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Abstract: After water is impounded in a reservoir, 
rock mass in the hydro-fluctuation belt of the 
reservoir bank slope is subject to water saturation-
dehydration circulation (WSDC). To quantify the rate 
of change of rock mechanical properties, samples 
from the Longtan dam area were measured with 
uniaxial compression tests after different numbers (1, 
5, 10, 15, and 20) of simulated WSDC cycles. Based on 
the curves derived from these tests, a modified Hoek-
Brown failure criterion was proposed, in which a new 
parameter was introduced to model the cumulative 
damage to rocks after WSDC. A case of an engineering 
application was analyzed, and the results showed that 
the modified Hoek-Brown failure criterion is useful. 
Under similar WSDC-influenced engineering and 
geological conditions, rock mass strength parameters 
required for analysis and evaluation of rock slope 
stability can be estimated according to this modified 
Hoek-Brown failure criterion. 
 
Keywords: Modified Hoek-Brown criterion; 
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Introduction 

Water can have many effects on a rock mass, 
such as expansion, softening, lubrication, 
argillization, and disintegration (Goudie 1999; 
Nicholson 2001; Van et al. 2007; Agan 2016a; Kaya 
2016a; Wang et al. 2016). When rocks are exposed 
to water, their mineral particle structure, degree of 
cementation, mineral composition, and crack 
propagation of cracks are subjected to change. 
These factors result in the deterioration of the 
physical and mechanical properties of the rock 
mass, reducing the rock mass strength (Reviron et 
al. 2009; Nara et al. 2012; Li et al. 2012; Frederic et 
al. 2013). Water is the most important and active 
external factor that can induce a landslide (He et al. 
2008, 2010; Li et al. 2010; Jiang et al. 2011; 
Tokashiki and Aydan 2011; Igwe et al. 2014; Lepore 
et al. 2012; Yeh and Lee 2013; Agan and Unal 2013; 
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Kaya et al. 2015, 2016b), and more than 90% of 
landslide instability cases are associated with water. 
After it is impounded in a reservoir, the rock mass 
in the hydro-fluctuation belt of the reservoir bank 
slope experiences WSDC whenever the water level 
of the reservoir fluctuates. Any large fluctuation in 
a reservoir’s water level will cause changes in the 
geological conditions in the area where the 
reservoir bank slope is located. The physical and 
mechanical properties of the slope rock and soil 
mass will also change, causing a redistribution of 
the stress and displacement fields of the reservoir 
bank slope. This instability of the reservoir slope 

may result in a slope failure (Yadav and 
Chakrapani 2006; Liang et al. 2007; Evje et al. 
2009; He et al. 2008, 2010; Li et al. 2010; Jiang et 
al. 2011). Extensive experiments and studies have 
been conducted on the effects of WSDC and the 
mechanical properties of rocks (Baud et al. 2000; 
Doostmohammadi et al. 2009; Beck and Al-
Mukhtar 2014; Wang et al. 2014a, 2014b; 
Wasantha and Ranjith 2014; Guillaume et al. 2014). 
Such circulation causes an irreversible and 
cumulative deterioration of the mechanical 
behaviors of rocks, which is reflected as follows: (i) 
changes in physical and mechanical behaviors 
(Alonso et al. 2005; Yadav and Chakrapani 2006; 
Nowamooz and Masrouri 2009) and (ii) water-rock 
chemical reactions (Martin and Durham 1975; 
Dunning et al. 1984; Althaus et al. 1994; Liang et al. 
2007; Evje et al. 2009).  

In this research, uniaxial compression tests 
were performed on rocks in the hydro-fluctuation 
belt of a reservoir bank slope in the dam site area of 
Longtan hydropower station in Tian’e County, 
China (Figure 1). As these rocks have undergone 
WSDC, they were used to analyze the deterioration 
of the mechanical properties of rocks at a range of 
WSDC states. A modified Hoek-Brown failure 
criterion was proposed based on the cumulative 
damage rate after WSDC. The modified failure 
criterion can be used to transform the mechanical 
parameters of reservoir bank slope rocks after 
WSDC to the mechanical parameters of the rock 
mass. 

1    Method and Results  

1.1 Sampling location  

Figure 2 shows the location where the tested 
rock samples were obtained. It is situated in the 
hydro-fluctuation belt of the reservoir bank slope 
in the dam site area of Longtan hydropower station. 
The strata in the dam site area mainly comprise 
sandstone (68.2%) and argillite (30.8%), and 
limestone (1%). Portions of sandstone and argillite 
were taken in situ and then packed, loaded, and 
transported to the laboratory. The rock samples 
were processed strictly in accordance with the 
standards recommended by the American Society 
for Testing and Materials (ASTM 2001), including, 

(a) 

(b) 

Figure 1 Dam site area of Longtan hydropower 
station. (a) During the construction of the dam. (b) 
Storage period of the dam. 
 

Figure 2 Sampling site. 
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the recommended sample dimensions of 50 
mm×100 mm (diameter × length). 

1.2 Test scheme 

When a slope rock mass is in a water-saturated 
state, the reservoir slope may become unstable. 
Therefore, a baseline of uniaxial compressive 
strength under water-saturated conditions was 
measured for samples of both sandstone and 
argillite. The effects of WSDC were determined by 
subjecting samples to different numbers of WSDC 
cycles.  In total, six treatments were tested: 0 
number (water-saturated baseline), 1 number, 5 
number, 10 number, 15 number, and 20 number 
cycles. Three rock samples were used in each 
reatment, for a total of 18 samples. The WSDC 
process was simulated by saturating and 
dehydrating the rock samples in a laboratory 
setting. Rock samples were saturated in a sealed 
container with distilled water. A negative pressure 
of−0.1 MPa was maintained by a vacuum pump for 
12h to ensure the samples were fully saturated. 
Dehydration of rock samples was achieved by 
placing them in a dryer for 12h to dry them 
completely before allowing them to cool down to 

room temperature. 

1.3 Results of uniaxial compression tests 

Table 1 contains the results of the uniaxial 
compression tests. As the number of WSDC cycles 
increased, the average uniaxial compressive 
strength of the sandstone and argillite decreasesd. 
For revealing the rate of deterioration caused by 
WSDC, the rock strength parameter in the initial 
water-saturated state was taken as the reference 
value. The ratio of the rock strength value after 
each treatment to the reference value was defined 
as the damage rate Ds. 

From Table 1, it is clear that the cumulative 
damage rate Ds of sandstone and argillite increased 
as the number of WSDC cycles increased. For 
sandstone, Ds reached its maximum value at 20 
WSDC cycles with a value of 53.17% of the average 
uniaxial compressive strength cσ . For argillite, Ds 
also reached its maximum at 20 WSDC cycles with 
a value of 71.90% of cσ .  

Defects such as pores, micro-cracks and 
micro-fractures, are present in rocks. Under the 
effect of external factors, e.g., WSDC, such defects 
will inevitably be expanded. Rock damage also 

Table 1 Tests results of uniaxial compression and damage analysis 

Sandstone Argillite

n Code 
σc   
(MPa) 

cσ  
(MPa) 

sD
 

(%) 
n Code  

σc 
(MPa) 

cσ  
(MPa) 

sD
 

(%) 

0 
S0-1 155.12 

154.23 0.00 0 
N0-1 88.02 

84.28 0.00 S0-2 153.18 N0-2 83.27 
S0-3 154.39 N0-3 81.55 

1 
S1-1 145.67 

143.68 6.84 1 
N1-1 78.31 

78.27 7.13 S1-2 142.28 N1-2 78.02 
S1-3 143.09 N1-3 78.48 

5 
S2-1 118.29 

117.625 23.73 5 
N2-1 62.53 

63.45 24.72 S2-2 114.37 N2-2 64.18 
S2-3 120.215 N2-3 63.64 

10 
S3-1 103.68 

99.65 35.39 10 
N3-1 48.76 

44.83 46.81 S3-2 97.12 N3-2 45.28 
S3-3 98.15 N3-3 40.45 

15 
S4-1 77.45 

79.76 48.29 15 
N4-1 36.17 

33.12 60.70 S4-2 81.24 N4-2 33.78 
S4-3 80.59 N4-3 29.41 

20 
S5-1 71.08 

72.23 53.17 20 
N5-1 25.12 

23.68 71.90 S5-2 75.24 N5-2 22.07 
S5-3 70.37 N5-3 23.85 

Notes: n is the number of WSDC cycles, σc is the compressive strength,
 cσ  is the average uniaxial compressive 

strength, Ds is the cumulative damage rate. The average uniaxial compressive strength in the initial water-
saturated state is 0cσ , the average uniaxial compressive strength in WSDC of type i is ciσ , 

00 100%/×)(= ccics σσσD .
 



J. Mt. Sci. (2017) 14(4): 771-781 

 

 774

includes the development of new 
micro-defects. Natural defects, such 
as pores and cavities existing when 
natural rocks are formed, can be 
regarded as a type of damage, and 
different numbers of WSDC cycles 
will lead to distinct deteriorations 
and effects on the rock’s mechanical 
properties. In general, damage to the 
physical and mechanical properties of 
rock samples will regularly increase 
as the number of WSDC cycles 
increases. 

Based on the theory of damage 
mechanics (Krajcinovic et.al 1982; 
Lemaitre 1985; Chan et.al 1997; 
Kachanov 1999), it was assumed that 
the number of WSDC cycles n was 
related to the average uniaxial 
compressive strength cσ  of the rocks by a function. 
Figure 3 shows the graphs of the relation between n 
and cσ  for the samples in this study, drawn 
according to the data from Table 1. Data were also 
fitted with exponential functions. 

The equation expressing the relation between 
n  and cσ for sandstone can be written as follows:  

20  52.22+e65.100=)( /12.22)(- ≤nnσ n
c    (1) 

The equation expressing the relation between 
n and sD  (cumulative damage rate of cσ ) for 
sandstone written as follows:  

20     14.66+27.65=)( )22.12/( ≤nenD n
s    (2) 

The equation expressing the relation between 
n and cσ  for argillite can be written as follows:  

20     18.713.91=)( )37.18/( ≤nenσ n
c       (3) 

The equation expressing the relation between 
n and sD  for argillite can be written as follows:  

20     48.108+09.108=)( )36.18/( ≤nenD n
s    (4) 

3    Improved Hoek-Brown Failure Criterion  

The key objective of the rock slope stability 
analysis is to determine the value of the rock mass 
strength parameter. Identifying the best method to 
reliably measure the mechanical parameters of a 
rock mass has been an important subject of rock 

mechanics, and this finding is of great significance 
to rock slope stability analysis. Hoek et al. (1998, 
2002) used a combination of, the statistical 
analysis of rock uniaxial test data, results of in-situ 
tests, and descriptions of a rock mass classification 
system and geological information. They proposed 
the Hoek-Brown failure criterion, an empirical 
failure criterion based on the geological strength 
index (GSI) classification system. 

The Hoek-Brown failure criterion is 
considered to be capable of reasonably describing 
rock anisotropy (Agar et al. 1985; Hoek  et al. 1980, 
1983,1997; Marinos and Hoek 2001; Saada et al. 
2012) and has been widely applied to solve a series 
of practical engineering problems (Thomas et al. 
2008; Johan et al. 2008; Saada et al. 2012; Agan 
2014, 2015, 2016b). After numerous modifications 
from the original authors and other researchers, 
the latest generalized Hoek-Brown (GH-B) failure 
criterion was proposed in 2002 (Hoek et al. 2002). 
The GH-B failure criterion is written as follows:  

a

ci
bci s
σ
σ

mσσσ )+(+=
'
3'

3
'
1                  (5) 

)
1428

100
(

= D
GSI

ib emm                                 (6) 

)
39

100
(

= D
GSI

es                                       (7) 

)(
6

1
+

2

1
= 3/2015/ - eea GSI                     (8) 

Figure 3 Graph of the relations between the the number of WSDC cycles, 
average uniaxial compressive strength, and cumulative damage rate. 
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where '
1σ  and '

3σ  are, respectively, the maximum 
and minimum principal effective stresses upon 
rock mass; ciσ  is the uniaxial compressive strength 
of rocks; bm  and s  are material parameters related 
to rock mass characteristics; a  is a constant 
representing a jointed rock mass; im  is the m value 
of complete rocks, and GSI is the geological 
strength index of the jointed rock mass, the value 
of which can be determined according to the 
method proposed by Hoek et al. (1998, 2002, 
2006). D  is the stress disturbance coefficient, the 
value of which is between zero and one, while the 
same is zero for slope engineering. The 
deformation modulus of the rock masses rmE is as 
follows (Hoek and Diederichs 2006):  

+1

2/1
100000=)( )11/)25+75(( GSIDrm e

D
MPaE               (9) 

It is clear from Eq.(1) that if '
3σ  is known, the 

following equation can be derived according to the 
Mohr-Coulomb failure criterion: 

m

mm

m

m c
ϕ
ϕσ
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ϕσ
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cos2
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'
1 −

+
−
+=                  (10)

 
where φm and mc  are, respectively, the internal 
friction angle and the cohesion among the shear 
strength indexes of the rock mass.  

The combination of Eqs.(5) through (10) gives 
the following:  
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where cin σσσ /= max33 , of which:  

91.0
max3 )(72.0=

Hγ
σ

σσ cm
cm                           (13) 

where γ  is the rock mass weight, H  is the slope 

height and cmσ  represents the rock mass strength. 

)+2)(+1(2
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This paper proposes a way to the cumulative 
damage rate Ds of the uniaxial compressive 
strength of rocks after WSDC into a modified 
Hoek-Brown failure criterion. To accomplish the 
same, Ds was added as a variable to Eq.(5):  
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The deformation modulus of the rock masses 

rmE  is as follows: 
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where cin σσσ /= max33 , of which  
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Hγ
σ

σσ cm
cm                              (22) 

)+2)(+1(2

])+4/)(8(4+[
=

1

aa
smsmasm

Dσσ
a

bbb
Scicm    (23) 

sD  of sandstone and argillite is calculated by 
Eq.(2) and Eq.(6), respectively; both of which use n 
as the number of complete WSDC cycles 
experienced by the rock that is being analyzed. 
Rock mass strength parameters required for the 
analysis and evaluation of rock slope stability after 
different numbers of WSDC cycles can be obtained 
by measuring the uniaxial compressive strength of 
rocks and obtaining the GSI value of the rock mass.  

4    Engineering Application 

4.1 Project overview 

Figure 4 shows a general view of the Longtan 
hydropower station dam. Completed in 2009, 
Longtan dam was constructed for large-scale water 
conservancy and hydropower projects in China. 
The dam has a normal pool level of 400 m above 
sea level. The dam crest is 406.5 m above sea level, 
and it is 830.5 m long. The maximum dam height 
is 216.5 m above the valley bottom, and the total 
storage capacity reaches 27.3 billion m3. The height 
of the left bank slope above the dam reaches 420 m 
above sea level, and the slope grade is between 
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32°and 42°. The slope rock strata dip toward the 
mountains at a dip angle of 60°. The stability of the 
water intake slope at the left bank of the dam 
directly affects the long-term safety of the project 
because this slope is close to the dam itself. After 
water was impounded in the reservoir, the 
mechanical parameters of the rock mass in the 
hydro-fluctuation belt deteriorated due to long-
term WSDC. The stability of the left bank slope 
urgently needed to be addressed. 

 4.2 Establishment of a numerical model  

To examine the left bank slope stability, a 
typical profile such as B was chosen from the left 
bank slope. Example stability calculations and 
analyses were carried out by a numerical 
simulation based on 5 WSDC cycles. Figures 4 and 
5, respectively, show the location diagram and the 
engineering geological map of profile B.  

The finite-difference method and explicit time-
step iterative solution were used by FLAC3D, that 
considers the following parameters of the rock-soil 
body, variability and heterogeneity, discontinuities, 
large deformation, large strain, and nonlinearity 
(Yang et al. 2015). Consideration was given to 
factors such as slope border, strata, weathering 
zone, and the hydro-fluctuation belt during model 
establishment. Large faults with a certain thickness 
were simulated by solid elements. Figure 6 depicts 
the numerical model established according to the 

profile shown in Figure 5. As the focus of this 
research, the hydro-fluctuation belt, was processed 
using high density elements. In total, 8868 
elements, 8552 nodes, and 293 material groups 
were classified. Full constraint was adopted at the 
bottom boundary condition of the model, while the 
slope surface was free and other sides were 
subjected to normal constraints. During model 
calculation, the Mohr-Coulomb model was used as 
the constitutive model of the rock-soil mass. 
Parameters were obtained by transformation with 
the modified Hoek-Brown failure criterion. 

4.3 Model parameterization  

A geological field survey was conducted to 
determine the structural characteristics and 
parameters of the reservoir bank slope rock mass 
near the dam. The field survey results ensured a 

The damGeological section of  B

Survey spots 1 # 

Survey spots 3 # 

Survey spots 5 # 
Survey spots 7 #

Figure 4 The general view of the dam site area of 
Longtan Hydropower Station. 

 
Figure 5 Engineering Geological Section of B. 
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reasonable application of the physical and 
mechanical parameters determined by laboratory 
testing to the mechanical parameters of the field 
rock mass. Geological survey spots #1, #3, #5 and 
#7 were chosen for analytical processing with their 
detailed data in the hydro-fluctuation belt zone 
(see Figure 4 for the location map). At geological 

survey spot #1, the lithology was argillite and the 
elevation was 480 m. At geological survey spot #3, 
the lithology was sandstone intercalated with a 
small amount of argillite and the elevation was 420 
m. At geological survey spot #5, the lithology was 
sandstone and the elevation was approximately 
405 m; at geological survey spot #7, the elevation 

 
Figure 6 The numerical computation model diagram of geological section B. 

 

  

 

Survey spots #1 Survey spots #3

Survey spots #5 Survey spots #7

a b

c d

 
Figure 7 Field outcrops at geological survey spots. 
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was about 400 m, and the outcrop lithology was 
interstratified sandstone and argillite. Figure 7 
shows a map of the field outcrop at each geological 
survey spot. 

Table 2 lists the parameters for the calculation 
of the rock mass strength in the hydro-fluctuation 
belt after five WSDC cycles. The values in this table 
were determined by the improved Hoek-Brown 
failure criterion, combining the results of indoor 
laboratory rock tests with structural characteristics 
data from the field survey The value of the uniaxial 
compressive strengths of argillite intercalated with 
sandstone was assumed to be the same as that of 
argillite, and the value for interstratified argillite 
and sandstone was set as the mean value of the 
uniaxial compressive strengths of argillite and 
sandstone. The values of the parameters of other 
stratum rock masses in zones other than the hydro-
fluctuation belt were determined by laboratory and 
field tests. See Table 3. 

4.4 Numerical model results 

(1) Analysis of the displacement field  
Figure 8 shows the map of the numerically 

calculated horizontal displacement of profile B 
after five WSDC cycles. The maximum horizontal 
displacement of the slope rock-soil mass was 79.09 

mm, distributed at the slope surface where the 
slope elevation was approximately 550-580 m, and 
in the hydro-fluctuation belt in the middle of the 
slope. The overall horizontal displacement of the 
slope is relatively small, and there is no large-area 
coherent sliding zone. At this moment, the 
horizontal displacement at an elevation of 400 m 
(highest normal pool level for the dam) is 
approximately 25 mm. The slope mass is in a stable 
state. 

(2) Analysis of the stress field  
Figure 9 shows the map of the numerically 

calculated maximum principal stress of profile B 
after five WSDC cycles. The maximum principal 
stress of the slope is 11.1 MPa, which is applied at 
the bottom of the slope model. Its value decreases 
as the elevation increases to approximately 2 MPa 
near the slope surface and to approximately 0.173 
MPa at the top and toe of the slope. 

(3) Analysis of the plastic zone  
Figure 10 shows the distribution of the 

numerically calculated plastic zones of profile B 
after five WSDC cycles. A plastic shear zone 
appears in the slope sliding zone but does not run 
through the entire sliding zone. A local plastic 
shear zone appears in the hydro-fluctuation belt at 
both the front and rear edges of the slope. A large-
area plastic shear zone also appears at an elevation 

Table 2 Parameters for the calculation of the rock mass in the hydro-fluctuation belt after five of WSDC cycles 

Lithology GSI σci 

(MPa) 
mi mb s a C

(MPa) 
f(°) T 

(MPa)
E 
(GPa)

Argillite 41 65.33 3 0.365 0.0014 0.511 0.717 32.04 0.255 4.81
Sandstone intercalated with argillite 52 65.33 4 0.720 0.0048 0.505 1.101 37.42 0.438 9.07
Sandstone 56 113.89 17 3.532 0.0075 0.504 1.831 54.78 0.243 14.13
Interstratified sandstone and argillite 46 89.61 10 1.454 0.0025 0.508 1.154 46.41 0.153 7.52

Notes: GSI is the geological strength index of the jointed rock mass, mi is the value of complete rocks, mb and s are 
material parameters related to rock mass characteristics; a is a constant representing a jointed rock mass (Hoek  et 
al.  1998, 2002, 2006); C is cohesion, f is friction angle, T is tensile strength, and E is elasticity modulus. 

Table 3 Values of parameters of other stratum rock mass 

Lithology Weight(kN·m-3) T(MPa) F(°) C(MPa) E(GPa) Poisson ratio
Highly weathered 25.5 0.08 36.9 0.49 1.75 0.34
Moderately weathered 26.5 0.8 50.2 1.18 7.0 0.28

Slightly 
weathered 

Sandstone 27 1.5 56.3 2.45 17.5 0.24
Argillite 26.8 0.8 47.7 1.48 12.5 0.26
Interstratified sandstone 
and argillite 26.9 1.3 52.4 1.96 15.5 0.25 

Slip Surface 19.2 0.005 20.5 0.22 0.4 0.24
Fault 21 0.008 18 0.04 0.5 0.34

Notes: T is tensile strength, f is friction angle, C is cohesion, and E is elasticity modulus. The values of the 
parameters of the rock mass belonging to both the hydro-fluctuation belt and weak or slight weathering zone were 
determined according to those in the hydro-fluctuation belt. 
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of 400 m (highest normal pool level of the dam) 
without running through the entire zone. 

5    Conclusion 

Rocks in the hydro-fluctuation belt of a 
reservoir bank slope near the Longtan dam were 
measured with uniaxial compressive strength tests 
after a range of WSDC cycles to investigate the 
rates of damage and deterioration of their 
mechanical properties caused by WSDC. The 
following conclusions have been drawn: 

(1) A new parameter representing the 
cumulative damage rate of rocks after WSDC was 
introduced to modify the Hoek-Brown failure 
criterion. The modified criterion provides a 
theoretical basis for extrapolating the mechanical 
parameters of laboratory WSDC experiments to the 
mechanical parameters of field rock masses to 
improve modeling.  

(2) Results of numerical modeling of the left 
bank slope at Longtan dam show the following: i) 
the overall horizontal displacement of the slope is 
relatively small, and there is no large-area coherent 
sliding zone. Thus, the slope mass is in a stable 
state; ii) a plastic shear zone appears in the slope 
sliding zone but does not run through the entire 
sliding zone; and iii) another local plastic shear 
zone appears on the rock mass in the hydro-
fluctuation belt at both the front and rear edges of 
the slope without running through the entire zone. 

(3) TRock mass strength parameters required 
for the analysis and evaluation of rock slope 

stability under WSDC cycling, which corresponds 
to real-world reservoir water level fluctuations, can 
be estimated according to the modified Hoek-
Brown failure criterion.
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