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Abstract

Unexplained rock slope deformation has been observed at the limestone quarry of Mt. Buko
in Saitama Prefecture, Japan, since the automated polar system (APS) was introduced in the quarry.
The rock slope in the western part shows significant and continuous deformation although little
deformation has been observed in the eastern part. To restrain this continuous deformation, the
construction of a stone wall was initiated on the west side. Ensuring the safety of the rock slope
requires not only understanding the deformation mechanism but also evaluating the stone wall’s
effectiveness, which remains an urgent issue.

Vertical and inclined weak rock zones were found through the quarry. The vertical one is
developed in limestone deposit, and the inclined one is distributed along the geological boundary
between bedrock and the cover rock, which is unexcavated limestone layer for the protection of
the base rock against weathering. Understanding the impacts of these weak rock zones is expected
to be key to clarifying the mechanism of rock slope deformation, as the connectivity of the two
weak rock zones on the west side differs from that on the east side.

Based on the aforementioned background, this study analyzed the deformation characteristics
of the rock slope at Mt. Buko, focusing on the relationships among geological structures,
excavation states, and field measurement data. Numerical models incorporating the quarry’s
geological features were developed to estimate mining-induced deformation of the rock slope,
aiming to better understand deformation mechanisms. Both the constructed and planning stone
walls at the quarry were also numerically modeled to evaluate their mechanical impacts and
estimate their optimal dimensions. Furthermore, the effects of the dip angle and connectivity of
the weak rock zones were investigated in detail for providing a generalized understanding of their
influence. The effects of the stone wall height, width and construction timing were also examined.
The specific contents of each chapter are as follows:

Chapter 1 systematically describes the background, objectives, novelty, and importance of
this study, along with a literature review of related research.

Chapter 2 outlines the deformation issues, geological structures, mining history, and
monitoring systems at Mt. Buko. The relationships between the characteristics of the rock slope
deformation, the connectivity of the weak rock zones, and excavation progression were analyzed.

The results show that rock slope displacement on the west side accelerates as the vertical weak
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rock zone (VZ) appears on the rock slope surface with the lowering of the excavation face. This
finding emphasizes the importance of accurately modeling geological structures and excavation
progress in analyzing deformation mechanisms.

Chapter 3 presents numerical simulations of mining-induced deformation of the rock slope at
Mt. Buko, with results that quantitatively align with field measurements. The models indicate the
followings. A reduction in normal stress due to excavation leads to progressive failure along the
geological boundary. Then, sliding force induced by the boundary failure applies to the VVZ behind
it. As the VZ appears on the rock slope surface, resistance against the sliding force decreases.
Sliding movement stops as the excavation progresses, eventually reaching equilibrium. Thus, the
observed continuous deformation is effectively explained by the proposed mechanism.

Chapter 4 evaluates the effectiveness of stone walls at Mt. Buko by numerical simulation,
highlighting its role in restraining slip deformation. The results reveal that the weight of the stone
wall significantly influences the restraint of slip deformation. The mechanism of stone wall for
restraining slip deformation is considered as not only increasing the bending stiffness of the area
in front of the VZ, but also provides the press effect by self-weight, increasing the height of the
stone wall helps to further stabilize the slope. Additionally, optimal dimensions for the stone wall
were recommended for future construction.

Chapter 5 numerically analyzes several effects of weak rock zone and stone walls by
simplifying the geometry of rock slope and weak rock zones. It is found that no slip displacement
is seen in models with single weak rock zone regardless of its dip direction. Slip displacement of
a cover rock only occurs when two weak rock zones are connected. The slip displacement tends to
decrease with increase of the thickness of cover rock. It is also found that earlier construction of a
stone wall, up to higher elevations, provides the maximum deformation control. However, a critical
value was found in stone wall height. No sliding can be seen at the critical height or more. These
findings provide valuable insights for addressing similar issues in open-pit mines.

Chapter 6 summarizes the main conclusions and recommendations of this study. A more in-
depth analysis of the stone walls is necessary, as the effect of contact stiffness between the stone
wall and the slope remain unclear. The lack of consideration for pore water pressure effects and

three-dimensional factors are key limitations that could significantly impact slope stability.
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1. Introduction

1.1 Background and objectives

Rock slope stability assessment is increasingly critical in rock engineering, especially in large-
scale open-pit mining (Read and Stacey, 2009). As mining progresses each year, slope height
usually increases, forming large rock slopes that may remain post-mining. Such slopes pose
unavoidable landslide and have instability risks, endangering workers, damaging property,
disrupting operations, and incurring restoration costs (Rose et al., 2007; Assefa et al., 2017), which
can lead to economic losses. In recent years, severe instability observed in the rock slopes at Las
Cruces, Spain (Lopez et al., 2020) and Alxa Left Banner, China (An et al., 2023) caused extensive
equipment damage and causing several casualties among mine workers. Hence, analysis of slope
stability and design of countermeasures are essential for safe, efficient mining while minimizing
landslide risks.

Monitoring of rock slope deformation has been the main method for stability assessment of
rock slopes in open-pit mines (Amagu et al., 2022; Kodama et al., 2009) because the instability of
rock slopes is often preceded by continuous deformations. For example, the cumulative
displacements of the rock slopes at Las Cruces, and Alxa Left Banner mentipned above reached 7
cm and 14 cm before final failure, respectively.

Continuous deformation has been observed at Mt. Buko which is an open-cut limestone quarry,
in Saitama Prefecture, Japan. The rock slope has experienced extensive deformation since
monitoring of the surface displacement commenced in 1998 (Zhang et al., 2024). Interestingly, the
rock slope deformation strongly depends on the section, even though excavation has almost
uniformly progressed. The west section of the rock slope has shown substantial deformation as
mining continued, while little deformation has been observed on the east section. Over the past
25 years, the surface displacement exceeding 4 cm were recorded in 2007 (Yamatomi et al., 2016),
totaling around 35 cm. For restraining the significant continuous deformation on the west side,
construction of a stone wall on the west section was commenced in 2013 (Yamaguchi et al., 2016).

Unique geological structure characterized by vertical and inclined weak rock zones is
considered to cause the aforementioned displacement. Rock slope displacement on the west side
accelerates as the vertical weak rock zone (VZ) appears on the rock slope surface with the lowering

of the excavation face. Understanding the impacts of these weak rock zones is expected to be key



to clarifying the mechanism of rock slope deformation, as the connectivity of the two weak rock
zones on the west side differs from that on the east side.

Given the above background, objectives of this study are set as the following.

The first objective is to find the relationship among the mining-induced deformation, the
mining state, and the weak rock zones by analyzing the measurement results. As previously
described, the observed deformation is likely linked to the distribution of weak rock zones and
mining activities.

The second one is to clarify the mechanisms behind the long-term deformation observed at
Mt. Buko, particularly the effects of weak rock zones within the slope, and to identify the primary
causes of deformation due to the existing knowledge is insufficient to fully explain the deformation.

The third one is to evaluate the effectiveness and optimal design of the stone wall
countermeasure implemented at Mt. Buko. This countermeasure was introduced to restrain slip
deformation and enhance slope stability. However, its effectiveness and the mechanism by which
it controls slip deformation remain unclear.

The final one is to generalize and extend the knowledge about the effects of weak rock zone
and stone wall obtained from the model of Mt. Buko by simplifying the geometry of a rock slope
and weak rock zones. We investigate more thoroughly the effects of the weak rock zones on
mining-induced deformation of a rock slope varying the dip direction, connectivity and thickness
of a cover rock. Effects of stonewall are also investigated by changing the width, height and

construction timing to get a general recommendation.

1.2 Literature review

Many researchers have focused on analysis of the deformation and stability of rock slope
((Hoek and Bray, 1981; Goodman, 1989; Kaneko et al., 1997; Willie and Mah, 2004; Kodama et
al., 2009). However, assessment of rock slope deformation and stability still poses a major
challenge to rock engineering projects worldwide, especially of large-scale open-pit mines as it
requires to consider the effects of mining, geological structure, lithology, and geotechnical
properties of the rock mass comprehensively. In this study, as described in Section 1.1, the primary
objective is to clarify the deformation mechanisms of rock slope with weak rock zones and
evaluate the effectiveness of stone wall countermeasure in controlling deformation of the rock

slope at Mt. Buko. To establish the context of this research, this section reviews the stability



assessment and cause of deformation of rock slope, effects of excavation and geological structure,
and countermeasures on rock slopes. Previous studies on monitoring of the rock slope behaviors

at Mt. Buko are also reviewed.

1.2.1 Stability assessment of rock slope

In open-pit mines, excavation can often cause both elastic and inelastic deformation in cut
rock slopes (Kaneko et al., 1997; Kodama et al., 2009). For this reason, separating measured
deformation into elastic and inelastic components is essential for accurate stability assessments.
By calculating the elastic deformation of rock slopes, inelastic deformation can be inferred by
comparing the measured data with the analyzed elastic deformation.

Given these considerations, field measurements and continuous monitoring of rock slope
deformation are regarded as crucial methods for assessing slope stability in most open-pit mines
(Rose and Hungr, 2007), predicting potential failures, and designing effective countermeasures.
So far, the research of slope stability has been progressed more than 300 years, and the techniques
have been developed which include a range of simple evaluation, planar failure, limit state criteria,
limit equilibrium analysis (Bishop, 1955; Yamaguchi and Shimotani, 1986; Duncan et al., 1996;
Ataei and Bodaghabadi, 2008; Stead et al., 2006), numerical methods (Jing and Hudson, 2002;
Jing, 2003; Eberhardt et al., 2004; Kodama et al., 2009; Barla, 2016), hybrid and high-order
approaches which are implemented in two-dimensional and three-dimensional space (Mohammad
et al., 2021).

In recent years, with the advancement of computer computing power and the iterative update
of graphics cards, computer-based numerical simulation methods are increasingly used in the
analysis of slope problems. The engineers found that for certain types of complex geotechnical
problems, finite element method (FEM) offer real remuneration over limit equilibrium methods
(Griffiths and Lane., 1999; Kainthola et al., 2011). Common deformation problems can be
calculated by unitizing the slope and analyzing the specific deformation values caused by
excavation, rainfall and other factors (Amagu et al., 2021). In addition, discrete element method
(DEM), which allows the particles to move with each other, to separate, to rotate, to consider the
forces between the particles, is also widely used today (Cundall P.A. et al., 1979). This method has
performed very well in solving rock fall or collapse problems (Wang and Fulvio., 2010; Shen et

al., 2019).



In Japan, various tools such as 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 applied to
measure rock slope displacement. Obara et al. (2000) and Kodama et al. (2009) recommend
integrating field measurements with elastic analysis for rock slope stability assessment, as inelastic
deformation can be derived from comparing measured results with estimated elastic deformation
once elastic deformation is calculated.

Based on these studies, considering that the monitoring data at Mt. Buko spans less than 25
years and that previous numerical simulations have not successfully captured deformation
behavior, this study investigates the long-term deformation of rock slopes at Mt. Buko using field

displacement measurements and numerical analysis.

1.2.2 Causes of deformation and failure of rock slope

The deformation and failure of rock slopes are governed by a complex triggering factors such
as geological, hydrological, and anthropogenic factors, each contributing to instability through
distinct mechanisms (Read and Stacey, 2009; Gao et al., 2017; Kolapo et al., 2022).

Geological structures, such as faults, fractures, and weak rock zones, introduce inherent
discontinuities within the rock mass, significantly lowering its cohesive strength and predisposing
it to deformation under varying stress conditions (Azarfar et al., 2019; Kaczmarek et al., 2019; Li
et al., 2019; Wang et al., 2019; Lemaire et al., 2020; Vick et al., 2020; Xie et al., 2020). Zhang et
al. (2024) analyzed a rock slope failure caused by brittle rock behavior and pre-existing
discontinuities, which occurred in multiple phases with a total volume of 30,000 m?, emphasizing
the influence of inherent geological features on instability. Zhu et al. (2021) investigated a slope
failure triggered by excavation activities and revealed that faults and fractures were major
contributors to the instability, further exacerbated by human intervention.

Hydrological factors, such as rainfall infiltration and fluctuations in groundwater levels, play
a significant role in slope instability by increasing pore water pressure and reducing shear strength
along discontinuities, which can ultimately destabilize slopes (Fujiita, 1997; Sugiyama et al., 1995;
Ishikawa et al., 2015; Sharifzadeh and Javadi, 2017; Ayalew et al., 2004; Cai and Ugai, 2004).

Rainfall-induced slope failures are closely linked to groundwater table variations and elevated pore



water pressure, which reduce the shear strength of the rock mass and can trigger landslides (Yeh
et al., 2015; Sharifzadeh et al., 2002). Cai and Ugai (2004) specifically noted that rainfall
infiltration raises groundwater levels and increases pore water pressure, further weakening the rock
mass and significantly contributing to the occurrence of landslides and slope failures.

Anthropogenic activities, particularly excavation and blasting in mining operations, impose
additional mechanical disturbances, redistributing stresses and steepening slopes, thus accelerating
progressive instability (He et al., 2008; Kodama et al., 2013, Kaneko et al., 1996, Obara et al.,
2000). 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. Dou et al. (2022) found
that the repeated failure of high cutting slopes was primarily caused by the combined effects of
excavation-induced stress redistribution and rainfall infiltration, with numerical simulations
highlighting the importance of managing these factors to enhance slope stability.

Thermal effects, such as freeze-thaw cycles, induce expansion and contraction in the rock
matrix, intensifying internal stresses and exacerbating deformation over time (Luo et al., 2015;
Kodama et al., 2019; Gang et al., 2024; Liu et al., 2024). Liu et al. (2024) reveals that freeze—thaw
cycles, rainfall infiltration, and fracture propagation significantly impact the stability of frozen
rock slopes by dynamically reducing the safety factor over time, highlighting the importance of a
time-varying evaluation method based on thermo-hydro-mechanical (THM) coupling theory. Yang
et al. (2024) concludes that freeze—thaw cycles and creep characteristics significantly degrade the
mechanical properties of rock masses, reducing slope stability over time and underscoring the
importance of incorporating these factors into slope design and stability assessments.

Seismic activity amplifies these risks by inducing dynamic loading and shaking, which can
trigger rapid displacement and disrupt already weakened structures. Moreover, repeated seismic
events can gradually erode the integrity of rock mass over time, particularly in faulted and fractured
zones (Ohtsuka and Matsuo, 1995; Keefer, 2000; Bommer and Rodri’guez, 2002; Dahal et al.,
2006; Orense, 2012). 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.

The above studies confirm that the interplay of geological, hydrological, and operational
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factors significantly increases the likelihood of slope deformation and failure, necessitating
comprehensive analyses that integrate these dynamics for effective rock slope assessment and
stabilization. At Mt. Buko, slope deformation is likely influenced by mining activities, geological
conditions, rainfall, thermal and/or earthquake activity. However, the effects of thermal and
seismic activity are considered minor, as no cyclic surface displacement changes have been
observed during seasonal temperature variations, and the area has experienced no significant
seismic events since 1998.

In contrast, as mentioned in background, the measurement results strongly show the
relationship among the geological structures, excavation levels, and deformation behaviors. In
addition, rainfall appears to have a stronger impact on slope stability due to its frequency in the
mining region. Yamaguchi, Ozawa, and Kondo et al. (2018) identified a strong correlation between
rainfall and slope surface displacement, though rainfall alone cannot fully explain the observed
deformation process. Therefore, in this study, the assessment of slope stability is 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 Effect of excavation on rock slope deformation

Typically, excavation leads to stress release in a rock slope, thereby causing elastic recovery
displacements (Kaneko et al., 1996; Najib et al., 2015; Abdellah et al., 2022; Kodama et al., 2009;
Kodama et al., 2012; Amagu et al., 2022; Amagu et al., 2024). The elastic recovery deformation
caused by excavation comprises two modes, contraction or extension, depending on factors such
as excavation patterns, stress states, and rock elastic properties. Kaneko et al., (1996) investigated
the effects of initial stress on the deformation mode of an open-pit mine using two-dimensional
(2D) elastic analysis. They reported that the rock slope contracted when the ratio of horizontal-to-
vertical stress was small during excavation, yet the slope extended as the ratio increased. Najib et
al., (2015) analyzed the mining-induced elastic deformation of mountain-type mines by varying
the Poisson’s ratio from 0.1 to 0.4; the Poisson’s effect enhanced the horizontal extension of the
rock slope, increased with Poisson’s ratio. Abdellah et al., (2022) simulated the displacements
caused by excavation for slope angles in the range of 20° to 70° using a 2D model. A hybrid
approach combining deterministic numerical simulations and probabilistic methods was used to

represent rock mass heterogeneity. The results indicated that the slope extended forward at slope



angles of less than 35° and contracted backwards at more than 35°.

The aforementioned mining-induced elastic deformation is important for understanding the
displacements observed in quarries. Kodama et al., (2009) investigated the causes of the long-term
deformation of a rock slope at the Ikura limestone quarry in Japan using three-dimensional (3D)
elastic analysis. They estimated Young’s modulus and Poisson’s ratio of the rock mass using back
analysis and concluded that the long-term deformation over more than seven years can be
interpreted as elastic deformation caused by excavation at the working face 400 m away from the
rock slope. Amagu et al., (2021) investigated the deformation mechanism of the rock slope in the
Higashi-Shikagoe limestone quarry based on 2D elastic simulations. They presumed that the
displacement on the right-hand side of the rock slope primarily resulted from excavation induced
elastic deformation and concluded that the rock slope was stable. The aforementioned studies
demonstrate that the elastic analysis is sufficient to understand mining-induced deformations of
homogeneous rock slopes in stable conditions. However, geological structures such as faults, shear
zones, and weak rock layers have not been considered, and the knowledge accumulated in these
studies is insufficient to explain discontinuous deformations, such as sliding movements.

Previous studies have primarily predicted the elastic deformation of homogeneous rock slopes,
clarifying the effects of mining-induced elastic deformation in these cases. Some deformation
issues in open-pit mines have been adequately explained by the impacts of excavation. However,
weak rock zones and discontinuities, which are common in rock slopes, still require further
investigation to understand their role in slope deformation. Additionally, it is essential to carefully
explore whether these weak rock zones and discontinuities, in interaction with excavation activities,

might contribute to increased deformation or even lead to slope failure.

1.2.4 Effect of geological structures on rock slope deformation

The deformation and failure of rock slopes are frequently controlled by the orientation and
geometry of the discontinuities, including bedding planes, geological boundaries, joint sets, and
faults. They can be classified into three types: plane, wedge, and toppling failures (Hocking et al.,
1981; Yoon et al., 2002; Lee et al., 2011; Tang et al., 2017), and their failure mechanisms have
been extensively researched (Glastonbury et al., 2000; MacLaughlin et al., 2001; Stead et al., 2015).
Recently, several studies (Azarfar et al., 2019; Kaczmarek et al., 2019; Li et al., 2019; Wang et al.,
2019; Lemaire et al., 2020; Vick et al., 2020; Xie et al., 2020) have reported that the failure patterns



of rock slopes with two or more discontinuous geological structures, such as faults or weak layers,
are complex. Li et al., (2019) analyzed the effects of the combination of a vertical fault and weak
horizontal layer on slope stability with complex bedding planes using the 3D finite element
strength reduction models and reported that vertical faults had less influence on slope stability.
Additionally, the interaction of the fault and weak layer developed a substantially large damage
zone, rendering the slope highly susceptible to instability. Vick et al., (2020) investigated the
mechanism of rock slope instability by incorporating foliation, faults, and rock cracks. Based on a
field investigation, they determined that the sliding of the fault led to the formation of tension
cracks at the back scarp of the slope, and landslides occurred along the foliation plane because of
rainfall. These studies clarified that the presence of discontinuous geological structures increases
the risk of slope failure.

The aforementioned studies on geological structure-related slope instability were conducted
on rock slopes that did not involve mining activities. With respect to geological structures in open-
pit mines, Nie et al., (2015) analyzed the mechanism of landslides occurring in an open-pit mine
by comparing field monitoring data with the data calculated using the limit equilibrium method.
They reported that excavation caused the slope to lose support, thereby increasing the sliding force.
The excavation further resulted in the failure of the weak interlayer with low shear strength by
reducing the vertical stresses in the slope. Amini et al., (2019) investigated the toppling failure that
occurred at an open-pit mine using the finite element technique. The results indicated that the shear
strain was significantly concentrated on the alteration of the rock layers and the vertical fault owing
to excavation, which caused slip along the altered rock layer. This slip eventually resulted in the
toppling failure of the external anti-dip layered slope.

The aforementioned studies highlighted the influence of both excavation and discontinuous
geological structures on slope deformation and instability. However, the deformation observed in
the quarry of Mt. Buko has not been adequately explained by existing studies. Additionally, the
verification and validation in previous studies were insufficient as the rock slope deformation and
instability were examined based only on numerical simulations without considering sufficient field
monitoring data. Therefore, a comprehensive analysis is required to characterize discontinuous
geological structures in mining activities to gain a better understanding of their influence on the

deformation and instability of rock slopes.



1.2.5 Effect of countermeasures for slope stabilization

Countermeasures for slope deformation and failure are essential to ensure the stability of rock
slopes, protect infrastructure, and safeguard human lives. Common countermeasures for slope
stabilization include constructing retaining structures, such as stone wall, buttress and rockfill
embankments, to enhance structural support and counteract destabilizing forces (Sarma et al., 1979;
Ulusay et al., 1993; Ahmad et al., 2016; Moriya et al., 2016; Hicks and Li, 2018). Advanced
drainage systems are implemented to control groundwater flow, reduce pore water pressure, and
mitigate hydrological impacts on slope stability (Lee et al., 2007; Ma et al., 2015; Yamatomi et al.,
2018; Gao, 2024). Additionally, rock mass reinforcement techniques, such as the application of
anchors, rock bolts, and shotcrete, are employed to increase shear strength and cohesion within the
rock mass (Mike et al. 2002; Ballou et al., 2004; Malmgren and Nordlund. 2008; Chen. 2014;
Zheng et al., 2019). Surface protection measures, including vegetation cover, geotextiles, or
geomembranes, are used to minimize erosion and limit water infiltration (Hassanin et al., 1993;
Van Santvoort. 1994; Kateb et al., 2013; Ingold. 2013; Koerner et al., 2017). These strategies
effectively mitigate slope deformation, enhance structural integrity, and address external
influences such as rainfall, excavation-induced stresses, or seismic activity, thereby supporting the
long-term stability and safety of slopes.

In the field of rock slope stabilization, various engineering interventions have been developed
and studied to mitigate deformation and prevent failure. Zhang et al. (2020) study the application
of shotcrete, a process where a mixture of cement, sand, and water is sprayed onto the rock surface
to form a protective and reinforcing layer. discuss how this method improves surface stability and
prevents weathering-induced degradation. Ortigao et al. (2004) explain installation of rockfall
barriers serves as a preventive measure against falling debris from unstable slopes. They examine
the effectiveness of these structures in intercepting and controlling rockfalls, thereby safeguarding
infrastructure and human lives. Mike et al. (2002) explores the application of fiber-reinforced
shotcrete in stabilizing soil and rock slopes. It emphasizes the importance of correct mix design
and highlights the ease with which shotcrete technology can be adopted by construction crews.
Similarly, Ballou et al. (2004) discusses the aesthetic and cost benefits of using fiber-reinforced
shotcrete for slope stabilization. It underscores the material's ability to blend into natural
landscapes while providing structural support.

Recent studies have highlighted the critical role of retaining walls in slope stabilization,
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offering insights into their design, performance, and innovative applications. Gu et al. (2009)
provides a comprehensive overview of methodologies for analyzing slope stability and the use of
retaining structures to enhance safety, setting the groundwork for understanding their application.
Building on this, Kumar et al. (2024) emphasizes the strategic placement of retaining walls in
disaster-prone areas, highlighting their effectiveness in mitigating landslides by counteracting
lateral soil pressures. Sundaravel et al. (2023) delves into reinforced earth retaining walls,
presenting a detailed evaluation of their stability and serviceability, and introducing advanced
reinforcement techniques to improve performance. Kokada et al. (2024) compares traditional
counterfort retaining walls with an innovative variation featuring relief shelves, demonstrating
improved load distribution and enhanced structural efficiency. Ukritchon et al. (2017) introduces
an optimization framework that integrates slope stability considerations into the design of

reinforced concrete cantilever walls, ensuring both structural integrity and cost efficiency.

1.2.6 Previous studies of Mt. Buko

Many researchers have given different views of deformation mechanisms for Mt. Buko in the
past (Aoyama et al., 2018; Yamaguchi et al., 2018; Kondo et a., 2018; Ozawa et al., 2018;
Yamatomi et al., 2018; Ogawa et al., 2022). These perspectives include the effects of rainfall,
excavation, low-angle cracks, and the weak rock zones.

The dominant view is that sliding of the parallel weak rock zone (PZ) leads to sliding of the
slope surface. Aoyama et al. (2018) conducted a detailed statistical analysis of monitoring data
from discontinuities distributed within the parallel weak rock zone and found a significant
correlation between shear displacement of discontinuities and overall slope surface deformation.
Remarkably, the shear displacement in the weak rock zones exhibited a fixed proportional
relationship with surface deformation over the last fourteen years.

Some previous studies have attempted to analyze the relationship between slope
displacements with rainfall. Yamaguchi (2018) and Kondo et al. (2018) investigated the
relationship between slope surface deformation and rainfall over the past five years. Their findings
revealed that rainfall significantly affected the deformation, and the water table responded
sensitively to rainfall events. Ozawa et al (2018) et al. classified the observed deformations into
Type I deformations associated with excavation and Type Il deformations associated with rainfall.

However, increased deformation during periods without rainfall remains unexplained. In particular,
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the cause of deformation initiation cannot be explained by rainfall alone.

As mentioned in Section 1.2.3, mining-induced deformation are often complex and
characterized by the shape, angle of the slope, and the properties of rock mass. The deformation
characteristics show different before and after the excavation level pass the vertical weak rock
zone (Fig. 2.10) in section A-A'. Although Ogawa et al. (2022) concluded that the mining is one
of the most important reasons for the occurrence of slope deformation, different mining areas with
almost the same excavation rate and dimensions show different deformation characteristics, which
make it difficult to explain how excavation affect the slope deformation.

Moreover, despite the contribution to the change in distance is small, the effect of low-angle
cracks distributed in the limestone layer cannot be ignored. Aoyama et al. (2018) points out that
the shear displacements of No.l and No.3 cracks located in limestone cover rock show a high
degree of correlation with the downward displacement of the surrounding rock mass.

In summary, the mechanism of deformation in Mt. Buko should be complex, which includes
the effects of excavation, geological structure, and rainfall. Especially the effect of weak rock

zones, how it slides and why it stops gradually needs to be explained urgently.

1.3 Content of research

In this study, the cause of the long-term deformation of Mt. Buko was successfully elucidated
for the first time, and a novel deformation mechanism was proposed based on the relationship
between geometric characteristics of the weak rock zones and excavation state. In addition, based
on the proposed deformation mechanism, the effects of the stone wall were evaluated for different
dimensions and construction timings. The findings provide a reference to future excavation at Mt.
Buko and to stability assessment of rock slopes in open-pit mines with similar weak rock zones.

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 deformation issues, geological conditions, monitoring systems and stone wall
countermeasure at Mt. Buko are systematically introduced. The slope deformation characteristics
and challenges based on the long-term observation data are summarized.

In chapter 3, 2D section numerical models with discontinuous structures are developed based
on the geological map and mining history of the quarry. The simulation results are compared to

the measurement results. The mechanism of slip movement during excavation progress in
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numerical models are discussed. In addition, an interpretation of long-term deformation at the
quarry is provided based on the proposed slip mechanism, along with a discussion of the
quantitative differences between measurements and simulations.

In chapter 4, the effectiveness of the current stone wall at Mt. Buko is verified by numerical
analysis. The effect of stone wall properties such as Young’s modulus, Contact stiffness, Poisson
ratio, and density are discussed to understand the mechanism of the stone wall against the slip
deformation. Moreover, the optimal dimension of the stone wall at Mt. Buko is investigated and
recommended by varying its height and width.

In chapter 5, the general effects of the weak rock zones on mining-induced deformation are
investigated. The effects of dip direction of weak rock zones and connectivity, the thickness of
cover rock and triangular zone are comprehensively assessed based on the simplified models. The
effects of a stone wall on restraining slip deformation are also examined, focusing on the factors
such as height, width, and construction timing.

Chapter 6 summarizes the main conclusions of this study and provides recommendations for

future research and applications.
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2. Overview and characteristics of rock slope deformation at Mt.
Buko

2.1 Summary of Mt. Buko

Mount Buko is a mountain in Chichibu, Saitama prefecture, Japan (Fig. 2.1). The origin of
the name is recorded as Yamato Takeru dedicated his armor to the rock chamber of this mountain.

As a largest limestone open pit mine in Japan, the annual production in recent years is around 7

million tons.
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Fig.2.1: Location of Mt. Buko.

The mine is documented to have gone on excavation from Edo period, and has been officially
mined from the top of the mountain at an elevation of 1,304 m since 1915. The working face of
the mine extends approximately 2 km from west to east, and the height of the rock slope is
approximately 400 m at present (Fig. 2.2). The mine is currently divided into three mining areas,
being excavated by 3 companies, from west to east, they are Minowa, Une, and Buko mines.
Mining is expected to continue until 2050, with the height of the rock slope reaching more than

700 m at mine closure.
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Fig.2.2: An aerial view of the rock slope of Mt. Buko, the while circles (i.e. APS 8) represent APS

monitoring points, the green circles (i.e. GPS#7) represent GPS monitoring points.
2.2 Geological and hydrogeological conditions

2.2.1 Rock formation

Limestone and green rock formations are mainly distributed in the mining area. The limestone
formation generally trends northwest-southeast and dips steeply to the north (Fig. 2.3, Yamatomi
et al.,2018). The limestone deposits (Fig. 2.4a and 2.4b) have a maximum width of 1,000 m but
converge towards the east and west (Eang et al., 2018). Dip angle of the geological boundary
between the limestone deposit and the green rock formation from the mountain peak to around the
1,000 m level is approximately 45< but below 1,000 m, it increases to over 60< While the fresh
green rock layers are solid, they show signs of weakening due to weathering caused by water
present in cracks, joints, and weak zones associated with structural movements (Fig. 2.4e and 2.4f).
Especially near the boundary of the formations, the green rock formation is brittle, with developed
foliation and slickensides, making them prone to flaking into small fragments (Yamatomi et al.,
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2018). To prevent the weathering and alteration of the green rock formation, some of the limestone

on the upper side is left unmined as a protective cover rock.
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Fig.2.3: (a) Geological plan view of Mt. Buko, limestone and greenstones. (b) Geological cross

sections of Mt. Buko, limestone and greenstones (Yamatomi et al., 2018).
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Fig.2.4: Rock mass and the weak rock zones in the case study quarry. The yellow dashed line in
Fig. 2.4c shows the distribution of clay.

2.2.2 Weak rock zones

Two major weak rock zones are developed in the cross-section under the mining area and
presenting different spatial characteristics in different sections. The first one, referred to as VZ, is
a nearly vertical weak rock zone. The VZ is basically a near east-west fault (W-4 fault in Figs 2.2
and 2.5). The second one, refereed to as PZ, is an inclined geological boundary between the
limestone and green rock, which is nearly parallel to the slope surface. Certain discrepancies were
observed in the geometric characteristics of the cross-sections with respect to the connectivity of
the geological structures. Particularly, in the case of A-A'in Fig.2.2, the PZ is connected to the VZ
(Fig. 2.5a). In the case of sections B-B' and C-C', no connection is formed between the VZ and PZ
(Figs. 2.5b and 2.5¢). Accordingly, weak rock zones in Mt. Buko considered in the case study can

be classified as (i) connective patterns and (ii) non-connective patterns.
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Fig.2.5: Geological condition of Mt. Buko on 3 sections in Fig. 2.2. (a) section A-A'. (b) section
B-B'. (¢) section C-C'.

2.2.3 Hydrogeological condition

In past investigations, rainfall has been a significant contributor to change in slope water levels.

Considering that rainfall has a significant effect on the stability of slopes and the high-water
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storage capacity of the weak rock zones, some boreholes for monitoring groundwater level were
set up in the Une mining area (Fig. 2.6, Kondo et al., 2018).

Fig. 2.6 shows the long-term fluctuation of groundwater level for 5 years with rainfall.
Although groundwater levels tend to increase in response to rainfall at all boreholes, UN111 on
the lower part increase the most significantly, while the other boreholes, M2010-2 and M2010-3,
in the upper side showed slightly water level change. Based on monitoring data of the water level

change, the predicted water level at heavy rainfall is plotted in Figure 2.7.
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Fig.2.6: Long term fluctuation of groundwater level (M2010-2, M2010-3, UN111) (Kondo et al.,
2018).
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Fig.2.7: Location of the groundwater monitoring points and influence of geological structure on

rising groundwater level (Kondo et al., 2018).

2.3 Countermeasures

In response to the rainfall and long-term deformation issues in Une mine (west side of Mt.
Buko) mentioned in 2.2, draining and stone wall countermeasures were started from 2007 and
2013 (Yamaguchi et al. 2018), respectively.

As shown in Figure 2.8a, a total of 23 H-type steel pipes for drainage were set at 1,010 m (10
steel pipes) and 1,050 m (13 steel pipes) (Yamaguchi et al., 2018). As described in Chapter 5, the
stone wall (Fig. 2.8b) were constructed to restrain the slip deformation. The current stone wall
ranges from 930 m to 1,000 m with about 100 m width. The overall slope angle and shape consist
of the original excavation bench. The construction period was from 2013 to 2017. In the future,
although there are plans to expand the scale of the current stone wall to a higher level, the design

is still under discussion.
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Fig.2.8: Countermeasures in Une mine. (a) Draining pipe. (b) Stone wall (Yamaguchi et al., 2018).

2.4 Measurement of the rock slope displacement

In 1994, the Automated Polar System (APS) was introduced at the quarry to address concerns
regarding mining safety (Yamaguchi, 2018). The rock slope has been continuously monitored for
over 30 years. APS consists of mirrors, which are placed on the slope surface, and a distant beam
generator. The beam generator is located 4.5 km away from the top of the rock slope in Mt. Buko
(Fig. 2.9). The change in distance between the beam generator and each mirror is measured 12
times/day with accuracy of #0.12 mm.

However, the measurement results are often influenced by meteorological conditions, such as
temperature and humidity. To mitigate these effects, relative displacements to a reference mirror
point located in a similar meteorological environment are computed (Nakatani et al., 2018).

To further improve accuracy, two methods were implemented. First, mirror points near section
B-B' exhibited negligible displacement over the monitoring period according to GPS
measurements (Fig. 2.10a). Therefore, the distance changes at other mirror points were calibrated
from the mirror points located at the same elevation near section B-B'. Second, GPS devices were
installed around the APS mirrors to verify deformation behavior. GPS monitoring, initiated in
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2005, has validated the reliability of APS measurement results through extensive data collection
(‘YYamaguchi, 2018).

In addition to APS and GPS, extensometers and crack gages (Fig. 2.10b) have been introduced
to enhance the measurement of rock slope deformation in limestone, green rock and their boundary.
Extensometers track expansion or contraction of rock mass by detecting relative displacements
between multiple anchor points (Ogawa et al., 2024). Crack gages, consisting of two sensors,

measure relative movement of crack surfaces in both normal and shear directions.

Beam generators

Standard APS+GPS  APS+ StarkilGP level gauge
@APS  APS +GPS ZMAPS + GPS RGPS © i T kTRt

Fig.2.10: Measurement system in Mt. Buko. (a) GPS. (b) Crack gages.

2.5 Deformation and excavation history of the quarry
Fig. 2.11 depicts the changes in distance at mirror points in sections A-A'and C-C' in Fig. 2.2.
APS 7-2, 15-9, 28-22, and 42-37 in Fig. 2. 11a denote the changes in distance in section A-A'" at
elevations of 1,200 m, 1,100 m, 1,050 m, and 1,000 m, respectively, whereas APS 8-9 and 21-22
21



(2. 11b) denote them in section C-C' at elevations of 1,100 m and 1,050 m, respectively. The first
and second numbers in these expressions denote the target and reference mirror points at the same
elevation, respectively. Negative quantities corresponded to a decrease in the distance.

The curves of the two sections indicated that the change in the distance in section A-A" was
significantly different from that in section C-C'. In the case of section C-C', the distance remained
nearly unchanged, whereas the distances in section A-A' decreased with time, indicating that each
point continued to move in the forward and/or downward direction. The changes in distance in
section A-A' can be summarized as follows. Initially, the distance decreased slightly at a nearly
constant rate. However, as shown in Figs. 2.11 and 2.12, certain stepwise changes occurred after
the excavation level passes the VZ level in 2004, which accelerated the rate of decrease. These
stepwise changes did not occur after excavation level far away from the VZ level (2016), and the
rate of decrease decelerated, indicating a convergence trend in all curves. The occurrence of
stepwise changes, such as those in 2007 and 2011, concurred with heavy rainfall events (Ozawa
etal., 2018).
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Fig.2.12: Typical excavation levels in different years and locations of low-angle cracks.

Fig. 2.13 shows the displacement vectors in section A-A' measured by GPS (Fig. 2.2) from
2011 to 2016 (Nakatani et al., 2018). All GPS points showed forward-downward displacement in
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the upper side of the VZ. However, directions of the displacement changes with elevation. The
horizontal component relatively increases with the decrease in elevation. What’s more, it is noted
that GPS 72 located on the front side of the VZ (Triangular zone in Fig. 2.13) shows a forward-
upward displacement.
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Fig.2.13: Observed GPS data from 2011 to 2016 (Nakatani et al., 2018), the color dots show annual

displacement in calendar year (CY).

Fig. 2.14 illustrates the cumulative shear displacements of Cracks No. 1, 3, and 5, all located
along the survey tunnel at 1,010 m (Fig. 2.12). Cracks No. 1 and 3 are located in the limestone
whereas Crack No. 5 is located within the PZ. Although the shear displacement at all points
continuously increased from 2010 to 2024, but the increment gradually decreased. The shear
displacement at Crack No. 5 within the PZ is greater than Cracks No. 1 and 3 within the limestone.
Aoyama et al. (2018) analyzed the relationship between the distance changes at APS 7 and the
shear displacement of Crack No. 5. The results demonstrate there is a strong correlation between
them (Fig. 2.15). This suggests that the slip deformation of the slope surface is closely related to
the shear displacement of the PZ.

As seen in Fig. 2.15, the change in distance at APS 7 has been approximately 1.6 times the

shear displacement of No.5. The ratio of the change in distance to the shear displacement tends to
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increase to 2.2 since 2018. The drainage described in Section 2.3 might cause the increase in the

ratio.
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2.6 Concluding remarks

In this Chapter, the deformation issues, geological conditions, monitoring systems, mining
history and stone wall countermeasure at Mt. Buko are systematically introduced. The following
characteristics among the mining-induced deformation, mining state, and the weak rock zones
were cleared from analysis of measurement results:

1. Sliding movement occurs only in section A-A', where the parallel weak rock zone is
connected with the vertical weak rock zone. This indicates that the displacement on the slope
surface is closely related to the slip deformation occurring within the PZ.

2. The deformation rate accelerated once the excavation level passed below the VZ, then
gradually decreased and converged as the excavation level moved further away from the VZ.

3. The horizontal component of slip deformation on the slope surface increases with
decreasing elevation, and forward and upward displacement can be seen in the front side
(triangular zone) of the VZ.

In Chapter 3, the deformation mechanisms of the rock slope at Mt. Buko are considered. It
should be noted that the mechanism qualitatively can explain the three aforementioned

characteristics.
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3. Numerical simulation of mining-induced deformation of Mt.
Buko

3.1 Introduction

In Chapter 2, we discussed the long-term deformation issues at Mt. Buko. While there are
various perspectives on the causes of this deformation, a clear understanding of the mechanism
behind slip deformation generation remains lacking. Specifically, the interaction between
excavation levels, weak rock zones, and mining-induced deformation could be the key to
explaining the observed long-term deformation.

In this chapter, we aim to scientifically interpret the deformation behavior of the rock slope at
Mt. Biko cleared in Chapter 2 for assessment of the rock slope stability in the subsequent
excavation period. Specifically: 1. Develop 2D simulation models incorporating the weak rock
zones as discontinuities to estimate mining-induced displacements and compare them with field
measurements. 2. Analyze the influence of weak rock zones on mining-induced displacements to
elucidate the slip deformation mechanism. 3. Discuss the possible causes of the quantitative
difference between the simulation results and the field measurement. 4. Evaluate the slope stability

based on the proposed deformation mechanism.
3.2 Simulation model

3.2.1 Numerical models for the geological section at Mt. Buko

The 2D numerical methods for section A-A', B-B', and C-C' were constructed based on the
vertical section maps of the quarry (Fig. 2.5). All three models were 2,500 m wide with two weak
rock zones each. The dip angle and width of the VZ were set to 75-80“and 8-10m based on the
geological map, respectively. The PZ was an interlayer composed of limestone and green rocks
and its distribution in the three sections varied owing to differences in weathering. As depicted in
Section 2.2.2, the PZ was continuously distributed along the geological boundary in section A-A',
and its extension line intersected with the VZ. In contrast, the PZ in section C-C' was nearly parallel
to the VZ and did not extend along the boundary at a higher level than the VZ. In section B-B', the
PZ was nearly absent.

Limestone and green rock are modeled using an elastic approach, based on observations that
the site does not exhibit significant plastic deformation. The approach to model the mechanical

effects of weak rock zones is provided by the Universal Distinct Element Code (UDEC) manual
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(Itasca, 2021), where discontinuous deformation at the boundaries between weak rock zones and
the surrounding rock mass is represented. These boundaries are treated as discontinuity planes
within the discrete element method framework. Additionally, although various constitutive models
have been developed to simulate weak rock zones, our comparison showed that they have little
impact on the overall results within the section models. The model specifically focused on the
discontinuity of the weak rock zone, emphasizing its critical role in deformation measurements.
Therefore, the weak rock zones were modeled as elastic but with a reduced Young’s modulus to

reflect their greater deformation capacity (Fig. 3.1).

* 23 excavation stages
+ Each excavation layer is 20m in height

PZ

surface 1
'

; . s o S <ty R
D Mohr-Coulomb Elastic model with
AN VAN A A VAN JAN A joint model lower Young’s modulus
+X S 1

Fig.3.1:Simulation model and constraint condition.

3.2.2 Model parameters

The elastic moduli of the rock mass and the weak rock zones were estimated from those of
intact rocks, considering the geological strength index (GSI) (Marinos and Hoek. 2000). Table 3.1
summarizes the elastic properties of intact limestone and green rock by laboratory test.

The GSI of limestone (Figure 2.4a, b) and green rock (Figure 2.4g, h) were estimated to be 70
because limestone with rough discontinuities was strongly interlocked, undisturbed, and almost
unweathered. The GSls of the weak rock zones (Figure 2.4c-f) were estimated to be 30 as they
were formed by multiple intersecting discontinuity sets and highly weathered surfaces. The
mechanical properties of the vertical weak rock zones were estimated based on the Young’s
modulus of the intact limestone because the VZ was formed in the limestone deposit, whereas the
parallel weak rock zone was estimated based on both intact limestone and green rock because the

PZ was composed of alternating layers of limestone and green rock.
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The estimation of Young’s modulus for limestone and green rock was based on five empirical
equations shown in Table 3.2. It is important to note that the disturbance factor D in the equations
often varies with the scale of excavation. In large open-pit mines, D typically ranges from 0.7 to 1
for overlying rock layers (limestone), while green rock types, which are less affected and located
deeper, generally have D values between 0 and 0.7. For weak rock zones, Equation 5 was used to
estimate Young's modulus, as it has shown excellent performance for rocks with clay interbedded
layers. The estimated Young’s moduli for limestone, green rock, and weak rock zones are shown

in Table 3.3 with their density and Poisson’s ratio.

Table 3.1: Elastic properties of intact host rock in the quarry by experiment.

Properties Intact limestone Intact Green rock
Density (kg m™) 2548 2646
Young’s modulus (GPa) 58.1 34.2
Poisson’s ratio 0.25 0.25

Table 3.2: Estimation of rock mass Young’s modulus based on various empirical equations.

Limestone Green rock

Number Equation Reference
(GPa) (GPa)
E, = E; (0.02 + 19.6 ~
(1 1-D/2 Hoek et al. 2006 25.0~11.5
Ly prer=est 12.4 For Limestone, D=
+e 11

Epn = E; (§9)%, 1~0.7,

@ S = exp <GSI — 100) Sonmez et al. 243 ~ 175143 For green rock,
9-3D 2004 213 : ‘ D=0.7~0.
1 =Gst =20
a=0.5+€(e 15 —e 3)
1
Em = E; (5)%,
oo (5
exp 3
@) Ep, = 0.35 x exp0-066S! 233 233
Majdi et al. 2012
E. (GSI1-20)

5 E = ( l)loT 20.4 15.6
©) m 100
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Table 3.3: Mechanical properties of rock mass in section models, assumed by GSI and

experimental values.

) Parallel Weak Vertical Weak .
Properties Limestone Green rock
rock zone rock zone
Density (kg m~) 2597 2548 2548 2646
Young’s modulus
(GPa) 1.3 1.5 20 15
Poisson’s ratio 0.25 0.25 0.25 0.25

As mentioned in Section 3.2.1, the geological boundary in three section models were modeled
as a discontinuity plane in the discrete element method framework. Based on the Universal Distinct
Element Code (UDEC) manual and previous studies (Table 3.3), numerical methods for
discontinuous deformation typically treat these boundaries as rock-rock contact surfaces. K, and
K refer to the normal and shear contact stiffness of the contact surface, respectively. K, and K
determine the transfer of forces in the normal and shear directions on both sides of the contact
surface.

Although Ky and Ks can be measured experimentally at the laboratory scale, determining their
values for large-scale natural conditions is quite difficult. Additionally, setting K, too low or too
high can cause the model to fail to converge. Typically, K is close to the Young’s modulus of the
rock mass, as suggested in Table 3.4. Ultimately, Kn was chosen to match the Young’s modulus
of the PZ and VZ, respectively. Moreover, the ratio of K, to Ks was assumed to be 2.0 based on
Table 3.4.

The friction angle of limestone discontinuity is typically in the range of 30-40 degrees
(Bandies et al., 1983; Peacock et al., 1994; Day et al., 2017; Morad et al., 2018). However, the
presence of water often decreases the friction angle of discontinuities (Ranjith et al., 2018; Pirzada
etal., 2020; Huang 2024). As described in Section 2.2.3 and 2.5, rainfall influences the rock slope
deformation at Mt. Buko. This suggests that the friction angle along the geological boundary at
Mt. Buko decreases during rainfall. Thus, the friction angle was adjusted to 15 degrees. Tables 3.5

summarize the specific values.
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Table 3.4: Discontinuities parameters of different rock types.

Kn K Friction Young’s modulus
Rock Type (GPa/m)  (GPa/m) Ki/Ks ©) (GPa) Resource
Limestone 6~10 4~8 1.3~2.5 31 (Day et al. 2017)
Limestone 4~6 3~4 1.0~2.0 36 (Bandis et al. 1983)
Limestone 9.4 4.9 34 57.0 (Morad et al. 2018)
Limestone 51.7 30.1 1.7 49.0 (Bandis et al. 1983)
Limestone 10 4.8 2.1 30 10.0 (Peacock et al. 1994)
Sandstone 11.7 5 23 30 11.5 .
(Jiang et al. 2008)
Shale 4.4 1.5 2.9 25 6.0
Tuff 0.785 0.637 1.23 21 2.03
(Kuraoka et al. 2000)
Tuff 1.68 1.49 1.1 37 3.05
Table 3.5: Mechanical properties of discontinuities.
: Parallel weak rock zone — Vertical weak rock zone —
Properties
rock mass contact rock mass contact

Kn (GPa/m) 1.3 1.5

Ks (GPa/m) 0.65 0.75
Friction angle (9 15 15

3.2.3 Simulation procedures and monitoring points

A gravitational force was applied to the model while maintaining the normal displacement on
the lateral and bottom boundaries zero. The elements under the working face were then removed
from the model in a stepwise manner to represent the excavation. The height of each excavation is
20 m. The excavation-induced displacement was recorded to calculate the change in distance
monitored by the APS and GPS.

3.3 Simulation results

In this subsection, the results of relationship among the excavation level, geological condition,
and mining activities are displayed. In addition, we use the same data processing method as the
field monitoring to compare the simulation results with the observed data of APS, GPS, and crack

gage shown in Section 2.5.
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3.3.1 Displacement increment vector

As mentioned in Section 2.5, change in distance decrease rapidly after the excavation level
passes the VZ level. To understand the relationship between the excavation level and the mining-
induced displacement, the displacement increment vectors before and after the excavation face
passed the VZ were analyzed in three simulation models. Figs. 3.2 and 3.3 depict the vectors in
the former and the latter case, respectively. Despite the different properties of rock mass, as
indicated in Fig. 3.2, the upward displacement was common in the three section models before
excavation, whereas significant differences were observed after the excavation face passed the VZ
(Fig. 3.3). In the case of section A-A', the rock slope on the right-hand side of the VZ indicated
sliding movement in the forward and downward directions. Furthermore, the forward displacement
component existed in the triangular zone adjacent to the VZ (Fig.2.13). In section B-B' and C-C',
the rock slope behavior remained unchanged while exhibiting upward movement in all groups,

although the displacements on the right-hand side of the VZ were extremely small.
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3.3.2 Comparison with the GPS measurement

The sliding movement occurring in section A-A' is very similar to the characteristics exhibited
by the GPS-measured absolute value deformation. Therefore, we selected the heights at which
GPS 7, 15, 27, 42, and 72 are located to further confirm the mining-induced deformation from
2011 to 2016. The results are plotted in Fig. 3.4, with GPS measurements on the left and simulation
results on the right.

Although the section A-A'is slightly different from the section where the GPS is located, both
show highly similar deformation characteristics from 2011 to 2016. On the upper sides of the VZ,
all GPS points exhibit slip deformation, and the sliding gradient decreases gradually from 7 to 42.
The sliding direction is nearly horizontal at GPS 42. On the other hand, on the lower side of the

VZ, the triangular zone (GPS 72) shows forward and upward deformation.
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Fig.3.4: Observed GPS data (a) (Nakatani et al., 2018), and simulation result (b) of displacement
from 2011 to 2016.

3.3.3 Comparison with the APS measurement

As described in Section 2.4, the changes in distance in sections A-A' and C-C' measured using
APS were relative to that in section B-B'. In the numerical simulation, the relative distance change
was calculated using displacements at locations corresponding to the APS mirror points for
comparison between the measurements and simulation results. In the case of model A-A', the
relative displacements between APS 7-2, 15-9, 28-22, and 42-37 were calculated, whereas the
relative displacements between APS 8-9 and 21-22 were calculated for model C-C'. Finally, the
change in the distance between each APS point and beam generator was evaluated by calculating
the change in the displacement component at each point.

The open circles on the dashed line in Fig. 3.5 depict the simulation results and the solid lines

indicate the measurement results. The date on the horizontal axis in the figure is estimated based
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on the date of each excavation stage. In the case of section C-C' (Fig. 3.5b), the calculated distance
at APS 8 and 21 exhibited no apparent change, although a slight decrease and increase were
observed after 2014. For section A-A' (Fig. 3.5a), the distance at APS 7 and 15 began decreasing
in 2002 and the decreasing accelerated after 2006 when the excavation face passed the VZ.
Subsequently, their decreasing rates gradually reduced with time. The distance at APS 28 similarly
experienced a rapid decrease after 2008, then converged with APS 42. The changes in distance at
all points were similar in the same year.

These characteristics concurred with those observed in the measurement results. However, the
simulation results for section A-A" were smaller than the measurement results. For instance, the
quantity difference between the simulation and measurement was near 70%. This difference

between simulation and measurement will be discussed in section 3.4.2.
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Fig.3.5: Comparison of observed data (point) on change in distance with simulation results (dot
line). (a) The relative displacement in section A-A' to section B-B' (left-hand scale for
measurements, right-hand scale for simulations) (b) The relative displacement in section C-C' to

section B-B'.

3.3.4 Comparison with the crack gage measurement

Fig. 3.6 compared the observed shear displacement by crack gage and simulation results for
No.5 low-angle crack since 2010. Attentionally, the cumulative deformation of crack No.5 in the
simulation is represented as a point on the discontinuity located on the PZ very close to the actual
position. It can be seen from the figure that the simulation results are qualitatively similar to the
measurement results. Shear displacement continues to increase in both cases, but the rate of
increase gradually decreases. However, the following same problem with the change in distance

is found. The different between the simulation results and the observations was about 75%.
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Fig.3.6: Cumulative shear displacements of low angle crack No 5. Solid line and black open circles

represent monitoring data and simulation results, respectively.

Next, we examine the relationship between the cumulative shear displacement of the
discontinuities at No.5 and the change in distance of APS7. The relationship is depicted as red
open circles in Fig. 3.7. The cumulative shear displacement normalized by the maximum value of
the calculated change in distance of APS7. The same relationship on measurement results is also
shown in the figure for comparison. As seen in the figure, the relationship on simulation results is
good agreement with that on measurement results. Shear displacement at No.5 has a linear
correlation with the surface displacement at APS7. It can be seen from the figure that the ratio of
displacements at No.5 and APS7 in the simulation results is almost equal to those in the
measurement results. The ratios for measurement and simulation results are approximately 60%
and 65%, respectively. These results indicate that the simulation model aligns well with the
measurements, confirming that the observed deformation on the slope surface is highly dependent
on sliding movements along the PZ. The reason why the displacement at APS7 is greater than that
at No.5 remains unclear. Shear deformation of the cover rock might cause the difference in
displacement between APS7 and No.5. The surface displacement on the cover rock is expected to

be greater than its inner displacement if the cover rock shows shear deformation.
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3.4 Discussion

In the above results, the simulation demonstrates qualitative similarity with the observations.
Therefore, it is reasonable to use this model to analyze the deformation mechanisms. However,
there is a quantitative discrepancy between the simulation and measurement results. For ensuring
accurate stability assessments of the rock slope, it is necessary to identify the causes of this
discrepancy. In this section, we first examine the deformation mechanisms using the A-A' section
model. Next, we investigate the causes of the quantitative differences between the measurement
and simulation results. Finally, we evaluate the stability of the rock slope at Mt. Buko based on

the deformation mechanism.

3.4.1 Mechanism of sliding movement

In the previous analysis we noted that the slip along the PZ is an important reason for the
increase in the change in distance. In the results of Section 3.3, we found that the generation of
this slip was also considered to be influenced by the excavation level. Therefore, change in stress
state along the PZ due to excavation is analyzed.

Fig. 3.8 illustrates the change in the shear-to-normal stress ratio at Point A, B, and C, which
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are located on the discontinuity at the top, center, and bottom of the PZ in the section A-A'". The
ratio at Point A increased, while Points B and C initially decreased in the early stages but later
increased, eventually reaching 0.268, which lies on the Mohr-Coulomb failure envelope at a
friction angle of 15°. The three points reached the failure envelope in the order of Point A, B, and
C. After the excavation level passed the VZ level (1,000 m), the ratios at all points were 0.268,
indicating that shear failure occurred sequentially along the discontinuity between the cover rock

and PZ from the top of section A-A', with the entire boundary ultimately failing after the excavation

face passed the VZ level.
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Fig.3.8: The ratio of shear stress and normal stress change during the excavation stage in the
parallel weak rock zone. (The dot line in horizontal direction represents the Mohr Coulomb failure

envelope at ®=15°, cohesion=0 MPa).

Fig. 3.9 depicts the normal stress at Point #1 and #2 on the discontinuity on the right-hand
side of the VZ, located 20 m and 40 m below the working bench in three sections, with negative
values indicating compression. In section A-A', the normal stress increased gradually with the
excavation progress. However, very little change in normal stress was observed in section B-B'
and C-C'.

The gradual increase in joint normal stress before the excavation passes the VZ level
corresponds well with the propagation of shear failure in the discontinuities of the PZ. The increase

in normal stress in section A-A' indicated that the VZ on the upper side was gradually compressed
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by the cover rock sliding along the PZ. Under the effect of the compression, it is reasonable to
speculate that the forward displacement component in the triangular zone adjacent to the VZ in

Fig. 3.3a is induced by compression.
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Fig.3.9: The normal stress variation at the points on the right side of the VZ discontinuity during

the excavation stage in section models. (a) section A-A'. (b) section B-B'. (c¢) section C-C'.

Next, as indicated in Fig. 3.10, impacts of compression behind the VZ were examined by
analyzing the minimum principal stress (the maximum tensile stress) in the forward zone of the
VZ after the excavation face passed the VZ. Positive values in the vertical axis in Fig. 3.10
represent tension. Large tensile stresses are distributed in the forward zone adjacent to the VZ in
the A-A' section, along the VZ direction, while sections B-B' and C-C' remain under compression.
The tensile stress increased after the excavation face passed the VZ (1,000 m), showing a rapid

increase in tensile stress during the stage of joint normal stress increase. Hence, it is believed that
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under the "push" of the upper cover rock, the forward zone shows bending deformation.
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Fig.3.10: The Maximum tensile stress variation in the forward zone of the VZ during the

excavation stage in three section models.

Based on the aforementioned considerations, we propose the following mechanism of slip
movement in the section A-A' (Fig. 3.11). The normal and shear stresses on the discontinuity of
the PZ decrease with excavation, and the decrease in the normal stress is greater than that of the
shear stress, which increases the shear-to-normal stress ratio (Fig. 3.8). This change in stress
induces shear failure of discontinuity, which develops from the top of the rock slope and gradually
expands (Fig. 3.11a and 3.11b). After the excavation face passes the VZ, shear failure extends to
lower part of the discontinuity in the PZ. The development of shear failure further induces an
increase in the contraction of the VZ because the cover rock pushes the VZ from behind, enabling
the sliding movement of the cover rock along the PZ. Subsequently, the triangular zone beside the
VZ undergoes a bending load owing to the large thrust force applied by the cover rock, resulting
in elastic deformation and escalation of the cover rock sliding (Fig. 3.11¢). Eventually, the slip
movement terminates when the elastic resistance force caused by the bending deformation of the

VZ and triangular zone becomes equal to the sliding force of the cover rock.
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Fig.3.11: Slip generation process based on section models.

To verify the slip mechanism described above, specifically whether sliding movement occurs
only when two weak rock zones are present and connected, we created three additional models:
one without weak rock zones (Fig. 3.12a), one with a vertical weak rock zone only (Fig. 3.12b),
and one with a parallel weak rock zone only (Fig. 3.12¢). The parameter selection and simulation
process for all models were identical to those used for the A-A' section model. The results shown
in Fig. 3.12 indicate that no slip deformation occurs in any of these three scenarios. When
combined with the simulation results of sections B-B' and C-C' (Figs. 3.2 and 3.3), these findings

confirm that slip deformation occurs only when two weak rock zones are connected.
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3.4.2 Difference in measurement and simulation

As mentioned in Section 3.3, there are notable differences between the measurement and
simulation results. Although the simulation model captures the deformation characteristics, the
difference in change in distance between measurements and simulations were near 70%. Sliding
of the low-angle crack (No.1 and 3) in the cover rock could result in a decrease in change in
distance (Aoyama et al., 2018). Overestimation and underestimation of mechanical properties used
in the simulation could be also causes for the differences. In this subsection, effects of elastic

properties of rock mass and discontinuities will be considered.

3.4.2.1 Effect of the elastic properties of rock mass
One of possible reasons for this discrepancy is the weathering condition of the rock mass. As

seen in Fig. 2.4, numerous joints and cracks are present in both the limestone and green rock.
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Combined with frequent rainfall in the mine area, these conditions contribute to the weathering of
the rock mass (Erguler et al., 2009). Additionally, clay is distributed in parallel weak rock zones
and the vertical weak rock zones. Generally, Young’s modulus decreases as the clay content
increases because clay typically has a Young’s modulus of less than 250 MPa (Kulhawy et al.,
1990).

To assess the impact of weathering and clay content on sliding movements, the influence of
changes in Young’s modulus across different rock masses was analyzed. The Young’s modulus
for each rock type was reduced to 75% and 50% of its original value after the initial stress field

was equilibrated. The reduced Young’s modulus values are summarized in Table 3.6.

Table 3.6: Reduced Young’s modulus in each part of rock mass.

Properties Limestone Green rock Vigtiialzx;ak Parrg(l:lli:lzzvrfjk
100% 20.0GPa 15.0GPa 1.5GPa 1.3GPa
75% 15.0GPa 11.0GPa 1.1GPa 1.0GPa
50% 10.0GPa 7.5GPa 0.7GPa 0.6GPa

Fig. 3.13 illustrates the changes in the distance of APS 7-2 for various elastic moduli in
different rock masses. The results indicate that reducing the Young’s modulus of green rock and
the parallel weak rock zone has little impact on sliding movement, with only minor variations in
the changes in distance. Conversely, reducing the Young’s modulus of the limestone and the
vertical weak rock zone significantly increases sliding movement. When the Young’s modulus of
both was reduced to half of its original value, the calculated change in distance increased to 40%
of the observed data.
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Moreover, the effect of Poisson’s ratio of rock mass has also been further explored. As shown

in Fig. 3.14, the results of change in distance at APS 7-2 at Poisson’s ratio 0f 0.2, 0.25, and 0.3 are

compared. The results show that although a decrease in Poisson’s ratio leads to a slight decrease

in the change in distance, the effect is almost negligible.
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3.4.2.2 Effect of the discontinuity properties

Similar to the approach in subsection 3.4.2.1, we reduced the friction angle and contact
stiffness of the discontinuities to investigate their effects on changes in distance. The friction angle
in the original simulation model is 15< such a small value itself already included the effect of
rainfall on discontinuities. In addition, although contact stiffness parameters K, and Ks can be
measured at the laboratory scale, determining their values for large-scale natural conditions is
challenging. The friction angle and contact stiffness properties were reduced to 75% and 50% of
their original values. The corresponding values of reduced contact stiffness are summarized in
Table 3.7.

Fig. 3.15 presents the calculated changes in distance at APS 7-2 after modifying the
discontinuity properties. The friction angle significantly affects the change in distance, even
showing a further decrease during the stage of initial convergence, which does not align with

observations. In contrast, the contact stiffness shows negligible impact on the change in distance.

Table 3.7: Reduced contact stiffness of discontinuities.

Properties Vertical weak rock zone — Parallel weak rock zone —
rock mass contact rock mass contact
K (GPa/m) 1.5 1.3
0
100%  x (GPa/m) 0.75 0.65
150, K 1.1 1.0
0
K 0.65 0.5
K 0.75 0.65
50%
K 0.38 0.33
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3.4.3 Stability assessment of the rock slope at Mt. Buko

On the east side of Mt. Buko, the section B-B' and C-C' exhibited upward displacement during
excavation progress. The cover rock between the limestone and green rock did not undergo sliding
because the two weak rock zones were unconnected and did not mechanically interact with each
other. The deformation occurred at both sections can be interpreted as elastic deformation caused
by the release of gravity-induced elastic strain owing to excavation, indicating that the rock slope
in section B-B' and C-C' remained stable.

On the west side, section A-A' experienced long-term slip deformation along the discontinuity
of the PZ. However, the results demonstrated that the rock slope remains stable as long as the rock
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mass in the triangular zone stays in the elastic stage. Additionally, the friction angle was set at a
lower value of 15<in the models to account for rainfall effects. Further slip deformation is not
expected during future excavations due to the adequate implementation of drainage

countermeasures in the PZ described in 2.3.

3.5 Concluding remarks

In this chapter, the observed deformation was successfully explained by 2D numerical models
incorporating two weak rock zones observed in Mt. Buko. The main conclusions are follows:

1. Both the measurement and simulation results show the slip deformation only occurred
when two weak rock zones are connective. The deformation is highly correlation to the distribution
of the weak rock zones and excavation states.

2. Based on the simulation results, on the west side, mining changes the stress state, causing
shear failure at the boundary between the parallel weak rock zone and the limestone cover rock.
As the excavation level passes the vertical weak rock zone, the bending stiffness of the triangular
zone decreases, leading to sliding movement of the cover rock along the parallel weak rock zone.
Moreover, As the sliding movement progresses, the resistance to bending deformation at the
triangular zone increases. When this resistance balances the sliding force, the movement tends to
converge.

3. Mt. Buko is expected to remain stable during future excavations. The east side showed no
significant deformation, while the west side experienced slip deformation that eventually stabilized
due to the resistance provided by the triangular zone.

4. One reason for the discrepancy between the simulation and the measurement is considered
to be the selection of rock mass properties. With a lower Young’s modulus of vertical weak rock
zone and limestone in cover rock, the model shows greater sliding deformation, which aligns more

closely with the field.
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4. Verification of effectiveness of stone wall countermeasure at Mt.
Buko

4.1 Introduction

As described in section 2.5, the cumulative deformation of the slope surface along the A-A'
section at Mt. Buko had shown rapid increase until 2012 with the stepwise increments. To enhance
the stability of the slope and control the continuous slip deformation, a stone wall scheme was
designed and implemented in the west side of the rock slope including section A-A' (Fig. 4.1a).

In the initial plan, the stone wall was designed in two parts, as shown in Fig. 4.1c: stone wall
I, ranging from an elevation of 940 m to 1,000 m, and stone wall II, ranging from 1,000 m to 1,050
m. The stone wall I, with an average inclination of 70°, was expected to consume 1,600 kilotons
of limestone, while stone wall II, with an average inclination of 30°, was expected to consume 800
kilotons of limestone. However, due to economic and other constraints, only stone wall I has been
completed to date, with construction occurring from 2013 to 2016.

Research on stone walls as countermeasures for rock slope stability has historically focused
on two main areas. The first area investigates the structural strength of stone wall and their failure
modeling (Buhan et al., 1997; Hendry et al., 1998; Milani et al., 2006; Fan et al., 2010; Cominelli
et al., 2016; Ponte et al., 2023). Hendry et al. (1998) pioneered a method to evaluate stone wall
strength by treating the stone wall and slope as an integrated system, determining failure when the
design strength is exceeded by the design load. Milani et al. (2006) expanded this model to
incorporate the effects of discontinuities at the stone wall-slope interface and contact surface
failure. Later studies, such as Cominelli et al. (2016), advanced the understanding of stone wall
damage by including the effects of confining pressure using a scaled stone wall model. Ponte et al.
(2023) further refined these models by considering the internal particle structure of the stone wall
and the interlocking of stones, enriching the calculations of stone wall strength.

The second area examines the role of stone wall in enhancing slope stability through various
analytical approaches (Akin, 2012; Ma and Lee, 2018; Paul et al., 2018; Wang et al., 2021). Two
mainstream methods are commonly employed. The first is the limit equilibrium method (LEM),
which treats the stone wall as part of the slope and calculates the factor of safety with or without
the conditioned slope. However, LEM is highly sensitive to the accuracy of physical property

parameters, and incorrect assignments can lead to vastly different results. The second approach is
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the strength reduction method (SRM), which evaluates the failure condition of the stone wall under
tension or shear by progressively reducing the slope’s strength parameters until failure occurs.
These methods have provided complementary insights into the role of stone wall in slope
reinforcement while highlighting challenges in parameter selection and model complexity.

The above approaches offer valuable references for evaluating stone wall effectiveness.
However, in the case of Mt. Buko, the deformation of the overall rock slope is still considered to
be in the elastic phase, and excavation activities are ongoing. How the stone wall influences long-
term mining-induced deformation during excavation and its role in restraining slip displacement
are not clear. Additionally, the dimensions of the stone wall, which involve economic,
environmental, and practical considerations, should be carefully examined and optimized.

This chapter aims to evaluate the effectiveness and mechanism in restraining slip deformation
by the stone wall using numerical modeling. Additionally, as excavation activities continue and
slope surface deformation persists, this study will explore optimal dimension of the stone wall to

ensure long-term stability.

Stone wall I,
2013~2016 = = ===

Excavation bench

1,000m ———————
Stone wall I,

2013~2016

R ; : e Excavation bench
o= X e —

Green rock

Fig.4.1: The Stone wall in Mt. Buko: (a) Location of the stone wall (b) section model of current

stone wall (c) section model of planning stone wall.
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4.2 Simulation method

4.2.1 Numerical models for stone wall

As outlined in Section 4.1, two stone walls, differing in construction years and heights, were
modeled separately for analysis. Fig. 4.1b represents the current stone wall (stone wall I) at its
current height in the quarry, positioned just below the vertical weak rock zone. For simplification,
the entire stone wall elements were added to the numerical model when bench level in the A-A'
section was reached to 920 m. Fig. 4.1c depicts the planning stone wall (stone wall II). The
numerical model integrates the second-phase stone wall when at bench level in the A-A' section to
860 m.

The optimal dimensions of planning stone wall (stone wall II) are also examined by varying
the width and height of the planning stone wall, considering it still under construction. As shown
in Fig. 4.2, the width of stone II is changed to the 1/2 and 3/4 of the original width (Fig 4.2a).
height of stone wall II is increased to 1,100 m (Fig 4.2b).

Effect of Buttress width <—> Effect of Buttress height

Stone wall I, 1,000 m

Fig.4.2: Simulation models of changing the width (a) and height (b) of stone wall II.

4.2.2 Model parameters

The stone wall was constructed using a gabion structure, with the primary aggregate being
limestone from the quarry. The fill material had a particle size of approximately 10 cm to 30 cm,
and the interior was grouted, resulting in an overall structure that could be approximated as a
concrete structure. For simplicity, the stone wall model is treated as an elastic material.

Parametric test data for the stone wall are provided in Table 4.1. The overall Young's modulus
is estimated using Equation 4.1 (Wang et al., 2008) while uniaxial compression strength was
obtained from laboratory tests. Poisson’s ratio of the stone wall is assumed to be same as that of

the limestone as stone wall consists of blasted limestone blocks. The parameters of the stone wall
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models are summarized in Table 4.2.
E = 4700(fc’)°'5 4.1)

where f, is the uniaxial compressive strength of the concrete in MPa.

Table 4.1: Properties of the stone wall in the quarry by experiment.

Density (kg m™) 2100
UCS (MPa) 3.8

Table 4.2: Elastic properties of the stone wall in the simulation models.

Density (kg m™) 2100
Young’s modulus (GPa) 10
Poisson’s ratio 0.25

The contact interfaces between stone wall blocks, as well as between the stone wall blocks
and the rock slope, are modeled as discontinuity elements. These interfaces, as illustrated in Fig.
4.3, are governed by the Mohr-Coulomb criterion, which accommodates separation and slip
motion. The normal (Ku), shear (Ks) contact stiffness and friction angle are derived from concrete
artificial structures and are approximated based on the Young's modulus of the stone wall (Fan et
al., 2010). For both parameters, a value of 10 GPa/m is used. Table 4.3 provides a summary of the

selected contact parameter values.

Table 4.3: Mechanical properties of stone wall contact.

Properties Stone wall block— Stone wall block —

P stone wall block contact rock mass contact
Kn (GPa/m) 10 10
Ks (GPa/m) 10 10
Friction angle (9 30 30
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B Area contact (Coulomb slip model)

Aoy = —ky Auy Aty = —kg Au
If If
Auy, >0 7] = Tmax
Ag, =0 Ty = .\igl](AH\) Timax
separation

slip
Fig.4.3: Contact model of the stone wall in section models.

4.2.3 Simulation procedures and monitoring points

Elements for stone wall was incorporated in the model shown in Fig.3.1 for analysis on section
A-A’ (Fig.2.5(a)). The simulation involved the following five steps: (1) Displacements
perpendicular to the bottom and lateral boundaries of the model were fixed at zero. (2) Initial
iterations under gravity were conducted to establish the initial stress state. (3) Iterations proceeded
with the removal of excavation zones, during which changes in displacement and stress were
monitored throughout the initial half of the excavation process. (4) Adding stone wall elements
when excavation level reaches to 920 m or 860 m, followed by iterations under gravity. (5) The
simulation concluded with the completion of the second half of the excavation, recording the
variations in displacement and stress.

The monitoring points are same with the Section 3.2, the slope surface points (APS points in

Fig. 2.5) are used to record the cumulative displacements under excavation progress.
4.3 Simulation results

4.3.1 Effects of Stone wall height

The cumulative displacement at APS 7 and APS 15 before and after the stone walls
construction are depicted in Fig. 4.4. X and Y displacements are displacements in horizontal and
vertical directions, respectively, as shown in Fig. 3.1. It can be seen that constructing stone wall
up to 1,000 m (Stone wall I) reduce slip displacement in both the X and Y directions. However,
the displacement at both points does not converge.

Corresponding to these displacement results, Fig. 4.5 shows the variations in maximum tensile
stress in the triangular zone (Fig.2.13) with different stone wall heights. The presence of stone wall
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I significantly reduces the maximum tensile stress there.

Compared to the scenarios with no stone wall or with stone wall of 1,000 m height (Stone
wall I), slip displacement is further attenuated, nearly ceasing in both the X and Y directions when
stone wall is constructed up to 1,050 m height (Stone wall II). Similarly, a significant reduction in
the maximum tensile stress of stone wall 11, with values not exceeding 1 MPa is shown in Fig. 4.5.
Furthermore, the results indicate negligible differences in slip limitation effectiveness between

1,100 m and 1,050 m can be seen, as corroborated by the variations in the maximum tensile stress.
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Fig.4.4: Displacement results by varying stone wall height at APS 7 and APS 15.
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Fig.4.5: The maximum tensile stress change in triangular zone by varying stone wall height.

4.3.2 Effects of stone wall width

Fig. 4.6 shows the cumulative displacement changing the width of stone wall with 1,050 m
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height (Stone wall II). Slip displacement decreases progressively with increased width, and at the
original design width (1.0), slip displacement is completely restrained. This trend is also observed
in Fig. 4.7, which illustrates a uniform reduction in maximum tensile stress in the triangular zone

as the width increases.
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Fig.4.6: Displacement results by varying stone wall width at APS 7 and APS 15, W represents the

original design width.
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Fig.4.7: The maximum tensile stress change in triangular zone by varying stone wall width during

excavation progress.

4.3.3 Effects of stone wall properties
Misestimation of stone wall material properties can lead to inaccurate assessments of their

effectiveness. This subsection examines the contribution of different properties—density, Young's
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modulus, Poisson's ratio, and contact stiffness—for restraining slip displacement.

Figs. 4.8 and 4.9 present the cumulative displacement at APS7, 15, and maximum tensile

stress variation in the triangular zone under various Young's modulus. Young’s modulus was set at

less than 20 GPa which is Young’s moduli of limestone (Table 3.3). The results indicate that

Young's modulus has a minimal impact on restraining slip displacement although slight change

can be seen in the displacement and the maximum tensile stress with Young’s modulus.
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Fig.4.8: Displacement results by varying stone wall Young’s modulus at APS 7 and APS 15.
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Fig.4.9: The maximum tensile stress changes in triangular zone by varying stone wall Young’s

modulus.

We also examined the effect of contact stiffness between the stone walls and the rock slope.

As shown in Figs. 4.10 and 4.11, the cumulative displacement at APS 7, 15, and the maximum
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tensile stress variation in the triangular zone were examined by varying simultaneously the Young's
modulus and contact stiffness. With Figs. 4.8 to 4.11, it can be said that the deformability of stone

walls in the extent of the simulation contributes little restraining of the rock slope displacement.
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Fig.4.10: Displacement results by simultaneously varying stone wall Young’s modulus and contact

stiffness between stone walls and rock slope at APS 7 and APS 15.
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Fig.4.11: The maximum tensile stress changes in triangular zone by varying stone wall Young’s
modulus and contact stiffness between stone walls and rock slope.
Fig. 4.12 explores the influence of Poisson’s ratio (v = 0.2, 0.25, and 0.3), showing negligible
changes in slip displacement at APS7 and APS15. The result corresponds to the maximum tensile

stress variation in Fig. 4.13.
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Fig.4.12: Displacement results by varying stone wall Poisson’s ratio at APS 7 and APS 15.
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Fig.4.13: The maximum tensile stress changes in triangular zone by varying stone wall Poisson’s
ratio.

Fig. 4.14 examines the effect of density, defined relative to the limestone density of 2,548
kg/m? (p). Slip displacement decreases with increasing stone wall density, and its limiting effect
becomes almost negligible at 0.5p. However, as shown in Fig. 4.15, the maximum tensile stress
decreases with increasing density, even when it is 0.5p, which also has a significant restraining
effect on the tensile stress increasing. This result implies that the self-weight of the stone walls

have a positive effect on restraining the slip deformation.
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Fig.4.14: Displacement results by varying stone wall density at APS 7 and APS 15.
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Fig.4.15: The maximum tensile stress changes in triangular zone by varying stone wall density.

In the above simulation results, it is found that the increase in the self-weight (density and

Considering the slip mechanism proposed in 3.4.1, the stone wall is likely to restrain the

4.4 Discussion

dimensions of planning stone wall.
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4.4.1 Mechanism of stone wall restraining slip deformation

size) of the stone wall is effective in restraining the slip deformation. In this section, we will further

investigate how the stone wall restraining slip deformation and give recommendation on

bending deformation of the triangular zone. We first change the density of the stone wall to 0.0 to

see if the stone wall can still limit the bending deformation of the triangular zone theoretically



considering that the geometry of the triangular zone has changed under the construction of the
stone wall. As shown in Fig. 4.16, although the maximum tensile stress changed little before the
excavation level 880 m, decreased compared to the case without the stone wall. This result means
the construction of stone wall can enhance the bending stiffness of the triangular zone by

increasing second axial moment of area.
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Fig.4.16: Maximum tensile stress variation in triangular zone under the density of stone wall 0.0.

We further investigated the effect of the Young’s modulus and the contact stiffness between
the stone wall and rock slope. In Figs. 4.9 and 4.11, the maximum tensile stress did not produce
significant changes in the range of 6-18 GPa. However, the values of elasticity of the triangular
zone should be very effective if the stone wall can enhance the bending stiffness of the triangular
zone theoretically.

As shown in Fig. 4.17, we boldly changed the Young’s modulus and contact stiffness
simultaneously from 0.1 GPa and 0.1 GPa/m to 1,000 GPa and 1,000 GPa/m, respectively. The
results show that a significant decrease in the maximum tensile stress in the triangular zone can be
found at larger Young’s modulus and contact stiftness. This further evidence that the stone wall
can enhance the bending stiffness of the triangular zone. However, this effect is limited,
considering that the elasticity coefficient of the stone wall does not produce such a large spanwise

change.
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Fig.4.17: The maximum tensile stress changes in triangular zone by varying stone wall Young’s
modulus and contact stiffness from 0.1 GPa and 0.1 GPa/m to 1,000 GPa and 1,000 GPa/m

respectively.

As shown in Section 4.3, the increases in the height and density of the stone wall induce a
very significant change in the maximum tensile stress. Based on the proposed mechanism, stone
wall can reduce failure zone along the discontinuity because the normal stress applied to the
discontinuity certainly is increased. However, the reduction mechanism of failure zone is not so
simple since there is no significant difference between stone wall height of 1,100 m and 1,050 m.
In this subsection, stress state on PZ discontinuity is analyzed to understand the failure zone.

Fig. 4.18 shows the ratio between the shear stress (t) and normal stress (c) on PZ
discontinuities after the construction of stone wall. The stone wall level of Figs (a), (b) and (c) are
1,000 m, 1,050 m and 1,100 m, respectively. The measurement points are the same in Fig. 3.8. It
was found that when the stone wall was constructed up to 1,000 m, which is lower than VZ, stress
state at Point C is lower than the failure criterion (Fig. 4.18a). Stress state at Point B as well as
Point C is less than the failure criterion if the stone wall is constructed up to 1,050m or 1,100 m
which is higher than VZ (Figs. 4.18b and 4.18c). In other words, the range of the non-failure zone
on the PZ discontinuities was almost the same between 1,050 m and 1,100 m, suggesting that there

was not much difference in the restraint effect of the two heights on slip displacement.
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Fig.4.18: The ratio of shear stress and normal stress change after the construction of stone wall (a)
with 1,000 m height, (b) with 1,050 m height and (c) with 1,100 m height in the parallel weak rock
zone. (The dot line in horizontal direction represents the Mohr Coulomb failure envelope at ®=15°,
cohesion=0 MPa).

Based on the above change in stress state and the slip mechanism proposed in Section 3.4.1,
the mechanism of stone wall restraining slip deformation can be explained as shown in Fig. 4.19.
After the excavation level passed the VZ level, shear failure occurred along the PZ discontinuity
due to the mining-induced normal stress reduction. The VZ is compressed and bending with the
triangular zone (Fig. 4.19a). After the construction of the stone walls, the bending stiffness after
the construction of stone wall (Figs. 4.16 and 4.17). Then, the stone wall presses the lower side of
the slope, which in turn leads to the increase of the normal stress in the PZ discontinuities located
on the lower side of the stone wall (Fig. 4.18). This ultimately leads to the stopping of the shear
failure occurring along the PZ discontinuities (Fig. 4.19b and 4.19c¢).
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Fig.4.19: Mechanism of stone wall restraining slip deformation along the PZ discontinuities.

This “press effect” depends on the height of the stone wall. When the stone wall is constructed
up to the VZ (1,050 m), the region of “press effect” is further expanded, and more PZ
discontinuities located on its lower side will becomes a safe condition, so the slip deformation
along the PZ almost stops, as shown by the cumulative deformation on the slope surface no longer

decreases (Fig. 4.4).

4.4.2 Optimum design of stone wall

Despite the effectiveness of the current stone wall in restraining slip deformation at Mt. Buko,
the dimensions of the stone wall are proposed to be further expanded for further increasing the
rock slope stability.

As shown in Fig. 4.19, increasing the height of the stone wall can enhance the influence range
of the “press effect”. We found that when the height of the stone wall was constructed up to 1,050
m or 1,100 m, the slip deformation on the slope surface almost disappeared. In addition,
considering that the effects between the 1,050 m height and 1,100 m height is not obvious either
in terms of slope surface displacement or in terms of tensile stress in the triangular zone, it is
recommended that the height of the stone wall be designed as 1,050 m.

Expanding the width of the stone wall likewise restraining the slip deformation significantly
(Fig. 4.6 and 4.7). Considering that the slip deformation has almost disappeared with the planning
stone wall width (Fig. 4.1c¢), there is no need to further expand the width of the stone wall, and

continuing to build the stone wall to the planning dimension will effectively improve the slope
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stability in the future excavation.

4.5 Concluding marks

In this Chapter, we evaluated the effects of stone wall countermeasures on restraining rock
slope deformation at Mt. Buko through numerical simulations. Impacts of dimensions and
mechanical properties of the stone walls were examined for design of future stone wall. The
specific conclusions are as follows:

1. The current stone wall, constructed to a height of 1,000 m, effectively restrains slip
deformation. Increasing the height to 1,050 m, which is above the level of the VZ, results in a
significant increase in effectiveness. However, raising the height to 1,100 m does not lead to a
noticeable improvement.

2. The density and width of the stone wall influence its effectiveness. Higher density increases
effectiveness, while reducing the wall’s width decreases its performance. This indicates that the
self-weight of the stone wall is a critical factor in enhancing its restraining effect.

3. The dominant mechanism of stone walls in restraining slip deformation is thought to be not
only by increasing the bending stiffness of the triangular zone by changing the geometry of the
triangular zone but also by the "press effect". This effect generated by the self-weight increases
the normal stress on the PZ discontinuities, thereby stopping shear failure. This effect becomes
more pronounced when the height of the stone wall exceeds the VZ.

4. Based on the above findings, a stone wall height of 1,050 m is sufficient for Mt. Buko, and

the current width of the stone wall should not be reduced.
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5. Several considerations on effects of weak rock zone and stone
wall

5.1 Introduction

In Chapters 3 and 4, we evaluated the deformation mechanism of Mt. Buko and the role of
stone walls. Our analysis revealed that the weak rock zone significantly affects mining-induced
deformation, and stone walls are effective in restraining slip deformation. However, due to the
unique rock slope geometry of Mt. Buko, key factors such as the dip direction of the weak rock
zone and the construction timing of the stone wall could not be fully assessed. This chapter presents
a more general study for further evaluation of the effects of weak rock zone and stone wall on
mining-induced deformation of a rock slope by simplifying geometry of rock slope and weak rock
zone. Specifically, effects of dip direction and connectivity of the weak rock zone, the thickness
of a cover rock were investigated. Impacts of a height, width, and construction timing of the stone
wall were also examined. These findings are expected to provide valuable insights for addressing

deformation issues on rock slopes in open-pit mines.
5.2 Effects of dip direction of weak rock zone and connectivity

5.2.1 Discontinuous geological structures in open-pit mines

This section presents an overview of the typical discontinuous geological structures observed
in open-pit mines (Fig. 5.1), including those considered in the case study. As illustrated in Fig.
5.1a, discontinuous geological structures that are nearly parallel to the slope surface (Nakamura et
al., 2003) often exist between cover rock and base rock in limestone quarries, Japan. As the
boundary between the limestone and base rock is often weathered by rainwater flow, it can become
a discontinuous geological structure.

As indicated in Fig. 5.1b, a geological boundary is occasionally inclined against a rock slope
surface with a high dip angle (Nakamura et al., 2003), where the geological boundary between
slate and limestone is recognized as a discontinuous geological structure.

Additionally, faults can exhibit discontinuous geological structures. Fig. 5.1c illustrates an
example of an inclined fault in a copper mine in Iran (Amini et al., 2019). The inclined fault
between diorite and granodiorite is distributed in the middle of the rock slope. Figs. 5.1d and 5.1e
indicate the faults dipping in a nearly vertical direction in a copper mine in Chile and a

titanomagnetite mine in China, respectively (Flores-Gonzalez et al., 2018; Zhou et al., 2023). The
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ends of such faults exist either at the summit or hillside of the rock slope. The discontinuous
geological structures observed in open-pit mines can be classified into the following patterns based
on their dip direction: (i) parallel to the slope surface (parallel dip), (ii) nearly vertical (vertical
dip), and (iii) inclined against a slope surface at a high angle (infacing dip).

In addition to a single geological structure, two discontinuous geological structures may exist
in the rock slope of open-pit mines. Except for the Mt. Buko mentioned in Chapter 2, two open-
pit mines with connective weak rock zones also exist in Fushun and Liaoning, China (Nie et al.,
2014; Kang et al., 2022). In the former, a near vertical fault intersects a weak layer parallel to the
slope (Fig. 5.1f), while in the latter, an oblique fault intersects a quartz vein (Fig. 5.1g). Combined
with the distribution characteristics of Mt. Buko in Fig. 2.5, geological structure with two

discontinuities can be classified as (iv) connective patterns and (v) non-connective patterns.
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Fig.5.1: Examples of distribution patterns of geological structure in different open-pit mines.
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5.2.2 Model introduction

As described in Section 5.2.1, there are many distribution patterns of discontinuous geological
structures composed of geological boundaries and faults in open-pit mines. Here, we refer to a
discontinuous geological structure as a weak rock zone since the strength of such a structure is
usually smaller than the surrounding rock masses. In this section, a series of numerical models are
prepared to examine the effects of weak rock zones on mining-induced deformation based on the
cases classified in Section 5.2.1.

We constructed six simplified models corresponding to the patterns (i) to (v) in Section 5.2.1,
including a homogeneous model with no discontinuity. Fig. 5.2(a) to (f) shows each model: (a)
Homogeneous model (H model), (b) Parallel dip model (P model), (c) Vertical dip model (V
model), (d) Infacing dip model (I model), (¢) Connective Pattern model (CP model, (f) Non-
Connective Pattern model (N-CP model). The model dimensions and shapes in all models are same.
The lengths in vertical and horizontal directions are 500 m and 800 m, respectively, and the slope
angle is 45 degrees.

The excavation area is set on the upper left side of the slope. Zones with a width of 50 m and
a height of 180 m are sequentially removed from the top of the slope step by step to represent
excavation progression with 9 excavation stages as shown in Fig. 5.3. Each excavation zone is 20
m in height. At the 5™ excavation stage, the excavation face passes the vertical weak rock zone
(VZ) in the V, CP and N-CP models as shown in Fig.5.2(c), (e) and (f). Additionally, in the model
with the parallel dip (P, CP and N-CP models), a cover rock with a thickness of 10 m will be formed
as the excavation proceeds (Fig. 5.2(b), (e) and (f)).

In this study, mechanical effects of the weak rock zones are represented by discontinuous
deformation on the boundary between the weak rock zone and the rock mass. The boundary is
modeled as a discontinuity plane in the framework of Discrete Element Method (DEM), while
both the rock mass and the weak rock zone are modeled as an elastic material. For the sake of
simplicity, Young’s modulus for the rock masses and the weak rock zones are assumed as 1 GPa
and 0.1 GPa, respectively, since the weak rock zone is expected to be more deformable than the
rock mass. Poisson’s ratio is set at 0.25. The stiffness and frictional angle of the discontinuities are
determined based on several references (Table 3.4). Eventually, the value of K, is calculated to be
approximately 1.0 GPa/m, and the Ki-to-K ratio and the friction angle are assumed to be 2.0 and
30 degrees, respectively, according to the references. The specific values are summarized in Tables
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Fig.5.2: The geological condition of simplified models. (a) Homogeneous model, (b) Parallel dip
model, (c) Vertical dip model, (d) Infacing dip model, (¢) Connective Pattern model, (f) Non-
Connective Pattern model.

Table 5.1: Mechanical properties of rock mass used in models.

Properties Weak Rock Zone Limestone
Density (kg/m?®) 2700 2700
Young’s modulus (GPa) 0.1 1
Poisson’s ratio 0.25 0.25
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Table 5.2: Mechanical properties of discontinuities used in models.

Properties Weak Rock Zone-Rock Mass Contact
Kn (GPa/m) 0.1

Ks (GPa/m) 0.05

Friction (9 30

5.2.3 Simulation procedure and monitoring points

The simulation involved the following three steps: (1) Displacements perpendicular to the
bottom and lateral boundaries of the model were fixed at zero. (2) The initial iterations were
performed under gravity to generate the initial stress state. (3) Iterations were executed while
removing the excavation zones and recording the changes in displacement and stress. The model
response was monitored during the third step.

Fig. 5.3 depicts the displacement and stress measurement points. Points 1 and 2 were used to
observe the surface displacement of the rock slope. Considering the CP model as an example,
Points 1 and 2 were located above and below the VZ, respectively. Points A—B were used to
monitor the stress changes in the discontinuities along the weak rock zones. Point A was set on the
weak rock zone parallel to the slope surface (PZ), whereas Point B was set on the vertical weak
rock zone (VZ).

Excavation stage

v 7
V / Poinil
VI /'L Point A
VH//____ p Point B
VIHL/_ Isotropic elastic model

—_——

4

riangular

Discontinuity with
— vz Mohr-Coulomb joint model

________

Fig.5.3: Measurement points in simplified models.

5.2.4 Simulation results

The horizontal and vertical cumulative displacement increments at Points 1 and 2 due to
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excavation are shown in Fig. 5.4 with positive values corresponding to the backward and upward
directions in x and y direction, respectively (Fig.5.3). The vertical displacements in all the models
except CP model exhibit upward through the nine excavation stages. In contrast, downward
displacement is observed at Point 1 in the CP model after the 5™ excavation stage, although the
upward displacement is seen at Point 2. The rate of the downward displacement tends to decrease
with excavation stages. In the horizontal direction, mining-induced displacement of all the models
except CP model is almost negligible compared to the vertical displacement. In contrast, horizontal
displacement of the CP model shows an obvious increase in the forward direction after the 5
excavation stage. However, the increasing rate gradually decreases with the progression of the
excavation stage.

As mentioned above, vertical displacement and horizontal displacements of CP model shows
dramatic change when the excavation exceeds the 5th stage at which the excavation face reached
to the vertical weak rock zone. For understanding the mechanism behind this change, displacement
increment vectors from the initial state to the Sth stage and from the 5th to 9th stages were analyzed.
Fig. 5.5 shows the vectors in the former stage, while Fig. 5.6 depicts those in the later stage. From
the figures, it is found that the displacement mode of models with a single weak zone and N-CP
models is almost similar to that of the H model with no weak rock zone. Although there is a slight
difference in the displacement in that the upward displacements of the models with a weak rock
zone are greater than H model, the rock slope in these models shows upward displacement in both
stages. As shown in the figure, the deformation mode of CP model is different in that the vectors
are still upward until the 5th stages (Fig. 5.5¢), but the rock slope on the PZ starts to show sliding
deformation along the upper boundary of the PZ after the stage (Fig. 5.6e).

The above results indicate that the cover rock above the PZ in CP model begins to slide along
the PZ when the excavation face passed the VZ and that the sliding deformation reduces in the
subsequent excavation stage. Furthermore, the above results imply that the single weak rock zone
does not significantly affect mining-induced deformation. The rock slope shows mainly upward
displacements caused by elastic recovery due to the gravity release. A special structure such as the

connection of PZ to VZ could induces downward and forward displacement due to the sliding.
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Given that the CP model can be viewed as a simplification of the A-A' section model of Mt.
Buko, as well as the highly similar deformation characteristics of the two (Fig. 3.3a and Fig. 5.6e):
both slip deformation occurs after the excavation level passed the VZ level; and both triangular
zones show forward and upward deformation. The slip mechanisms of the two should be the same.

Further investigation was performed to verify the slip mechanism. Another model was
constructed by varying the geometry of the VZ in the CP model (Figure 5.7a). In this model, the
VZ did not cross the cover rock. Figure 5.7b illustrates the displacement increment vectors from
the 5 to 9™ stages of the new model. The mining-induced displacement was upward in the same
manner as that observed in the P and V models (Figure 5.6a, b). Therefore, the triangular structure

formed by the VZ crossing the cover rock in the CP model contributed to slip occurrence.
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of cumulative displacement vectors after the excavation face passed the VZ.

5.3 Effects of cover rock thickness

In the description of the slip mechanism (Section 3.5.1), after the excavation level passed the
VZ level, the cover rock slides along the PZ discontinuities, pushing the VZ and bending the
triangular zone. The pushing effect and bending resistance are likely to relate to the cover rock
thickness. In this section we will discuss the effect of cover rock thickness on slip deformation of
the following two cases to provide recommendations for excavation design for open pit mines
facing similar conditions. (a) cover rock thickness is not changed through excavation progression
(No change case). (b) cover rock thickness is increased when the excavation face passed down the

vertical weak rock zone (Increase case).
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5.3.1 No change case

As shown in Fig. 5.8, cover rock thickness in the CP model which has cover rock height of H,
is set at H/20, H/10, 3H/10, H/2, and H. For each case, we recorded the cumulative displacement
at Points 1 and 2, located at 480 m and 460 m along the slope surface, respectively, to compare the
intensity of slip occurrence. The simulation procedure and model parameters are same as those

described in Sections 5.2.3.

Change cover rock thickness

H/20 <:> H

H: Cover rock height
n original CP model

Fig.5.8: Diagram of Cover Rock Thickness Variations in the CP Model.

Fig. 5.9 shows the cumulative displacement with varying cover rock thickness. When the
thickness increases from H/20 to H/10, slip displacement still occurs but is reduced. As the
thickness continues to increase from H/10 to H, the slip displacement gradually decreases,

eventually a little displacement can be seen when the thickness reaches 7H/10.
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Fig. 5.10 illustrates the variation in joint normal stress at Point B (Fig. 5.3) at different cover
rock thickness. Monitoring this indicator helps clarify the effect of the cover rock’s extrusion on
the lower VZ and triangular zone. The initial joint normal stress increases uniformly with cover
rock thickness; however, after the excavation level reaches the VZ level (5" excavation stage), the
increment in joint normal stress varies depending on the thickness. Specifically, the increment
tends to increase as the thickness increases from H/20 to H/10, but decreases as it changes from
H/10 to H/2. The joint normal stress at a thickness of 7/H shows little to no change during
excavation.

Fig. 5.11 shows the stress variation in the PZ discontinuity at Point A (Fig. 5.3) at the 7%

excavation stage. Although both normal and shear stresses increase with cover rock thickness, the
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ratio of shear to normal stress begins to decrease at 7H/10. The risk of shear failure decreases
rapidly when the cover rock thickness is greater than H/2. This trend suggests that there is a critical

thickness stabilizing a cover rock.
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Fig.5.10: Results of joint normal stress at Point B when changing the cover rock thickness.
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Based on the CP model’s slip mechanism, we believe that when the cover rock thickness is
too low (H/20), its self-weight is insufficient to induce slip along the parallel weak rock zone and
to bend the triangular zone, restraining the slip movement. Conversely, increasing the cover rock
thickness will also be helpful for restraining the slip movement due to the contact area between
the cover rock and the VZ. The slip displacement converged when the thickness of cover rock is

greater than half of the cover rock height (7H/10).

5.3.2 Increase case

As shown in Fig. 5.12, The bench width is decreased to increase the dimension of front zone
(triangular zone) to 1/10, 2/10, and 3/10 of the width of the excavation area (W) after the
excavation face passed the VZ. For each case, we recorded the cumulative displacement at Points
1 (Fig. 5.3), to compare the intensity of slip occurrence. The simulation procedure and model

parameters are consistent with those described in Sections 5.2.3.

W, The width of the excavation area

o~

Excavation

J/’ :
Front zone N\

(Triangular zone)

Fig.5.12: Diagram of dimensions of triangular zone variations in the CP Model.

Fig. 5.13 displays the displacement results of increasing the dimensions of front zone at Point
1, where T = 0 represents the original model. Positive values indicate displacement in the backward
and upward directions in the X and Y axes, respectively. As the thickness of the cover rock in front
of VZ (T) increases, slip displacement decreases in both directions following the VZ stage. This
decrease is positively correlated with the increased thickness. When T equals 3W/10, almost no
slip displacements occur.

Similarly, the maximum tensile stress in the front zone reflects the displacement trends, as
shown in Fig. 5.14. The maximum tensile stress decreases gradually and ultimately converges with

the increasing dimension of front zone. The minimum tensile stress reaches approximately 0.5
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MPa at T = 3W/10 (Fig. 5.14a), and the decrease shows converge with the increase of thickness
(Fig. 5.14b). Based on the results of displacement and tensile stress, we believe that there is a
critical thickness stabilizing the cover rock. The thickness of 3/10W is the critical value for the
model used in this simulation.
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Fig.5.13: Impact of thickness in front zone on displacement at Point1 at (a) Horizontal direction,

(b) Vertical direction.
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Fig.5.14: Tensile stress variations by front zone thickness (a) during excavation progress, (b) at

final excavation stage.

5.4  Effects of stone wall dimension and construction timing

In Chapter 4, we analyzed the role of the stone wall at the quarry in restraining slip
deformation. However, due to the geometrical characteristics of the stone wall and the rock slope
at Mt. Bukao, it is not possible to generalize and study the stone wall in a general way. In this section,

we will use a simplified CP model to study the height, width, and construction timing of the stone
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wall more comprehensively, and give recommendations for the design of the stone wall.

5.4.1 Simulation models

As shown in Fig. 5.15, the following three effects are considered. (a) Effects of stone wall
width. The stone wall is constructed up to the VZ level with four different widths: W/10, 2W/10,
3W/10, and 4W/10(W is the width of the excavation area). The stone walls are the same
dimensions in subsequent excavations. (b) Effects of stone wall height. The stone wall is
constructed at five different heights with a width of W/5: H/5, 2H/5, ..., H (H is the height of the
cover rock). The case of H/5 represents the stone wall constructed up to the VZ level, while the
other cases represent the stone wall constructed beyond the VZ level. (c)Effects of construction
timing of stone wall. Stone wall is constructed at 6 excavation stage and at 7™ excavation stage.
Stone wall constructions in (a) and (b) were defaulted to begin at the 6" excavation stage at which
the excavation level passes down the VZ.

The stone wall countermeasure models are developed based on the CP model, therefore, the
numerical model and parameters for rock masses are same as the CP model in Section 5.2.2. The
contact of weak rock zones and the contact of the stone wall with the slope were represented by
discontinuous deformation as shown in Fig. 5.16. The boundary was modeled as a discontinuity
plane in the discrete element method framework, whereas the rock mass, weak rock zone and stone
wall were modeled as elastic materials. The Young’s moduli for the stone wall were set to be 0.5
GPa. Young’s modulus of the stone wall is certainly less than Young’s modulus of rock mass
because it consists of the blocks of the rock mass. Poisson’s ratio was set to 0.2. The contact
stiftnesses of the stone wall were defaulted to 1GPa/m, Tables 5.3 and 5.4 summarize the specific

values.
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Table 5.3: Mechanical properties of stone wall

Density (kg/m3) 2100
Young’s modulus (GPa) 0.5
Poisson’s ratio 0.2

Table 5.4: Contact properties of numerical models.

p e Stone wall — Stone wall —
roperties stone wall contact rock mass contact
Kn (GPa/m) 1 1
K5 (GPa/m) 1 1
Friction (°) 30 30

5.4.2 Numerical simulation procedure and monitoring points

The simulation involved the following five steps: (1) Displacements perpendicular to the
bottom and lateral boundaries of the model were fixed at zero. (2) Initial iterations under gravity
were conducted to establish the initial stress state. (3) Iterations proceeded with the removal of
excavation zones, during which changes in displacement and stress were monitored throughout the
initial half of the excavation process. (4) Elements for stone wall were incorporated to the model
in a single step, followed by iterations under gravity. (5) The simulation concluded with the
completion of the second half of the excavation, recording the variations in displacement and stress.

The maximum tensile stress in the triangular zone during excavation was recorded.

5.4.3 Simulation results
5.4.3.1 Effect of the stone wall width

Fig. 5.17 displays the variations in the maximum tensile stress in the triangular zone under
different widths of the stone wall. All stone wall’s heights are under the VZ level. Although the
maximum tensile stress decreased after the construction of the stone walls, the effect of width of
stone walls is not significantly (Fig. 5.17a). When the width of stone walls increased from W/10
to 2W/10, there was a slight decrease in the maximum tensile stresses, but increasing the width

again produced no further change (Fig. 5.17b).
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Fig.5. 17: Tensile stress variations by stone wall width.
5.4.3.2 Effect of the stone wall height
Fig. 5.18 presents the variations in maximum tensile stress in the triangular zone under
different heights of the stone wall. All stone wall’s widths are 2W/10. Compared to scenarios with
no stone wall, all heights of the stone wall contribute to the reduction in maximum tensile stress.
However, the reduction is significantly greater when the stone wall is constructed beyond the VZ
level than at the VZ level (H/5) (Fig. 5.18a). In addition, when the height of the stone wall exceeds

2/5H, the change in maximum tensile stresses is no longer significant (Fig. 5.18b).
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Fig.5.18: Tensile stress variations by stone wall height (a) during excavation progress, (b) at
final excavation stage.

Considering the restraining mechanism of the stone wall presented in Section 4.4.1, “press
effect” on the PZ discontinuity increases when the height of the stone wall exceeds VZ, resulting

in decrease of shear failure zone along the discontinuity. Although it can further inhibit shear
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failure with an increase in the height of the stone wall, the change in effect becomes smaller
because the discontinuity at the lower part is no longer sliding.
5.4.3.3 Effect of the stone wall construction timing

Fig. 5.19 shows the variations in the maximum tensile stress in triangular zone when the stone
wall is constructed after the 6™ and 7" excavation stages. Two different heights of the stone wall,
H/5 and 2H/5 were evaluated. Both results show earlier construction is more effectively for
restraining slip deformation because stone wall can significantly reduce the maximum tensile

stress.
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Fig.5. 19: Tensile stress variations by stone wall construction stages.

5.5 Concluding remarks

In this Chapter, we generally investigated several considerations on effects of weak rock zone
and stone wall by simplifying the geometry of the rock slope and weak rock zone. The effects of
dip direction of weak rock zones and connectivity, thickness of cover rock and triangular zone
were examined. The effects of stone wall heights, widths and construction timing were also studied
for general recommendations. Specific conclusions can be drawn, as follows:

1. For a rock slope having a single weak rock zone, the excavation causes no slip movements.
This is independent of the dip direction of a weak rock zone.

2. The deformation behavior depends on the connectivity of the weak rock zones if two weak
rock zones are distributed in the rock slope. No sliding can be seen if an inclined weak rock zone
is not in connection with a vertical weak rock zone. In contrast, slip movement along the inclined

weak rock zone can be observed when both weak rock zones are connected.
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3. Above slip movement in the case of weak rock zone connection is influenced by the
thickness of cover rock. The magnitude of slip displacement decreases with increase of the
thickness. Furthermore, critical thickness of the cover rock was found. No apparent sliding of the
cover rock can be seen if cover rock thickness is greater than the critical value.

4. Stone wall width has little impact on restraining slip deformation, while both construction
timing and height of stone wall affect slip deformation. Earlier and higher construction
significantly enhance the slip deformation control. However, a critical value was found in stone

wall height. No sliding can be seen at the critical height or more.
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6. Conclusions and recommendations

6.1 Conclusions

This research investigated the long-term rock slope deformation observed at Mt. Buko
through field measurements and numerical analysis. First, the relationship between geological
conditions, excavation progress, and deformation characteristics was clarified by analyzing the
measurement data and mining history. The main cause of the observed deformation was identified
as the distribution pattern of weak rock zones and ongoing mining activities.

To explore this further, 2D numerical models of Mt. Buko were developed to assess the effects
of weak rock zones and interpret the causes of long-term deformation.

Afterward, the study evaluated the effectiveness and optimal dimensions of the stone wall
countermeasure at Mt. Buko, discussing the influence of stone wall parameters including its height
and width. The mechanism of stone wall for restraining in slip deformation was also clarified.

The study further demonstrated considerations on several effects of weak rock zone and stone
wall by simplifying the geometry of the rock slope and weak rock zones. The effects of dip
direction of weak rock zones and their connectivity were examined followed by examination of
effects of the thickness of cover rock. The research also explored the impacts of the width, height
and construction timing of the stone wall for a general recommendation of stone wall design. The
key findings and contributions in each chapter are summarized as follows:

Chapter 1 reviewed the background, and the objectives of research were described. Previous
studies related to the effects of excavation and geological structures on rock slope deformation,
causes and analysis of mining-induced deformation of rock slope, and countermeasures for
restraining rock slope deformation. Previous research on analysis of rock slope deformation of Mt.
Buko were also reviewed for clarifying the meaning of this study.

Chapter 2 aimed at revealing the overall characteristics of Mt. Buko. The mining history,
long-term deformation, and geological conditions were explained. Two major weak rock zones
were identified, with notable differences in connectivity between the west and east sides at the
quarry. A weak rock zone parallel to the slope surface (PZ) connects with a vertical weak rock
zone (VZ) at greater depths in the west side. In contrast, the east side shows less development of
PZ, with no evidence of connection to VZ. Displacement behavior also differed between east and

westsides: as excavation passed the vertical weak rock zone, little variation in displacement was
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observed in the east side, while significant displacement was seen in the west side. It increased
rapidly when the excavation reached VZ, but gradually stabilized as excavation area became far
away from VZ. These observations suggest that slope deformation is affected by the combined
effects of excavation activities and the distribution of weak rock zones.

Chapter 3 aimed at identifying the main cause of the long-term deformation observed at Mt.
Buko for assessment of rock slope stability. 2D numerical models for east and west sides were
developed for estimation of mining-induced deformation of the rock slope. Elements for PZ and
VZ were incorporated to the model and the boundaries between weak rock zones and the rock
mass were modeled as discontinuities. Most notably, the analysis of stress change in the foot of
the rock slope led to the proposal of a slip deformation mechanism. This mechanism suggests that
excavation-induced reduction in normal stress leads to progressive failure along the discontinuities
on the PZ in the west section. As the excavation level passes the VZ level, resistance to slip
deformation of the cover rock decreases. Therefore, the VZ is compressed followed by bending of
the foot part of the rock slope. Slip deformation finally stabilizes as the excavation progresses,
when the driving force and the resisting force is in equilibrium state. The long-term deformation
observed at Mt. Buko aligns well with this proposed slip mechanism. Quantitative discrepancies
between simulation and field observations are partially attributed to parameter selection including
Young’s modulus of VZ and limestone. The rock slope at Mt. Buko is considered stable as long as
the rock mass in the triangular zone stays in elastic.

Chapter 4 focused on evaluating the effectiveness of the stone walls at Mt. Buko by
numerical simulation, highlighting its role in restraining slip deformation. The simulation results
show that the current stone wall, constructed to a height of 1,000 m (below the VZ level),
significantly restrains slip deformation. Increasing the height to 1,050 m (above the VZ level)
further enhances this restraining effect. The weight of the stone wall is effective to restrain the slip
deformation. The stone wall not only increased the bending stiffness of triangular zone but also
provides a "press effect," which stops shear failure along the PZ discontinuities by increasing
normal stress. Although increasing the stone wall height extends the range of this press effect,
further increases beyond 1,050 m have no additional impact, as immovable zones are sufficiently
formed along the discontinuity.

Chapter 5 further investigated several effects of weak rock zones, cover rock, and stone wall
on rock slope deformation by simplifying the geometry of rock slope and weak rock zones. No
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slip deformation was found in models with single weak rock zone regardless of its dip direction.
The cover rock can slip along the PZ only when two weak rock zones are connected. The slip
displacement decreases with thickness of cover rock until reaches the critical value. The width of
stone walls has little impact on restraining slip deformation, while earlier construction of stone
walls significantly enhances deformation control. The presence of a critical height of the stone
wall was found. Effects of stone wall is not changed if height of stone wall is increased over the

critical height.

6.2 Recommendations

Given the unexplained results and significant limitations of the current models, we propose
the following recommendations for future studies:

1. Investigating the theoretical basis for the optimal values for cover rock thickness and stone
wall dimensions is necessary. It would also be valuable to explore how these critical values change
with factors such as rock slope angles.

2. The weak rock zone and discontinuity models should be further developed, as the current
simulations are simple and fail to fully reflect observations in the PZ discontinuities at Mt. Buko.
Incorporating the weakening effects of water on discontinuities and creep behavior could better
represent real deformation processes in weak rock zones.

3. Evaluating the effects of pore water pressure and three-dimensional factors, which were not
considered in this study, is crucial Consideration of these factors would be worth exploring whether

the triangular zone remains the weakest area of the rock slope.
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