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Abstract
Investigating deformation behavior of fractured reservoir bank slopes during impoundment plays an essential role in safety 
control of high arch dams. Because of changes in water levels during impoundment, the fractures are subjected to varying 
water pressure and cyclic wetting–drying conditions. In this numerical study, mechanical, physical, and chemical water–rock 
interactions in rock fractures are incorporated into discrete element modeling of fractured reservoir bank slopes, and effects of 
mechanical, physical, and chemical water–rock interactions on deformation of fractured reservoir bank slopes are investigated 
based on a case study of valley deformation at the Xiluodu Hydropower Station. The mechanical water–rock interaction is 
considered by the effective stress law, while the physical and chemical water–rock interactions are modeled by some empirical 
deterioration laws. The results showed that the modeled and monitored deformation behaviors of fractured reservoir bank 
slopes are in good agreement. The slip of shear zones due to water pressure elevation and mechanical parameter weakening 
is the main reason of impoundment-induced valley contraction. Discrete element method considering water–rock interactions 
can serve as a robust and reasonable tool to predict the deformation magnitude of fractured reservoir bank slope.

Highlights

• Mechanical, physical and chemical water–rock interactions in rock fractures are incorporated into discrete element mod-
eling of fractured reservoir bank slopes.

• Four scenarios are designed to understand the role of mechanical, physical and chemical water–rock interactions on 
deformation of fractured reservoir bank slopes.

• The slip of shear zones due to water pressure elevation and mechanical parameter weakening is the main reason of 
impoundment-induced valley contraction.

Keywords Reservoir bank slope · Rock fracture · Water–rock interaction · Discrete element method · Valley contraction

1 Introduction

Deformation or failure of fractured reservoir bank slopes 
induced by changes in water levels during impoundment 
occur in many dams worldwide (Zhao et al. 2018; Wu et al. 
2021; Zhou et al. 2022; Zhou et al. 2023). In 1959, the fail-
ure of the left bank abutment of the Malpasset dam after 5 

years of reservoir operation was the first failure of an arch 
dam (Londe 1987). In 1963, the southern bank slope of the 
Vajont dam failed and then thrusted onto the opposite bank 
after the reservoir was filled to about 2/3 (Müller-Salzburg 
1987; Paronuzzi et al. 2013). In the 1960s, a deep-seated 
gravitational slope deformation was present on the left bank 
slope of the Beauregard dam after reservoir filling (Barla 
et al. 2010). In the past 2 decades, more than 300 landslides 
were triggered or reactivated after initial impoundment in 
the Three Gorges dam (Yin et al. 2016). In addition, val-
ley contractions were monitored at the Xiluodu, Jinping-I, 
Jiangya, Laxiwa, Tongjiezi, and Baihetan dams in China 
after the initial impoundments (Cheng et al. 2017; Liu et al. 
2020; Sun et al. 2020; Zhou et al. 2022; Li et al. 2023a, b; 
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Xu et al. 2023). For example, the magnitude of valley con-
traction in the Xiluodu dam was up to 70–80 mm after 9 year 
impoundment (2012–2021). It is recognized that many fac-
tors including in-situ stresses, reservoir pressure, and creep 
and water–rock interactions control the deformation behav-
ior of reservoir bank slopes (Sun et al. 2018; Zhao et al. 
2018; Xia et al. 2019; Jiang et al. 2020; Li et al. 2022; Wu 
et al. 2021; Li et al. 2022; Zhou et al. 2022; Li et al. 2023a, 
b; Zhuang et al. 2023), but predicting deformation magni-
tude of reservoir bank slope is still a challenging task due to 
the complexity and uncertainty of water–rock interactions.

Continuum-based numerical modeling is used to simulate 
deformation of reservoir bank slopes subjected to changes 
in water levels (Paronuzzi et al. 2013; Liu et al. 2018; Xiong 
et al. 2019; Liu et al. 2020; Chen et al. 2022; Yang et al. 
2022a, b; Li et al. 2023a, b; Xu et al. 2023; Zhuang et al. 
2023). Based on the generalized effective stress principle 
for rock masses, Cheng et al. (2017) and Wang et al. (2020) 
used 3D parallel nonlinear elasto-plastic finite-element code 
TFINE to model slope deformation toward the river and val-
ley contractions of the Jinping-I high arch dam. Zhou et al. 
(2022) developed coupled two-factor stress-deformation-
seepage model to simulate the valley deformation of the 
Xiluodu dam. It is known that continuum-based numerical 
model can represent the equivalent mechanical and hydrau-
lic properties of reservoir bank slopes including multi-scale 
fractures. Note that there are many discontinuities of dif-
ferent scales in the reservoir bank slopes, and those discon-
tinuities usually play an important role in deformation or 
failure of reservoir bank slopes during impoundment (Wu 
et al. 2021). Therefore, discrete element method (DEM), 
which can explicitly represent multi-scale fractures, has 
been increasingly used to simulate the stability of fractured 
reservoir bank slopes subjected to water–rock interactions 

(Farinha et al. 2012; Espada et al. 2018; Zhao et al. 2018; 
Sun et al. 2023).

Introduction of water into rock fractures modifies the 
mechanical properties of fractured rock masses through 
mechanical, physical, and chemical ways (Pellet et al. 2013; 
Qiao et al. 2016; Zhao et al. 2017a, b; Kim and Jeon 2019; 
Li et al. 2020; Pirzada et al. 2020; Dou et al. 2020, 2021; 
Shang et al. 2020; Yin et al. 2020; Fan et al. 2022; Fig. 1). 
The mechanical water–rock interaction means the reduc-
ing normal stress due to water pressure, i.e., the effective 
stress principle (Biot 1941; Zhao et al. 2021). The physi-
cal water–rock interaction includes lubrication, softening, 
and argillization, which induces reduction in basic friction 
angle and asperity strength (Dou et al. 2020). The chemi-
cal water–rock interaction includes dissolution, precipita-
tion, ion exchange, hydration, and corrosion, which is time-
dependent (Dou et al. 2021). However, the above three types 
of water–rock mechanical interactions have not been fully 
considered in the previous numerical modes of fractured 
reservoir bank slopes (Zhao et al. 2018).

The main aim of this numerical study is to understand 
the roles of mechanical, physical, and chemical water–rock 
interactions in deformation of fractured reservoir bank 
slopes based on a case study of the Xiluodu dam. Mechani-
cal, physical, and chemical water–rock interactions in rock 
fractures are first incorporated into DEM modeling, and 
then, the DEM model of the reservoir bank slopes of the 
Xiluodu dam is built and calibrated based on the monitor-
ing data of valley contraction. Four scenarios considering 
different water–rock interactions are compared to uncover 
the mechanisms of valley contraction of the Xiluodu dam 
during impoundment. Compared with the authors’ previ-
ous numerical study on deformation behavior of fractured 
reservoir bank slopes (Zhao et al. 2018), the contributions 
of this study include the following three aspects: 1) effective 

Fig. 1  Schematic diagram of water–rock interactions in a single rock fracture
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stress coefficient is considered to describe the water–rock 
mechanical interaction in rock fractures; 2) an empirical 
model is used to describe the weakening of rock fractures 
subjected to long-term water–rock chemical interaction; 3) 
two-dimensional (2D) DEM model is extended to three-
dimensional (3D) one.

2  Methods

2.1  Water–Rock Interaction in Rock Fracture

Mechanical, physical, and chemical water–rock interactions 
in rock fractures (Fig. 1) are separately considered in DEM 
modeling.

(1) Mechanical water–rock interaction
The reducing normal stress due to water pressure in rock 

fracture makes fracture slip more easily according to effec-
tive stress principle (Biot 1941; Zhao et al. 2021)

where σn is the total normal stress, σ'n is the effective nor-
mal stress, p is the water pressure in fracture voids, and α is 
effective stress coefficient. Note that α can be regarded as the 
ratio of the fracture surface supported by water pressure to 
the whole fracture surface (Fig. 1). For rough rock fractures, 
Zhao et al. (2021) proposed an expression of α based on 
the maximum fracture closure (unmax) and the initial normal 
stiffness (kn0)

(2) Physical water–rock interaction
Li et al. (2020) showed that water-mediated lubrication 

is the primary mechanism reducing the shear parameters 
of rock fractures in crystalline rocks, and thus, the fracture 
friction angle and cohesion of rock fractures are reduced 
by a certain degree to consider the weakening effect due 
to physical water–rock interaction (Zhao et al. 2018). Note 
that the fracture friction angle and cohesion of rock fractures 
which are subjected to periodic wetting and drying recover 
to their initial values during drying, i.e., water-level reduc-
tion (Zhao et al. 2017a).

(3) Chemical water–rock interaction
Dou et al. (2021) conducted an experimental study on 

reductions in shear parameters of rock fractures due to long-
term water–rock chemical interaction, and provided the 
empirical evolution models for the shear parameters with 
immersion duration (t)

(1)��

n
=�n − �p,

(2)𝛼=

{

1

1+
𝜎n−p

kn0 ⋅unmax

𝜎n ≥ p

1 𝜎n < p
.

where τp, τr, and ks are the peak shear strength, residual shear 
strength, and shear stiffness, τp0, τr0, and ks0 are the initial 
peak shear strength, residual shear strength, and shear stiff-
ness before immersion, and wp, wr, and wk are the material 
parameters. The three material parameters wp, wr, and wk 
are 0.081, 0.028, and 0.112, respectively, and the unit of 
immersion duration is month. Therefore, the evolution of 
shear parameters of those rock fractures always below water 
level follows Eq. (3) during long-term immersion. Note that 
material parameters determined in Dou et al. (2021) may or 
may not be directly used in practical engineering, and more 
experiments are needed to determine the material parameters 
for basalt fractures in future studies.

2.2  DEM Modeling

A 3D distinct element code (3DEC version 5.2) is adopted in 
this study (Itasca 2016). Rock blocks are divided into deform-
able and elastic zones, and the mechanical response to external 
loading is determined by Young’s modulus (E) and Poisson’s 
ratio (v). Considering that permeability of intact rock is much 
lower than that of rock fractures, rock blocks are assumed to 
be impermeable, and fluid flow only occurs through rock frac-
tures. After impoundment, the weight of the reservoir water 
is simulated by applying the water pressure corresponding to 
the water level to the reservoir bottom and slope surfaces. Both 
fluid flow and mechanical deformation are assumed to enter a 
new steady state after water-level changes.

Rock fracture were regarded as an aggregate of contact ele-
ments between two rock blocks. Effective normal stress (σ'n) 
and shear stress (τj) increments in each contact element are 
calculated as follows:

where kn, Δun, and Δus are normal stiffness, normal dis-
placement increment, and shear displacement increment, 
respectively. Beyond the elastic range, the stress increments 
were limited by tensile and shear strengths, defined by Mohr 
coulomb-slip joint model

(3a)�p = �p0
(

1 − wp ln(t + 1)
)

(3b)�r = �r0
(

1 − wr ln(t + 1)
)

(3c)ks = ks0
(

1 − wk ln(t + 1)
)

,

(4)Δ��

n
= −knΔun

(5)Δ�j = −ksΔus,

(6)�t
j
= −Tj
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where Tj, cj, ϕj, and ϕr are the tensile strength, cohesion, 
friction angle, and residual friction angle of rock fractures.

Under the assumptions of smooth parallel plates, imper-
meable boundaries, and incompressible fluid, fluid flow 
in rock fractures is described by the cubic law (Zhao et al. 
2018; Liu et al. 2023a)

where q is the fluid flow rate, k = 1/12μ is the fracture per-
meability factor, a is the fracture aperture, Δp is the fluid 

(7)�j = cj + ��

n
tan�j(before failure)

(8)�j = ��

n
tan�r(after failure),

(9)q = −ka3
Δp

l
,

pressure difference, l is the fracture length, and μ is the fluid 
viscosity. Note that effects of rough fracture surfaces and 
infilled materials are not considered in this study.

3  Case Study of Valley Contraction 
in the Xiluodu Reservoir

3.1  Engineering Geological Condition

The Xiluodu dam, which is a double-curved arch dam with 
a crest elevation of 610 m and a height of 285.5 m, is at the 
lower reaches of the Jinsha River, Yunnan province, China 
(Fig. 2a). The Xiluodu dam is located in the center of the 
Yongsheng tectonic basin, and the river valley in the dam 
site area is U-shaped. The valley is deeply incised, and the 

Fig. 2  Geological condition and measured water levels of valley deformations in the Xiluodu reservoir (after Li et al. 2023b)
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hilltops are up to 2000 m above the valley. The strata incline 
to the downstream left bank at an angle of 3–5°, and the 
main weak discontinuities are the 13 shear zones developed 
between the basalt layers (from  P2β1 to  P2β14) due to tec-
tonic shearing (Li et al. 2023a, b). Some layers were thin, 
limiting the formation of gird. To avoid the dimension of 
grid exceeding the thickness of layer, two or three adjacent 
thin layers  (P2β1 ~  P2β2,  P2β4 ~  P2β5,  P2β7 ~  P2β8,  P2β9 ~  P2β11) 
were combined into one single layer for easy griding of the 
numerical model (Fig. 3). The shear zones are infilled with 
basalt breccia and fragments, and thus have low mechani-
cal parameters. Due to the fact that the thickness (about 
0.45–0.7 m) of the shear zones is much lower than the valley 
depth, the surface roughness and infilled materials cannot 
be explicitly considered in numerical modeling. The shear 
zones are termed and considered as fractures in numerical 
modeling for simplicity. Because the limestone formation 
is below the basalt formation, the dissolution of limestone 
caused by groundwater flow may not be a significant factor 
compared with weakening of the shear zones in the basalt 
formation. Karstification is not considered in the present 
modeling.

The impoundment process of the Xiluodu reservoir is 
divided into two phases (Fig. 2b). The first impoundment 
phase lasted for about 18 months (December 2012–May 
2014), during which the water level quickly rose from 420 
to 560 m and fluctuated between 540 and 560 m. The second 
impoundment phase started in May 2014, and the maximum 
water level reached 600 m in October 2014. After that the 
reservoir water level cycled between the maximum water 
level of 600 m during rainy season and low water level of 
550 m during dry season. From May 2014 to June 2021, the 
Xiluodu reservoir has experienced seven periodic changes in 
water levels. Nine survey lines VD1-9 with elevations from 

561 to 753 m were arranged to monitor valley deformation 
due to impoundment (Fig. 2a); among them, the seven sur-
vey lines VD1-7 were initiated to monitor valley deforma-
tion in May 2014 and the other two survey lines VD8-9 were 
initiated after the first impoundment phase (Fig. 2c).

3.2  Numerical Model and Calibration

The numerical model is about 800 m in height, 1660 m 
in width, and 1000 m in length (Fig. 3). Li et al. (2023b) 
showed that the valley contractions are almost the same 
at the upstream and downstream locations, and the valley 
contraction is mainly caused by slip along the weak fault 
and shear zones below the dam foundation after reservoir 
impoundment. Therefore, the arch dam interaction may be 
neglected for computational simplicity, and the arch dam 
was not considered in the present numerical model. The pos-
sible arch dam interaction is discussed in Sect. 4.3. Roller 
boundaries were assigned on the left and bottom boundaries 
of the model. Generally, the distance between the boundary 
and slope surface should be sufficiently far to avoid bound-
ary effect, but this increases the number of zones and the 
calculation time. To allow the slip to occur between the 
different blocks, the right boundary above C3 was set as 
constant stress boundary. Before impoundment the stress 
state of the zones along the right boundary was stored, and 
then remained the constant value during impoundment. All 
boundaries except the outcrop of rock fractures were set 
to be impermeable, but the lateral boundaries of the shear 
zones were set as constant water levels. The parameters of 
rock blocks, fractures, and fluid in mechanical model and 
hydraulic model are given in Table 1. The water–rock inter-
actions have different effects on shear parameters of different 
rock fractures depending on the positions of rock fractures 

Fig. 3  Numerical model, 
boundary condition, and rep-
resentative survey lines for the 
Xiluodu reservoir. Some adja-
cent thin layers (P2β1 ~ P2β2, 
P2β4 ~ P2β5, P2β7 ~ P2β8, 
P2β9 ~ P2β11) are combined 
into one single layer for easy 
griding of the numerical model
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Table 1  Parameters of rock 
mass and faults

Category Properties Initial value Minimum value

Rock block Young’s modulus (GPa) 9 9
Poisson’s ratio 0.25 0.25
Density (kg/m3) 2700 2700

Fluid Bulk modulus (GPa) 2 2
Density (kg/m3) 1000 1000
Viscosity (Pa·s) 0.0005 0.0005

Discontinuities Initial normal stiffness (GPa/m) 80 –
Maximum fracture closure (m) 0.4e-3 –
Normal stiffness (GPa/m) 80 80 (40)
Shear stiffness (GPa/m) 80 40
Cohesion (MPa) 0.5 0
Friction angle (°) 30 25
Residual friction angle (°) 22 18
Tensile limit (MPa) 0 0

Fig. 4  The relation between shear stiffness, friction angle, cohesion, and the residual friction angle of the points w1 ~ w4 (see Fig.  3) and 
impoundment duration
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(Fig. 4). For those fractures below the initial water level of 
420 m (e.g., point w4 in Figs. 3 and 5c), they have the low-
est shear parameters including shear stiffness, peak shear 
strength (friction angle and cohesion), and residual shear 
strength (residual friction angle). For those fractures below 
the water level of 560 m (e.g., point w3 in Figs. 3 and 5c), 
their shear parameters decrease according to Eq. (3). For 
those fractures between the water levels of 560 m and 600 m 
(e.g., point w2 in Figs. 3 and 5c), their shear parameters 
decrease and recover during rainy and dry seasons, but the 
cohesion becomes zero and the residual friction angle is 
applied once slip occurs. For those fractures above the water 

level of 600 m (e.g., point w1 in Figs. 3 and 5c), they have 
the highest shear parameters. Taking the shear stiffness as 
an example, Fig. 5 shows the distributions of shear stiffness 
of the fractures under the water levels of 420 m, 560 m, and 
600 m, respectively.

The initial state before impoundment was achieved by the 
three calculation stages under gravity and initial water level 
of 420 m: (1) elastic solution without water, (2) elastic solu-
tion under initial water level of 420 m, and (3) full solution 
under water level of 420 m. The obtained in-situ stresses are 
similar to the measured values in Yang et al. (2022a, b). To 
enhance simulation efficiency, the practical impoundment 
process (blue curves in Fig. 2b) was simplified as regular 
changes in water levels (red curves in Fig. 2b). For each 
cycle of water-level change during impoundment, the cal-
culation included three steps after fluid flow calculation: (1) 
adjusting the shear parameters of rock fractures, (2) deter-
mining the effective stress coefficient α of rock fractures, and 
(3) mechanical calculation. The data of survey lines VD1-7 
are used to calibrate the built numerical model and monitor-
ing points are presented in Fig. 3.

Figure 6 shows the distributions of water pressure and 
effective stress coefficient under the water levels of 560 m 
and 600 m in the reservoir bank slopes. For the segments of 
rock fractures close to the slope surface, α was close to 1. 
For each fracture, α decreased with the distance between the 
segment and the slope surface increasing. This phenomenon 
was related to the distribution of normal stress. For the seg-
ments close to the slope surface, the normal stress was small 
due to the small depth of upper rock strata. For the segments 
at a distance from the slope surface, the normal stress got 
larger with depth of upper rock strata increasing. Under the 
different water level, α also changed, as shown in Fig. 6b.

Figure 7 shows the comparison between the monitoring 
data and the numerical results. Figure 8 shows the displace-
ment vectors and X-displacement of rock mass and shear 
displacement of rock fractures. For both the right and left 
bank slope, the displacement of the valley was large for the 
left and right slope toe between the key segments of C3 and 
Lc6. The main direction of displacement vectors was upward 
at the bottom of the reservoir, which was related to the water 
pressure in rock fractures. Except for the slope toe between 
the key segments of C3 and Lc6, the magnitude of the dis-
placement vectors in the right bank slope was relatively 
larger than that in the left bank slope. This phenomenon 
was also observed by field observation (Liu et al. 2020) and 
it might be related to inclination of the strata dipping to left 
bank at an angle of 3 ~ 5°, which caused rock mass easily slip 
along discontinuities in the right bank. For both the left and 
right bank slope, the displacement vectors of the whole rock 
blocks mainly pointed toward the reservoir. For survey lines 
with elevations of 561 m and 695 m, the valley contractions 
were 87.3 and 80.7 mm, respectively.

Fig. 5  Distributions of shear stiffness of the faults under different 
water levels
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3.3  Numerical Scenarios and Results

Based on the calibrated numerical model in Sect.  3.2 
(referred as Scenario I), the other three scenarios are 
designed to understand the role of mechanical, physical, and 
chemical water–rock interactions on deformation and stabil-
ity of fractured reservoir bank slopes. In Scenario I, both 
reduction of mechanical parameters (Step 1) and updating 
of α (Step 2) were conducted. In Scenario II, only reduc-
tions in shear parameters of rock fractures (Step 1) were con-
ducted, but α did not change with changing water pressures. 
In Scenario III, only updating of α (Step 2) was conducted, 
but reductions in shear parameters of rock fractures were 
neglected. In Scenario IV, reduction in normal stiffness of 
rock fractures was further added into the case of Scenario 
I, and the ratio of normal stiffness to shear stiffness was 
assumed to be a constant. Considering that unmax was related 
to the normal stiffness, unmax·kn0 was treated as a certain 
value in Eq. (2).

Figure 9 shows the magnitude of fracture shear dis-
placement measured along the line with y = 500 m and 
the curves of fracture shear displacement versus X-coor-
dinate in the right reservoir banks in different scenarios. 
For Scenario I, significant shear displacements occur along 
the fractures C3–C7 and the maximum value was about 
263 mm in Fig. 12a. In this study, the fracture segment 
with shear displacement larger than 50 mm is defined as 
the key segment, which means that significant slip occurs 
along the fracture. The length of the key segments is 
denoted as W50, which serves as an index to evaluate rock 
strata slipping toward the reservoir along rock fractures. 
The coordinates and lengths of key segments are shown in 
Table 2. The key segments of C3 were in the range of 651 
to 856 m and 902 to 1155 m and W50 were 205 and 253 m 
in the left and the right banks, respectively. The key seg-
ments of Lc6 were in the range of 647 to 780 m and 1005 
to 1135 m in the left and right banks, respectively.

Fig. 6  Distributions of water pressure and effective stress coefficient in the reservoir bank slopes under different water levels
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In Scenario II, α = 1 was considered in all the rock frac-
tures. The direction of displacement vectors in Scenario II 
was similar to that in Scenario I, while the magnitude was 
relatively larger (Fig. 10b). Compared with Scenario I, the 
valley contraction was 96.3 mm and 87.5 mm in the eleva-
tions of 561 m and 695 m, increasing by 10.3% and 8.4% 
(Fig. 11b), the larger fracture slips also occurred along the 
fractures C3 ~ C7 (Fig. 12a, b). For two bank slopes, the 
sums of W50 for C3 ~ C7 was 10 m, 7 m, and 6 m larger 
than the values in Scenario I (Table 2). Considering α = 1 
decreases the effective normal stress more significantly 
along rock fractures and made the fracture slip easily, which 
may overestimate the valley contraction.

In Scenario III, the reduction of mechanical parameters 
was not considered. The magnitude of displacement vec-
tors and joint shear displacement were slightly smaller 
than those in Scenario I (Figs. 10c and 12c). As shown in 
Table 2, the sums of W50 for C3 ~ C7 was 3 m, 9 m, and 
15 m smaller than the values in Scenario I. For elevations 
of 561 m and 695 m, the valley contraction was, respec-
tively, 73.7 mm and 73.4 mm, which was smaller than the 
values in Scenario I. The magnitude decreased by 15.6% 
(13.6 mm) and 9.1% (7.3 mm), compared with Scenario 
I. This difference indicated that the reduction of shear 

mechanical properties induced by water–rock interactions 
could partly explain the reason for the valley contraction.

In Scenario IV, the reduction of normal stiffness was 
considered. The magnitude of displacement vectors, joint 
shear displacement, and W50 of C3–C7 were similar to 
those in Scenario II, and these values were larger than 
those in Scenario I and II (Fig. 12d). For survey lines with 
elevations of 561 m and 695 m, the valley contraction was 
95.5 and 85.8 mm, respectively. Compared with Scenario 
I, the valley contraction increased by 9.4% (8.2 mm) and 
6.3% (5.1 mm). Note that the distribution of α was the 
same in Scenario I and IV. However, the difference of 
joint slip and X-displacement indicated that the reduction 
of normal stiffness had a notable influence on the valley 
contraction.

In both Scenarios II and IV, the overestimate of α and the 
reduction of normal stiffness mainly changed the normal 
mechanical behavior of rock fractures. For Scenario II, the 
treatment of α = 1 decreased the effective stress along rock 
fractures. For Scenario IV, the weakening of normal stiff-
ness decreased the normal component of stress increment 

Fig. 7  Comparison of defromation of valley width between monitoring and numerical simulation
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and increased the risk of joint slip based on Eqs. (4) and (5). 
From the comparison between Scenario II and IV, the simi-
larity of rock matrix displacement and joint slip indicated 

Fig. 8  Displacement vectors, X-displacement of rock mass, and shear 
displacement of discontinuities in Scenario I

Fig. 9  Shear displacement of discontinuities C3, Lc6, C7 in right 
bank (dashed lines represent the shear displacement of 0.05  m for 
defining key segments)
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that change of normal mechanical properties and stress state 
played an important role in valley contraction.

4  Discussion

4.1  Mechanism of Valley Contraction Subjected 
to Water–Rock Interaction

To understand the effects of water–rock interactions on 
deformation behavior of fractured reservoir bank slope, 
Mohr circle diagram is used to compare the fracture stress 
states under varying water levels (Fig. 13). For the repre-
sentative measurement point m1 on the fracture Lc6 below 
the water level of 560 m (Fig. 13b), the changing position 
(lateral translation) and diameter (expansion) of the Mohr 
circle before and after impoundment indicate that the frac-
ture Lc6 experiences a combined effect of water pressure 
elevation and ambient stress change. In addition, the chang-
ing strength line due to water–rock chemical interaction 
induces the weakening of the fracture Lc6. Therefore, water 
pressure elevation, ambient stress change, and mechanical 
parameter weakening during impoundment are the main rea-
sons of slippage of the fracture Lc6.

For the representative measurement point m2 on the 
fracture C8 that is between the water levels of 560 m and 
600 m (Fig. 13c), the changing position (lateral transla-
tion) of the Mohr circles before and after impoundment is 
observed, while the diameter of the Mohr circles does not 
change before and after impoundment. This indicates that 
the fracture C8 only experiences the effect of water pres-
sure elevation. In addition, the changing strength line due 
to water–rock physical interaction induces the weakening 
of the fracture C8. Therefore, water pressure elevation and 
mechanical parameter weakening during impoundment are 
the main reasons of slippage of the fracture C8.

Comparing the two measurement points m1 and m2, it 
is found that the lower fractures experience more signifi-
cant changes in their stress states and mechanical proper-
ties during impoundment. Those fractures play a more 
important role in determining the deformation behavior of 
fractured reservoir bank slope. In this study, the effective 

stress coefficient is considered to compute the water–rock 
mechanical interaction. Figure 13b and c shows that α = 1 
may overestimate the effect of water pressure elevation, and 
induce some errors in predicting deformation magnitude of 
fractured reservoir bank slope during impoundment, espe-
cially for those key fractures at a low elevation.

When there are weak layers/zones/structures in the reser-
voir bank slopes and dam foundations, they may cause the 
significant valley contraction after impoundment. In addi-
tion to install sufficient monitoring points on reservoir slope 
surfaces, monitoring points should also be arranged in those 
weak layers/zones/structures. Of course, efficient control 
methods may be employed to slow down the weakening rate 
of those weak layers/zones/structures caused by water–rock 
chemical interactions during long-term operation.

4.2  Comparison with Previous Studies

For the reservoir under analysis, the change of water level 
could induce the change of mechanical properties and stress 
state of rock fractures. For the rock fractures under water 
level, the immersion led to complex physicochemical pro-
cess to weaken the mechanical behavior of rock fractures. 
In the past studies, the difference between wet and dry rock 
fractures was treated by assigning two series of mechani-
cal parameters in two different scenarios, and the effect of 
physicochemical process was demonstrated by comparing 
the two scenarios (Zhao et al. 2018; Ning et al. 2021; Gu 
and Huang 2016; Zhang et al. 2012). However, the constant 
mechanical parameters of wet rock fractures neglected the 
relation between immersion duration and the reduction of 
mechanical parameters. In this study, the continuous reduc-
tion in mechanical properties of wet rock fractures below 
water level of 560 m with time was successfully considered 
based on the empirical expression in Dou et al. (2021).

For numerical simulation of coupled hydro-mechanical 
behavior, α = 1 is usually considered when calculating effec-
tive stress in rock fracture or rock matrix (Cappa et al. 2008; 
Li et al 2016; Chen et al. 2018; Zhao et al. 2018; Liu et al. 
2023b; Shui et al. 2021). In fact, α might be smaller than 
1 for actual rock fractures in indoor experiments, and it is 
strongly related to the stress state and deformation behavior, 

Table 2  Coordinates and 
lengths of key segments

Note: the numbers outside the parenthesis are the coordinates of the key segments, and the numbers inside 
the parenthesis are the length of the key segments

Fault Scenario I Scenario II Scenario III Scenario IV

C3-left bank 651 ~ 856 (205) 649 ~ 856 (207) 651 ~ 856 (205) 649 ~ 856 (207)
C3-right bank 902 ~ 1155 (253) 902 ~ 1163 (261) 902 ~ 1152 (250) 902 ~ 1161 (259)
Lc6-left bank 647 ~ 780 (133) 645 ~ 780 (135) 650 ~ 780 (130) 646 ~ 780 (134)
Lc6-right bank 1005 ~ 1135 (130) 1005 ~ 1140 (135) 1005 ~ 1129 (124) 1005 ~ 1139 (134)
C7 1047 ~ 1144 (97) 1047 ~ 1150 (103) 1047 ~ 1129 (82) 1047 ~ 1149 (102)
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Fig. 10  Displacement vectors of rock mass in Scenario I–IV (maximum displacement magnitudes are indicated)
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which indicated that this value could change according to 
external pressure on rock fractures (Dassanayake et al. 2015; 
Chen et al. 2018; Cheng et al 2022). Therefore, α = 1 might 
cause the overestimation of deformation of rock mass and 
increased the cost of support systems. Instead of α = 1, this 
study employed a practical expression of α into the simula-
tion of bank slopes (Zhao et al. 2021).

Li et al. (2023b) used poroelastic, thermo-poroelastic, 
poroelastic-plastic, and poroelastic-creep models to study 
the valley deformation process of the Xiluodu dam before 
and after impoundment, and found that the creep of the 
basalt formation is the leading cause of valley contraction. 
In their models, the creep parameters were changed after 
reservoir impoundment. In our DEM models, reductions 
in shear parameters of rock fractures caused by water–rock 
chemical reactions are considered. In fact, changes in creep 
parameters in continuum-based models and shear parameters 
of rock fractures in DEM models essentially represent the 
same mechanism. At present, temperature effect on valley 
contraction still remains controversial (Jiang et al. 2020; Li 
et al. 2023b), and more studies are needed in future.

4.3  Limitations

For water–rock physical and chemical interactions, this study 
mainly focused on the reductions in shear parameters of rock 

fractures. However, some studies showed that long-term 
immersion also has weakening effects on other mechanical 
parameters. Miao et al. (2016) conducted a 60-day immer-
sion experiment (distilled water and NaCl solution with 
pH = 7) on intact rock, and showed that Young's modulus 
decreased by 10% ~ 20% after immersion treatment. Qiao 
et al. (2016) showed that Young's modulus of intact rock 
could decrease by 37.7% after 180 days’ immersion in dis-
tilled water. For Scenario IV in Sect. 3.3, both normal stiff-
ness and shear stiffness of rock fractures were weakened, and 
the ratio of normal stiffness to shear stiffness was assumed 
to be constant. The difference between Scenarios I and IV in 
Sect. 3.3 indicated that the reduction in normal stiffness had 
a notable influence on valley deformation. In addition, the 
product of unmax and kn0 was assumed to be a certain value 
without supporting of experimental data. Therefore, more 
experiments are needed to determine the material parameters 
of basalt fractures in the Xiluodu dam site. Considering the 
uncertainty in material parameters and initial conditions, 
more parametric studies are required on the parameters of 
rock and discontinuities and initial conditions.

Although the valley contractions are almost the same at 
the upstream and downstream locations (Li et al. 2023b), 
and 2D model may be reasonable to study the deformation 
behavior of fractured reservoir bank slopes where the arch 
dam is not included. In fact, the present results show that 

Fig. 11  Horizontal displacement of rock mass in Scenario I–IV (valley contractions in the elevations of 561 m and 695 m are indicated for easy 
comparison among different scenarios)
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different sections have different valley contraction values, 
and thus, 3D models are necessary in this study. In the 
adopted DEM model, the arch dam was not considered due 
to computational restrictions. Future studies should be car-
ried out to assess the relevance of the dam/valley interaction 
during impoundment. The present DEM model can be eas-
ily extended to consider the interactions between the arch 
dam and the reservoir slopes. Compared with the far-field 
and regional-scale models of the Xiluodu dam site (Chen 
et al. 2023; Li et al. 2023b), the present DEM is relatively 
small, and some important, such as karstification in the lime-
stone formation, groundwater exchange between confined 
and unconfined aquifer systems, and tectonic stresses, are 
not well considered. In addition, the boundary conditions 
are artificially assigned due to small size of DEM models. 
Therefore, multi-scale DEM models are strongly recom-
mended in future studies to overcome the above problems. 
Nonlinear constitutive models of rock fractures and effects 

of rough fracture surfaces and infilling materials may also 
be attempted in future studies.

5  Conclusion

During impoundment, the monitoring and controlling of 
valley deformation plays an important role in safety of 
high arch dams, but the mechanisms of valley deformation 
were poorly understood due to the complexity of the cou-
pled hydro-mechanical behavior of fractured reservoir bank 
slopes. In this numerical study, the effects of mechanical, 
physical and chemical water–rock interactions on deforma-
tion and stability of fractured reservoir bank slopes were 
examined using three-dimensional DEM, based on a case 
study of valley deformation at the Xiluodu Hydropower Sta-
tion. The main concluding remarks are drawn below:

Fig. 12  Shear displacement of discontinuities in Scenario I–IV (maximum shear displacements along C3, Lc6, and C7 are indicated)
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1. Mechanical, physical, and chemical water–rock inter-
actions in rock fractures are incorporated into discrete 
element modeling of fractured reservoir bank slopes 
based on effective stress coefficient in rock fractures and 
empirical models, which is verified using the monitoring 
data of valley contraction in the Xiluodu dam.

2. Four scenarios are designed to understand the role of 
mechanical, physical, and chemical water–rock interac-
tions on deformation of fractured reservoir bank slopes, 
and the slip of shear zones due to water pressure eleva-
tion and mechanical parameter weakening is the main 
reason of impoundment-induced valley contraction.

3. Compared with the conventional hydro-mechanical 
models of rock fractures, the effective stress coefficient 
is used to accurately calculate the water–rock mechani-
cal interaction in rock fractures, and empirical models 
are used to describe immersion-induced degradation in 
shear parameters. More experimental studies are needed 
to provide material parameters for these new develop-
ments.
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