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Abstract 

A massive rock slope of about 250 m height, intersected by 70-m-thick clay-bearing rock at 

its foot wall, has been formed at the Higashi-shikagoe limestone quarry, and has experienced 

slope failures four times. Consequently, behavior of the rock slope has been monitored by 

measuring surface displacement along the rock slope with an automated polar system (APS) 

since 2002. In this study, the mechanism of long-term deformation of the rock slope observed at 

the quarry was investigated using field measurement and numerical analysis.  

The relative displacement at 18 mirror points for more than seven years was analyzed to 

clear deformation characteristics of the rock slope. It was found that the distance between the 

beam generator and each mirrors revealed a continuous rate of gradual decrease. It was also 

found that forward movement of the rock slope toward the southern side of the quarry is the 

dominant component of the displacement vectors. 

Thus, the main cause of the observed continuous deformation was evaluated using two-

dimensional (2-D) finite element method. Firstly, the effects of limestone excavation at foot wall 

of the rock slope, the deterioration of the 70-m-thick clay-bearing rock distributed at foot of the 

rock slope, and shear failure of rock mass due to water infiltration on the slope displacement 

were investigated. It was found that the calculated results of rock slope displacement induced by 

deterioration of the existing layer of clay-bearing rock qualitatively agreed with measured results 

at the north-side and center of the quarry. However, the magnitude of the calculated 

displacements is significantly smaller than that of measured displacements. This implied that the 

rock slope at the quarry is likely not deformed mainly by deterioration of the clay-bearing rock. 

The results also reveal that the rock slope displacement at south- side of the quarry is mainly 

caused by excavation at the floor wall if the horizontal stress is sufficiently large. To clarify 

effect of the existing layer of clay-bearing rock on the slope displacement, elasto-plastic analysis 

was carried out. Again, it was found that displacement induced by excavation is quite significant 

if clay-bearing rock behaves as an elasto-plastic material and the horizontal stress is large 

enough.  

Three-dimensional (3-D) elastic analysis was proposed to evaluate the effect of regional 

stress arising from mining on the rock slope deformation. At first, three 3-D meshes of different 

model sizes were generated to clear the effect of boundary conditions. The results show that 

model with a size of four times larger than that of the mining area is large enough for simulation. 
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Subsequently, regional stress state and Young’s modulus were estimated by back analysis of 

mining-induced deformation. The findings are as follows; (a) the estimated stress state of the 

quarry is almost uniaxial compression with the maximum principal stress range of -2.10 to -2.62 

MPa, (b) the magnitude and direction of regional stress is independent of Young's modulus of 

the existing layer of clay-bearing rock, (c) Young's modulus, 3.5 - 4.6 GPa estimated by back 

analysis is close to that of Young's modulus, 4.01 GPa estimated by GSI, and (d) the direction, 

N21°W of the estimated maximum principal stress is close to that of measured stress, N18°W. 

Thus, the stress state in the quarry could also be influenced by regional stress due to tectonic 

activity. 

Finally, to interpret mining-induced deformation from 2014 to 2017, a 3-D elasto-plastic 

analysis under regional stress was carried out using a model rotating technique newly proposed. 

The results show that the calculated results of the elasto-plastic analysis are closer to the 

measurement results than those of the elastic analysis. This means that the clay-bearing rock at 

the foot of the rock slope has shown plastic behaviors. However, countermeasure by rock bolts 

and shotcrete, which commenced in 2018, is expected to have inhibited the plastic deformation 

of the rock slope because the decreasing rate of change in distance became smaller since 2018. 
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1 Introduction 

1.1 Background  

The prediction and analysis of the stability of rock slopes are becoming more and more 

important research in rock engineering projects worldwide, including open-pit mines especially 

of large-scale slopes (Read and Stacey, 2009). In open-pit mining, as mining activities increase 

yearly, the depth of the mine increases as well as the height of its slope. Consequently, massive 

open rock slopes are often formed at the mining site, and such huge final slopes are sometime 

left after mining. Thus, the risk of landslides and instability of rock slope become inescapable. It 

is worth noting that the instability of the rock slopes in an open-pit mine endangers the lives of 

workers, damage property, affect mining operations and often cost excess dollars to restore the 

mine (Bye and Bell 2000; Kodama et al., 2009), consequently lead to economic losses. It is 

therefore, practical essential to study the stability of rock slopes to assess its stability, predict 

failure, and design possible countermeasures. These can ensure safe, smooth and effective open-

pit mining, and moreover minimize risks of landslides and slope failure. Traditionally, 

continuous monitoring of rock slope deformation has been the main method for assessing slope 

stability, mostly during the operation stage in open pit mines (Kodama et al., 2009).  

At Higashi-shikagoe limestone quarry, a massive rock slope of about 250 m height has been 

formed due to continuous mining activities (Amagu et al., 2021a, 2021b ). The rock slope is 

intersected by 70-m-thick clay-bearing rock at its foot wall. Not only that the rock slope at the 

quarry has experienced slope failures four times since 1996, but continuous deformation of the 

rock slope was also observed. In addition, the mechanism and the causes of the observed 

continuous rock slope displacement at the quarry are not well understood for more than two 

decades. Thus, monitoring of rock slope deformation through field measurement of surface 

displacement and numerical simulation are deemed necessary in assessing slope stability at 

Higashi-shikagoe limestone quarry. 

1.2 Literature review  

Many researchers have focused on prediction and analysis of the stability of rock slopes 

(Hoek and Bray, 1981; Goodman, 1989; Kaneko et al., 1997; Willie and Mah, 2004; Kodama et 

al., 2009). However, assessment of rock slope stability still poses a major challenge to rock 

engineering projects worldwide, including open-pit mines, especially of large-scale slopes (Read 
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and Stacey, 2009) as it requires wide knowledge of the geological structure, lithology, and 

geotechnical properties of the rock mass. Thus, case study of deformation and failures of rock 

slope, causes and analysis of rock slope deformation are reviewed in this section. Estimation of 

regional stress by back analysis and rock slope deformation due to excavation are also reviewed. 

1.2.1 Case study of deformation and failure of rock slope 

Instability of rock slopes have been a concern issue that commonly occurred in open-pit 

mines around the world. Cases of landslides and slope failures have commonly been reported in 

many countries such as Japan, China, Chile, South Africa, Indonesia, and so on (Yamaguchi and 

Shimotani, 1986; Fujita, 1997; Kolapo et al., 2022). For instance, sudden collapsed of 300,000-

400,000 m
3 

of rock slope has been reported in the Kagemori limestone quarry, Japan which was 

followed by the continuous development of cracks on the slope surface (Yamaguchi and 

Shimotani, 1986). Fujiita (1997) reported, for example, nearly 2700 landslides and slope failure 

disasters induced by rainfall effects in Japan (Fujiita, 1997). Some cases of slope failures in the 

studied quarry have also been described by Amagu et al (2021a) and Bandazi (2017).  

Hu et al. (2019) reported the slope failure that occurred at Yanqianshan iron mine in China. 

They confirmed that the eastern part of the slope collapsed as a result of mining activities and 

creeping of rock mass; these initiated the potential sliding of strata in the mine. Voight et al. 

(1979) also reported notable incident of slope failure in Chuquicamata mine, northern Chile, 

which was triggered by an earthquake. They stated that the slope movement progressed at a more 

or less steady rate until it fell in 1968. The Bingham Canyon landslide which occurred on 10 

April 2013 in the canyon open-pit copper mines, United States of America has been reported 

(Serna et al., 2016). Pankow et al (2014) examined seismograph, which showed that the landslide 

was triggered by several small earthquakes.  

An example of a slope failure that occurred during the transition of extraction from open-pit 

to the underground block caving method in Palabora mine, South Africa was reported by 

Brummer et al. (2006). They confirmed that the occurred slope failure was evident by the 

daylight caving of the zone as a result of intersections of four main faults crossing the pit and 

three dominant joint sets present at the mine. These studies implied that rock slope instabilities 

are becoming a major hazard in open-pit mines and often causing economic losses, property 

damages and maintenance costs, as well as injuries or fatalities. Thus, an understanding of the 
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continuous rock slope deformation mechanism at the Higashi-shikagoe limestone quarry is 

therefore a crucial issue to assess stability of the rock slope. 

1.2.2 Causes of deformation and failure of rock slope  

Identifying the causes of rock slope failures in mine is extremely important to ensure certain 

degree of the rock slope stability and design potential countermeasures to minimize risks related 

to operation safety. There have been significant researches on slope stability that investigated the 

causes of slope failure and its triggering factors (Read and Stacey, 2009; Gao et al., 2017; 

Kolapo et al., 2022). Failure in rock slopes occurs due to many reasons. Traditionally, there are 

several considerable factors governing stability of rock slope including geometry of the slope, 

characteristics of potential failure plane, geological structure and/or mechanical behavior of rock 

mass (Study committee on slope stability and environmental preservation in Chichibu area, 

1996; Yamaguchi et al., 1981; Nakamura et al., 2003), hydrogeological properties, rainfall and 

groundwater conditions (Fujiita, 1997; Sugiyama et al., 1995; Ishikawa et al., 2015; Sharifzadeh 

and Javadi, 2017; Ayalew et al., 2004, Cai and Ugai, 2004), seismicity and earthquake events 

(Ohtsuka and Matsuo, 1995; Orense, 2012; Dahal et al., 2006; Bommer and Rodrı’guez, 2002; 

Keefer, 2000), excavation (He et al., 2008; Kodama et al., 2013, Kaneko et al., 1996, Obara et 

al., 2000) and so on.  

Sha (2016) categorized factors affecting stability of rock slope as internal factors and 

external factors including mineral composition of the rock, rock types, geotechnical and 

structural strengths etc. Environmental factors such as earthquakes, rainfall, and weathering that 

can reduce the strength of the rock mass are also categorized as internal factors, while the 

external factors are mainly caused by human activity (Nicholas and Sims, 2000). Failure of slope 

walls depends on cracking of rock mass, weathering, increase in pore pressure, presence of 

decomposed clay rock filling materials, leaching, increase in water permeability, strain softening, 

and change in groundwater, which causes an increment in shear stress (Sha, 2016). Hustrulid et 

al. (2000) argued that instability of rock slopes is largely caused by mining activities such as 

rock drilling, blasting, and the use of heavy machines. Similarly, Read and Stacey (2009) 

indicated that the presence of groundwater, slope design, complex geology, discontinuities on 

rock mass, and mining operations are factors that affect the stability of rock slopes in mines. 

Eberhardt (2003) reviewed redistribution of in situ stresses, complexity in geology, anisotropy 
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and inhomogeneity of the rock materials, pressure pores and seismic loading as the most 

common factors that influence the stability of rock slopes. 

Many studies have shown that rainfall, especially heavy storms in summer and long-term 

infiltration of melting snow, induced landslides and slope failures (Fujita, 1997; Cai and Ugai, 

2004; Okata et al., 1994; Sugiyama et al., 1995; Shuin et al., 2012). Such rainfall-induced slope 

failures are closely facilitated by variations in the groundwater table and the increases in pore 

water pressure (Yeh et al. 2015); consequently, decreases the shear strength of rock mass, and 

possibly leads to landslides and slope failures (Sharifzadeh et al. 2002). Cai and Ugai (2004) 

pointed out that rainfall infiltration resulted in the rise of groundwater level, and the increase in 

the pore-water pressure, consequently, decreases the shear strength of rocks, and possibly leads 

to landslides and slope failures. 

During recent seismic events, several cases of slope failures induced by ground motion have 

been also reported (e.g., Ohtsuka and Matsuo, 1995; Lu et al., 2014, 2015). Particularly, Orense 

(2012) reported cases of slope failure induced by large-magnitude ground shaking and soil 

liquefaction of weathered tuffaceous sandstones, mostly at the boundaries between fill and cut 

slope sections during the 2011 Tohoku earthquake in Japan. Lu et al. (2014) clarified that slope 

failure induced by an earthquake occur when a cumulative plastic displacement induced by a 

dynamic response exceeds a critical displacement value estimated by a static parameter.  

The above studies affirmed that assessment of slope stability in open-pit mines required vast 

knowledge of the geological structure, lithology, geotechnical and hydrogeological 

characteristics of the rock mass, tectonic processes and mining activities (Read and Stacey, 

2009). Hence, the rock slope deformation at the Higashi-shikagoe limestone quarry is likely 

induced by mining activities, geological conditions, rainfall and/or earthquake activity. However, 

the effect of earthquakes is not considered particularly serious because rock slope surface 

displacement changes were not observed before and/or after the large 2018 Hokkaido Eastern 

Iburi earthquake. In contrast, rainfall and snowmelt are considered to be more strongly affect 

rock slope stability at the Higashi-shikagoe limestone quarry because the maximum rainfall per 

day is at least 150 mm and the cumulative snowfall is >1000 mm. Previously, Bandazi (2017) 

investigated the effects of temperature, rainfall and snowfall, excavation and backfilling on the 

observed rock slope displacement at Higashi-shikagoe quarry by field measurement and elastic 

analysis. He concluded that observed displacement at the quarry is not induced by excavation, 
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but strongly by water infiltration through discontinuities. In this study, assessment of slope 

stability is therefore, based on the consideration of the geological conditions, properties of rock 

mass, excavation-induced stress changes and mining progression in the quarry to well-

understand behavior of the rock mass. 

1.2.3 Analysis of rock slope deformation 

In open-pit mines, field measurements and continuous monitoring of rock slope deformation 

has been considered as vital method to assess the slop stability (Rose and Hungr 2007), predict 

its future failure, and possibly design countermeasure works. In that light, various methods of 

assessing slope stability including laboratory tests of rock cores, rock mass classification (Hoek 

and Bray, 1981, Hassan and Hani 2017; Pantelidis 2009; Liu and Chen 2007), numerical analysis 

(Jing and Hudson, 2002; Jing, 2003; Eberhardt et al., 2004; Kodama et al. 2009, Barla, 2016), 

and limit equilibrium analysis (Bishop 1955; Yamaguchi and Shimotani 1986; Ataei and 

Bodaghabadi 2008; Stead et al. 2006) have been in practical use. In Japan, the automated polar 

system, APS (Study committee on slope stability and environmental preservation in Chichibu 

area 1996), tiltmeters (Sugawara 2000), Global positioning system, GPS (Shimizu et al. 1997; 

Sugawara 2000; Matsuda et al. 2003), and extensometers (Noguchi and Okada 1999; Nakamura 

et al. 2003) have been used for rock slopes displacement measurements. Obara et al. (2000) and 

Kodama et al. (2009) suggested the use of integral joint of field measurement and elastic analysis 

for assessment of rock slope stability, mainly because inelastic deformation can be inferred from 

a comparison between the measured results and calculated elastic deformation once the elastic 

deformation of rock slope is estimated. Based on these studies, the long-term deformation 

behavior of rock slopes in Higashi-shikagoe limestone open-pit quarry was investigated by field 

displacement measurement and numerical analysis (Amagu et al., 2021), considering the 

influence of geological conditions, heterogeneity of rock mass, excavation-induced stress 

changes and mining progression to assess its stability, predict its future failure, and design 

countermeasure works. 

1.2.4 Estimation of rock slope deformation due to excavation 

Displacement induced by excavation has been deduced as one of the considerable factors for 

assessing the deformation mechanism. Many scholars have carried out a series of research on the 

stability of rock slopes subject to continuous excavation (Kaneko et al., 1997; Obara et al., 2000; 
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Kodama et al., 2009; He et al., 2008)). He et al (2008) conducted a 3-D model to assess the 

impact of excavation and backfill process on the stability of rock slope at Antaibao open pit coal 

mine. Yamaguchi and Shimotani (1986) studied the mechanism of slope failure in Kagemori 

quarry, concluded that the rock slope slide along the geological boundary between the limestone 

and the schalstein footwall. Even though excavation at the quarry had ceased 6 months before the 

slope collapsed, continuous cracks were observed on the slopes. Nakamura et al. (2003) 

presented measurement of rock slope deformation due to excavation in a pit-type limestone mine 

using multi-stage extensometers and proposed that elastic deformation of rock slope formed in 

the pit-type quarry can be affected by geological structure and/or mechanical properties of rock 

types. Kaneko et al. (1997) studied the effects of the initial stress on the deformation mode of a 

rock slope using a 2-D elastic analysis and confirmed that the rock slope shows contraction when 

the ratio of horizontal stress to vertical stress is small, but it shows extended deformation when 

the ratio is larger. Kodama et al. (2009) used 3D mesh technique to evaluated long-term 

deformation of a rock slope at Ikura limestone quarry, which are significantly affected by 

excavation progresses. Najib et al. (2015) investigated the deformation modes of rock slopes due 

to excavation in mountain-type mines using a two-dimensional finite element method. They 

found out that the direction of the surface displacement of the rock slope can change from 

forward to backward as the excavation progresses.  

In the previous studies, they predicted elastic deformation of homogeneous rock slope. 

Thus, mining-induced elastic deformation of homogeneous rock slope has been clear. However, 

mining-induced elastic deformation of heterogeneous rock slope intersected by weak rock 

formation such as layer of clay-bearing rock (as the case of Higashi-shikagoe quarry) has not 

been investigated, although elastic behavior of such heterogeneous rock slope is essential in 

assessing rock slope stability. In addition, it has been confirmed that understanding the behavior 

of slope excavated within the presence of swelling clay plays key role in assessing stability of 

rock slope over time (Nilsen, 2011). It is expected that clay-bearing rocks exhibit plastic 

deformation and/or squeezing when it is overstress due to excavation (Zhang et al., 2018). 

However, study on mining-induced plastic deformation of heterogeneous rock slope with weak 

rock formation (e.g. clay-bearing rock) is still limited, even though weak rock formation is often 

intercalated host rock mass in many mines. 
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Based on the previous studies, excavation is thus expected to have deformed the rock slope 

at the Higashi-shikagoe quarry because limestone on the floor of the quarry has been excavated 

by the bench cut method. Previously, Bandazi (2017) investigated effect of excavation on rock 

slope deformation at the Higashi-shikagoe quarry by 3-D elastic analysis. He concluded that 

observed displacement at the quarry is not induced by excavation. Mainly because the 

displacements induced by the effect of horizontal rock stress was not considered. It is well 

known that as mining progresses, change in stress state of rock mass induced by gravity and 

horizontal regional stress plays an important role in estimating the rock slope stability (Kodama 

et al.2013). Thus, estimation of mining-induced elastic deformation of the rock slope by the 

effect of gravity and the effect of horizontal regional stress using field measurement and 

numerical analysis are vital in assessing stability of rock slope at the quarry. Furthermore, 

deformation resulting from the plastic behavior of clay-bearing rock at the quarry is also 

considerable to interpret mining-induced deformation within the mining area.  

1.2.5 Estimation of regional stress by back analysis 

In mining and civil engineering projects, information on the stress field in rock mass around 

excavation is of fundamental importance for ensuring the stability of the structures. In open-pit 

mines, changes in the stress state of rock mass arising from mining activities have been 

extensively investigated by some researchers (Kaiser et al., 1990; Kaneko et al., 1997; Obara et 

al., 2000; Nishiyam et al., 2010; Nara et al., 2011; Kodama et al., 2013). Excavation activities at 

open pit mines often cause stress redistribution, which can significantly affect the strength, 

failure mode and deformational behavior of rock mass (Nara et al., 2011; Kodama et al., 2013). 

During the excavation in open pit mine, stress redistribution around the excavated area can lead 

to stress concentration and deformation arising from the changes in the surface geometry of the 

mines. This often results in the failure of excavation reaming wall. Additionally, stress in a rock 

mass may induce time-dependent deformation and fracture development (Nara and Kaneko, 

2006; Nara et al., 2006). These changes in the stress state of rock mass in open pit mine are 

mainly due to mining induced by the release of gravity and horizontal stresses. Also, stress state 

of rock is affected by earthquakes, tectonic and/ or geological structures such as faults (Li et al., 

2009; Matsuki et al., 2009). 

Severally methods such as hydro-fracturing technique, the Acoustic Emissions (AE), and 

Deformation Rate Analysis etc (Yamamoto et al., 1997; Sano 2005) have been used in 
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engineering projects to estimate rock stress. Conversely, the rock stress in a rock mass around 

the mine can be estimated by back analysis. Thus, Kaneko et al. (1996), Kodama et al. (2013) 

and Obara et al. (2000) have estimated stress field in a rock mass by back analysis using field 

measurement and numerical model of the rock mass considering surface geometry and tectonic 

stress. Kaneko et al. (1997) and Obara et al. (2000) calculated rock slope deformation resulting 

from floor excavation in an open pit mine using a 2D boundary element method. Kodama et al. 

(2013) successfully estimated regional stress and young’s modulus of rock at the torigatayama 

limestone mine by back analysis of mining-induced deformation using a 3-D finite element. 

They found out that the excavation-induced stress changes of rock slope is dependent on the 

level and direction of rock stress, especially on the ratio of horizontal stress to vertical stress, as 

the excavation causes stress relief and relaxation in a rock mass (Obara et al., 2000; Kodama et 

al., 2009).  

In the previous studies, excavation-induced stress changes of homogeneous rock slope were 

estimated by back analysis. However, excavation-induced stress changes of heterogeneous rock 

slope intersected by clay-bearing rock have not been estimated. Effect of model size on 

excavation-induced stress changes has not also been investigated. Therefore, estimation of 

excavation-induced stress changes of rock slope considering model size and heterogeneity of 

rock mass intersected by clay-bearing rock by 3-D back analysis is crucial to clarify the effect of 

regional stress on stability of rock slope. Hence, it is important to evaluate a stress state and the 

elastic moduli in heterogeneity of rock mass around mining area of Higashi-shikagoe limestone 

quarry to ensure the long-term stability of the rock slope. 

1.3 Objectives  

The main objectives of this research are to clarify mechanisms of the long-term deformation 

of rock slope observed at Higashi-shikagoe limestone quarry, identify the causes of the slope 

deformation. As described in section 1.2, understanding deformation of rock slope influenced by 

geological conditions, heterogeneity of rock mass, excavation-induced stress changes and mining 

progression plays important role in assessing long-term stability of the slope. However, as also 

described in section 1.2, deformation of heterogeneous rock slope with weak rock formation (e.g. 

clay-bearing rock) considering excavation-induced stress changes and plastic deformation of 

clay-bearing rock has not been investigated in detail. In this dissertation, the mechanism and 

causes of continuous deformation of heterogeneous rock slope observed at the quarry were 
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investigated using the field measurement and elastic analysis. First, characteristics of long-term 

deformation of rock slope at the quarry are cleared by analyzing the change in distance between 

the beam generator and each of the 18 mirrors on the rock slope, and 3-D relative surface 

displacements arising from mining activities at the quarry for more than seven years. Based on 

the deformation characteristics, geological conditions and mining progression, probable causes 

of the long-term continuous slope deformation were deduced. Secondly, the main cause of the 

long-term continuous slope deformation at the quarry was identified by 2-D elastic analysis and 

plastic behavior of the existing layer of clay-bearing rock on the slope deformation was also 

considered. Thirdly, effect of model sizes on the slope deformation was cleared by 3-D elastic 

analysis. Then, the regional stress state of the quarry and the elastic moduli in heterogeneity of 

rock mass were estimated by 3-D back analysis. Furthermore, deformation resulting from the 

plastic behavior of clay-bearing rock at the quarry is cleared by 3-D elasto-plastic analysis.  

1.4 Content of the research 

In chapter 1, the general overview on the assessment of rock slope stability is given. The 

objectives of the research are explained.  

In chapter 2, the characteristics of rock slope deformation observed at Higashi-shikagoe 

quarry are given. The geologic condition and strength of the rock as well as the characteristics of 

the measured result and the possible causes of the slope displacement at the quarry are explained.  

In chapter 3, the numerical investigation of the deterioration effect of the existing clay rock 

at the footwall of the rock slope on the deformation using 2D analysis in terms of reduction in 

the Young’s modulus of the clay based on the experimentally results are explained. The 

estimation of rock slope displacement due to shear failure using Shear strength reduction (SSR) 

methods and effects of excavation on rock slope displacement using 2D analysis were presented.  

In chapter 4, the estimation of regional stress state of the quarry and Young's modulus of the 

rock mass by 3-D back analysis are presented. The numerical investigation of the clay-bearing 

rock effect at the footwall of the cut rock slope on the deformation using 3D analysis is also 

explained.  

In chapter 5, estimation of mining-induced deformation by 3-D numerical analysis, 

considering the elastic and elasto-plastic behavior of the clay-bearing rock are presented. Finally, 

the conclusions obtained from the present investigation and recommendations for future work are 

given in Chapter 6. 
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2 Overview and characteristics of rock slope deformation at 

Higashi Shikagoe Quarry 

2.1 Introduction 

A massive rock slope of about 250 m height, intersected by 70-m-thick clay-bearing rock at 

its foot wall, has been formed at the Higashi-shikagoe limestone quarry. The quarry has 

experienced slope failures four times since 1996. Therefore, an understanding of the geological 

conditions and mechanisms of the rock slope deformation are important in order to assess its 

stability, to predict its future failure, and to design countermeasure works. Hence, this chapter 

discusses the geological conditions and the characteristics of surface displacement of the rock 

slope measured for more than seven years by automated polar system (APS). The behavior of the 

rock slope monitored by measuring surface displacement along the rock slope was analyzed to 

understand mechanism of the continuous rock slope displacement observed at the quarry. Also, 

the probable causes of the continuous rock slope deformation observed at the quarry were 

deduced based on deformation characteristics, geologic conditions and mining progression of the 

quarry. 

2.2 Higashi-shikagoe limestone quarry 

The Higashi-shikagoe limestone quarry is a small-scale mine situated on Minami Furano, 

Central Hokkaido Prefecture, Japan. The site is about 400 m to artificial Lake Kanayama as 

shown in Fig.2.1a. The quarry has been under operation for about 80 years since February 1943, 

and operated by Nittestsu mining Co., Ltd, with annual production of more than 300,000 tons. 

More than 95% of limestone quarried is mainly used in sugar production because of its grade. 

Other products are used for feed/fertilizer, roads, and industrial use. Due to severe winter 

conditions within the region of the quarry, the operations are undertaken mainly from April to 

November. The topographical map of the quarry at the middle of July 2022 showing layout of 

the rock slope is depicted in Fig. 2.1b. The quarry has been developed by bench cut method with 

bench height of 10 m at the final slope angle of 55° as sketched in Fig.2.1b. During this period, 

mining has been undertaken at 340 m and 400 m levels whereas backfilling has been done on the 

northern side of the quarry (Fig. 2. 2). Massive rock slope of 250 m high has been formed as the 

level of excavation increases in height and width as seen in Fig. 2.1b.  
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(a)        (b) 

Fig.2.1: Plane view of the mining area (a) and the rock slope layout (b) at Higashi Shikagoe 

quarry. 

Fig. 2.3 illustrated the series of past events at the quarry from 1996 till 2021. In the past 

years, slope failures have occurred four (4) times at the quarry. In December 1996, first massive 

slope failure occurred at 515 m level. In July, 2004, the slope failure extended to 480 m level 

(Fig. 2. 4). In April, 2009, failure occurred at the north end of the face of 2004's failure (Fig. 2.4) 

and re-occurred in May, 2017. After the first slope failure, measurement of the rock slope 

displacement using automated polar system (APS) started in July 2002 for monitoring the rock 

slope behavior by installing two mirrors at 480 m and 500 m level (ET480-1 and ET500-1). It 

was found that the magnitude of displacement at the collapsed time in July 2004 was observed to 

be on the order of 1,000mm. To ensure stability of the rock slope, reduction in the slope angle, 

and cutting at upper part of the slope were adopted from April, 2007 till July, 2009 as seen in 

Fig. 2.5. Then, the rate of the displacements along the rock slope from July 2002 till July 2004, 

gradually increased with time when compared with the displacement from April 2014-March 

2017 when the maximum deformation of the slope surface was less than 30mm. Recently, 

countermeasures such planting and installation of support systems (Shotcrete and rock bolt 

shown in Fig. 2.1b) have been undertaken since 2018. 
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Fig.2.2: Plane view of the mining area. The ET represents the mirror point locations of 

automated polar system (APS) set on the rock slope. Each mirror point is represented with a 

number that indicates its level of elevation.  

 

Fig.2.3: An illustration of events that have occurred at the quarry. 
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Fig.2.4: Plane view of rock slide that occurred at the quarry in 2004, 2009 and 2017. 

 

(a)        (b) 

Fig. 2.5: Layout of the rock slope before (a) and after (b) cutting upper part of the slope in July, 

2004 and November, 2009. 
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Fig.2.6: Geological map at the quarry. 

Table 2.1: The mechanical properties of limestone and schalstein specimens. 

Material Young’s modulus 

(GPa) 

Poisson's ratio, 

v 

UCS (MPa) Friction angle, ϕ ( ) Cohesion,C 

(MPa) 

Limestone 60.4 0.10 135.0 41.9 30.1 

Schalstin 70.0 0.07 204.8 51.1 36.2 

 

2.3 Geological conditions and mechanical properties of rock and rock mass 

Geologically, the rock mass at the quarry composed of complex bedrock consisting of 

mainly limestone, schalstein (andesitic schalstein and dacitic schalstein) and slate rocks as main 

rock types as shown in Fig. 2.6, which belongs to the pre-cretaceous Hidaka Group. Fig.2.7 

shows examples of the geological cross sections. The limestone deposit lies irregularly and 

lenticular with strike N30°E and length of 680 m and 100-200 m thickness. The rock masses are 

fractured with right lateral faults as a major discontinuity. The orientation of the dominant 

geologic structure strike and dip at N70° E-80° S and N70° E-75° N respectively. Interestingly, 

the schalstein and slate rocks have undergone intensive weathering, thereafter formed clay seams 



15 
 

of about 70 m thick at foot wall of the rock slope (elevations of 440-370 m) as illustrated in Fig. 

2.1b. Fig.2.8 shows typically geologic conditions and weathered zones as observed at the quarry. 

These can lead to decrease in strength and deformability characteristics of the rock mass (Erguler 

and Ulusay, 2009), which in-turn can influence the behavior of the rock slopes. 

In order to understand the geotechnical classification of the limestone, the mechanical 

properties of rock materials were examined through uniaxial compression tests conducted on 9 

and 5 representative samples of limestone and schalstin rocks, respectively. However, it was 

difficult to prepare specimens of fresh slate and weathered slate because rock blocks were highly 

fractured. Based on the experimental results as presented in Table 2.1 and Fig. 2.8, the rock mass 

is characterized as blocky intersected by presence of clay-bearing rock with fair surface 

condition, moderately weathered with geological strength index (GSI) design value of 45 

(Marinos, 2010). The elastic moduli of the rock mass was estimated by empirical method as 

presented in Table 2.2 based on Eq. (2.1) given by Majdi et al. (2012). 

      
  

   
    

      

  
 
                                                                                                                                 (2.1) 

Where ERM is elastic modulus of rock mass, Ei is the laboratory value of Young's modulus of 

intact rock. 

 

(a) Cross sectional view, V32   (b) Cross sectional view, V33 

Fig.2.7: Examples of cross sectional view of the geological map as seen in Fig. 2.6. 
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Fig.2.8: Geologic conditions and weathered zones as observed at the quarry. 

Table 2.2: The mechanical properties of rock mass. 

Ei (GPa) GSI  ERM (GPa) 

60.4 45.0 4.01 

 

 

Fig.2.9: Schematic illustration of APS operation. 
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2.4 Displacement measurements by an automated polar system (APS) 

2.4.1 Deployment of APS stations in the rock slope 

After the collapsed of the rock slope in 1996, an automated polar system (APS) was set up 

to monitor the rock slope deformation in July 2002. The system consists of a laser beam 

generator, located 470 meters away from the slope at an altitude of 380 meters on the western 

side of the quarry. Data from three nearby stations of the nationwide GPS array of Japan were 

undertaken to determine stability of the base point. Firstly, APS measured travelling times of 

laser beam from a beam generator to mirrors located at various points along the slope as 

illustrated in Fig.2.9. Thereafter, changes in distance between each of the mirror points and the 

beam generator were calculated from the change in travelling time and velocity of laser beam. In 

July, 2002, two mirror points were set at the elevation of 480 and 500 m above sea level (ML). In 

February 2012, 16 surface displacement monitoring points (mirrors) were set along the rock 

slope to monitor the deformation of the entire quarry. Additionally, 7 APS mirrors were set at 

foot of the rock slope within 440-420 m level in May 2016 amounting to a total of 23 surface 

displacement monitoring points were set along the rock slope in April 2016 (Fig. 2.2), but in this 

study, the change in distance from 18 monitoring points (the APS mirror points), which covered 

the whole quarry were used in order to understand the overall deformation behavior of the 

present rock slope at the quarry. 

2.4.2 Change in distance 

The change in distance from 18 mirrors from April 1, 2014 to August 30, 2021, which 

covered the whole quarry are analyzed to understand the overall characteristics of the slope 

displacement. It can be seen in Fig. 2.10 that the distance at all the mirrors decreases gradually 

with time. The total values of the change in distance ranges from 20 to 140 mm approximately. 

The trends of decreases in the distance at all mirrors are similar, although the decreasing rate 

differs at each mirror. This implies that rock slope deformation depends on the position of the 

quarry. To understand long-term deformation characteristic of the rock slope at the quarry since 

2002, change in distance from July 2002-July 2004 and April 2014-March 2019 at the elevation 

of 480 and 500 m level were compared as shown in Fig. 2.11. The result indicated that the rate of 

displacement along the rock slope at elevation 480 m and 500 m, between July 2002 to July 2004 

increases rapidly with the maximum value of about 1500 mm. The rate of the displacement was 
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greatest in July 2004 during the slope failure, implying there was high risk of shear failure in 

2004 as seen in Fig.2.4. In contrast, the rate of change in distance from April 2014-March 2019 

decreases gradually, almost at a constant rate with the maximum of about 30 mm. The sudden 

decrease in the rate of change in distance was attributed to the effect of countermeasures such 

cutting upper part of the slope, planting, and installation of support systems (Shotcrete and rock 

bolt) as shown in Fig.2.5. Till now, it can be concluded the slope shows stable behavior, 

although it still deform continuously. 

 

Fig.2.10: Change in distance with time for the periods of 2014 ~2021. 

To get a better insight into deformation characteristic of the rock slope at the whole quarry, 

the monitoring mirrors were grouped to three, namely: North-side (ET42-1, ET440-1, ET460-1, 

ET480-1, ET500-1, ET520-1, ET560-1 and ET590-1), center (ET420-2, ET430-1, ET440-2, 

ET480-2, ET520-2 and ET590-1) and south-side (ET440-3, ET480-3, ET520-3, ET560-2 and 

ET590-1) based on the position of the quarry as shown in Fig.2.2. The change in distance was 

correlated with their elevations as shown in Fig. 2.12. Fig. 2.12 shows that maximum change in 

distance at north and center of the quarry occurred at middle (elevation 520 m) of the rock slope, 

which also decreases with time. In contrast, change in distance at the south-side of the quarry 

shows the maximum at the foot of the slope as seen in Fig. 2.12c. These results show that the 
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factors influencing the slope deformation at the north-hand side and the centre of the quarry are 

similar whereas causes of the slope deformation at the south-hand side of the quarry are 

different. Furthermore, Fig. 2.12 was used to validate the simulation results because it is essential 

to evaluate the measured results by numerical analysis (Corkum and Martin 2004). 

 

Fig. 2.11: The change in distance from 2002.4 to 2004.7 and 2014.1 to 2019.4. 

 

Fig.2.12: Relationship between change in distance from 2014 to 2021 and elevations. (a) North-

side, (b) center and (c) south-side of the quarry. 
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Fig.2.13: X-displacement measured by APS for more than 7 years. 

 

Fig. 2.14: Y-displacement measured by APS for more than 7 years. 

2.4.3 3-dimensional component 

The 3-D displacement data were analyzed to understand the overall characteristics of slope 

deformation in x-, y- and z-direction. The 3-D measured displacements are resolved into 

horizontal and vertical components. The horizontal displacement is denoted by x and y 

directions. Displacement in X-direction indicates sideways movement of the rock slope or 
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displacement to the left and right of the beam generator (north-south direction). The positive 

values of x-displacement indicate rightward movement where negative values indicate leftward 

movement. In Y-direction, the measured displacement indicates forward and backward (east-

west) movement of the rock slope. And positive values represent forward movement whereas the 

negative values show backward movement. In z-direction, the vertical displacement denotes 

upward (positive values) and downward (negative) movement of the rock slope.  

 

Fig.2.15: Z-displacement measured by APS for more than 7 years. 

 

Fig.2.16: Vector of measured displacement. Each bullet represents yearly average of measured 

displacement starting from 2014 - 2021. 
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3-D surface displacement measurement from 18 APS stations (see Fig. 2.2), from April, 

2014 to July 30, 2021 were analyzed. 30 days moving average method was used to eliminate the 

annual variation. The displacement at beam generator point was used as a reference point. 

Figs.2.13-15 shows the 3-D surface displacement measurement in x-, y-, and z-direction. As seen 

in Fig.2.13-14, the displacement at all elevations shows similar trend of rightward and forward in 

x and y-direction, respectively. In Fig.2.15, it is observed that displacement in the z direction 

shows a cyclic pattern of upward and downward movement depending on season. The slope 

moves downward during the summer period and upward as temperature decreases during winter. 

Fig. 2.16 depicts horizontal displacement vectors. A yearly average of measured displacement 

starting from 2014 to 2021 was used. It can be seen that the slope moved forward horizontally 

toward the southern side of the quarry. Fig.2.17 shows the relationship between the horizontal 

and vertical measured displacement. A yearly average of measured displacement in y- and z-

direction starting from 2014 to 2021 was used. The sliding angle of the rock slope at differ 

elevations were determined. It can be seen in Fig.2.17 that the rock slope slides at an average 

angle of 16.5
0
 toward the southern side of the quarry. The low sliding angle indicates that the 

rock slope has low risk of shear failure. 

 

Fig. 2.17: Relationship between the horizontal and vertical displacement with sliding angle. Each 

bullet represents yearly average of measured displacement starting from 2014 - 2021. 
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Fig.2.18: Seasonal displacement in x-direction. 

 

Fig.2.19: Seasonal displacement in y-direction. 

2.4.4 Seasonal changes in displacement and mining progression 

As described in section 2.2, mining activities at the quarry are mainly undertaken from April 

to November. Thus, it is expected that the patterns of displacements may be influenced by 

seasonal variation. Figs.2.18-20 shows seasonal displacements in x-, y-, and z-directions. In 
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Figs.2.18 and 2.19, it can be seen that rates of the displacements accelerate in summer and 

remain almost constant in winter. In contrast, it can be seen in Fig.2.20 that rate of the 

displacements decreases in summer and increases in winter. Also, it can be seen that the 

displacement in z-direction differs depending on the elevation of the quarry. It was observed that 

the entire slope moves slightly downward and upward during the warm period and cold period 

till 2017, respectively. After 2018, the entire slope at elevation 460 m and below move upward 

with similar displacement rates as mining progresses whereas the slope at the elevations 480 m 

and above move downward continuously with constant rates.  

These observed characteristics of slope displacement imply that excavation activities and 

excavation sequence have significant effects on the slope displacement in x- and y-direction. 

This was evident by the monthly production of the limestone as shown in Fig.2.21. Fig. 2.21 

revealed highest production during the summer season. Thus, this continuous excavation of 

limestone on the floor of the quarry is expected to induce deformation of the rock slope. 

Fig.2.20: Seasonal displacement in z-direction. 

2.4.5 Relationship between displacement and rainfall 

In Japan, high amounts of precipitation occur in the form of rainfall during summer and 

severe snowfalls in winter with more than 500 cm of snow accumulated annually. Nakai et al. 
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(2006) established that precipitation has strong influence on rock slope deformations with time. 

As mentioned in section 1.2.2, rainfall and snowmelt are considered to be more strongly affect 

rock slope stability at the Higashi-shikagoe limestone quarry because the maximum rainfall per 

day is at least 150 mm and the cumulative snowfall is >1000 mm. Thus, it is important to 

consider the effects of water infiltration on the behavior of the rock slope. It is also understood 

that accumulation of snowfall creates a loading effect on the rock slope, consequently induces 

displacement. 

To clear this effect, the influence of rainfall infiltration on the slope deformation was 

evaluated through comparative time series analyses. Thereafter, the cumulative rainfall was used 

to evaluate rock slope displacements induced by rainfall. This is because a sharp rise in 

cumulative rainfall can give a good indication of pressure increase in a rock mass which can be 

correlated with accelerated displacements. Fig.2.22 shows a comparison of cumulative rainfall 

and displacement. The comparison confirms that the distance tends to decrease with increasing rainfall 

accumulation rate. This relationship indirectly verifies that rainfall is likely facilitated rock slope 

deformation at the quarry. The groundwater level might increased by the water infiltration. This 

possibly increases the pore-water pressure, which in-turn led to decrease in the shear strength of 

rock mass. Thus, reduces the strength and deformability characteristics of the rock slope. Thus, 

enhance deterioration of the existing layer of clay-bearing-rock by water contact. 

 

Fig.2.21: Monthly production of limestone at the quarry. 
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Fig.2.22: Relationship between cumulative rainfall and measured change in distance 

2.5 Probable causes of the observed rock slope displacement 

Based on deformation characteristics, geologic conditions and mining progression of the 

quarry, the probable causes of the continuous rock slope deformation observed at the quarry 

were deduced as follows: (1) the effects of excavation at the floor wall of the rock slope, (2) 

effect of deterioration of the existing layer of clay-bearing rock, 70-m thick at footwall of the 

rock slope, and (3) effect of decrease in shear strength of rock mass induce by water infiltration.  

Displacement induced by excavation has been one of the considerable factors for assessing 

the deformation mechanism. The deformation of rock slope often occurs because the rock mass 

within an excavation zone is subjected to considerable redistributions of the initial stress state 

(He et al., 2008). In Japan, the deformation of rock mass due to excavation in pit-type mines has 

been extensively investigated (Kaneko et al., 1997; Obara et al., 2000; Kodama et al., 2009, 

2013). As mentioned in section 2.1, the limestone at Higashi-shikagoe quarry has been excavated 

by the bench cut method on the floor of the quarry. Excavation is thus expected to have 

deformed the rock slope because both gravity and horizontal stress applied to the floor were 

released during excavation.  

Another factor that likely affects slope deformation at the quarry is probably deterioration of 

the 70-m-thick layer of clay-bearing rock distributed at the foot wall of the rock slope. In Japan, 
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limestone deposit is often found on the bedrock such as sandstone, slate and schelstein. For 

instance, limestone deposit inclined on slate formations at Shiriya limestone quarry have been 

extracted (Nakamura et al., 2003). However, Higashi-shikagoe limestone quarry has similar 

geological formation (composed of limestone, schalstein and slate) with that of Shiriya limestone 

quarry. Interestingly, parts of the schalstein and slate rocks have weathered, forming clay-

bearing rock of about 70 m thick (elevations of 440-370 m) at foot wall of the rock slope as 

illustrated in Fig.2.1b, which could exhibit reduction in the strength and deformability of the 

rock slope due to its weak strength and high sensitivity to the variation in water content when 

expose to the natural climatic conditions such as heating and cooling, wetting and dying, and 

freezing and thawing cycles (Va´n Eeckhout 1976; Erguler and Ulusay 2009, Nicholson, 2010). 

Particularly, Erguler and Shakoor (2009) showed that the exposure of clay-bearing rocks to 

natural climatic conditions (e.g., freeze-thaw cycles) effectively causes rock slaking and 

disintegration. These may consequently reduces the strength and deformability of the rock mass, 

and in-turn, possibly leads to the rock slope deformation. Erguler and Ulsuay (2009) reported the 

variation in mechanical properties of clay-bearing rocks at different water content. They revealed 

reductions in uniaxial compressive strength, modulus of elasticity and tensile strength of clay-

bearing rocks with increase in the water content. Generally, mechanical properties of clay-

bearing rock tend to deteriorate by the presence of water as a result of reaction between water 

and clay minerals, mostly kaolinite and montmorillonite. Thus, knowledge of the mechanical 

properties of clay is of great significant for clarifying the cause of the observed displacement at 

the quarry as clay-bearing rocks play a vital role in the stability of slopes in tunnels and mines 

(e.g. Ivasuc and Olinic, 2015; Park and Kutter, 2015; Bian et al., 2016; Jessu et al., 2017). 

Therefore, assessing the deterioration effect of the existing layer of clay-bearing rock on the rock 

slope stability is important to clarify mechanism of the slope displacement at Higashi-shikagoe 

limestone quarry. 

Reduction in shear strength of rock mass induce by water infiltration from rainfall and long-

term snow melting (Okata et al., 1994; Sugiyama et al., 1995; Shuin et al., 2012) is also expected 

to affect the rock slope deformation at the Higashi-shikagoe limestone quarry. In Japan, for 

example, nearly 2700 landslides and slope failure disasters have been induced owing to rainfall 

effects (Fujiita, 1997). In cold regions like Hokkaido, reduction in strength of rock mass may 

likely been attributed to the effects of snowmelt water infiltration (Ishikawa et al., 2015, 
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Matsuoka, 2008), which causes a large amount of surface water flowing through tension cracks 

to recharge potential surface weaknesses, thus triggering landslides and slope failure. 

Significantly, accumulation of snowfall creates a loading effect on the rock slope, which in-turn 

subdues the slope displacement or expansion (Ishikawa et al. 2015). These indicate that freeze-

thaw action, snowfall and snowmelt might affect the slope deformation of Higashi-shikagoe 

limestone quarry. 
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3 Investigation of the causes of slope displacement by 2-D 

numerical analysis 

3.1  Introduction 

In this chapter, the possible causes of the observed continuous deformation as described in 

section 2.5 were evaluated using two-dimensional (2-D) finite element method. Firstly, the 

effects of limestone excavation at the floor of the quarry, the deterioration of the 70-m-thick 

clay-bearing rock distributed at foot of the rock slope, and shear failure of rock mass on the slope 

displacement were investigated. Thereafter, tendency and magnitude of the calculated results 

were discussed, and then compared with the measured displacement results. Afterward, the main 

factor affecting the rock slope deformation observed at the quarry was ascertained. 

3.2 Effects of clay-bearing rock deterioration on rock slope displacement 

As discussed in section 2.5, the layer of clay-bearing rock at the foot wall may influence the 

strength reduction and deformability of the rock slope (Erguler and Ulusay, 2009). To clear 

these, effect of increasing water content on deformability of clay-bearing rock was first 

investigated experimentally in terms of the effect on the Young’s modulus. Afterward, 

deterioration effect of the existing layer of clay-bearing rock on slope deformation at the quarry 

was investigated using 2-D elastic analysis based on reduction in the Young’s modulus of clay-

bearing rock by water contact. Thereafter, the calculated results were compared with the 

measured displacement to ascertain its possible affect on the rock slope deformation observed at 

the quarry. 

 

Fig. 3.1: Stress-water content-time curves showing loading cycles. 
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3.2.1 Mechanical properties of clay-bearing rock specimen 

Cylindrical specimens of the clay-bearing rock were difficult to prepare by drilling due to its 

inherently weak nature. Therefore, cubic specimens with approximate dimensions of 50 × 50 × 

50 mm were cut from a block of the clay-bearing rock. All the specimens were dried at 80
0
C in 

an oven for more than 24 hours until a constant mass was reached. Thereafter, the specimens 

were cooled at room temperature for a minimum of one week before the testing. Afterwards, the 

uniaxial compressive stress was applied to specimens at a constant loading rate of 0.4 kN/s using 

load frame manufactured by Instron Company. The experiments were carried out at three 

different stages of water content of the specimens as illustrated in Fig. 3.1. At first stage, each 

specimen was subjected to cyclic loading of three cycles. The peak stress of the cyclic loading 

was set at 0.145 MPa whereas the water content of the specimens was approximated to 1%. 

Secondly, the specimens were covered with wet towel for 24 hours to increase its water content. 

Subsequently, three cycles of loading were applied to the specimens under water content of 

approximately 11%. Finally, the specimens were covered with wet towel for another 24 hours. 

Then, three cycles of loading were applied again under water contents of approximately 19%. 

Water content of each tested specimens was calculated as define in Eq. (3.1): 

100
M

MM
W

d

dw
m 


            (3.1) 

Where mW ; the water content expressed on a mass, wM ; the weights of the specimen before 

drying and dM ; the weights of the specimen after drying. 

Fig. 3.2 shows the typical compressive stress–axial strain curve. The stress-strain curve 

show concave shape at the lower stress level although it is getting linear. The values of Young's 

modulus were obtained from the best fit to linear part of the stress-stain curve in each cycle. The 

relationship between Young's modulus and water content of clay was shown in Fig. 3.3. It show 

that Young's modulus of the specimens decreases rapidly with an increase in the water content. It 

indicate that the Young’s modulus of the clay-bearing rock specimens decreases from 21, 55, and 

50 MPa at water content of 0.62 % approximately to 3, 17 and 21 MPa at water content of about 

19.05 % during the first, second and third cyclic loading, respectively. This implies that the clay-

bearing rock has high sensitivity to the variation in water content. Thus, the mechanical 



31 
 

properties of clay-bearing rock in the quarry considerably decrease with increase in water 

content (Va´n Eeckhout 1976; Erguler and Ulusay 2009). 

 
Fig. 3.2: Stress–strain curves of the clay-bearing rock specimens. 

 
Fig. 3.3: Young's modulus of the clay specimens at different water contents. 

3.2.2 Analytical method 

Numerical models of layered rock slope were generated using a commercial finite element 

program (MIDAS GTS/NX 2014 (V2.1)). The geological profile of the rock slope along the 
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cross-sectional area of the quarry designated as V32 and V33 (Fig.2.7) were used to build the 

numerical models shown in Fig. 3.4. The finite element meshes shown in Fig. 3.4 were generated 

using six-node triangular elements based on the elevation readings from the cross-sectional area 

of the quarry (see Fig. 2.7). The entire analytical model has dimensions of 830 m in vertical 

direction (from north to south) and 1489 m in horizontal direction (from east to west).  

 

(a) V32      (b) V33 

Fig.3.4: The entire analytical 2-D models of the quarry. The blue rectangle represents the area of 

displayed simulated result of induced displacement. 

In this model, the ground types are classified into two groups, hard rock mass (limestone, 

schalstein and slate) and clay-bearing rock (limestone with clay), based on their notably different 

Young’s modulus (Sakurai, 1982). Both the hard rock and clay-bearing rock are assumed to be 

isotropic and elastic materials. The Young’s modulus of the rock specimens can be relatively 

evaluated by various laboratory tests (Sakurai, 1982). However, an estimation of rock mass 

mechanical properties from test results of rock specimens can be difficult, because the rock 

specimens are strongly affected by inhomogeneity (Willie and Mah, 2004). The qualities of the 

hard and clay-bearing rock are therefore assumed to average and poor, respectively. The 

Young’s modulus of the hard rock was set to 4.01 GPa estimated by GSI (see Table 2.2) with the 

aim of examining the key role played by the presence of clay-bearing rock in assessing rock 

slope stability. The unit weight and Poisson’s ratio of the hard rock were assumed to be 26.2 

kN/m
3
 and 0.2, respectively, which fall within the reasonable range of values for a good quality 

rock mass (Hoek and Brown, 1997; Bell, 2000). These properties are presented in Table 3.1. The 
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unit weight and Poisson’s ratio of the clay-bearing rock were set to 18.0 kN/m
3
 and 0.3, 

respectively, which fall within the properties of soft clay estimated by Chai and Miura (1999). 

All analyses were carried out under plane strain conditions. Normal displacements to the surface 

at the right and left sides and bottom face of the model (Fig. 3.4) were fixed to zero.  

To clarify the effect of reduction in Young’s modulus of the existing clay-bearing rock on 

the cut rock slope deformation, two basic cases were modeled. Based on the experimental results 

described in 3.2.1, the Young's modulus of clay-bearing rock was set to be 50 MPa and 20MPa 

at initial stages; then assume it deteriorated to 20 MPa and 3 MPa by water contact. The two 

analyses were defined as Case A and Case B. Afterwards, the relative displacements induced by 

reduction in Young's modulus of clay-bearing rock were calculated for each of the models by 

subtracting the displacement at the initial model from that of the deteriorated model. For 

comparison with the measurement results, the change in distance was analyzed between several 

points on the slope surface at different elevations and beam generator points as seen in Fig.3.4. 

The displacement vector on the slope surface and beam generator point was also analyzed to 

understand the causes of the distance change.  

Table 3.1: Mechanical properties of the rock materials. 

a
The unit weight adopted from Bell (2000) 

b
Adopted from Chai and Miura (1999). 

c
Estimated by GSI  

d
Calculated from laboratory test results 

3.2.3 Analytical results and discussion 

Fig. 3.5 shows examples of the displacement vectors at the surface of the rock slope in case 

A (50 MPa → 20 MPa) and case B (20 MPa → 3 MPa). As seen in Fig. 3.5, the displacement 

vectors show an overall trend of downslope displacement of the rock mass from the top to the toe 

of the rock slope surface in both cases. The maximum displacements of 0.088 and 0.83 m in case 

A (50 MPa~20 MPa) and case B (20 MPa~3 MPa), respectively were observed mostly within the 

zone of clay-bearing rock near the foot of the slope. 

Properties Hard rock mass Clay-bearing rock 

Unit weight, γ (kN/m
3
)
 
 26.2

a
 18.0

b
 

Young's modulus, E  (GPa) 4.01
 c
 0.05 and 0.02

 d
 

Poisson's ratio, v 0.2
a
 0.3

b
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Fig. 3.6 depicts the change in distance at an elevation of 430-590 m calculated from the 

displacement vectors. It is observed that trend of the calculated results are similar in both 

geologic cross-sectional lines, V32 and V33. The distance decreased at all elevations between 

430 to 590 m. The change in distance is considered to decrease because a large displacement 

within the clay-bearing rock zone due to deterioration induces down slope displacement above 

the zone. It can be seen that both cases show similar tendencies along all the elevations (430 to 

590 m) although the magnitudes differs. This shows that the magnitude of displacement depends 

on the Young’s modulus of the clay-bearing rock, implies that rock slope deformation tends to 

continues as the rock keeps deteriorating. It should be noted that the maximum decreasing rate 

was observed in the middle (~520 m) of the rock slope in both cases. 

 

(a) Case A (50 MPa → 20 MPa)   (b) Case B (20 MPa → 3 MPa) 

Fig.3.5: Example of total displacement vector at the surface of rock slope induced by reduction 

in Young's modulus of clay-bearing rock zone, in the blue dotted rectangle in Fig.3.4b. The 

arrows indicate the direction of the displacement whereas length of arrow is proportional to 

magnitude of the displacement. 

Table 3.2: Young's modulus of hard rock mass and clay-bearing rock. 

Cases clay-bearing rock (GPa) Hard rock mass (GPa) 

Initial After deterioration 

A (50 MPa ~ 20 MPa) 0.05 0.02 4.01 

B (20 MPa ~ 3 MPa) 0.02 0.003 4.01 

From the comparison between Fig 3.6 and Fig.2.12, it can be seen that the measured results 

at the north and center of the quarry qualitatively have a similar tendency of displacement with 
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the calculated result (Fig. 3.6). As seen in Fig. 2.6, the clay-bearing rock is mainly distributed on 

the north- side and centre of the quarry, which consequently exhibit significant strength 

reductions and deformability as a result of its deterioration by water contact (Erguler and Ulusay, 

2009). For simplicity, clay-bearing rock deterioration owing to water was modeled by reducing 

its Young's modulus. However, clay-bearing rocks also show other deterioration types, including 

plastic deformation, cracking and breaking (Zhang et al., 2018). This relationship indirectly 

verifies that the clay-bearing rock deterioration is induced by water. Nicholson and Hencher 

(1997) explained that deterioration of clay-bearing rocks includes the progressive physical and 

chemical alteration of rock, which is facilitated by stress release, freeze-thaw and wet-dry cycles 

(Matsuoka, 2008; Erguler and Shakoor, 2009) when exposed to natural climate conditions. In 

particular, slaking, which is caused by repeated exposure to dry and wet conditions, is also an 

important mechanism of clay-bearing rock deterioration (Erguler and Shakoor, 2009; Gautam 

and Shakoor, 2013). The clay-bearing rock in the quarry is therefore also possibly susceptible to 

deterioration via slaking. However, the magnitude of displacement in Fig.3.6 is significantly 

smaller than that of Fig.2.10a and b. This implied that the rock slope at the Higashi-shikagoe 

limestone quarry is likely not deformed mainly as a result of deterioration of the clay-bearing 

rock the foot wall of the rock slope, mostly at the north-side and center of the quarry even 

thought the clay-bearing rock is widely distributed. Thus, the slope displacement is induced by 

other factors. 

 

      (a) V32                 (b) V33 

Fig.3.6: Change in distance calculated from displacement as shown in Fig.3.4. 
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3.3 Effects of excavation on rock slope displacement 

As discussed in section 2.5, the limestone at Higashi-shikagoe quarry have been excavated 

by the bench cut method on the floor of the quarry. Excavation is thus expected to have 

deformed the rock slope because both gravity and horizontal stress applied to the floor were 

released during excavation. To address these effects, the elastic and elasto-plastic deformations 

of the rock slope induced by excavation were investigated by 2-D analysis. The displacements 

induced by the effect of gravity and the effect of horizontal regional stresses were analyzed to 

clear the characteristics of the cut rock slope deformation arising from excavation at the floor of 

the rock slope progressively from 2014 to 2019. Then, the deformation mechanism of the cut 

rock slope was discussed based on the comparison between the measured and calculated results. 

 

Fig. 3.7: FEM meshes in terms of excavation yearly, in blue dotted rectangle in Fig.3.6b. 

3.3.1 Analytical method 

Numerical models for two stress conditions are build using a commercial finite element 

program (MIDAS GTS/NX 2014 (V2.1)) based on elevation reading of the geological profile of 

the rock slope along the cross-sectional area of the quarry designated as V32 and V33 (Fig. 2.7). 

Five cases are modeled in each cross-section of the quarry for the progressive excavation levels 

from 2015 to 2019 for each of the two stress conditions. Excavation at the 400-m level was 

completed at the end of 2015, and resumed at the 360-m level in 2019. The basic configuration 

of the analytical models is the same as that discussed in section 3.2.2 using the mechanical 

properties presented in Table 3.1. However, the geometry of the blue dotted square in Fig. 3.4 
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changed as the excavation progressed. Fig. 3.7 shows an example of the analytical models of the 

quarry in 2015-2019 of V33. For the analysis of displacement induced by release of gravity, the 

simulation conditions including the boundary conditions are the same as with the conditions 

described in section 3.2.2. For analyzing displacement induced by the release of horizontal 

stress, a unit horizontal rock stress (σxx) of 1 MPa was applied to the right-hand side of the 

model. Mechanical properties for elastic analysis are shown in Table 3.1 whereas those shown in 

Table 3.3 were used for elasto-plastic analysis. In both analyses, the displacement increment due 

to excavation from 2014 was simulated using the excavation analysis function equipped in 

MIDAS GTS/NX 2014 (V2.1).  

 

(a) Release of horizontal stress    (b) Release of gravity 

Fig. 3.8: Examples of total displacement vector at the surface of rock slope induced by 

excavation in 2019 at the blue dotted rectangle in Fig.3.4b. The arrows indicate the directions of 

the displacement whereas length of arrow is proportional to magnitude of the displacement. 

3.3.2 Results of elastic analysis 

Examples of contours of surface displacement induced by excavation were shown in Fig. 

3.8. It can be seen in Fig. 3.8 (a), forward surface displacement of the cut rock slope was 

observed due to the release of horizontal stresses as a result of excavation of the rock mass. As 

expected, the displacement magnitude increased yearly when approaching the slope foot with the 

greatest displacement concentrated near the zone of clay-bearing rock. Significantly, the 

displacement of the rock slope and the stress at the toe of the slope is redistributed gradually as a 

result of the excavation of the rock mass. In contrast, the displacement vectors along the rock 

slope shown in Fig. 3.8b indicate upward and leftward movement of the rock mass, whereas the 
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vectors at the beam generator point show upward and rightward displacement due to the release 

of gravity when the rock floor of the pit was excavated. 

 

(a) V32       (b) V33 

Fig. 3.9: Change in distance of the simulated results of displacement induced by release of 

horizontal stress, (a) V32 and (b) V33. 

 

(a) V32       (b) V33 

Fig.3.10: Change in distance of the simulated results of displacement induced by release of 

gravity, (a) V32 and (b) V33. 

Fig. 3.9-10 shows the changes in distance calculated from the distribution of the surface 

displacement vectors along the slope and beam generator point plotted relative to elevation of the 

quarry between 460 and 590 m. It is clearly seen in Fig. 3.9 that the distance decreased with 

similar tendencies at both cross-sectional lines due to the release of horizontal stress as the rock 
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floor was excavated likely because of the forward displacement of the rock mass. The highest 

decreasing distance rate is also notably observed near the foot of the rock slope. Fig. 3.10 shows 

that the distance at elevation 590–460 m increased with progressive yearly excavation due to the 

leftward and rightward displacement of the rock mass along the slope and at the beam generator 

point. The maximum distance increase is observed near the foot of the rock slope, where the 

largest displacement magnitude is concentrated. From Fig.3.9-10, it can be said that the change 

in distance due to excavation of the pit floor depends on the rock stress conditions. The distance 

increases under gravity force conditions and decreases under horizontal stress conditions. 

From the comparison between measured result (Fig.2.12c) and calculated results, it is 

observed that the change in distance under horizontal stress conditions has similar tendency of 

displacement with the measured results at the south-side of the quarry although their magnitude 

differs. Thus, excavation is expected to be one of the dominant causes of the slope displacement 

on the south-side of the quarry if the regional horizontal stress at the quarry is sufficiently high. 

For example, Obara et al. (2000) suggested that rock slope exhibits elastic extension by 

excavation, resulting in forward displacement of the rock slope at a horizontal stress to vertical 

stress ratio of 1.0. However, this ratio tends to increase with inverse depth and is therefore likely 

to be greater than 1.0 in open pit mines (Brown and Hoek, 1978). 

Table 3.3: Mechanical properties of the rock materials. 

Parameters Hard rock mass Clay-bearing rock 

Material type Isotropic 

Material model Mohr–Coulomb 

Unit weight, γ (kN/m
3
)  26.20

a
 18.00 

b
 

Young’s modulus, E  (GPa) 4.01
c
 0.05

d
 

Poisson’s ratio, v 0.20
a
 0.30

b
 

Cohesion, c  (MPa) 30
e
 0.02

f
 

Friction angle,   (º) 40 and 50
e
 35

f
 

a
The unit weight adopted from Bell (2000) 

b
Adopted from Chai and Miura (1999). 

c
Estimated by GSI  

d
Calculated from laboratory test results 

e
Calculated from laboratory test results by Bandazi (2017) 

f
Adopted from Chai et al (2013) 
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3.3.3 Results of elsato-plastic analysis 

To estimate a sufficient horizontal stress, elasto-plastic analysis was carried out, based on 

simulation condition of displacement by the effect of horizontal stress using model of cross 

sectional lines, V32 and V33. It is expected that the rock slope can be deformed by plastic 

behavior of clay resulting from stress state change due to excavation. Therefore, the clay-bearing 

rock was assumed to behave as an elasto-plastic material. The displacement increment due to 

excavation at footwall of the rock slope progressing from 2015 to 2019 as shown in Fig.3.7, were 

simulated using the mechanical properties presented in Table 3.3. From Fig.3.11, it can be seen 

that the distance decreases under horizontal stress condition. From the comparison between Fig. 

3.9 and Fig.3.11, it is seen that the magnitude of displacement from elasto-plastic analysis is 

notably greater than that of elastic analysis. As can be seen from comparison of calculated result 

with measured results (see Fig.2.12c), the magnitude of displacement from elasto-plastic analysis 

is closer to that of measured results. Thus, this indicates that consideration of plastic deformation 

of clay-bearing rock is important assessing displacement due to excavation. 

 
(a) V32       (b) V33 

Fig.3.11: Calculated change in distance from surface displacement induced by excavation 

due to release of horizontal stress (a) and gravity (b) under elasto-plastic analysis. 

3.4 Slope displacement induced by shear failure using shear strength reduction method 

To understand rock slope displacement due to shear failure, shear strength reduction method 

(SSRM) was adopted. The shear strength reduction method (SSRM), where both the hard rock 
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mass and clay are assumed to behave as perfect elasto-plastic materials, was adopted to 

understand rock slope displacement caused by reduced shear strength after rainfall infiltration. 

The SSRM is one of the most popular techniques for performing FEM slope analysis (Dawson et 

al., 1999; Griffiths and Lane, 1999) mainly because it simulates progressive shear failure of the 

slope under complex geometric conditions (Matsu and San, 1992; Shen et al., 2012). The SSRM 

also determines a stress reduction factor or factor of safety value that brings a slope to the verge 

of its failure limit (Zienkiewicz et al., 1975; Farshidfar and Nayeri, 2015) according to: 

   
 

 
            (3.2) 


 
       

   

 
            (3.3) 

where C and ϕ are the actual cohesion and frictional angle, respectively, CF and ϕF are the 

reduced strength characteristics (cohesion and frictional angle) and F is a reduction factor that 

controls the reduction rate of C and ϕ. As noted by Dawson et al. (1999) and Griffiths and Lane 

(1999), C and ϕ gradually decrease until the final slope failure is detected. 

 

Fig.3.12: Displacement vector along the rock slope at ϕ = 40(°), with shear strain distribution in 

the blue dotted rectangle in Fig.3.6b. 
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3.4.1 Analytical method  

The basic configuration of the models including the shape, size and boundary conditions 

was the same as described in section 3.2.2. However, in addition to the elastic modulus and unit 

weight, the cohesion and frictional angle were also included in the simulation. The values C and 

  of the hard rock mass were estimated from standard uniaxial compression tests (Bandazi, 

2017). In these laboratory tests, the friction angles of limestone and schalstein were 

approximated as 40° and 50°, respectively. The friction angle of hard rock was set to 40° and 50° 

for two analytical cases. The shear strength parameters of the weak rock were adopted from Chai 

et al. (2013), as presented in Table 3.3. In this simulation, increment of reduction factor △F and 

the maximum number of iteration are set to 0.01 and 50, respectively. The displacement 

increment induced by plastic deformation owing to sequential failure of elements was analyzed. 

 

Fig.3.13: Change in distance calculated from SSR simulation results. 

3.4.2 Analytical results and discussion  

The surface displacement vector of the rock slope at ϕ = 40° is shown in Fig. 3.12 with the 

shear strain distribution. The change in distance calculated from the surface displacement vectors 

is plotted against the quarry elevation for comparison, as shown in Fig. 3.13. Fig. 3.12 shows that 
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the downslope movement of the rock mass occurred at the top of the rock slope. The slope 

clearly slid relatively downward from the top to the intense shear strain zone in the middle of the 

slope, resulting in massive forward displacement of the middle of the rock slope surface. The 

change in distance decreased as a result of the downslope movement along the slope and at the 

beam generator point. The maximum decreasing rate of the distance at the footwall of the rock 

slope for both friction angles were also observed. As the shear sliding progressed in the rock 

slope owing to reduced rock mass strength, the distance decreased with the greatest magnitude at 

the foot of the slope. Based on comparison of the measured result Fig.2.12c and Fig. 3.13, it can 

be seen that both results have a similar tendency but different magnitude of displacement. This 

suggests that the rock slope displacement at south- side occurred not mainly as a result of 

lowered shear strength of rock mass. Thus, it is expected that the rock slope has low risk of shear 

failure. 

3.5 Concluding remarks  

From the numerical simulations, the following characteristics of slope displacement were 

estimated: 

i. The change in distance calculated from the distribution of the surface displacement vectors 

along the slope and beam generator point decrease due to deterioration of clay-bearing 

rock, and the maximum decrease are seen at the middle of the slope. The change in 

distance owing to excavation of the pit floor depends on the rock stress conditions. The 

distance increases under gravity force conditions and decreases under horizontal stress 

conditions and shear sliding of rock slope. The magnitude of the decrease in distance is 

observed to be greatest at the foot of the slope. 

ii. According to the characteristics of the measured and calculated results, the rock slope 

displacement at the Higashi-shikagoe limestone quarry is conclude to be mainly caused 

by excavation at the floor wall if the horizontal stress is sufficiently large. However, 

consideration of plastic deformation due to excavation is also important in assessing 

stability of rock slope at the quarry. 
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4 Estimation of regional stress state and Young’s modulus of 

ground by 3-D back analysis 

4.1 Introduction 

As discussed in chapter 3 that excavation at the floor wall of the quarry is the main cause of 

rock slope deformation observed at Higashi-shikagoe quarry if the horizontal stress is 

sufficiently large. It is well known that information on the stress field in rock mass around 

excavation is of fundamental importance for ensuring the stability of mining and civil 

engineering projects. In open-pit mines, changes in the stress state of rock mass arising from 

mining activities have been extensively investigated by some researchers (Kaiser et al., 1990; 

Kaneko et al., 1997; Obara et al., 2000; Nara et al., 2011; Kodama et al., 2013). In these studies, 

excavation-induced stress changes of homogeneous rock slope were estimated considering 

surface geometry and tectonic stress. However, Nakamura et al. (2003) presented measurement 

of rock slope deformation due to excavation in a pit-type limestone mine using multi-stage 

extensometers and proposed that elastic deformation of rock slope formed in the pit-type quarry 

can be affected by geological structure and/or mechanical properties of rock types. This suggests 

excavation-induced stress changes of heterogeneous rock slope are also essential. However, 

excavation-induced stress changes of heterogeneous rock slope encompassed by clay-bearing 

rock have not been clarified yet, although layer of clay-bearing rock is often observed at 

limestone quarries. 

In this chapter, excavation-induced deformation of the rock slope intersected by layer by 

clay-bearing rock, 70-m- thick at the footwall of the rock slope was estimated by 3-D back 

analysis. At first, effect of model sizes on deformation of the rock slope was investigated to find 

a model with adequate size. In Finite element method, displacements on surrounding boundary 

of model are usually fixed. Therefore, model with extensive area is better because it has less 

affects of boundary conditions. However, numbers of node and elements increases with the 

model size. These causes increase in computation time and computer with large memory size is 

also required. Thus, it is important to simplify the model for adequate memory size and shorter 

computation time. Thereafter, a stress state of the quarry and the elastic moduli of a rock mass 

around mining area of Higashi-shikagoe limestone quarry were estimated by varying Poisson’s 

ratio of the ground to ensure the long-term stability of the rock slope. This is because the 

behavior of relative displacement depends on the magnitude of Poisson’s ratio (Kodama et al., 
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2009). Furthermore, effect of the ratio of the existing layer of the clay-bearing rock on 

excavation-induced stress changes of rock slope was also investigated. Then, stability of the rock 

slope is assessed by comparing calculated results to measured results. 

 

Fig. 4.1: Base map from the Geospatial Information Authority of Japan. The red frame 

indicates the studied area (the Higashi-shikagoe limestone quarry). 

 

Fig.4.2: Elevations read from the regional contour map of the quarry. 



46 
 

4.2 Theoretical concept of back analysis  

Back-analysis has become an integral part of the observational method commonly used in 

rock engineering. It has been applied to identify in-situ stress field (Kaiser, 1990), estimation of 

rock mass deformation modulus and strength parameters (Kodama et al., 2013), tunneling 

(Okuda et al., 1999; Sakurai et al., 2001), rock mass hydraulic properties (Cai et al., 2007), rock 

mass zoning, boundary conditions, loads acting on the tunnel linings, etc through numerical 

methods. In back analysis, a set of input parameters such as geological structure, mechanical 

parameters and in-situ stress that lead to outputs such as displacement and stress is determined 

by performing numerical simulation as model calibration using either least square or 

mathematical programming techniques of error minimization with observed data (Cai et al., 

2007). Contrary to forward analysis, which has unique solution and determines the output such 

as displacement and stress from inputs such as geological structure, mechanical parameters and 

in-situ stress, back analysis cannot guarantee the uniqueness of the solution (Sakurai et al. 2003). 

Using back analysis, evaluation of several parameters, such as the mechanical parameters and the 

in-situ stress field, is achievable simultaneously. Thus, it is likely that back analysis would 

provide a more accurate estimation of displacement and rock stress in mining engineering 

(Kodama et al., 2013) on a large scale. 

In open pit mine, the rock stress around the mine is often estimated by analyzing the mining-

induced deformation arising from the stress state due to gravity and the given regional strains 

(Kodama et al., 2013). The mining-induced deformation occurs as a result of changes in the 

surface geometry arising from mining activity in an open pit mine. Thus, the effects of change in 

both the geometry and regional strain state by mining on the elastic deformation were 

investigated. The Young’s modulus and regional strain of rock can be estimated based on Eq. 

(4.1) directly depend on varying Poisson’s ratio. The relative displacements at position x induced 

by mining under a constant regional strain, u (x) is given by the following linear equation 

(Kodama et al., 2013): 

u (x) = u
0 

(x, ρg, E
G
) + u

 X 
(x, ɛxx

G
) + u

 Y 
(x, ɛyy

G
) + u

 XY 
(x, γ xy

G
)                                                    (4.1) 

Where u
0 

(x, ρg, E
G
) is the displacement due to release of gravity by mining, ρg and E

G 
are the 

unit weight and Young’s modulus of the ground, respectively. u
 X 

(x, ɛxx
G
), u

 Y 
(x, ɛyy

G
) and u

 XY 
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(x, γ xy
G
) are the mining-induced displacement under the given normal strains ɛxx

G
, ɛyy

G 
and shear 

strains γ xy
G
, respectively.  

To estimate the Young’s modulus and regional strain of ground by back analysis, the 

total displacement u(x) given by Eq. (4.1) using a unit Young’s modulus, E
0
 and unit regional 

strain (normal strain ɛxx
0
, ɛyy

0
 and shear strain γ xy

0
) of the ground can be expressed by the 

following equation with the detail explained in Kodama et al., 2013:  

u (x) = cEu
0 

(x, ρg, E
0
) + cXu

 X 
(x, ɛxx

0
) + cYu

 Y 
(x, ɛyy

0
) + cXYu

 XY 
(x, γ xy

0
)                                    (4.2) 

where cE = E
0
/E

G
, cX = ɛxx

G
/ ɛxx

0
, cY = ɛyy

G
/ ɛyy

0
, cXY = γ xy

G
/ γ xy

0
. The Eq. (4.2) is a linear 

equation with four unknown parameters cE, cX, cY, cXY, which can be determined from 

displacement results in horizontal plane estimated by numerical analysis using the given values 

of Young’s modulus E
0
, normal strains ɛxx

0
, ɛyy

0 
and shear strains γ xy

0
, respectively. Thereafter, 

the regional stress state can be calculated from the specified regional strain state using the 

following Hooke’s law: 

σxx
G
 = c1[(1-ν) ɛxx

G
 + νɛyy

G
] 

σyy
G
 = c1[ν ɛxx

G 
+ (1-ν) ɛyy

G
]                                                                                                       (4.3) 

σxy
G
 = c2γ xy

G
 

where c1= E
G
 /(1+ ν)(1-2ν), c2= E

G
 /2(1+ ν), ν is the given Poisson's ratio. 

 

Fig.4.3: Procedures for creating 3D model. 
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4.3 Effects of model size and Poisson's ratio  

In this section, effect of model size on elastic deformation of the rock slope induced by 

excavation is predicted. In FEM, large model including a vast surrounding area to excavation 

area is often more reliable as the effect of boundary conditions are significant smaller on the 

targeted area (Kodama et al., 2009). However, such large model required long computation time. 

A vast computer memory is also needed when the excavated area is extensive. Thus, it was 

necessary to simplify the model to bring it within the limits of the available memory size and 

shorter computation time. Thereafter, regional stresses and elastic modulus of the ground were 

estimated using the appropriate model size by back analysis based on varying Poisson’s ratio of 

ground. 

 

Fig. 4.4: The 3-D FEM model of the Higashi-shikagoe limestone quarry with different 

dimension designated as (a) small model, (b) medium model and (c) larger model. The red frame 

indicates the excavation area of 600m length.  

4.3.1 Analytical method  

Base map from the Geospatial Information Authority of Japan and mine elevation data 

measured from May 2014 to July 2021 were used as the elevation data to express the surface 

geometry of the analysis target area. As shown in Fig.4.1, the red frame indicates the area 

containing base map information of the Higashi-shikagoe quarry in the bird's-eye view of the 
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Geospatial Information Authority of Japan. Then, the quarry elevation data (Fig. 4.2) provided 

by the mining company were synthesized using commercial CAD software. Thereafter, 3D 

meshes of the quarry for the eight years from 2014 to 2021 were generated using commercial 

software, MIDAS GTS/NX 2014 (V2.1) as show in Fig.4.3.  

 

Fig.4.5: 3D-FEM model boundary condition used for mining-induced displacement analysis. 

Fig.4.4 shows the entire 3-D models of 2014 used for the numerical simulation. Three 

models of different dimensions were built to understand effects of model sizes and boundary 

conditions. The dimensions of the model were approximately 1.45 km and 1.66 km, 2.46 km and 

2.76 km, 5.52 km and 5.60 km in the x-, and y-directions with depth of about 1.0 km for small, 

medium and larger model, respectively. The mining area is approximately 0.6km length, which 

is 2.0, 4.0 and 9.0 times lesser than the length of small, medium and larger model, respectively as 

indicates in Fig. 4.4. To model the change in surface geometry by mining better, the mesh size 

within the mining areas was set to 10 m, which is equal to one bench height. The directions of 

the x- and y-axes of the model were aligned to due south and east of the quarry, respectively, and 

z-axis was parallel to the vertical direction. The total number of nodes and elements in the model 

for 2014 are presented in Table 4.1.  

Table 4.1: Number of elements and nodes of model for 2014. 

Mesh size Dimension (km) Node Element 

Small model 1.45 x 1.66 571, 290 1, 225, 820 

Medium model 2.46 x 2.76 1, 242, 050 7, 085, 126 

Larger model 5.52 x 5.60 871, 290 4, 855, 820 
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The ground of the model was assumed to be homogeneous, isotropic, and elastic. This 

implies that the mechanical behavior of the rock mass affected by change in surface geometry by 

mining and the geological structure was approximated by the behavior of an equivalent elastic 

body. As shown in Fig.4.5, the nodal displacement of each model was calculated independently 

by applying the gravitational force and each forced displacement corresponding to each regional 

strains. Based on Eq. (4.1), displacement induced by the effect of gravity, u
0
(x, ρg, E

0
) is 

evaluated by applying the unit weight of the ground while displacements on the side surfaces and 

the basal surface of the model are fixed to zero. Subsequently, displacement induced by the 

effect of horizontal regional stress, u
X
(x, ɛxx

0
), u

Y
(x, ɛyy

0
) and u

XY
(x, γ xy

0
) are evaluated applying 

horizontal displacement of the side surfaces, which is equal to the given regional strains, ɛxx
0
, ɛyy

0 

and γxy
0
. The nodal displacements on the basal surface and the side surface of X and Y-planes 

were fixed to zero. The mechanical properties presented in Table 4.2, as adopted from Obara et 

al (2000) are used. Thereafter, the relative displacements, u
0 
(X, ρg, E

0
), u

 X 
(X, ɛxx

0
), u

 Y 
(X, ɛyy

0
) 

and u
 XY 

(X, γ xy
0
) at each elevation to beam generator point induced by mining were calculated.  

 

Fig.4.6: Layout of APS mirrors used for back analysis on mining area. 
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Table 4.2: Mechanical properties of the ground material. 

Parameters Ground 

Unit weight, γ (kN/m
3
)
 a
 26.2 

Poisson’s ratio, vb 0.10, 0.20 and 0.30 

a
The Obara et al. (2000), 

b
Assumed 

 

Table 4.3: Unknown constant and regional stress values. 

Mesh size cE cX cY cXY σxx σyy τxy 

Small model 1.955 -0.018 1.930 0.380 -0.206 -2.013 -0.345 

Medium model 0.219 0.431 2.122 -0.370 -0.682 -2.219 -0.336 

Larger model 0.220 0.310 1.810 -0.670 -0.530 -1.890 -0.609 

 

 

Fig. 4.7: Layout of APS mirrors used for back analysis on 3-D model. Relative 

displacement of each mirror point to beam generator point was calculated. 

4.3.2 Analytical results and discussion  

To account for deformation induced by mining, the relative displacements of both measured 

and calculated in the horizontal plane between each of the 12 APS mirrors (see Fig.4.6 and Fig. 

4.7) on the slope surface at different elevations and beam generator point as described in section 

2.3.2 were used for back analysis. The relative displacement between 2014 and 2017 of both 
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measured and calculated results were used to estimate the four unknown parameters: cE, cX, cY, 

cXY of Eq. (4.2). The regional strain state and Young's modulus of rock were then estimated by 

back analysis using Eq. (4.2). The magnitude and direction of the principal regional stress states 

of the different models estimated by Eq. (4.3) are shown in Fig. 4.8. The estimated unknown 

parameters and values of regional stresses are presented in Table 4.3. It is noted that all models 

have similar compressive stress state. The magnitude of maximum principal stress is -2.10 MPa, 

-2.09 MPa and -2.12 MPa at the maximum principal direction of N11°E, N22°W and N21°W for 

the small, medium and larger model, respectively. The estimated Young's modulus of the ground 

for seven year is shown in Fig.4.9. The Young's modulus range of -0.8-0.5 GPa, 3.5-4.57 GPa, 

and 2.5-6.0 GPa are estimated under small, medium and larger model, respectively.  

 

Fig. 4.8: The magnitude and the direction of the estimated principal regional stress. In Fig. 4.8, 

Rectangle in the figure depicts the model used. (a) Large model with a dimension of nine (9) 

times larger than that of the mining area, (b) medium model with a dimension of four (4) times 

larger than that of the mining area, and (c) small model with a dimension of two (2) times larger 

than that of the mining area. 

For more clarification, the estimated unknown parameters (see Table 4.3) were used to 

calculated displacement in the horizontal plane. The calculated displacements were compared 

with the measured results as shown in Fig. 4.10. From Fig. 4.10, it can be seen that the measured 

results agreed with the calculated results with error of 15.56, 9.86, and 10.39 for small, medium 

and large model, respectively.  
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Fig.4.9: The estimated Young's modulus at Poisson's ratio, 0.2. 

 

Fig. 4.10: The relationship between measured and calculated displacement of different 

models at Poisson's ratio, v=0.2. 
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It can also be observed that the calculated displacements with the small model deviated 

considerably from the measured displacement, mainly because effect of change in the surface 

geometry due to mining and boundary condition is larger on the small model. Conversely, the 

magnitudes of the calculated displacement with medium model are closer to that of large model. 

It also indicates that estimated error from the calculated displacement with medium model is 

almost equal to that from large model. Thus, it can be concluded that the medium model with a 

dimension of four times larger than that of the mining area is large enough for simulation. Not 

only that it has lesser effect of boundary condition, but also it may require lesser computation 

time and computer memory than the large model with extensive excavated area. 

Subsequently, the medium model was used to identify an appropriate Poisson's ratio of the 

ground by varying the Poisson's ratio from 0.1 till 0.3 since all terms in Eq. (4.1) depends on 

Poisson's ratio. Fig. 4.11 shows estimated Young's modulus at different Poisson's ratio by back 

analysis. It can be noted that the Young's modulus increases in order of Poisson's ratio of 0.2, 

0.1, and 0.3 with maximum value of approximately 4.7 GPa at Poisson's ratio, v = 0.2 in 2019. 

 

Fig.4.11: The estimated Young's modulus at different Poisson's ratio. 
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Fig. 4.12: The relationship between measured and calculated displacement with medium 

model at varying Poisson's ratio. 

The estimated unknown parameters based on Eq. (4.2) were also used to calculated 

displacement in the horizontal plane with medium model at varying Poisson's ratio of 0.1, 0.2 

and 0.3 as shown in Fig. 4.12. The result shows that the calculated displacement of all the 

Poisson's ratio have similar trend with the measured displacements. In addition, the estimated 

errors are of order: 14.90, 9.86 and 13.68 for Poisson's ratio of 0.1, 0.2, and 0.3, respectively. 

The estimated errors indicated that calculated displacement at Poisson's ratio of 0.2 is closest to 

the measured displacement. Then, the displacements vector at Poisson's ratio, v = 0.2 were 

compared with that of measured displacement as shown in Fig.4.13. As can be seen in Fig.4.13, 

the vector indicates that both the measured and calculated displacements trend forward toward 

the southern part of the quarry. It can be concluded that the values for Poisson's ratio of 0.2 and 

Young's modulus range of 3.5 -4.57 GPa estimated with medium model are reasonable. The 

estimated Young's modulus of rock mass by back analysis is close to that of Young's modulus by 

GSI of 4.01 GPa (see Table 2.2). The estimated Young’s modulus also fall within the range of 

estimated Young’s modulus of ground in Torigatayama limestone mine (Kodama et al., 2013). 
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Fig.4.13: Displacement vector of the measured and calculated results in the horizontal 

plane. 

 

Fig.4.14: 3-D FEM model of the quarry including the clay-bearing rock zone. 
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4.4 Effects of clay-bearing rock zone on slope displacement  

In this section, effect of the existing layer of clay-bearing rock on changes in regional stress 

due to excavation was investigated by 3-D back analysis. Afterward, stability of the rock slope is 

assessed by comparing calculated results to measured results. The relative displacements of both 

measured and calculated in the horizontal plane between each of the 12 APS mirrors on the slope 

surface at different elevations and beam generator point as described in section 2.3.2 were used 

for back analysis. 

4.4.1 Analytical method 

A 3D mesh of the quarry was generated using commercial software, MIDAS GTS/NX 2014 

(V2.1) as described in section 4.2.1. The zone of clay-bearing rock, 110 m thick was inscribed in 

the medium model (Fig. 4.4b) at the elevation of 440-420 m. For simplicity, the shape of the 

inscribed clay-bearing rock was the same with that of cross-sectional line of V32 (see Fig. 2.7a). 

The entire 3-D FEM model is shown in Fig.4.14. The dimension of the entire model is the same 

as that of Fig.4.4b whereas the dimension of the inscribed clay-bearing rock zone is 

approximately 26 m, 112 m and 70 m in the x-, y- and z-directions. The total number of nodes 

and elements in the model for 2014 were 1,303,315 and 7,354,776, respectively. For better 

model of the change in surface geometry by mining, the mesh size within the mining areas was 

set to 10 m, which is equal to one bench height. The directions of the x- and y-axes of the model 

were aligned to due south and east of the quarry, respectively. The ground of the model was 

assumed to be isotropic and elastic. The boundary conditions are the same as shown in Fig.4.5 

were used, the nodal displacement of each model was calculated independently by applying the 

gravitational force and each forced displacement corresponding to each regional strain. 

As seen in Fig.4.14, the rock mass consists of two geological layers, it is therefore important 

to investigate the effects of changes in the surface geometry and the mechanical properties of the 

clay-bearing rock. The known parameters of the ground presented in Table 4.2, with the 

estimated Young's modulus of 4.01 GPa by GSI are used. The unknown parameters of clay-

bearing rock, the unit weight, Poisson's ratio and elastic moduli were generated empirically by 

the ratio of known properties of rock mass presented in Table 4.2. The linear equations of the 

ratio of the mechanical properties of clay-bearing rock to that of rock mass were formulated as 

given in Eq. (4.4)-(4.6). The mechanical properties of clay-bearing rock are presented in Table 



58 
 

4.4. To estimate the parameters of the clay-bearing rock, it is necessary to conduct back analysis 

by changing mechanical properties of clay-bearing rock and then determine the parameters that 

can provides the minimum error in Eq. (4.2). 

Young's modulus, E = 0.02α + 4.0(1- α)                                                                        (4.4) 

Poisson's ratio, v = 0.2α + 0.3(1- α)                                                                               (4.5) 

Unit weight, γ = 26.2α + 18.0(1- α)                                                                                (4.6) 

where, α is the ratio of clay in the ground. 

Table 4.4: Estimated parameters of weak rock by ratio to parameters of the ground material. 

Young's modulus, 

E (GPa) 

Clay ratio, α Poisson’s ratio, v Unit weight, 

γ (kN/m
3
) 

0.02 1.000 0.300 18.00 

0.5 0.870 0.288 18.98 

1.0 0.750 0.276 19.97 

1.5 0.623 0.263 21.05 

2.0 0.497 0.250 22.08 

2.5 0.365 0.238 23.11 

3.0 0.240 0.225 24.15 

3.5 0.120 0.213 25.13 

4.0 0.000 0.200 26.20 

4.4.2 Analytical results and discussion  

The regional strain state and Young's modulus of rock were then estimated by back analysis 

using Eq. (4.2). The relative displacement between 2014 and 2017 of both measured and 

calculated results were used to estimate the four unknown parameters: cE, cX, cY, cXY of Eq. 

(4.2). The estimated unknown parameters and values of regional stresses are presented in Table 

4.5. The relationship between Young's modulus and magnitude and direction of the principal 

regional stress states estimated by Eq. (4.3) are shown in Fig. 4.15. It is observed that the 

estimated principal stresses show similar trends and stress state is almost uniaxial compression. 

This indicates that the magnitude and direction of the estimate regional stress is independent of 

Young's modulus of the existing layer of clay-bearing rock. The results as shown in Fig. 4.16 

reveal the magnitude of maximum principal stress ranges from -2.10 to -2.62 MPa at principal 
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directions range of N16.9°W to N21.0°W. Fig. 4.17 shows the estimated errors, which indicates 

that Young's modulus of 20 MPa have a lesser errors of 12.6. Naga et al. (2009) reported the 

direction of stress measured at a point of about 50 km northwest of the Higash-shikagoe 

limestone quarry as N18°W. The direction of the measured stress was compared with that of the 

estimated principal stress as shown in Fig. 4.18. The result indicated that the direction, N21°W 

of the estimated maximum principal stress is close to that of measured stress, N18°W. Thus, the 

stress state in the quarry could also be influenced by regional stress due to tectonic activity. 

Table 4.5: Unknown constant and regional stress values. 

Young's modulus 

(GPa) 

cE cX cY cXY σxx σyy τxy 

0.02 0.999 0.471 2.232 -0.766 -0.740 -2.340 -0.700 

0.5 0.948 0.091 1.678 -0.500 -0.284 -1.726 -0.455 

1.0 0.899 0.373 1.923 -0.501 -0.600 -2.009 -0.456 

1.5 0.881 0.346 2.032 -0.614 -0.585 -2.118 -0.558 

2.0 0.958 0.335 1.941 -0.483 -0.563 -2.023 -0.439 

2.5 1.026 0.397 2.026 -0.487 -0.636 -2.117 -0.443 

3.0 1.038 0.454 2.106 -0.494 -0.704 -2.205 -0.449 

3.5 1.058 0.108 2.239 -0.732 -0.365 -2.302 -0.665 

4.0 1.003 0.326 2.072 -0.511 -0.569 -2.156 -0.465 

 

Fig.4.15: The magnitude and the direction of the estimated principal regional stress. The 

rectangle in the figure depicts the model used. 
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Fig.4.16: The estimated errors at different Young's modulus of clay-bearing rock. 

 

Fig.4.17: The estimated and measured regional stress as adopted from Naga et al., 2009.  
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4.5 Concluding remarks 

Based on the characteristics of the calculated results, the findings of the 3-D back analyses 

are as follows: 

i. The results of the medium model are almost equal to that of large model. Thus, model 

with a dimension of four times larger than that of the mining area is large enough. 

ii. The estimated Young's modulus, 4.57 GPa of rock mass at Poisson's ratio of 0.2 by back 

analysis is close to that of Young's modulus, 4.01 GPa estimated by GSI. 

iii. The magnitude and direction of regional stress is independent of Young's modulus of the 

existing layer of clay-bearing rock. 

iv. The estimated stress state of the quarry is almost uniaxial compression. The maximum 

principal stress is estimated to be between -2.10 and -2.62 MPa. 

v. The direction, N21°W of the estimated maximum principal stress is close to that of 

measured stress, N18°W. Thus, the stress state in the quarry could also be influenced by 

regional stress due to tectonic activity.  
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5 Estimation of mining-induced deformation by 3-D numerical 

analysis 

5.1 Introduction 

As found in chapter three that excavation at floor of the quarry is a dominant cause of the 

slope displacement observed at Higashi-shikagoe quarry if horizontal stress is sufficiently large. 

From chapter three, it was also revealed that plasticity of clay-bearing rock affects magnitude of 

the slope displacement due to excavation. These indicate that detail analysis of elasto-plastic 

behavior of the clay-bearing rock under regional stress is significantly important for estimation 

of long-term rock slope deformation. Previously, extensive studies have been done on 

deformation of homogenous rock slopes in pit-type mines by many researchers (Kaneko et al., 

1996; Kaneko et al., 1997; Obara et al., 2000; Kodama et al., 2003; Kodama et al., 2009). In 

these studies, the elastic deformation of rock slope due to excavation has been cleared. However, 

the mining-induced plastic deformation of rock slope intersected by weak rock formation such as 

clay-bearing rock has not been investigated even though yielding of the clay bearing rock is 

likely affects the rock slope deformation. In this chapter, mining-induced deformation resulting 

from the plastic behavior of clay-bearing rock at the quarry was estimated by 3-D elasto-plastic 

analysis.  

As described in chapter four, gravitational force and regional strains were applied to the 

model independently in order to estimate elastic deformation induced by excavation. In contrast, 

gravitational force and regional strains should be applied to the model simultaneously in order to 

estimate elasto-plastic deformation due to excavation. However, it is impossible to apply shear 

strain and normal strains simultaneously to the model as used in chapter four. To overcome this, 

a 3-D elasto-plastic analysis under regional stress by model rotating technique was proposed.  

In this chapter, firstly, the validity of the proposed model rotating technique was verified to 

apply principal stress instead of the usual normal and shear strains. Then, causes of the rock 

slope deformation are considered by comparing calculated results from elastic and elasto-plastic 

analysis to measured results.  
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5.2 Analytical method 

5.2.1 Validation of model rotating technique 

To validate the new proposed rotation model, the surrounding of the mining area of the 

model shown in Fig.4.14 was rotated to 20° in anticlockwise direction. Fig.5.1 depicts the entire 

rotation model. The dimension of the entire model is the same as that of Fig.4.14. The mesh size 

within the mining areas was set to 10 m, which is equal to one bench height. The ground of the 

model was assumed to be isotropic and elastic. The parameter at Young's modulus of clay-

bearing rock, 20 MPa as presented in Table 4.4 were used with Young's modulus, Unit weight 

and Poisson's ratio of ground as 4.01 GPa, 26.2 kN/m
3
 and 0.2, respectively.  

 

Fig.5.1: 3-D FEM rotation model of the quarry. 

In this model, a 3-D elastic analysis was carried out under regional stress by the model 

rotating technique. The principal stresses at Young's modulus of clay-bearing rock, 20 MPa as 

presented in Table 5.1 estimated by back analysis based on Eq. (4.3) were applied on the model. 

Nodal displacement on the side surfaces (x- and y-directions) and the basal surface were fixed. 

Nodal displacement was calculated by simultaneously applying the gravitational force and 

principal stresses estimated by back analysis as shown in Fig. 5.1. To validate the model, nodal 
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displacement was also calculated independently by applying the gravitational force and each 

forced displacement corresponding to each regional strain using the estimated the four 

parameters: cE, cX, cY, cXY of Eq. (4.3) based on boundary conditions described in section 4.3.1 

on the model shown in Fig. 4.14. cE, cX, cY, cXY at Young's modulus of clay-bearing rock, 20 

MPa as presented in Table 4.5 were used. 

To interpret deformation within the mining area, the relative displacements of 2014 to 

2017 of both boundary conditions of rotation model (Fig.5.1) and model of Fig.4.14 in the 

horizontal plane were analyzed. The calculated displacements from the two models were 

designated as normal model and rotational model. Fig. 5.2 shows the calculated displacements. It 

can be seen in Fig. 5.2, the magnitude of calculated displacements in x- and y-direction are 

almost equal. This implies that the rotation model is reliable for the new proposed 3-D elasto-

plastic analysis under regional stress by the model rotating technique.  

 

Fig. 5.2: Comparison of the calculated displacement from normal and rotation model. 

5.2.2 Elasto-plastic analysis under regional stress 

A 3-D elasto-plastic analysis was carried out under regional stress by the model rotating 

technique to apply regional stress to the model. Fig.5.3 shows the entire 3-D FEM model with 
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the dimension of the model shown in Fig.4.14. The limestone is assumed to be isotropic and 

elastic whereas the clay-bearing rock is assumed to behave as elasto-plastic material under Hoek-

Brown criterion. In this model, the surrounding boundaries of the mining area were rotated to 

20°, the direction of maximum principal stress estimated by back analysis. Nodal displacement 

on the side surfaces (x- and y-directions) and the basal surface were fixed. The maximum and 

minimum principal stress estimated by 3-D back analyses as presented in Table 5.1 were applied 

to side surface of the -y and -x plane, respectively. The nodal displacement of each model was 

calculated simultaneously by applying the gravitational force and the principal stress. 

Generalized Hoek-Brown criterion (Hoek and Brown, 1980) as shown in Eq. (5.1) was used as a 

failure criterion for elasto-plastic analysis on clay-bearing rock. Generalized Hoek-Brown 

parameters for clay-bearing rock are presented in Table 5.1. The parameters of the ground used 

are presented in Table 4.2, with the Young's modulus of 4.01 GPa and GSI of 45. The unit 

weight, Poisson's ratio and elastic moduli of clay-bearing rock were presented in Table 4.4.  

            
  

   
                                                                                               (5.1) 

Where, σ1 and σ3 are the major and minor principal stresses, σci is the uniaxial compressive 

strength of the intact rock, mb, a and s are Hoek-Brown material constants, where s =1 for intact 

rock. 

The GSI of clay-bearing rock was estimated from Young's modulus based on Equations 

given by Majdi et al., 2012. 

                                                                                                                 (5.2) 

Where Erm is Young's modulus of clay-bearing rock presented in Table 4.4, and GSI is the 

geological strength index 

When the GSI value of clay-bearing rock is estimated, the following equations are used to 

determine the Hoek-Brown material constants, mb, s and a: 

         
       

  
                                                                                                   (5.3) 

When,       , the rock is considered as a good quality, then a=0.5 and s is estimated 

from the following equation as 
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                                                                                                                     (5.4) 

When,      , the rock is considered as poor quality, then s=0 and a is estimated from the 

following equation as 

       
   

   
                                                                                                               (5.5) 

Table 5.1: Mechanical properties of clay-bearing rock for elasto-plastic analysis. 

Young's 

modulus  

(GPa) 

Principal stress (MPa)  GSI Generalized Hoek-Brown 

parameter 

σ1 σ3 mb s a 

0.02 -2.60 -0.23 0.225 0.268 1.5x10
-5

 0.664 

0.5 -2.10 -0.31 13.30 0.428 6.5x10
-5

 0.568 

1.0 -2.22 0.38 23.83 0.623 2.1x10
-4

 0.534 

1.5 -2.30 -0.40 29.99 0.776 4.2x10
-4

 0.522 

2.0 -2.21 -0.33 34.37 0.908 6.8 x10
-4

 0.517 

2.5 -2.39 -0.43 37.76 1.025 9.9x10
-4

 0.513 

3.0 -2.49 -0.51 40.53 1.131 1.4x10
-3

 0.511 

3.5 -2.58 -0.18 42.87 1.229 1.8x10
-3

 0.509 

4.0 -2.46 -0.37 44.9 1.323 2.2x10
-3

 0.508 

 

Fig.5.3: 3-D FEM model of the quarry used for elasto-plastic analysis.  
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Fig. 5.4: Comparison of the measured and calculated results. 

 

Fig. 5.5: Relationship between estimated errors and Young's modulus of clay-bearing rock. 
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Fig. 5.6: Change in displacement rate after installation of shotcrete and rock bolting in April 

2018.  

5.3 Results of elastic and elasto-plastic analysis 

To interpret deformation within the mining area, the relative displacements of 2014 to 2017 

of both measured and calculated results in the horizontal plane were analyzed. The measured 

results from the 12 APS mirrors were compared with the calculated results by elasto-plastic and 

elastic analyses to identify the cause of the long-term deformation of the rock slope observed at 

the quarry. The calculated displacement by elastic analysis and elasto-plastic analysis are 

compared with the measured results as shown in Fig.5.4. The results show that the calculated 

displacements by the elasto-plastic analysis are closer to the measurement results than those of 

the elastic analysis. In addition, errors were estimated as shown in Fig. 5.5. As can be seen in 

Fig.5.5, the calculated results by the elasto-plastic analysis have lesser errors than that of elastic 

analysis. The estimated errors seem to be almost the same at all the Young's modulus of the clay-

bearing rock, although a lesser error is estimated at the Young's modulus of 20 MPa. This means 

that the clay-bearing rock at the foot of the rock slope shown plastic behaviors between 2014 and 

2017.  
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However, as seen in Fig.5.6, the deformation rate of the rock slope decreases constantly 

after April 2018. As mentioned in chapter two, countermeasure by rock bolts and shotcrete was 

installed from 2018. This indicates that the shotcrete and rock bolting at the periphery of the 

excavation surface of the existing layer of the clay-bearing rock is expected to have inhibited the 

plastic deformation of the rock slope because the decreasing rate in change in distance became 

smaller since 2018. 

5.4 Concluding remarks 

Based on the characteristics of the calculated results, the findings of the 3-D elasto-plastic 

analyses are as follows: 

i. The proposed model rotating technique provides a useful basis for elasto-plastic analysis 

under regional stress. 

ii. The calculated results of the elasto-plastic analysis are closer to the measurement results 

than those of the elastic analysis. Thus, it can be concluded that deformation of rock 

slope arising from excavation was predicted by considering plastic deformation of clay-

bearing rock. Thus, clay-bearing rock shows plastic behaviors between 2014 and 2017.  

iii. Countermeasure by rock bolts and shotcrete at excavation surface of the existing layer of 

the clay-bearing rock which commenced in 2018 is expected to have inhibit the plastic 

deformation of the rock slope because the decreasing rate of change in distance became 

smaller since 2018. 
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6 Conclusions and recommendations 

6.1 Conclusions 

In this research, the characteristics of the long-term rock slope deformation observed at the 

open-pit limestone quarry were investigated by field measurement and numerical analysis. At 

first, the change in distance between the beam generator and each of the 18 mirrors on the rock 

slope, and 3-D relative surface displacements arising from mining activities at the floor of the 

quarry for more than seven years were analyzed to clear deformation characteristics of the rock 

slope. The probable causes of the long-term continuous slope deformation were discussed based 

on the previous studies, deformation characteristics, geological conditions and mining 

progression. Afterward, the main cause of the long-term continuous slope deformation was 

investigated by 2-D elastic analysis. Excavation-induced deformation and effect of model sizes 

on the slope deformation were examined by 3-D back analysis. Based on regional principal 

stresses estimated by 3-D back analysis, mining-induced plastic deformation of the 

heterogeneous rock slope intersected by clay-bearing rock was also investigated. The contents 

and findings of this research are summarized as follows:  

Chapter 1 reviewed the background, objectives of research, case study of deformation and 

failure of rock slopes similar to that of Higashi-shikagoe limestone quarry were described. 

Previous studies related to the estimation of regional stress by back analysis, causes and analysis 

of mining-induced deformation of rock slope were also reviewed.  

Chapter 2 aimed at revealing the overall characteristics of the long-term slope displacement 

observed at the Higashi-shikagoe limestone quarry. In this chapter, the overview of the quarry 

and geologic conditions of the rock slope at the quarry were explained. The change in distance 

between the beam generator and each of the 18 mirrors on the rock slope for more than seven 

years was analyzed to clear deformation characteristics of the rock slope. The results revealed 

that the distance between the beam generator and each of the 18 mirrors decreases gradual at a 

continuous rate. It was also suggested that the decreasing rate differs between the center and 

north- and south-sides of the quarry. The analysis of 3-D relative surface displacements shows 

that continuous forward movement of the rock slope toward the southern side of the quarry is the 

dominant component of the displacement vectors. Finally, possible causes of slope deformation 
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were deduced based on the previous studies, geological conditions, deformation characteristics 

and mining progression of the quarry. 

Chapter 3 aimed at identifying the main cause of the observed continuous deformation 

using two-dimensional (2-D) finite element method. Firstly, the effects of limestone excavation 

at the floor of the quarry, the deterioration of the 70-m-thick clay-bearing rock distributed at foot 

of the rock slope, and shear failure of the rock slope were investigated. From the results, it was 

observed that the change in distance decrease due to deterioration of clay-bearing rock, and the 

maximum decrease are seen at the middle of the rock slope. Also, it revealed that the change in 

distance induced by excavation at the pit floor depends on the rock stress conditions. The 

distance increases under gravity force conditions and decreases under horizontal stress 

conditions. The magnitude of the distance reduction under horizontal stress conditions is greatest 

at the foot of the slope. Based on the characteristics of the measured and calculated results, 

continuous excavation at floor of the quarry was deduced as the main cause of observed 

continuous slope deformation. It also revealed that displacement induced by excavation is quite 

significant if clay-bearing rock behaves as an elasto-plastic material. 

Chapter 4 evaluated excavation-induced deformation of rock slope using 3-D back analysis. 

At first, effect of model sizes on deformation of the rock slope was investigated. Thereafter, 

regional stress state and the Young's modulus of a rock mass within the mining area of the quarry 

were estimated to ensure the long-term stability of the rock slope. Furthermore, effect of the 

clay-bearing rock on excavation-induced deformation of the rock slope was also investigated.  

Reliable results can be obtained if entire model size is set at four times larger than that of the 

mining area. From the 3-D back analyses, it was found that the estimated Young's modulus, 4.57 

GPa of rock mass at Poisson's ratio of 0.2 is close to that of Young's modulus, 4.01 GPa 

estimated by GSI. It was observed that the magnitude and direction of regional stress is 

independent of Young's modulus of the existing layer of clay-bearing rock. The estimated stress 

state of the quarry is almost uniaxial compression. The maximum principal stress is estimated to 

be between -2.10 and -2.62 MPa. Furthermore, the direction, N21°W of the estimated maximum 

principal stress was seen to be close to that of measured stress, N18°W.  

Chapter 5 cleared the cause of the rock slope deformation using a newly proposed 3-D 

elasto-plastic analysis under regional stress by model rotating technique. First, validity of the 

new proposed model rotating technique for elasto-plastic analysis was verified. Then, mining-
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induced deformation resulting from the plastic behavior of clay-bearing rock was estimated 

based on generalized Hoek-Brown criteria by applying the principal regional stresses estimated 

by 3-D back analysis to the rotation model. It was found that the calculated results of the elasto-

plastic analysis are closer to the measurement results than those of the elastic analysis. This 

implies that the clay-bearing rock at the foot of the rock slope has shown plastic behaviors 

between 2014 and 2017. However, countermeasure by rock bolts and shotcrete at excavation 

surface of the existing layer of the clay-bearing rock which commenced in 2018 is expected to 

have inhibited the plastic deformation of the rock slope because the decreasing rate of change in 

distance became smaller since 2018. 

6.2 Recommendations 

Continuous deformation of rock slope is still observed at the quarry. Thus, considering the 

strong responses of the rock slope deformation to excavation, it is recommended that a detail 

investigation should be carried on countermeasures by rock bolts, shotcrete at the periphery of 

the excavation surface of the existing layer of the clay-bearing rock for ensuring long-term safety 

of the rock slope because yielding of the clay bearing rock will likely affects the rock slope 

deformation. Moreover, the countermeasure by shotcrete is likely to be effective in preventing 

rainfall inflow to rock slope. Thus, it is expected to effectively prevent further deterioration of 

the existing clay-bearing rock. Secondly, effect of changes in temperature and weather 

conditions should be investigated to further clarify the mechanisms of the continuous 

deformation. Thirdly, it is recommended that further studies should be undertaken on effects of 

blasting and discontinuity such as faults.  
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