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%e Higashi-Shikagoe limestone quarry is an open-pit mine situated in Hokkaido Prefecture, Japan, that has experienced four
slope failure incidents since 1996.%e rock slope behaviour has been monitored since the first failure event by measuring the rock
slope surface displacement using an automated polar system. Recent measurements have revealed a gradual decrease of the
distance between the beam generator and mirrors over time; however, the displacements and decrease rate differs between the
centre and left- and right-hand sides of the quarry. %is implies that the deformation characteristics of the rock slope and factors
influencing the slope deformation differ at the centre and left- and right-hand sides of the quarry. In this study, the two-
dimensional finite element method was used to identify the causes of slope deformation by investigating the effects of limestone
excavation at the foot of the rock slope, the deterioration of a ∼70m-thick clay layer at the rock slope foot wall, and shear failure
owing to rainfall infiltration.%e numerical results show that slope deformation on the left-hand side and centre of the quarry are
induced by clay deterioration, whereas the right-hand side of the quarry is deformed owing to floor excavation and/or shear
sliding. %e rock slope is presently stable because the magnitude of the rate of displacement decrease is small and no acceleration
is observed.

1. Introduction

Rock slope stability poses a major challenge to rock engi-
neering projects worldwide, including open-pit mines. Rock
slopes instability can seriously affect mining operations and
lead to high economic losses [1, 2]. %e degree of the rock
slope stability must therefore be ensured, not only for
economics purposes but also to minimise risks related to
operation safety [3]. %ere are a variety of practical methods
to assess slope stability, including laboratory tests on rock
core samples, rock mass classification [4–6], field mea-
surements [1], and limit equilibrium analysis [7–10].

Recently, Tao et al. [11] proposed a physical model exper-
iment to study the control mechanisms of toppling defor-
mation of anti-inclined slopes during slope excavation using
model-scale NPR anchor cable. From the above studies, it
can be said that continuous rock slope deformation mea-
surement is vital in mining operation stage to assess slope
stability [12], predict future failure, and design potential
countermeasures.

An automated polar system (APS) has been used to
monitor slope movement at the Higashi-Shikagoe limestone
quarry, Japan, since July 2002 following the first of four slope
failure incidents by measuring rock slope surface
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displacement. Cutting measures were adopted on the upper
part of the rock slope after the second slope failure event
occurred in July 2004 to increase slope stability by reducing
the slope angle. However, the rock slope has been observed
to continuously deform. An accident involving the sudden
collapse of 300,000–400,000m3 of rock slope was reported in
the Kagemori limestone quarry, Japan, following the con-
tinuous development of cracks on the slope surface [8]. An
understanding of the continuous rock slope deformation
mechanism at the Higashi-Shikagoe limestone quarry is
therefore a crucial issue to assess the rock slope stability.

Rainfall-induced landslides and slope failure pose seri-
ous threats worldwide. In Japan, for example, nearly 2700
landslides and slope failure disasters have been induced
owing to rainfall effects [13]. Okata et al. [14], Sugiyama et al.
[15], and Shuin et al. [16] performed statistical analyses on
the connection between landslides and slope failure with
rainfall intensity, duration, and antecedent rainfall. Cai and
Ugai [17] pointed out that rainfall infiltration increases the
groundwater level and pore-water pressure, consequently
reducing the shear strength of rocks and possibly leading to
landslides or slope failure. In cold regions, lowered rock
strength can likely been attributed to the effects of snowmelt
water infiltration [18, 19], which causes a large amount of
surface water flowing through tension cracks to recharge
potential surface weaknesses, thus triggering landslides and
slope failure.

Several cases of slope failure induced by ground motion
have been also reported [20–22]. Orense [23] 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. To account for
the difficulties in obtaining realistic slope stability evalua-
tions during an earthquake, Lu et al. [22] proposed a nu-
merical model involving dynamic slope stress and
deformation to consider the effect of groundwater level,
material stiffness, deformation, and geosynthetics. Lu et al.
[21] defined slope failure during an earthquake to occur
when a cumulative plastic displacement induced by a dy-
namic response exceeds a critical displacement value esti-
mated by a static parameter.

%e above studies indicate that the rock slope defor-
mation at the Higashi-Shikagoe limestone quarry may be
induced by rainfall and/or earthquake activity. However, the
effect of earthquakes is not considered particularly serious
because rock slope surface displacement changes were not
observed before or after the large 2018 Hokkaido Eastern
Iburi earthquake. In contrast, rainfall and snowmelt are
considered to be more strongly affect rock slope stability at
the Higashi-Shikagoe limestone quarry because the maxi-
mum rainfall per day is at least 150mm and the cumulative
snowfall is >1000mm.

Another factor that likely affects slope deformation at the
Higashi-Shikagoe limestone quarry is an approximately
70m-thick clay layer distributed at the foot wall of the rock
slope. Previous studies on engineering structures have in-
dicated that clay plays a vital role in the stability of slopes in
tunnels and mines [24–27]. In particular, Erguler and

Shakoor [28] showed that the exposure of clay-bearing rocks
to natural climatic conditions (e.g., freeze-thaw cycles) ef-
fectively causes rock slaking and disintegration. Erguler and
Ulusay [29] consequently established that clay-bearing rocks
can reduce rock slope strength and cause deformation owing
to its weak strength and high sensitivity to water content
variations. %is is particularly relevant for the water sensi-
tivity of clay minerals that tend to swell (e.g., montmoril-
lonite). Van Eeckhout [30] listed five processes of strength
loss in shale: fracture energy reduction; capillary tension
decrease; pore pressure increase; frictional reduction; and
chemical and corrosive deterioration. %e results of these
studies indicate that the rock slope at the Higashi-Shikagoe
limestone quarry likely deforms owing to deterioration of
the clay seam at the foot wall of the rock slope.

It should be noted that natural slope displacement is
often induced by inelastic deformation (e.g., sliding), but the
displacement of a cut rock slope in an open-pit mine may
also result from elastic deformation owing to excavation
[1, 31]. Kaneko et al. [31] demonstrated that rock slope
deformation behaviour in open-pit mines depends on the
magnitude and direction of rock stress, mostly the ratio of
horizontal stress (σH) to vertical stress (σV) because exca-
vation typically relieves stress from a rock mass. %ey
concluded that a rock slope contracts when σH/σV is small
and extends when σH/σV is large. Kodama et al. [1] con-
ducted case studies to investigate long-term rock slope
deformation observed at the Ikura limestone quarry under
excavation processes. %ey concluded that the rock slope
deformation can be interpreted as elastic deformation owing
to excavation. %ese studies indicate that excavation is ex-
pected to be a significant cause of the slope deformation at
the Higashi-Shikagoe limestone quarry. However, these
studies estimated the rock slope deformation by assuming
rock mass was homogeneous and elastic material.

From the above discussion, it can be said that a number
of studies have been undertaken to understand character-
istics of slope deformation and several principal factors
triggering slope instability in an open-pit mine. However,
the study on the impact of clay layer on mining-induced
deformation is limited. %us, understanding the elasto-
plastic behaviour of clay rock is deemed necessary in
assessing slope stability at Higashi-Shikagoe limestone
quarry. %is is mainly because mechanical properties of clay
rocks are certainly different from those of limestone. Fur-
thermore, clay rocks are likely to show elastoplastic be-
haviours due to release of confining stress by excavation.

%e present study aims at clarifying the causes of long-
term slope deformation at Higashi-Shikagoe limestone
quarry using numerical simulation and to assess the rock
slope stability considering the impact of the clay layer. At
first, the characteristics of the rock slope deformation were
clarified by analysing surface displacement measured using
an automated polar system (APS). %e relationship between
the slope deformation characteristics and elevation of the
quarry was established. Secondly, deformation resulting
from the deterioration of a ∼70m-thick clay layer at the rock
slope foot wall was predicted. %irdly, the impact of exca-
vation at the foot of the rock slope on the slope deformation
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was estimated by considering elastoplastic behaviours of the
clay layer. Fourthly, the influence of rainfall was examined
assuming that groundwater reduces the shear strength of
rockmass. Finally, the stability of the rock slope at the quarry
was assessed by ascertaining the possible factors affecting the
rock slope deformation based on comparisons between the
measured and simulated results.

2. Description of the Higashi-Shikagoe
Limestone Quarry

%e Higashi-Shikagoe limestone quarry is a small-scale mine
situated in Minami Furano, Central Hokkaido Prefecture,
Japan. %e site is approximately 400m from artificial Lake
Kanayama. %e quarry has been in operation for more than
100 years and operated by Nittestsu Mining Co., Ltd. with an
annual production of 200,000 tons. %e rock mass at the
quarry is predominantly composed of high-grade limestone
and schalstein (Figure 1) of the pre-Cretaceous Hidaka
Group. Although there are other types of rock such as low-
grade limestone and slate, this altered with the main rock
types. %e limestone deposit lies irregularly and is lenticular
with a N30°E strike, 680m length, and 100–200m thickness.
%e quarried limestone is mainly used in sugar production
because of its grade. %e major geological structure in the
quarry is characterized as a right lateral faults, which strike
and dip at N70°E-80°S and N70°E-75°N, respectively. %e
topographical layout of the rock slope as of July 2019 in
Figure 2 is viewed from the direction indicated by the yellow
arrow in Figure 1. %e quarry has been developed by the
bench cut method with a bench height of 10m and overall
slope angle of 42°. %e working face is presently located at the
340m level and the old working face at the northern side below
the 340m level has been used for backfilling. A massive rock
slope of 130m in height has been formed with the increasing
excavation level, as sketched in Figure 2. A clay seam of ap-
proximately 70m in thickness (elevation 440–370m) occurs at
the foot wall of the rock slope, as illustrated in Figure 2.

Figure 3 illustrates the series of events that occurred at
the quarry from 1996 to 2020, including four slope failure
incidents. %e first massive slope failure occurred at the
480 m level in December 1996. %e slope failure then ex-
tended to the 515 m level in July 2004 (Figure 4(a)). Failure
later occurred in April 2009 at the north end of the face of the
2004 failure (Figure 4(b)) and then reoccurred in May 2017.
However, mechanism of the slope failures was not discussed
in this study as the evidence is not yet clear. More signifi-
cantly, rock slope displacement was begun to be measured
using an APS in July 2002 to monitor the rock stability
behaviour by installing twomirrors at the 480 (ET480-1) and
500m levels (ET500-1). To ensure rock slope stability, slope
angle reduction and cutting measures were taken at the
upper part of the slope from April 2007 until July 2009, as
shown in Figure 5. In February 2012, 16 surface displace-
ment monitoring points (mirrors) were set along the rock
slope to monitor the deformation of the entire quarry, as
shown in Figure 6. Countermeasures such as planting and
support systems installation (shotcrete and rock bolts shown
in Figure 2) have been undertaken since 2018.

3. Data and Methods

3.1.AnAutomatedPolar System (APS) Setup forDisplacement
Measurement at theQuarry. %eAPS consists of a laser beam
generator located 470m from the top of the slope at an altitude
of 380mon thewestern side of the quarry (Figure 6). Data were
collected from three nearby stations of the nationwide GPS
array of Japan to determine the stability of the base point. In
this study, the change in distance from 11 monitoring points
(i.e., APS mirror points) installed on the left- and right-hand
sides and the centre of the quarry was used to investigate the
overall rock slope deformation behaviour.

3.2. Laboratory Test of Effect of Water Content on Young’s
Modulus of Clay Specimen. As discussed in Section 2, the
clay layer at the foot wall may influence the strength re-
duction and deformability of the rock slope. Erguler and
Ulusay [29] proposed that a slight increase of water content
may strongly reduce the strength and deformability of clay-
bearing rocks. In this section, the effect of increasing water
content on clay deformability was investigated experimen-
tally in terms of the effect on Young’s modulus. Also,
Young’s modulus of the clay as input parameters for nu-
merical simulation was also selected.

Cylindrical clay specimens were difficult to prepare by
drilling owing to the inherently weak nature of clay-bearing
rocks. Cubic specimens with approximate dimensions of
50× 50× 50mm were thus cut from a clay block. %e
specimens were dried at 80°C in an oven for more than 24 h
until reaching a constant mass and then cooled to room
temperature for a minimum of one week prior to testing.
Uniaxial compressive stress tests were then applied on the
specimens at a constant loading rate of 0.4N/s using a load
frame manufactured by Instron company.

%e experiments were carried out on the specimens
under three water content conditions. In the first stage, the
specimen was subjected to three loading cycles. %e water
content of the specimens cooled at room temperature was
approximated to 1%. %e specimens were then covered with
a wet towel for 24 h to increase their water content. %ree
loading cycles were then applied to the specimens under

Figure 1: Geological map of the quarry. Yellow arrow shows the
directional view of the rock slope’s layout in Figure 2.
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Figure 3: An illustration of events that have occurred at the quarry.
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Figure 4: Slope failure that occurred at the quarry in (a) July 2004 and (b) April 2009.
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water contents of approximately 11%. %e specimens were
then covered with a wet towel for another 24 h, and three
loading cycles were applied again under water contents of
approximately 19%. %e peak loading stress was set to
0.145MPa. %e stress-strain curves were linear in the stress
range of 0.08–0.145MPa. As mentioned, cyclic loading was
applied to the specimens in each stage to eliminate the effects
of stress release and consolidation on the specimen
deformability. For example, the specimens might have
loosened upon release of the overburden.

%e relationship between Young’s modulus and water
content of the clay specimens is shown in Figure 7. Young’s
modulus is found to rapidly decrease with increasing water
content from 21, 55, and 50MPa in the first, second, and
third load cycles, respectively, for water contents of ap-
proximately 1% to 3, 17, and 21MPa for water contents of
approximately 19%. %ese results demonstrate that Young’s
modulus of clay in the quarry considerably decreases with
increasing water content under both loose and consolidated
conditions.

(a) (b)

Figure 5: Layout of the rock slope (a) before and (b) after cutting upper part of the slope in July, 2004 and November, 2009.

Figure 6: Map showing the APS at the quarry. %e ETrepresents the mirror point locations of the automated polar system (APS) set on the
rock slope. Each mirror point is represented with a number that indicates its level of elevation.
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3.3. Numerical Model Description of the Rock Slope Defor-
mation Characteristics. %e potential causes of rock slope
deformation at the Higashi-Shikagoe limestone quarry are
investigated by numerical analysis. %e two-dimensional finite
element method (2D FEM) was used to simulate deformation
induced by clay deterioration, excavation, and shear failure. A
numerical analysis model of layered rock slope established
using a commercial finite element program (MIDAS GTS/NX
2014 (V2.1)) [32] was used in this study. %e geological profile
of the rock slope along the cross-sectional area of the quarry
designated as V33 (Figure 1) was used to build the numerical
model shown in Figure 8(a). %e finite element meshes shown
in Figure 8(b) were generated using six-node triangular ele-
ments based on the elevation readings from the cross-sectional
area of the quarry. %e entire analytical model has dimensions
of 830m from north to south and 1489m from east to west.

In this model, the ground types are classified into two
groups, hard rock mass (limestone, schalstein, and slate) and
clay, based on their notably different Young’s modulus [33].
Young’s modulus of the rock specimens can be relatively
evaluated by various laboratory tests [33]. However, an
estimation of rock mass mechanical properties from test
results of rock specimens can be difficult, except for in situ
tests because the rock specimens are strongly affected by
inhomogeneity [3]. %e quality of the hard rock and clay
seam are therefore assumed to average and poor, respec-
tively. Young’s modulus of the hard rock was set to 1GPa,
whereas that of the clay was assumed to be 1/20 and 1/50 of
that of the hard rock, with the aim of examining the key role
played by the presence of clay in causing rock slope insta-
bility. %e unit weight and Poisson’s ratio of the hard rock
were assumed to be 26.2 kN/m3 and 0.2, respectively, which
fall within the reasonable range of values for a good quality
rock mass [34, 35].%ese properties are presented in Table 1.
%e unit weight and Poisson’s ratio of the clay were set to
18.0 kN/m3 and 0.3, respectively, which fall within the
properties of soft clay estimated by Chai and Miura [36]. It
should be noted, however, that elastoplastic analyses to
investigate behaviour of rock mass intersected with a weak
clay zone are critical in assessing the slope stability [37]. In
this regard, assuming the elastoplastic behaviour of the clay
rock for the numerical simulation is vital to assess the slope

stability in the study quarry. In this study, for simplicity, clay
rock was assumed to be perfect elastoplastic material,
whereas the hard rock mass was assumed to be isotropic
elastic material. All analyses were carried out under plane
strain conditions. Normal displacements to the surface at the
right and left sides and bottom face of the model
(Figure 8(b)) were fixed to zero. For comparison with the
measurement results, the change in distance was analysed
between several points on the slope surface at different el-
evations and beam generator points. %e displacement
vector on the slope surface and beam generator point was
also analysed to understand the causes of the distance
change. In this study, a qualitative comparison between the
analytical and measurement results is given because Young’s
modulus of the hard rock was set to a unit value.%e changes
in distance were normalised to the maximum value, and a
relative magnitude was assigned to the displacement vectors
as discussed detail in the later section.

4. Results and Analysis

4.1. Analysis of Measured Results. In this study, the change in
distances from 11 APS monitoring points installed at the left-
and right-hand sides and centre of the quarry was analysed to
investigate the overall characteristics of the rock slope defor-
mation. Figure 9 shows that the change in distance between the
beam generator and each mirror gradually decreased between
January 2014 and April 2019. %e total distance change ranges
between approximately 20 and 100mm. %e trends are gen-
erally similar for all mirror positions, but the decreasing rates
differ.%is implies that the rock slope deformation depends on
the position of the quarry.

%e relationship between the change in distance and ele-
vation was analysed to better understand the rock slope de-
formation characteristics of the entire quarry by classifying the
mirrors into three groups: north (i.e., left-hand side of the
quarry: ET460-1, ET480-1, ET500-1, ET520-1, and ET560-1);
central (central side of the quarry: ET480-2 and ET520-2); and
south (right-hand side of the quarry: ET480-3, ET520-3, and
ET560-2). ET590-1 is installed at the top of the slope and is
common in all of the three groups. %e mirrors are, respec-
tively, indicated as red, green, blue, and purple in Figure 6.%e
correlation of each group (Figure 10) clearly shows that the
greatest reductions of distance occurred in the middle (ele-
vation: 520m) of the rock slope (Figures 10(a) and 10(b)). In
contrast, the decrease in distance reaches a maximum at the
slope foot as shown in Figure 10(c). %ese results indicate that
the factors that influence the slope deformation on the left-
hand side and central part of the quarry are likely similar, but
differ from those that influence the slope deformation on the
right-hand side of the slope.

4.2. Analysis of Numerical Results. In this section, the nu-
merical calculations were qualitatively analysed to identify
the causes of the slope deformation at the Higashi-Shikagoe
limestone quarry using the two-dimensional finite element
method (2D FEM).%e deformation characteristics based on
the numerical simulations were then compared with the
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measured displacement results to ascertain the possible
factors affecting the rock slope deformation as observed at
the quarry as discussed detail in the later section.

4.2.1. Displacement Induced by Clay Deterioration. To
clarify the effect of the reduced Young’s modulus of the clay
on the rock slope deformation, two basic cases (Case _a and
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Figure 8: (a) Geological cross section along the line V33 in Figure 1 and (b) entire analytical model of the quarry. Simulated results of
induced displacement in the blue rectangle are shown.

Table 1: Mechanical properties of the rock materials.

Properties Hard rock mass Clay
Unit weight, c (kN/m3)a 26.2a 18.0c

Young’s modulus, E (GPa)b 1 0.05 and 0.02
Poisson’s ratio, v 0.2a 0.3c

Cohesion, c (MPa) 30d 0.02e

Friction angle, ϕ (°) 40 and 50d 35e
a%e unit weight adopted from Bell. bAssumed. cAdopted from Chai and Miura. dCalculated from laboratory test results by Bandazi. eAdopted from Chai
et al..
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Case _b; Table 2) were modelled following the simulation
conditions described in Section 3.3. Based on the experi-
mental results described in Section 3.2, Young’s modulus of
clay was set to 50 and 20MPa in the initial stages and then
assumed to deteriorate to 20 and 3MPa, respectively, owing
to increased water contact, whereas Young’s modulus of the
hard rock was set to 1GPa (Table 2). %e mechanical
properties presented in Tables 1 and 2 were used.%e relative
displacements induced by the reduced Young’s modulus of
the clay were then calculated for each model by subtracting
the displacement in the initial model from that in the de-
teriorated model. Figure 11 shows the displacement vectors
at the surface of the rock slope in Case_a
(50MPa⟶ 20MPa) and Case_b (20MPa⟶ 3MPa).
Figure 12 depicts the change in distance at an elevation of
460–590m calculated from the displacement vectors. %e
change in distances were normalised by the maximum value
in case_a and plotted relatively to the quarry elevations as
shown in Figure 12. As seen in Figure 11, the displacement
vectors show an overall trend of downslope displacement of
the rock mass from the top to the toe of the rock slope
surface in both cases. %e maximum displacement was
observed mostly within the clay zone near the foot of the

slope. In Figure 12, it can be seen that the distance decreased
at all elevations between 460 and 590m in both cases. %e
change in distance is considered to decrease because of a
large displacement within the clay zone due to deterioration,
which induces downslope displacement above the clay zone.
It should be noted that the maximum decreasing rate of the
distance was observed in the middle (∼520m) of the rock
slope in both cases although the maximum value in case_a is
greater than that in case_b.

4.2.2. Excavation-Induced Displacement. Displacement
owing to excavation is a considerable factor for assessing the
deformation mechanism. %e deformation of rock slope
often occurs because the rock mass within an excavation
zone is subjected to considerable redistributions of the initial
stress state [38]. Zhu et al. [39] conducted case studies to
investigate the deformation characteristics and failure
mechanism of the anti-dip rock slope induced by mining
excavation at the Changshanhao open-pit mine in Nei-
menggu province, China.%ey concluded that the rock mass
in the deformed area bended and moved downwards as a
result of the stress redistribution in the slope caused by the
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continuous excavation of the slope at the mine. As men-
tioned in Section 2, the limestone had been excavated by the
bench cut method on the floor of the quarry. Excavation is
thus expected to have deformed the rock slope because both
gravity and horizontal stress applied to the floor were re-
leased during excavation. To address these effects, the slope
deformation resulting from excavation was simulated by
elastoplastic analysis.

In this section, numerical models for two stress condi-
tions are established, and five cases are modelled in each set
for the progressive excavation levels from 2015 to 2019.
Excavation at the 400m level was completed at the end of
2015 and resumed at the 360m level in 2019. %e basic
configuration of the analytical models is the same as that
discussed in Section 3.3 using the mechanical properties
presented in Table 1. However, the geometry of the blue
dotted rectangle in Figure 8(b) changed as the excavation
progressed. Figure 13 shows the analytical models of the
quarry in 2015–2019. Some of the boundary conditions are

different in the first model, which shows the analysis of
displacement induced by horizontal stress release. A unit
horizontal rock stress (σxx) of 1MPa was applied to the
right-hand side of the model. In the second model, the
simulation conditions including the boundary conditions
for the analysis of displacement induced by gravity release
are the same as with the conditions described in Section 3.3.
In both models, the displacement increment due to exca-
vation from 2014 was simulated using the excavation
analysis function equipped in MIDAS GTS/NX 2014 (V2.1)
[32].

Examples of the displacement vector at the surface of the
rock slope and beam generator point induced by excavation
are shown in Figure 14. %e changes in distance calculated
from the distribution of the surface displacement vectors
along the slope and beam generator point are plotted relative
to the quarry elevation between 460 and 590m, as shown in
Figure 15. %e changes in distance were normalised by the
maximum value in 2019. In Figure 14(a), the displacement
vectors show the forward displacement of the rock mass
from the top to the toe of the slope. It is clearly seen in
Figure 15(a) that the distance decreased with similar ten-
dencies along both the slope and at the beam generator point
owing to the horizontal stress release as the rock floor was
excavated likely because of the forward displacement of the
rock mass. As expected, the displacement magnitude in-
creased upon approaching the slope foot with the greatest
displacement concentrated near the clay zone. %e highest
decreasing distance rate is also notably observed near the
foot of the rock slope. %e displacement vectors along the
rock slope shown in Figure 14(b) indicate upward and
leftward movement of the rock mass, whereas the vectors at
the beam generator point show upward and rightward
displacement owing to the gravity release when the rock
floor of the pit was excavated. Figure 15(b) shows that the
distance at elevation 590–460m increased with progressive
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Figure 11: Total displacement vector at the surface of rock slope induced by reduction in Young’s modulus of clay, case_a (a) and case_b
(b) in the blue dotted rectangle in Figure 8(b). %e arrows indicate the direction of the displacement, whereas the length of the arrow is
proportional to the magnitude of the displacement.
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Figure 12: Normalized change in distance calculated from sim-
ulated results.

Table 2: Young’s modulus of hard rock mass and clay rock.

Cases
Clay (GPa)

Hard rock mass (GPa)
Initial After deterioration

Case_a 0.05 0.02 1
Case_b 0.02 0.003 1
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Excavation zone in 2015
Excavation zone in 2017

Excavation zone in 2017

Excavation zone in 2018

Figure 13: FEM meshes in terms of excavation yearly, in blue dotted rectangle in Figure 8(b).
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Figure 14: Examples of total displacement vector at the surface of rock slope induced by excavation due to (a) release of horizontal stress and
(b) gravity in 2019 at the blue dotted rectangle in Figure 8(b). %e arrows indicate the directions of the displacement, whereas the length of
the arrow is proportional to the magnitude of the displacement.
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Figure 15: Normalized change in distance of the simulated results of displacement induced by (a) release of horizontal stress and (b) gravity.
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yearly excavation owing to the leftward and rightward
displacement of the rock mass along the slope and at the
beam generator point. %e maximum distance increase is
observed near the foot of the rock slope, where the largest
displacement magnitude is concentrated.

4.2.3. Displacement Caused by Reduced Shear Strength.
%e shear strength reduction method (SSRM), where both
the hard rock mass and clay are assumed to behave as perfect
elastoplastic materials, was adopted to understand rock
slope displacement caused by reduced shear strength after
rainfall infiltration. %e SSRM is one of the most popular
techniques for performing FEM slope analysis [40, 41]
mainly because it simulates progressive shear failure of the
slope under complex geometric conditions [42, 43]. %e
SSRM also determines a stress reduction factor or factor of
safety value that brings a slope to the verge of its failure limit
[44, 45] according to

CF �
C

F
,

F � tan−1 tan
F

 .

(1)

where C and ϕ are the actual cohesion and friction angle,
respectively, CF and ϕF are the reduced strength char-
acteristics (cohesion and friction angle), and F is a re-
duction factor that controls the reduction rate of C and ϕ.
As noted by Dawson et al. [40] and Griffiths and Lane
[41], C and ϕ gradually decrease until the final slope
failure is detected.

%e basic model configuration, including the shape,
size, and boundary conditions, was the same as in Section
3.3. %is analytical simulation is aimed at clarifying the
effect of shear failure due to reduction in shear strength of
rock mass on the slope deformation. As discussed by
Griffiths and Lane [41] that deformation and progressive
failure can be simulated by varying the friction angle and/
or cohesion of the material gradually. %us, in addition to
the elastic modulus and unit weight, the cohesion and
friction angle were also included in the simulation. %e C
and ϕ values of the hard rock mass were estimated from
standard triaxial compression tests [46]. In these laboratory
tests, the friction angles of limestone and schalstein were
approximated as 40° and 50°, respectively.%e friction angle
of hard rock was set to 40° and 50° for two analytical cases.
In this model, shear strength parameters of the clay were
adopted from Chai et al. [47], as presented in Table 1. Using
input parameter presented in Table 1, the simulation was
performed. In this simulation, the reduction factor in-
crement ΔF and maximum iteration number were set to
0.01 and 50 cycles, respectively. %e displacement incre-
ment induced by plastic deformation owing to sequential
failure of elements was analysed.

%e surface displacement vector of the rock slope at
ϕ� 40° is shown in Figure 16 with the shear strain distri-
bution. %e change in distance calculated from the surface
displacement vectors is plotted against the quarry elevation

for comparison, as shown in Figure 17. %e change in
distance is normalised by the maximum value at ϕ� 50°.
Figure 16 shows that the downslope movement of the rock
mass occurred at the top of the rock slope. %e slope clearly
slid relatively downward from the top to the intense shear
strain zone in the middle of the slope, resulting in massive
forward displacement of the middle of the rock slope
surface. %e change in distance decreased as a result of the
downslope movement along the slope and at the beam
generator point. %e maximum decreasing rate of the
distance is shown at 460m for both friction angles
(Figure 17).

5. Discussion

As described in Section 4.1, the distance between the beam
generator and each mirror gradually decreases with time
(Figure 9). %e reduced distance is greatest at the middle of
the rock slope (elevation 520m) in the left-hand side and
centre of the quarry, but at the foot of the slope in the right-
hand side of the quarry (Figure 10). %e following de-
formation characteristics were estimated based on the
numerical simulations, as discussed in Section 4.2. %e
lowered Young’s modulus of the clay seam reduced the
distance, and the maximum decrease is seen at the middle
of the slope (Figure 12). %e change in distance owing to
excavation of the pit floor depends on the rock stress
conditions (Figure 15). %e distance increases under
gravity force conditions and decreases under horizontal
stress conditions. %e magnitude of the distance reduction
under horizontal stress conditions is greatest at the foot of
the slope. As the shear sliding progressed in the rock slope
owing to reduced rock mass strength, the distance de-
creased with the greatest magnitude at the foot of the slope
(Figure 17). According to the above results, the possible
causes of the continuous deformation of the rock slope at
the Higashi-Shikagoe limestone quarry are deduced as
follows. (a) %e rock slope displacement at the left-hand
side and centre of the quarry is caused by deterioration of
the existing clay layer. (b) %e rock slope displacement at
the right-hand side is caused by floor excavation and/or
shear sliding of the slope.

As seen in Figure 1, clay is mainly distributed on the
left-hand side and centre of the quarry, which consequently
exhibits significant strength reductions and deformability
as a result of the clay’s contact with water [29]. For sim-
plicity, clay deterioration owing to water was modelled by
reducing its Young’s modulus. However, clay also shows
other deterioration types, including plastic deformation,
cracking, and breaking [48]. It is therefore noted that water
induces slope displacement resulting from clay deterio-
ration. For confirmation, rainfall time series were analysed
and compared with the measured result, as shown in
Figure 18. %e comparison confirms that the distance tends
to decrease with increasing rainfall accumulation rate. %is
relationship indirectly verifies that the clay deterioration is
induced by water. It should be noted that clay deterioration
can also be caused by other factors. Nicholson and Hencher
[49] explained that clay deterioration includes the
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progressive physical and chemical alteration of rock, which
is facilitated by stress release, freeze-thaw, and wet-dry
cycles [19, 28] when exposed to natural climate conditions.
In particular, slaking, which is caused by repeated exposure
to dry and wet conditions, is also an important mechanism
of clay deterioration [28, 50]. %e clay in the quarry is
therefore also possibly susceptible to deterioration via
slaking.

Excavation is expected to be one of the dominant causes of
the slope displacement on the right-hand side of the quarry
because the limestone on the pit floor of this area has been
excavated since 2014 (Figure 6). Reduced distances will
therefore occur if the regional horizontal stress at the Higashi-
Shikagoe limestone quarry is sufficiently high. In this case, the
effect of horizontal stress is expected to be greater than that of
the gravity release. For example, Obara et al. [51] suggested
that rock slope exhibits elastic extension by excavation,
resulting in forward displacement of the rock slope at a
horizontal stress to vertical stress ratio of 1.0. However, this
ratio tends to increase with inverse depth and is therefore
likely to be greater than 1.0 in open pit mines [52].

Figure 19 shows the change in distance at the 480–500m
level from the beginning of measurement (July 2002) until
the second slope failure (July 2004). For comparison, the
changes in distance at the same points between April 2014
and March 2019 are also shown. %e decrease ratio of the
distances from 2014 to 2019 is significantly smaller than that
from 2002 to 2004. %e total change of distance during the
slope failure in July 2004 is closer to 1500mm, whereas that
from 2014 to 2019 is less than 50mm. As seen in Figure 19,
an apparent accelerating decrease is observed in the curves
from 2002 to 2004. In contrast, the distance from 2014 to
2019 decreases at a nearly linear rate with no apparent
acceleration (Figure 19), this was probably due to the effect
of the undertaken countermeasures such cutting upper part
of the slope, planting, and support systems installation
(shotcrete and rock bolt). %ese results indicate that the risk
of rock slope shear failure is presently low even though the
distance decrease on the south side of the quarry is caused by
shear movement of the slope. It can therefore be concluded
that the slope is not unstable, even though continuous
deformation is observed.

Pit floor excavation is one of the dominant causes of
slope deformation. %ree-dimensional (3D) analysis is
therefore necessary because excavation-induced deforma-
tion is expected to depend on 3D geometry. As discussed
earlier, other factors such mining-induced plastic behaviour
of the clay rock at foot wall of the rock slope encompassing
the orientation of the clay rock, geological conditions in-
cluding discontinuities (e.g., fault shown in Figure 1), and
rainfall and snowmelt-water infiltration are likely to have
significant effects on the deformational behaviour of the rock
slope. Based on the characterized deformation, future study
will analyse the deformation with a 3D numerical model
based on the aforementioned factors. %e effect of coun-
termeasures (e.g., rock bolts and shotcrete) should also be
investigated because they are expected to effectively prevent
further clay deterioration.

590 m

460 m

x

y

Figure 16: Displacement vector along the rock slope at φ� 40(°) in the blue dotted rectangle in Figure 8(b).%e arrow indicates the direction
of the displacement, whereas the length of the arrow is proportional to the magnitude of the displacement.
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6. Conclusions

%is paper investigates the characteristics and causes of
long-term rock slope deformation at the Higashi-Shikagoe
limestone quarry in Japan. %e analysed rock slope dis-
placement characteristics in the quarry were measured by an
APS. %e likely causes of the continuous rock slope de-
formation were then investigated numerically using 2D FEM
techniques and discussed based on the characteristics of the
measured displacements. %e conclusions of this study are
summarised as follows:

(1) %e measured results reveal that the distance be-
tween the beam generator and mirrors is gradually
decreasing with time throughout the slope, but the
magnitude of decrease depends on the slope position
in the quarry. %e rate of decreasing distance is
greatest at the middle of the slope on the left-hand

side and centre of the quarry, but at the foot of the
slope on the right-hand side of the quarry.

(2) %e simulated results of the change in distance be-
tween the beam generator point and slope surface
reveal that the distance decreases owing to a re-
duction of Young’s modulus of clay. %e distance
reduction owing to pit floor excavation increases
under gravity force conditions, but decreases under
horizontal stress conditions. %e distance decreases
owing to shear movement in the rock slope caused by
strength reduction of the rock mass. %e magnitude
of the decrease in distance owing to the lowered
Young’s modulus of clay is the greatest in the middle
of the rock slope, whereas the highest magnitude of
decreased distance owing to excavation and shear
strength reduction occurs at the slope foot.

(3) %e possible causes of the continuous deformation of
the rock slope at the Higashi-Shikagoe limestone
quarry are as follows. (a) Clay deterioration owing to
increased water content is one of the dominant
causes of slope displacement on the left-hand side
and centre of the quarry. (b)%e excavation of the pit
floor can cause slope displacement on the right-hand
side of the quarry if the horizontal stress is suffi-
ciently large. %e shear sliding of rock mass owing to
reduced shear strength is also a considerable cause of
the slope deformation. However, the risk of shear
failure of the slope is presently quite low because the
magnitude of the decreasing distance is small and no
acceleration is observed.

Data Availability

%e data used in supporting the results of our study are
included within the article.
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