PR (Weight) 

Lithology 7 1.00 Railroad and 

subway line 

1 2.12 

Slope 3 1.45 

Land use 5 1.13 Precipitation 4 1.21 

Ground water level 6 1.03 MMI 2 1.99 

4.1.3 Overlay analysis between conditioning factors 

From these results, three thematic maps were constructed to analysis how the 

factors will be affected to prediction of final ground subsidence susceptibility as shown in 

Figures 14 to 16. This analysis was performed except for lowest weight data of lithology. 

Figure 14 shows GSSI of overlaid layers of land use and ground water level. Calculated 

GSSI values were from 0 to 109.33. In this map, GSSI values were high (values from 
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72.89 to 109.33) along the roads. Also, index from 36.44 to 72.89 was showed in the 

building sites with high ground water level. This result indicates that roads and building 

sites where located on the areas with high ground water level are more vulnerable to 

ground subsidence. And this information was reflected in the final EGSSM. 

 

 

Figure 14. Result of overlay analysis between factor land use and ground water level. 

 

Overlaid layers of slope and precipitation had GSSI values from 0 to 167.57 as 

shown in Figure 15. High GSSI values (111.71 – 167.57) were showed at very low 

degree of slope and areas with moderate amount of rainfall. But the entire of study area is 

a flat area with almost no slope and also there is not much precipitation, annually. For 

this reason, slope and precipitation had little effect on ground subsidence occurrence in 

this study. 
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Figure 15. Result of overlay analysis between factor slope and precipitation. 

 

Figure 16 shows overlaid factor layers of railroad and subway line and MMI. 

These two factors had highest weights among the seven factors and ground subsidence 

susceptibility index was from 0 to 397.07. This result showed the areas closer to railroad 

and subway line and had high intensity of earthquake are more prone to occur ground 

subsidence than other areas. Thus, it also showed that areas where farther from railroad 

and subway line and has low MMI are relatively has lower susceptibility index. 

Accordingly, this result had most influence to the construction of final ground subsidence 

susceptibility map. 
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Figure 16. Result of overlay analysis between factor railroad and subway line and MMI. 

 

4.1.4 Susceptibility map and validation 

Using PR weight of each factor, GSSI was calculated by Eq. 3 and finally, ground 

subsidence susceptibility map was constructed as shown in Figure 17 using ArcGIS Pro 

2.4.3 software. Range of ground subsidence susceptibility index was from 29. 38 to 

635.33 in this study. Also, ground subsidence susceptibility index was divided in 5 

classes as follow: Very low (29.38 - 149.77), Low (149.77 - 271.16), Moderate (271.16 - 

392.55), High (392.55 - 513.94) and Very high (513.94 - 635.33). Results of verification 

are shown in Figure 18. This result indicates that, 49 % of all ground subsidence has 

occurred in 10 % of study area where having high ground subsidence susceptibility index 

rank. Also, in 25 % of study area, occurred 85.17 % of all ground subsidence and all of 
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ground subsidence has occurred in 40 % of study area. Calculated total AUC value was 

8516.56 and this means prediction accuracy of 85.17 % as result of verification. 

 

 

 

 

 

 

Figure 17. Earthquake-induced ground subsidence susceptibility map for Higashi Ward. 
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Figure 18. Verification result and accuracy of constructed EGSSM for Higashi Ward. 
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4.2 Analysis results of ground subsidence susceptibility in Kiyota Ward 

4.2.1 Probability of ground subsidence 

FR values of all seven factors including geology, slope, land use, ground water 

level, distance from railroad, precipitation and MMI are given in Table 6. These FR 

values are show how much the classes of each factor have influenced on earthquake-

induced ground subsidence occurrence in the study area. 

For geology, only the class of diluvial gravel had high FR values of 2.31 that 

indicates high probability of ground subsidence. Other classes had FR values of 0 and 

this means there is no possibility of subsidence.  

In the case of slope, highest FR value was 2.21 at lowest degree from 0.2 to 3.27. 

And also, showed high probability of subsidence at low degree from 3.27 to 6.34 with FR 

value of 1.69. This result denotes that high probability of ground subsidence at areas with 

low slope angle in study area. 

Factor of land use was divided into 8 subclasses including building site, forest, 

farm land, etc. land, lake, golf course, road and waste land. At the classes of etc. land and 

road had FR values of 1.17 and 1.90 respectively. Highest FR value of 3.40 was shown at 

the class of building site. This indicates very high probability of ground subsidence in 

this area and this is may be due to the characteristics of building site in study area. The 

building site is composed with residential area and constructed on the hilly area using cut 

and fill method. And volcanic ash soil was used as fillings but this soil is vulnerable to 

liquefaction during the earthquake shaking. As a result, this leads to high probability on 

ground subsidence, especially in the residential area.  
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For ground water level, probability was high at the range of 60.02-65.47 m and 

65.57-72.84 m with FR value of 2.01 and 3.39, respectively. And showed slightly prone 

to ground subsidence at 43.15 to 50.51 m with ratio of 1.11.  

In the case of distance from railroad, since there are no railroads in the study area, 

it was considered from the railroad data in other nearby wards in Sapporo. Peak FR value 

of 5.48 was showed at 3 to 5 km. From 1 to 3 km had FR value of 0.31 which indicates 

having very low probability of ground subsidence. 

Subsidence probability for precipitation had highest FR value of 2.62 at the range 

of 9,808 to 10,226 mm and found no likelihood of ground subsidence at other classes. 

For MMI, subsidence probability was increased as the intensity goes higher. Peak 

FR value of 3.47 was found at class of 7.5 to 8.0. This result indicates that areas where 

influence by strong intensity of earthquake are prone to ground subsidence. 
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Table 6. FR values for all classes of each factor for Kiyota Ward. 

Factor Classes Class pixels (%) 
Subsidence 

pixels (%) 
FR 

Geology 

Diluvial gravel 
43.37 100.00 2.31 

Sandstone, mudstone,  

gravel stone 
30.09 0.00 0.00 

Volcanic ash loam 
21.96 0.00 0.00 

Gravel and clay 4.58 0.00 0.00 

Slope 

(Degree) 

0.2-3.27 28.64 63.27 2.21 

3.27-6.34 21.76 36.73 1.69 

6.34-9.99 29.17 0.00 0.00 

9.99-14.18 14.90 0.00 0.00 

14.18-22.90 5.53 0.00 0.00 

Land use 

Building site 25.83 87.76 3.40 

Forest 59.56 1.02 0.02 

Farm land 2.39 0.00 0.00 

Etc. land 6.09 7.14 1.17 

Lake 0.95 0.00 0.00 

Golf course 2.45 0.00 0.00 

Road 2.15 4.08 1.90 

Waste land 0.58 0.00 0.00 

Ground water 

level (m) 

19.79-33.21 2.35 0.00 0.00 

33.21-43.15 4.81 1.02 0.21 

43.15-50.51 6.44 7.14 1.11 

50.51-55.97 21.23 13.27 0.62 

55.97-60.02 37.19 4.08 0.11 

60.02-65.47 14.73 29.59 2.01 

65.47-72.84 13.25 44.90 3.39 
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Table 6. (continued) 

Factor Classes Class pixels (%) 
Subsidence 

pixels (%) 
FR 

Distance from 

railroad (Km) 

0-1 2.11 0.00 0.00 

1-3 16.26 5.10 0.31 

3-5 17.31 94.90 5.48 

5-7 17.22 0.00 0.00 

7-9 19.24 0.00 0.00 

9-12 0.00 0.00 0.00 

12-15 0.00 0.00 0.00 

Precipitation 

(mm) 

9,808-10,226 38.13 100.00 2.62 

10,226-10,874 5.46 0.00 0.00 

10,874-11,457 12.07 0.00 0.00 

11,457-12,474 31.41 0.00 0.00 

12,474-14,224 12.94 0.00 0.00 

MMI 

6.4-7.0 38.69 0.00 0.00 

7.0-7.5 34.24 6.12 0.18 

7.5-8.0 27.08 93.88 3.47 
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4.2.2 Interrelationship between factors and ground subsidence 

From the results of FR values for all classes of each factor, RF value was prepared 

for normalization from 0 to 1. Then, to identify the major ground subsidence trigger 

factors, PR was calculated using frequency ratio model. PR values denote weights of 

each ground subsidence conditioning factor and calculated PR values are presented in 

Figure 19. Results showed that precipitation and geology were most influential factors on 

ground subsidence among the 7 subsidence conditioning factors. MMI was second most 

influential factor and distance from railroad had also high contribution to ground 

subsidence occurrence with PR value of 2.08. Relatively, factor of ground water level, 

land use and slope have low influence in this study area. 

 

Figure 19. PR values for all ground subsidence conditioning factors in Kiyota Ward. 
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4.2.3 Overlay analysis between conditioning factors 

Before construct the final hazard map, to identify how each factor would affect 

the final outcome, overlay analysis was performed with 6 subsidence trigger factors 

except ground water level that having lowest weight on ground subsidence. For this 

purpose, 3 overlaid maps were constructed between factor of (1) land use and slope, (2) 

MMI and distance from railroad and (3) precipitation and geology, respectively (Figure 

20-22). Figure 20 presenting the result of overlaid layer of land use and slope and 

calculated GSSI value was from 0 to 129.80. Highly prone to ground subsidence areas 

were found in residential areas with low hill or plain areas. This is because the residential 

area was constructed after cutting the hilly areas and filling with volcanic ash soil as 

mentioned in the results of FR values. This indicates residential site of the study area is 

very vulnerable to ground subsidence that influenced by earthquake. 
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Figure 20. Result of overlay analysis between factor of land use and slope. 

 

Result of calculated GSSI values between factor of MMI and distance from 

railroad had from 0 to 394.07 as shown in Figure 21. High GSSI values from 208.62 to 

394.07 were showed at the areas where influenced by high intensity of earthquake (7.5 - 

8.0) and close to the railroads (1 - 5 km). This result denotes that risk of ground 

subsidence is high under the condition of MMI over 7.5 and areas located within 5 km 

from railroads in the study area. Also, this result had highly influence to the mapping of 

EGSSM. 
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Figure 21. Result of overlay analysis between factor of MMI and distance from railroad. 

 

Factor of precipitation and geology were had highest weight among all ground 

subsidence conditioning factors. And this indicates these two factors had the greatest 

impact on the ground subsidence occurrence in this study. GSSI value was also very high 

having maximum 440 against results of 2 other overlaid layer (Figure 22). High index 

values were found in areas composed with diluvial gravel and had lowest total amount of 
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precipitation. Probability of prone to ground subsidence was high at the range of lowest 

total amount of rainfall during the past 30 years, but this can be explained as because 

there was intensive rainfall when the 2018 Hokkaido eastern Iburi earthquake have 

occurred. 

 

Figure 22. Result of overlay analysis between factor of precipitation and geology. 
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4.2.4 Susceptibility map and validation 

From the prepared RF and PR values of all factors, GSSI was calculated by using 

Equation (3) and EGSSM was constructed as shown in Figure 23. GSSI of predicted 

EGSSM was ranged from 1 to 1008.87 in this study. For better identification, GSSI was 

reclassified by dividing into 5 levels including very low (1-143.29), low (143.29-396.24), 

moderate (396.24-653.15), high (653.15-862.13) and very high (862.63-1008.87). In the 

study area, total 98 points of actual ground subsidence have occurred. Against the final 

hazards map, it was found that all of ground subsidence have occurred in areas having 

high and very high ground subsidence susceptibility. Total 88.78% of ground subsidence 

have occurred in very high-level areas of GSSI and 11.22% have occurred in high level 

areas (Table 7). 
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Figure 23. Earthquake-induced ground subsidence susceptibility map for Kiyota Ward. 

Table 7. Subsidence points percentage for GSSI level of predicted EGSSM. 

GSSI level Number of Subsidence point Subsidence percentage (%) 

Very low 0 / 98 0 

Low 0 / 98 0 

Moderate 0 / 98 0 

High 11 / 98 11.22  

Very high 87 / 98 88.78 
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In this study, area under curve (AUC) was applied for the vilification of the 

predicted EGSSM for study area. Prediction accuracy of EGSSM was evaluated by 

comparing with actual ground subsidence area as stated above and result is shown in 

Figure 24. Verification result showed that, 89% of all ground subsidence have occurred 

in 10% of study area having high ground subsidence susceptibility index level. Also, in 

25 % of study area, occurred 95 % of all ground subsidence and all of ground subsidence 

has occurred in 32 % of study area. Calculated total AUC value was 9614.286 and this 

denotes that 96.14% of prediction accuracy of constructed EGSSM. 

 

Figure 24. Verification result and accuracy of constructed EGSSM for Kiyota Ward. 
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4.3 Analysis results of ground subsidence susceptibility in Sapporo 

4.3.1 Probability of ground subsidence 

To identify the relationship between ground subsidence and 7 ground subsidence 

conditioning factors, FR values were calculated using frequency ratio model. Table 8 

shows calculation results of chosen 7 factors as follows: geology, slope (degree), land 

use, ground water level, distance from railroad and subway line, precipitation and MMI. 

These results indicate how much the classes of each factor have influenced on 

earthquake-induced ground subsidence occurrence in the study area. 

Factor of geology was divided into 5 classes include andesite, volcanic gravel, 

gravel and clay, sandstone, mudstone and gravel and volcanic ash and loam. In the 

relationship between ground subsidence and geology, classes of volcanic gravel had 

highest FR value of 6.35 that means having high probability of ground subsidence. And 

showed slightly prone to ground subsidence at the class of gravel and clay as FR value of 

1.79.  

Slope angle sub-classified to 5 classes as degree range from 1 to 40.7. Peak FR 

value was 1.64 at lowest degree from 1 to 4.6. And showed FR values over than 1 at the 

degree of 18.3 to 25. From this result, it was founded that there was no particular 

correlation between ground subsidence and steepness of the slope angle in this study area. 
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Table 8. FR values of seven ground subsidence conditioning factors for Sapporo. 

Factor Classes 
Class pixels 

(%) 

Subsidence 

pixels (%) 
FR 

Geology 

Andesite 
25.60 0.00 0.00 

Volcanic gravel 
7.96 50.52 6.35 

Gravel and clay 
27.69 49.48 1.79 

Sandstone, mudstone, 

gravel 

36.41 0.00 0.00 

Volcanic ash and loam 2.35 0.00 0.00 

Slope 

(Degree) 

1-4.6 37.72 61.86 1.64 

4.6-11.6 20.88 5.15 0.25 

11.6-18.3 19.51 9.28 0.48 

18.3-25 16.27 23.71 1.46 

25-40.7 5.62 0.00 0.00 

Land use 

Forest 66.64 0.52 0.01 

Lake 2.18 0.00 0.00 

Etc. Land 4.70 0.52 0.11 

Building site 18.73 84.54 4.51 

Waste land 2.73 0.00 0.00 

Golf course 0.48 0.00 0.00 

Farm land 2.79 0.00 0.00 

Road 1.44 14.43 10.00 

Rice paddy 0.05 0.00 0.00 

Railroad 0.26 0.00 0.00 
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Table 8. (continued) 

Factor Classes 
Class pixels 

(%) 

Subsidence 

pixels (%) 
FR 

Ground water level (m) 

0-35.20 32.05 100.00 

3.12 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

35.20-59.05 31.58 0.00 

59.05-95.33 28.69 0.00 

95.33-150.53 6.51 0.00 

150.53-234.53 0.69 0.00 

234.53-362.34 0.30 0.00 

362.34-556.81 0.18 0.00 

Distance from railroad 

and subway line (Km) 

0-1 16.12 49.48 3.07 

1-5 34.29 50.52 1.47 

5-10 27.24 0.00 0.00 

10-15 15.40 0.00 0.00 

15-20 6.91 0.00 0.00 

20-25 0.00 0.00 0.00 
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Table 8. (continued) 

Factor Classes 
Class pixels 

(%) 

Subsidence 

pixels (%) 
FR 

Precipitation (mm) 

9,448-10,735 26.00 100.00 3.85 

10,735-12,186 8.99 0.00 0.00 

12,186-13,318 23.09 0.00 0.00 

13,318-14,312 27.83 0.00 0.00 

14,312-15,513 13.24 0.00 0.00 

15,513-18,153 0.84 0.00 0.00 

MMI 

5.00-5.81 5.84 0.00 0.00 

5.81-6.34 33.12 0.00 0.00 

6.34-6.81 31.08 0.00 0.00 

6.81-7.36 19.55 48.45 2.48 

7.36-8.02 10.05 18.56 1.85 

8.02-9.00 0.35 32.99 94.55 
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In the case of land use, it was sub-classified to 10 classes as below: forest, lake, 

etc. land, building site, waste land, golf course, farm land, road, rice paddy and railroad. 

Highest FR value of 10 was shown at the class of road. And also, showed high 

probability to ground subsidence at building site as FR value of 4.51. These results 

denote that where on or in around roads and building sites are highly prone to ground 

subsidence. 

Factor of ground water level was categorized into 7 classes in scope of 0 to 

556.81 m. Result showed only had high FR values as 3.12 at the range of 0 to 35.2 m.  

Other classes had FR values of 0 and this means very low possibility of subsidence. 

Distance from railroad and subway line was reclassified into 6 classes, ranging 

from 0 to 25 Km at intervals of 5 Km except first subclass (0 to 1 Km). About 

relationship between ground subsidence and distance from railroad and subway line, 

probability of ground subsidence was high from range of 0 to 10 Km. And peak FR value 

was 3.07 at the class of 0 to 1 Km. This indicates, where located closer to the railroad and 

subway line is more prone to ground subsidence. 

In the case of precipitation, total amount of rainfall in past 30 years was 

considered and categorized into 6 classes in range of 9,448 to 18,153 mm. Highest FR 

value of 3.85 was founded at class of least total amount of rainfall that range of 9,448 to 

10,735 mm and there was no likelihood of ground subsidence at other classes. 

Intensity of earthquake was divided into 6 classes as below: 5.00-5.81, 5.81-6.34, 

6.34-6.81, 6.81-7.36, 7.36-8.02, 8.02-9.00. Subsidence probability was high from the 

range of 6.81 to 9.00. Highest FR value was 94.55 at the class of highest intensity range 
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(8.02-9.00). This result denotes where influenced by high intensity of earthquake is more 

prone to ground subsidence. 

4.3.2 Interrelationship between factors and ground subsidence 

From the analysis results of correlation between ground subsidence occurrence 

and 7 selected conditioning factors, RF values were calculated to normalize the FR values 

as range of 0 to 1. Then, PR values were derived from RF for individual weightage of all 

considered 7 parameters in this study. PR values were utilized to calculation of GSSI and 

construction of EGSSM. Calculated PR values of 7 conditioning factors are presented in 

Figure 25. Results showed that factors of ground water level and precipitation were most 

influential factors on ground subsidence among the 7 subsidence conditioning factors. 

Also, MMI had high correlation with ground subsidence occurrence as PR values of 2.23. 

Geology, land use and railroad and subway line had some contribution to ground 

subsidence occurrence. Relatively, slope angle had low influence on ground subsidence 

in this study area. 
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Figure 25. PR values for all ground subsidence conditioning factors in Sapporo. 

 

4.3.3 Overlay analysis between conditioning factors 

From these results, overlay analysis was conducted with 6 ground subsidence 

causative factors to determine how each factor affects to EGSSM of study area. Analysis 

was performed except slope angle which had lowest influence on ground subsidence. For 

this purpose, 3 overlaid thematic maps were constructed between factor of (1) land use 

and distance from railroad and subway line, (2) geology and MMI, (3) ground water level 

and precipitation, respectively (Figure 26-28).  
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Figure 26. Result of overlay analysis between factor of land use and railroad and subway 

line. 

 

The overlay analysis result between factor of land use and distance from railroad 

and subway line is given in Figure 26. Calculated GSSI value was from 0 to 213.31 and 

higher GSSI value means more vulnerable to ground subsidence. From this overlaid 

layer, it was founded that building sites, roads and areas located to near the railroad 

subway line was highly susceptible to ground subsidence in this study. This indicates that 

areas consist with a large number of buildings including apartments, stores and other 

infrastructures had high potential risk of ground subsidence. And also, including roads, 

especially constructed on the underground structures such as subway lines. 

Figure 27 shows overlaid thematic map between geology and MMI. Result of 

calculated GSSI values had from 0 to 250.07. High GSSI values (42.17 to 250.07) were 
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founded at the areas composed with volcanic gravel, gravel and clay and influenced by 

strong MMI over than 6.34 (6.34 to 9.00). This result denotes that under condition of 

strong shaking by earthquake as intensity over 6.34, the ground composed with above 

soil types in the study area is prone to soil liquefaction phenomena and it leads to hazard 

of ground subsidence. 

 

Figure 27. Result of overlay analysis between factor of geology and MMI. 

 

Ground water level and precipitation had highest influence on the ground 

subsidence in this study. Figure 28 shows the analysis result of overlaid these two factors 

and GSSI value was from 0 to 466. Peak GSSI value was 466 and this means highest 

probability of ground subsidence among the results of 3 overlaid layers. High index 

values were identified in areas had lowest ground water level as range of 0 to 35.20 m 
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and least total amount of precipitation (9,448 to 10,735). When the 2018 Hokkaido 

eastern Iburi earthquake has occurred, there was intensive rainfall in Sapporo regions. 

Hence, despite the overlaid map showed very high vulnerability of ground subsidence at 

areas with least total amount of precipitation, it could be explained that there was ground 

deformation as the underground water level increased as a result of affected by this heavy 

rain. 

 

Figure 28. Result of overlay analysis between factor of ground water level and 

precipitation. 
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4.3.4 Susceptibility map and validation 

By combining calculated PR values of each factor and RF values of each class, 

GSSI was calculated for study area and EGSSM was constructed as given in Figure 29. 

Predicted EGSSM had GSSI values range of 0 to 971.38 in this study. And the GSSI 

values were reclassified to 5 subclasses as below: very low (0-114.28), low (114.28-

304.75), moderate (304.75-518.07), high (518.07-670.44) and very high (670.44-971.38). 

Investigated total ground subsidence points in the study area were 194 and 96 points had 

occurred in Higashi-Ward and 98 points had occurred in Kiyota-Ward of Sapporo. From 

the constructed EGSSM, it was identified that all of ground subsidence points have 

occurred in regions with very high vulnerability index. 

 

 

Figure 29. Earthquake-induced ground subsidence susceptibility map for Sapporo. 
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For the verification, predicted EGSSM was compared with investigated and 

prepared ground subsidence inventory. For this purpose, area under curve (AUC) was 

applied in this study and results are given in Figure 30. Verification result showed that, 

33.3 % of all ground subsidence have occurred in 10 % of study area having high ground 

subsidence susceptibility index level. Also, in 25 % of study area, occurred 70 % of all 

ground subsidence and all of ground subsidence has occurred in 29 % of study area. 

Calculated total AUC value was 8321.67 and this means 83.22 % of prediction accuracy 

of predicted EGSSM for Sapporo. 

 

Figure 30. Verification result and accuracy of constructed EGSSM for Sapporo. 
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Chapter V 

Conclusion and Recommendation 

5.1 Conclusion 

Disastrous damages are increasing in urban areas worldwide from the hazards of 

ground subsidence. Also, in many countries including Japan, a number of ground 

subsidence have occurred by earthquakes which is one of the major subsidence triggers. 

Restoration work has been carried out as a countermeasure after the damage but it costs 

high and also having difficulties on complete restore, especially in urban areas. 

Moreover, in previous studies, assessment of earthquake-induced ground subsidence in 

urban areas has not been well studied.  For the risk prevention and efficient hazard 

reduction, assessment of susceptibility on this multi-hazard is highly needed. Therefore, 

the aim of this study was predicting and mapping vulnerability on the risk of earthquake-

induced ground subsidence in the Higashi, Kiyota ward and Sapporo, Japan. In this 

article, statistical analysis method (Frequency ratio model) and GIS technique (ArcGIS 

Pro) were applied for this purpose. The achievements and contributions of this study is as 

follows: 

 

1.  Past ground subsidence location map was prepared from the investigated 

information in final report of 2018 Hokkaido Eastern Iburi earthquake performed 

by Japanese Geotechnical Society. Location map for the Higashi ward was 

prepared as polygon data. Other maps for Kiyota ward and Sapporo were 

prepared as points data with 98 and 194 subsidence location points, respectively. 
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2. Seven ground subsidence conditioning factors including geology (lithology), 

slope angle, land use, ground water level, distance from railroad and subway line, 

precipitation and intensity of earthquake (MMI) were considered and constructed 

as thematic layers. All factors were selected after literature review of past 

researches on ground subsidence for the accurate analysis results.  

 

3. Correlation between earthquake-induced ground subsidence and considered seven 

conditioning factors were identified using frequency ratio model. Results showed 

that factor of distance from railroad and subway line has highest influence to 

ground subsidence with weight of 2.12 in Higashi ward. In the case of Kiyota 

ward, factor of geology and precipitation were most influential factors on 

subsidence with weight of 2.2. For Sapporo, factors of ground water level and 

precipitation had highest influence to the earthquake-induced ground subsidence, 

as weight of 2.33. Also, factor of MMI was one of the major trigger factors as 

weight of 2.23. 

 

4. Produced earthquake-induced ground subsidence susceptibility map (EGSSM) for 

each Higashi, Kiyota ward and Sapporo using weights of each factors and ground 

subsidence susceptibility index (GSSI). For easier understanding, vulnerability of 

ground subsidence was reclassified and expressed into 5 classes: very low, low, 

moderate, high and very high. Ground subsidence vulnerability was very high on 

the subway lines in Higashi ward and residential areas in Kiyota ward. High 

vulnerability areas of ground subsidence in Sapporo were widely distributed over 

Akita University



 

90 

 

multiple administrative districts except Minami-Ward. However, specifically, 

very high subsidence vulnerability level areas were showed at railroads, subway 

lines and building sites including residential areas. 

 

5. Performance of hazard mapping system was assessed by area under curve (AUC) 

approach by comparing results of prepared past ground subsidence location map 

and constructed EGSSM. Verification results showed prediction accuracy of 

83.22% for Higashi ward, 96.14% for Kiyota ward and 83.22% for entire area of 

Sapporo. 

 

The findings of present study have showed major ground subsidence causative 

factors on earthquake-induced ground subsidence in Sapporo and also, produced EGSSM 

with reliable prediction accuracy. These results could be helpful to the disaster risk 

reduction and management in urban areas. Moreover, by providing information of 

weakness location on ground subsidence for the specific areas, EGSSM can be used as an 

efficient material for the city planners and engineers for making appropriate decision on 

development or reinforcement plans. 
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5.2 Recommendation 

This study made new attempt on the assessment of the earthquake-induced ground 

subsidence in Sapporo and produced reliable hazard map. However, there were several 

defects in aspects of data collection, data analysis, applicated model and verification. 

Problems detected in the current study are as follows: 

 

1. Data collection: In general, when perform the geospatial analysis as well as 

hazards assessment, original data sources can be obtained from reliable agencies 

and organ of government. In this regard, it is highly needed the cooperation of 

maintaining and providing recent information through possible continuous 

scrutiny for the reliable and accurate analysis. For instance, the status of land use 

due to accelerating development in urban areas is likely to change over time.  

 

2. Data analysis: In the case of factor of ground water level, the layer was prepared 

using Inverse distance weighting (IDW) interpolation method was used with 

borehole databases. However, in the case of study area of Sapporo is nearly half 

of the area consists of mountainous areas and borehole data was couldn’t obtained 

and used for this area. Result of IDW analysis without borehole databases of the 

area be relatively inaccurate. Thus, more careful consideration is needed about 

this point in the future works. 

 

3. Analysis model: In this study, only one statistical model (frequency ratio model) 

was applicated for the hazard assessment based on GIS technique. Frequency ratio 
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model is widely used from past to present and showed good performance on the 

research of various hazards assessment. However, in many of current studies 

proposed model application of various quantitative analysis models such as 

artificial neural networks for the comparison. Thus, more progressed model 

should be applicated for the future work to improve the performance.  

 

4. Verification: Applicated AUC method for the verification of constructed hazard 

map could be insufficient to provide a convincing assessment of the model. To 

overcome this shortcoming, the model should be validated by using a second 

dataset. Thus, in future work, data of ground subsidence location should be 

divided into two datasets and be used for the model testing and verification, 

respectively. 
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