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Abstract

The effect of water on the shear behavior of joints in rocks is critical for determining the global stability of fractured rock
slopes subjected to changes in water levels, because the joint peak shear strength can be significantly lowered owing to
wetting. The roles of the mechanical and the combined physical and chemical water-rock interactions in the deformation
of reservoir bank slopes are studied using discrete element method. The numerical results showed that the joints that are
subparallel to the slope surface mainly determine the displacements of rock blocks and that water—rock interaction-induced
deterioration of joint shear stiffness and strength plays a critical role in the stability of reservoir bank slopes. The weaken-
ing of rock fractures induced by interactions between water and fracture walls can explain the monitored valley contraction

during the impoundment of high dams.
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List of symbols
E Young’s modulus (GPa)

v Poisson’s ratio

a Fracture hydraulic aperture (m)

a,  Fracture hydraulic aperture at zero normal stress
(m)

d,s Minimum (or residual) aperture value (m)

k; Fracture permeability factor (Pa~! s7!)

k, Fracture normal stiffness (Pa m™")

k,  Fracture shear stiffness (Pam™")

[ Fracture length (m)

p Water pressure (Pa)

Ap  Fluid pressure difference (Pa)

q Fluid flow rate (m? s™")

u, Normal displacement (m)
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Normal displacement increment (m)

o, Effective normal stress (Pa)

AO'; Effective normal stress increment (Pa)

A1, Shear stress increment (Pa)

Au® Elastic component of incremental shear displace-
ment (m)

Fracture shear strength (Pa)

Fracture cohesion strength (Pa)

Fracture friction angle (°)

Dynamic viscosity of the fluid (Pa s)
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1 Introduction

Water is one of the most important environmental factors
controlling the stability of fractured rock slopes. Impound-
ment of reservoirs can induce various magnitudes of bank
slope deformation or even landslides. The heavily fractured
left-abutment slope of the Beauregard dam on the Dora di
Valgrisenche River of northwestern Italy has experienced
significant displacements since the early days of reservoir
filling in the 1960s (Barla et al. 2010). Obviously, accel-
erated valley contractions and slope displacements were
monitored during the initial impoundment of the Lijiaxia,
Jinping I and Xiluodu dams in China (Cheng et al. 2017).
However, the relationship between reservoir water levels
and displacements of reservoir slopes still remains poorly
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understood, and studying the deformation mechanisms of
fractured reservoir slopes during impoundment is fundamen-
tal to dam safety.

Conventionally, the effects of water are only considered
as either mechanical loads applied on the slope surfaces,
assuming that rock masses are impermeable, or as a seep-
age force, based on Terzarghi’s effective stress principle and
Biot’s effective stress coefficient (Maihemuti et al. 2016).
Bidgoli and Jing (2015) performed discrete element mod-
eling of the coupled stress—deformation-flow processes in a
fractured rock mass and found that water pressure has a sig-
nificant influence on the macroscopic strength of fractured
rock masses, but a minor effect on their elastic deformation
parameters.

It has been observed that various types of rocks could
suffer a significant loss of compressive and tensile strengths
upon saturation (Wasantha and Ranjith 2014; Cherblanc
et al. 2016; Zhao et al. 2017a; Qiao et al. 2017). The four
main mechanisms of interactions between water and rocks
are as follows (Van Eeckhout 1976): (1) fracture energy
reduction, (2) capillary tension decrease, (3) frictional
reduction and (4) chemical and corrosive deterioration.
Ciantia et al. (2015a, b) identified two distinct types of bond-
ing within calcarenites: temporary bonding (TB) and persis-
tent bonding (PB), which are responsible for the observed
rapid decrease in rock strength when water fills the pores (a
short-term effect), and a long-term weakening of saturated
rocks (a long-term effect).

In addition, Pellet et al. (2013) showed that the shear
strength of marl fractures is strongly dependent on water
content, i.e., the friction angle drops from 22° for a dry frac-
ture to 12° for a saturated fracture, and the fracture cohesion
decreases from 0.41 MPa under dry conditions to 0.32 MPa
under wet conditions. Chen et al. (2014) found that the
average asperity height of various rock fractures increased
after immersion in an in situ solution of pH 7.1 for 30 days.
Recent experimental studies by the authors showed that the
peak shear strength of sawtooth sandstone fractures can be
lowered by about 20-24% due to wetting (Zhao et al. 2017b),
but the saturation-induced reduction in joint shear strength
is probably not sensitive to the duration of immersion. Note
that the tested sandstone was a fine-grained feldspathic aren-
ite containing < 2% clayey matrix and sparse calcite cement.
However, this mechanism of wetting-induced strength reduc-
tions in rocks and fractures was commonly neglected in pre-
vious stability analyses of fractured reservoir slopes.

The main objective of this study is to clarify the effects of
water pressures and wetting-induced weakening of fractures
on stability of fractured reservoir slopes. Two numerical
benchmark examples were solved to evaluate the contribu-
tions of water pressures and wetting-induced weakening of
fractures to fractured slope displacements. Finally, a case
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study of the right reservoir bank slopes of the Jinping I dam
is presented.

2 Review of Effects of Water-Rock
Interactions on Fracture Behavior

The introduction of water into rock fractures may modify the
mechanical properties of fractured rock masses in two main
ways: (1) a purely mechanical effect of pore pressure, i.e.,
the classical effective stress principle, and (2) physicochemi-
cal interactions between water and fracture walls, including
lubrication, softening, argillation and scouring (Jaeger et al.
2007).

2.1 Mechanical Effects of Water—Rock Interactions

When water pressure is present in fracture voids, the frac-
ture surfaces are forced apart and the normal stress, o,,, is
reduced. Under a steady-state condition, where there is suf-
ficient time for the water pressures in fractures to reach equi-
librium, the reduced normal stress, ar’] , is defined as,

o' =0, - p M)
where p is the water pressure. The reduced normal stress !
is usually called the effective normal stress. The mechani-
cal effect of water pressure on deformation, strength and
hydraulic aperture of fractures can be calculated through the
constitutive laws or strength criterion of fractures (Jing and
Stephansson 2007). Tuncay and Corapcioglu (1995) derived
an effective stress principle for saturated fractured porous
rocks based on the double-porosity representation. In this
study, we assumed that intact rocks were impermeable, and
thus, Eq. (1) was used to calculate the effective normal stress
applied on fracture walls.

2.2 Physicochemical Effects of Water—Rock
Interactions

A number of experimental studies have shown that under the
combination of the physicochemical interactions between
water and fracture walls, joint wall compressive strengths
and basic friction angles can be reduced by about 5-20 and
0-45%, respectively, upon saturation (Barton and Choubey
1977; Geertsema 2003; Pellet et al. 2013). In addition,
we found that the average peak shear strength of irregu-
lar granite fractures changed from 10.2 MPa when dry to
8.5 MPa after immersion in water for 90 days, a reduction
of about 17%. Using a hypothetical example of a steep rock
slope, Zhao et al. (2017b) showed that only considering the
purely mechanical effect of pore pressure, but neglecting
the wetting-induced weakening of rock joints, may overes-
timate slope stability and be highly risky for practical rock



Numerical Modeling of Stability of Fractured Reservoir Bank Slopes Subjected to Water-Rock... 2519

engineering. In this study, we further attempt to examine
the role of physicochemical water—rock interaction-induced
reductions in fracture shear stiffnesses and strengths in res-
ervoir slope deformation.

3 Numerical Studies
3.1 Discrete Element Method

The two-dimensional universal distinct element code
(UDEC) was adopted in this study (Itasca Consulting Group
Inc 2014). Intact rocks were approximated as linear, iso-
tropic, homogeneous and elastic materials. Deformation of
the rock matrix was described simply by two elastic con-
stants, Young’s modulus (E) and Poisson’s ratio (v). Intact
rocks were assumed to be impermeable, and water only
flowed through connected fractures. We considered the
fully coupled mechanical-hydraulic processes in fractures,
in which fracture conductivity was dependent on mechanical
deformation and, conversely, fracture fluid pressures affected
the mechanical computations.

The Coulomb slip model in UDEC was used to represent
the mechanical behavior of rock fractures. In the normal
direction, the stress—displacement relation is assumed to be
linear and governed by fracture normal stiffness, k,,,

Ac! = —k Au, @)

where Ac! is effective normal stress increment and Au,, is
the normal displacement increment. In the shear direction,
shear stress—displacement is similarly governed by fracture
shear stiffness, k,

Aty = —k,Au (3)
where Az is the shear stress increment and Aw is the elastic
component of incremental shear displacement.

The fracture shear strength is described by the
Mohr—Coulomb criterion,

T=o0 tang+c 4)

where 7 is fracture shear strength; ¢ is fracture friction
angle; and c is fracture cohesion.

The water flow rate in rock fractures is governed by the
cubic law,

q=—ka'—- 5)
where g is the fluid flow rate; k. = 1/12u is a fracture per-
meability factor; a is the fracture hydraulic aperture; [ is the
fracture length; and Ap is the fluid pressure difference.
Generally, the hydraulic aperture is given by Eq. (6),

a=ay+u, (6)

where a, is the joint aperture at zero normal stress and u,, is
the normal displacement increment. A minimum aperture
value a,. is assumed, below which hydraulic aperture is not
affected by joint normal displacement.

3.2 Model Setup

Two idealized reservoir bank slopes were designed to inves-
tigate the effect of water—rock interactions on the stability
of fractured rock slopes. The models were 350 m in width
and 150 m in height. The reservoir depth was 100 m, and
the bank slope angle was 80°. In the idealized reservoir bank
slope I, there was one set of joints tilting at — 45°, spaced
at 20 m apart (Fig. 1a). In idealized reservoir bank slope II,
three sets of joints existed in the slope, and their inclination
angles and spacings were — 45°, 30° and 60°; and 40, 30 and
20 m, respectively (Fig. 1b). The parameters of rock blocks
and fractures are given in Table 1. Fracture normal stiffness
k, was derived from fracture shear stiffness &, according to
the empirical relation k,/k, = 10, which can be used for
shallow fractured rocks (Rode et al. 1991). Wetting-induced
weakening of intact rocks was not considered in this study.
The fluid properties in the joints are also listed in Table 1. As
the final steady-state condition was of interest, the steady-
state flow algorithm was adopted in the simulation, in which
the influence of the fluid stiffness was eliminated. The com-
pressibility effect of water is unimportant for steady-state
flow (Zimmerman and Bodvarsson 1996).

Both of the idealized reservoir bank slopes were assigned
the same mechanical and hydraulic boundary conditions.
The side and bottom boundaries of the numerical models
were fixed with rollers. The bottom boundary was set to be
impermeable. Sufficient calculation steps were performed to
reach an initial equilibrium state under gravity. Before res-
ervoir impoundment, the water level was the bottom of the
reservoir (elevation of 0 m). After impoundment, water level
rose from the elevation of 0 m to 100 m, while the water
level was assumed to be unchanged on the right boundary.
The weight of the reservoir water was simulated by apply-
ing the equivalent pressure of 100 m of water head to the
reservoir bottom and a linear changing pressure on the slope
surface (Fig. 1).

3.3 Modeling Procedure

Two scenarios were considered to examine the roles of the
purely mechanical effect of pore pressure and the weakening
of physicochemical interactions between water and fracture
walls. In scenario I, only the purely mechanical effect of
pore pressure was considered according to the principle of
effective stress (Eq. 1). Water pressure affects normal dis-
placements of fractures and reduces fracture shear strength
by reducing effective normal stress, whereas the frictional
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Table 1 Mechanics properties Parameters (unites) Values
of intact rocks and joints
Dry Wet
Fractured rocks Rock density (kg m™>) 2750
Rock Young’s modulus (GPa) 10
Rock Poisson’s ratio (v) 0.25
Fracture normal stiffness (GPa m™") 330 70 or 165
Fracture shear stiffness (GPa m™") 33 7 or 16.5
Fracture friction angle (°) 53 46
Fracture cohesion strength (MPa) 0.2 0.1
Fluid Density (km m™>) 1000
Fracture permeability factor (MPa~! s~!) 108
Fracture aperture at zero normal stress (mm) 0.5
Residual joint aperture (mm) 0.2

strength parameters (c and @) do not reduce for fractures that
were immerged in water. In scenario II, the deterioration of
fracture strength and fracture stiffness owing to physico-
chemical water—rock interactions was considered, to clarify
the effect of wetting-induced deterioration on the stability of
fractured slopes. Based on the previous experimental results
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(Barton and Choubey 1977; Geertsema 2003; Pellet et al.
2013; Zhao et al. 2017b), the fractures immerged in water
due to impoundment were assumed to have significant shear
strength deterioration. This was considered by reducing the
fracture friction angle and cohesion in the present simula-
tion (Table 1). There would be an approximate reduction in
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shear strength of 25% under the effective normal stress of
1 MPa. Under other stress levels, the fracture shear stiffness
was lowered by 80%, according to the laboratory experiment
(Zhao et al. 2017Db).

3.4 Results

The flow rate distributions, displacement vector fields and
fracture shear displacements of the idealized reservoir bank
slopes after impoundment are shown in Figs. 2, 3, 4.

3.4.1 Effect of Fracture Geometry

The main difference between the two idealized reservoir
bank slopes is the joint distribution. Only one set of joints
dipping at — 45° and spaced at 40 m apart existed in the
idealized reservoir bank slope I, while three sets of joints
existed in the idealized reservoir bank slope II, in which
two of them dip in the similar direction parallel with the
bank slope surface. As a result of sparse fractures and the
impermeable bottom boundary, fluid flow did not occur in
the idealized reservoir bank slope I. Therefore, the effect of
water was considered as mechanical loads applied on the
slope surfaces.

As the water level rose from an elevation of 0 m to 100 m,
the displacement vectors at the bottom of the reservoir

Fig.2 Flow rate distributions in (a)
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joints that dipped at 60°. Figure 4 shows the fracture shear
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displacement of idealized reservoir bank slope II. There
were large shear displacements in joints J1 and J2, for which
dip angles were both 60°. The large joint shear displacement
caused the upper half of the slope to slip outwards along the
rock joints. The maximum fracture shear displacement was
9.9 mm for idealized reservoir bank slope II.
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3.4.2 Effect of Water—-Rock Interactions

To investigate the influence of physicochemical effects of
water—rock interactions on the stability of reservoir bank
slopes, shear strengths and joint shear stiffnesses of rock
joints that were immerged in water after reservoir impound-
ment were reduced. In scenario II, there was similar flow
rate distribution to that in scenario I, including both flow
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Fig.4 Shear displacements in (a)
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path and flow rate magnitude (Fig. 2b). Water flowed mainly
through the fractures with inclination angles of — 45° and
30°, from the reservoir to the right boundary. Figure 3c
shows the displacement vectors in scenario II for idealized
reservoir bank slope II. The displacement vectors at the bot-
tom of the reservoir mainly pointed downward, and the dis-
placement vectors at the slope top mainly pointed inward.
The maximum rock displacement was 58.1 mm at the top
of the bank slope, which was much greater than that in sce-
nario I. This means that slope failure might be in a failure
state, which was mainly caused by the failure of joint J1 that
dipped at 60°, i.e., shear displacement of 52.1 mm (Fig. 4b).
Fracture shear strength and shear stiffness were reduced due
to water filling, and thus, shear stress in the fracture reached
the shear strength.

4 Case Study of Reservoir Bank Slope
at Jinping | High Arch Dam

During the reservoir impoundment at Jinping I hydro-
power station, China, a significant valley contraction was
monitored, which drew great concern from engineers and
researchers. Cheng et al. (2017) posited that the slope

deformation during impoundment was the plastic deforma-
tion induced by the effective stress. In this case study, the
possible role of water—rock interactions in valley contrac-
tion is discussed. Three numerical scenarios were separately
considered based on the engineering geological conditions
of Jinping I high arch dam. In the first scenario, only the
purely mechanical effect of pore pressure was considered.
In the second scenario, the physicochemical effects of
water—rock interactions were added, to examine the rela-
tionships between reservoir water level and displacements
of the bank slope. In addition, scenario III examining the
sensitivity of joint stiffness reduction was also considered,
to examine the effects of different reduction magnitudes of
joint stiffness on displacements of the bank slope.

4.1 Engineering Geological Conditions

Jinping I high arch dam is located on the Yalongjiang River,
China, as a controlling cascade hydropower station in the
middle and downstream of the main stem, with a 305-m-high
double-curvature arch dam, which is the highest arch dam in
China. The total reservoir capacity is 7.76 x 10’ m*® at a res-
ervoir water level of 1880 m above sea level. At the dam site,
the Yalongjiang River flows in the direction N25°E, with a
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natural reservoir water level of 1630 m above sea level in
the dry season (Qi et al. 2004). Figure 5 shows the stud-
ied section I-I of the reservoir bank slope, which is located
upstream of the Jingping I high arch dam on the right side of
the valley. Complex geological structures and variable strata,
together with the 250-m-high water impoundment, can affect
the stability of the bank slope. Strata dip to the opposite
direction of the bank slope. Weak discontinuities, mainly in
the presence of faults and interlayers, are developed in rock
masses. Some large-scale weak discontinuities are faults f13
and f14 in the right bank (Song et al. 2013).

4.2 Model Setup

The numerical model is 800 m in width and 1000 m in
height (Fig. 5a). In the simulation of the right bank slope at
Jinping I high arch dam, rock blocks were treated as imper-
meable materials. Owing to the lack of the accurate in situ
test data, the rock masses and fractures were assumed to be
the same as those in Table 1. Fluid properties are also given
in Table 1. Roller boundaries were assigned on the left,
right and bottom boundaries of the model. Sufficient cal-
culation steps were cycled before impoundment to decrease

Fig.5 Geometry of the right (a) — 2300
bank slope at Jinping I high arch
dam. a Geological section I-1 —
of right bank slope at Jinping
I high arch dam. b Location of — 2100
the modeled section across the
reservoir -
1880m — 1900
— 1700
1630m
— 1500
1300
0 800
(b)

Dam axis
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the unbalanced force induced under gravity. The bottom
boundary was set to be impermeable. After impoundment,
the water level rose by 250 m, i.e., from the elevation of
1630-1880 m in the reservoir (Fig. 5). Meanwhile, water
level rose from the elevation of 1630-1780 m on the right
boundary. To consider the physicochemical effects of
water—rock interactions in scenario II, fracture shear strength
deterioration was considered by reducing the friction angle
and cohesion (Table 1). In scenario III, deteriorations of
joint strength and rock stiffness were similarly considered,
except the reduction magnitudes of joint stiffness. Joint nor-
mal stiffness and joint shear stiffness were 50% of those
under dry condition, compared with 20% in scenario II,
i.e., the joint shear stiffness was 16.5 GPa m~! and the joint
normal stiffness was 165 GPa m~! under wet conditions in
scenario III.

4.3 Results

Water pressure distribution in the right bank slope is plotted
in Fig. 6; water pressure less than 0.5 MPa was not plotted.
Fracture water pressure distributions had no obvious dif-
ferences between the three numerical scenarios. Therefore,
water flowed mainly through the faults f13 and f14 and the
fractures between rock strata, from the reservoir to the right
boundary in the three numerical scenarios (Fig. 7).

4.3.1 Scenariol

The displacement field of the right bank slope in scenario I
is shown in Fig. 8a. Below the water level, the main direction
of rock displacements was downward at the bottom of the
reservoir, and the subsidence was 44.35 mm after reservoir
impoundment. Along the slope surface, the displacement
vectors near the valley bottom mainly pointed outward,
whereas displacement vectors pointed inward above the
fracture J2. The displacement vectors pointed outward fur-
ther inside of the slope below the fracture J2. The change of
displacement direction was mainly caused by a large shear
displacement in the fracture J2 that dipped at 21° (Fig. 9a).
Therefore, the fracture J2 is the key fracture controlling the
stability of the rock block divided by the fracture and fault
fl4.

The maximum fracture shear displacement was
65.76 mm, resulting in the bank above the fracture slipping
down along the fracture (Fig. 9a). In the simulation, valley
contraction was monitored above the river water level. The
horizontal distance between the right bank and the middle
line of the valley decreased by 3.33 mm at the elevation of
1980 m (100 m above the normal pool level) and decreased
by 2.75 mm at the elevation of 2080 m (200 m above the
normal pool level).

4.3.2 Scenarioll

The rock displacement field was similar to that of scenario I
(Fig. 8b). Below the water level, the main direction of rock
displacement pointed downward at the bottom of the river,
and rock subsidence is 42.91 mm under reservoir impound-
ment. Along the slope surface, the displacement vectors
near the valley bottom mainly pointed outward, whereas
displacement vectors pointed inward above the fracture J2.
The displacement vectors pointed outward further inside of
the slope below the fracture J2. Fracture shear displacement
showed a significant increase in the fracture J2 (Fig. 9b). The
maximum fracture shear displacement was 65.76 mm, which
increased by 20.1% compared with scenario I. This increase
caused the slip displacement in the bank slope above this
fracture to be further aggravated.

The valley width decreased by 4.97 mm at the elevation
of 100 m above the pool level and decreased by 3.87 mm at
the elevation of 200 m above the pool level. The valley con-
traction was increased by more than 40% compared with sce-
nario I. According to in situ monitoring (Yang et al. 2015),
the decrease in valley width was approximately 10 mm in the
water storage period of Jingping I high arch dam. This study
only considered the right bank slope, and the numerical
simulation was about half of the monitored value of global
valley contraction. Therefore, the magnitude of valley con-
traction from this numerical modeling was comparable with
the monitored data at Jinping I high arc dam site, and this
means that considering the mechanical and physicochemical
interactions between water and fractures could explain the
reason for the valley contraction.

4.3.3 Scenario lll

The rock displacement field of the right bank slope in sce-
nario III is shown in Fig. 8c, and rock deformation was simi-
lar to that in scenarios I and II. The rock subsidence was
43.46 mm under reservoir impoundment at the bottom of the
valley, which was almost the same as in scenario II. Along
the slope surface, the displacement vectors near the valley
bottom mainly pointed outward, whereas displacement vec-
tors pointed inward above the fracture J2. The displacement
vectors pointed outward further inside of the slope below
the fracture J2. The maximum shear displacement value was
between scenarios I and II (Fig. 9c).

The valley width decreased by 4.30 mm at the elevation
of 100 m above the pool level and decreased by 3.42 mm
at the elevation of 200 m above the pool level. The valley
contraction values were between those in scenarios I and II
as the joint stiffness values were between those of scenarios |
and II. Valley contraction increases as the wet joint stiffness
decreases. This indicates that the physicochemical effect of
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Fig.6 Water pressure distri- (a) 2300
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Fig.7 Flow rate distributions (a) 2300
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Fig.8 Displacement field of (a) 2300
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Fig.9 Fracture shear displace- (a) 2300

ments in right bank slope of
Jinping I high arch dam. a
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water—rock interaction plays an important role in the valley
contraction.

5 Discussion and Conclusion

In reservoir bank slopes, multiple sets of joints, joint dis-
tribution and joint mechanical properties have a significant
influence on slope deformation and stability. Those frac-
tures that are subparallel to the slope surface are critical
in determining slope deformation. Water—rock interactions
can reduce fracture shear strengths and therefore worsen the
stability of slopes. Two major mechanisms are responsible
for the weakening of rock fractures. The first is a hydro-
geological process during which water pressures in fracture
voids alters the effective normal stress applied on fracture
walls. The second is a physicochemical factor that reduces
fracture cohesion and friction. Compared with mechanical
and physical water—rock interactions, chemical water—rock
interactions may need much longer time to reach a steady
state. Binet et al. (2009) found that groundwater sulfate con-
centrations increased from 0.1 to 1 mmol L~! in the weeks
following major landslide displacements and suggested that
the unstable areas of slopes can be detected by associating
major ions analyses. However, some experimental results
showed that the weakening magnitude is not dependent on
the duration of immersion (Zhao et al. 2017b). This indicates
that chemical water—rock interactions are associated with
mineral compositions of rocks.

Based on this numerical study, it can be concluded that
slope displacements toward reservoirs may occur in frac-
tured bank slopes, owing to water—rock interactions. This
can qualitatively explain the observed valley contractions
during the impoundment of high dams. Cheng et al. (2017)
also studied valley contractions during the initial impound-
ment process using finite element modeling, and they attrib-
ute valley contractions to the shrinkage of the yield surface.
The connected fractures would be full of water soon after
the reservoir water level rises, whereas the development of
micro-cracks/pores would take a much longer time. There-
fore, facture water pressure is responsible for the irrevers-
ible plastic deformation of rock masses (Cheng et al. 2017).
The potential weakening of fractures due to physicochemi-
cal water—rock interactions may also need to be equiva-
lently considered in continuum modeling of reservoir slope
deformation.

In addition to the weakening of rock fractures induced
by water—rock interactions, fracture initiation and growth
may also occur during impoundment. The fracture voids
may also be infilled by gouge materials, and the interaction
between water and gouge materials should also be clarified
in the future. Luo et al. (2016) showed that fracture sur-
face roughness in nature may follow normal or lognormal

@ Springer

distributions, but a constant aperture was assumed in the
present generic study. Examining whether the weakening
of fractures induced by water—rock interactions is depend-
ent on fracture surface roughness is also suggested for the
future. Note that a few simplifications and assumptions were
used in the case study, and thus, the results presented in this
paper may or may not reflect the deformation behavior of
real reservoir bank slopes. However, both mechanisms of
water—rock interactions must be considered in assessing the
stability of real reservoir bank slopes.
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