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摘 要：坝坡失稳将直接影响大坝工程的防洪、发电等关键功能，降雨、水位波动、地震作用以及边

坡岩土参数的固有不确定性是导致坝坡失稳的主要因素。目前针对上游与下游坝坡稳定性的对

比研究仍较匮乏，尤其是在系统考虑空间变异性的情况下。以某大坝为工程背景，基于实际地形、

水文及地震资料构建渗流-稳定性数值模型，结合当地水位变化、降雨及历史地震记录开展为期一

年的单因素确定性分析，并进一步将黏聚力与内摩擦角建模为随机场，在多因素共同作用下开展

坝坡失效概率评估及敏感性分析。结果表明，上游坝坡在水位下降速率较高的情况下敏感性更

强，失效概率显著升高。随机场分析显示空间变异性会显著影响失效概率的分布特征，说明其在

可靠性评估中不可忽视。同时，黏聚力变异系数、水平地震系数越大以及黏聚力与内摩擦角相关

性越强，坝坡稳定性越差。
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Abstract: Slope instability may impair the key functions of a dam, such as flood control and power generation. 
Rainfall, water level fluctuation, seismic action, and the inherent uncertainty of geotechnical parameters are 
major factors that can trigger dam-slope failure. However, comparative studies focusing on the stability of 
upstream and downstream slopes remain limited, particularly when spatial variability is systematically 
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considered. In this study, a seepage-stability coupled numerical model is established using the actual 
topography, hydrological conditions, and seismic records of a selected dam. Based on local water level 
variation, rainfall, and historical earthquake data, one-year deterministic analyses under single factor conditions 
are performed. Cohesion and friction angle are then modeled as random fields, and the slope failure probability 
under the combined effects of multiple triggering factors is evaluated, followed by parameter sensitivity analysis. 
The results indicate that the upstream slope exhibits higher sensitivity under rapid water level drawdown 
conditions, leading to a marked increase in failure probability. The random field analysis highlights that spatial 
variability significantly affects the distribution of failure probability, underscoring its importance in reliability 
assessment. Furthermore, larger coefficients of variation of cohesion, higher horizontal seismic coefficients, and 
stronger correlation between cohesion and friction angle all contribute to reduced slope stability.
Keywords: upstream slope； downstream slope； multiple triggering factors； stability analysis； reliability evaluation

1　Introduction

The stability of dam slopes has always been a 
significant area of concern to hydropower engineers.  
Managing slope stability not only benefits construc⁃
tion but also greatly helps in reducing maintenance 
cost[1-3].  In recent years, major landslides, exempli⁃
fied by the Hushan landslide at the Longyangxia 
hydropower station, the Baige landslide along the Jin⁃
sha River, and the Jinpingzi giant landslide at the 
Wudongde hydropower station, have not only caused 
substantial loss of life and property but have also 
attracted widespread attention from scholars[4-7].  
Investigating the failure mechanisms of dam slopes 
under multiple triggering factors is thus of significant 
importance and urgency as it offers valuable recom ⁃
mendations and guidance for the construction and 
maintenance of similar projects.

The single or combined effects of rainfall, water 
level fluctuation, and earthquakes are widely consid⁃
ered to be the primary causes of dam slope instabili⁃
ty[8-10].  Koyama et al. [11] attributed recent landslides in 
Japan primarily to intense rainfall and dam water lev⁃
el fluctuations, and Chen et al. [7] conducted a study 
on the instability mechanism of the Baige landslide 
under the combined effects of rainfall and earth⁃
quakes and identified the cause of the formation of a 
dammed lake along the Jinsha River.  Numerous 
scholars have also conducted sensitivity analysis on 
slopes under water level fluctuations and found that 
slope gradient and water head height are the main 
controlling factors for slope stability, with the most 
significant impact occurring during rapid water level 
drops[12-14].  However, there is relatively limited 

research on the stability of dams under the combined 
effects of the three factors and considering the spatial 
variability[15-16] even though this is a practical issue 
that must be analyzed and studied due to its signifi⁃
cant importance for early construction warnings and 
guidance.  Additionally, there has been limited 
research on the comparative study of the stability 
between the upstream and downstream slopes of a 
dam.  Existing studies primarily emphasize the analy⁃
sis of downstream slopes in the traditional sense but 
neglect the stability and trend variations in the slopes 
on the other side of the dam[11, 17-19].

In this paper we modeled a specific dam was us⁃
ing finite element numerical simulation of a two-di⁃
mensional seepage field, slope limit equilibrium 
methods (LEM), and the Newmark displacement 
method.  This analysis of the dam body was conduct⁃
ed based on ten years of rainfall data, measured dam 
water level fluctuations, and historical seismic data in 
the dam study area.  The spatial variability of dam pa⁃
rameters was characterized using the random field 
method, and the failure probability of the dam slope 
was calculated using Monte Carlo simulation.  The 
influence of random statistical variables including the 
coefficient of variation (COV), correlation coeffi⁃
cient, and scale of fluctuation on the failure probabili⁃
ty of the dam slope is then discussed (a flow chart of 
deterministic and probabilistic analysis of the specific 
dam is shown in Fig.  1).

2　Study area

2. 1　Geographic location
The dam study area in this paper has an overall 

topography that is higher in the south and lower in 
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the north, with elevations ranging between 2 170 m 
and 4 399 m.  Its central area is relatively depressed, 
creating a basin encircled by mountains on all sides.  
The terrain is characterized by contiguous mountains 
and numerous valleys, comprising high mountains, 
middle mountains, low hills, and river valley plains.  
Geographically, the study area is bordered by 
Huangyuan and Huangzhong to the north, Gonghe 
and Guinan to the west, Zeku and Tongren to the 
south, and Jianzha and Hualong to the east.  The 
S201 highway traverses the entirety of the dam’s 
county.

The specific dam project is located in Hainan 
Tibetan Autonomous Prefecture, Qinghai Province 
(100°58'08"E-101°47'50"E, 35°29'45"N-36°23'35"N).  
Positioned between the Longyangxia and Lijiaxia sec⁃
tions of the upper Yellow River, the dam site is 
approximately 18. 9 km upstream from the hydrologi⁃
cal station.  The Yellow River flows through this 
region from east to west, and it is situated about 25 
km away from the center of the county town.
2. 2　Hydrology and geological engineering condi⁃
tions

The dam study area is situated in the deep in⁃
land region on the edge of the Qinghai-Tibet Pla⁃
teau, which is characterized by a plateau continental 
climate with abundant sunlight and significant diurnal 
temperature variations.  According to data from the 
hydrometeorological station in December, 2022, the 
annual average temperature is 7. 2℃ , and the annual 
average precipitation ranges from 251 to 459 mm.  
As shown in Fig.  2, the county exhibits distinct ver⁃
tical zonation characteristics in terms of climate, with 

rainfall gradually increasing with elevation and slight⁃
ly higher in the eastern part compared to the western 
part.  From a temporal perspective, rainfall in the re⁃
gion exhibits significant seasonal variability as well.  
As illustrated in Fig.  3, precipitation over the past 
five years has predominantly occurred during summer 
and autumn, with July and August alone contributing 
to more than 45% of the yearly total.  Historical re⁃
cords further show that the majority of maximum dai⁃
ly rainfall events are between 20. 0 mm and 25. 0 
mm, which qualifies as heavy rainfall.

According to the stratigraphic division defined 
by Qinghai Province, the surveyed area consists of 
the Southern Qilian subregion of the Qilian Forma⁃
tion and the Hainan subregion of the Qinling Forma⁃
tion.  The major exposed strata in these subregions 
include the Cambrian (Є), Permian of the Paleozoic 
Era (P), Neogene of the Cenozoic Era (N, E), and 

Fig. 1　Flow chart of deterministic and probabilistic 
analysis of the dam

Fig. 3　Rainfall in the study area over the most recent five 
years

Fig. 2　Historical rainfall contour map of the study area
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Quaternary (Q), and the profile of the specific dam is 
illustrated in Fig.  4.  A deep and large fault zone 
serves as the primary cause of seismic activity in this 
specific area, and the seismic intensity in the dam's 
area is generally categorized as VII.  The peak 
ground acceleration of the seismic motion has been re⁃
corded as 0. 10g.

3　Methodology

3. 1　Limit equilibrium method
The limit equilibrium method (LEM) is a widely 

used traditional technique for assessing slope stability 
by analyzing the force balance within a potential 
failure mass.  This approach typically segments the 
slope into multiple vertical slices, with stability 
determined by evaluating the equilibrium of these 
individual segments.  Variations in slice interaction 
assumptions give rise to different analytical methods.

Among these, the Morgenstern-Price method is 
recognized for its comprehensive nature, as it simul⁃
taneously satisfies both force and moment equilibria.  
It also introduces a customizable function to model 
the distribution of interslice shear forces, which en⁃
hances its capability to simulate complex slope behav⁃
iors more accurately.
3. 2　Pseudo-static method

The pseudo-static method is based on the limit 
equilibrium method for calculating the safety factor.  
It involves applying an equivalent horizontal or 
vertical static force to represent the seismic action at 
the center of gravity of each soil or rock section.  
Subsequently, conventional calculations are carried 
out based on these static equilibrium relationships, 
and the static force can be expressed as follows:

Fi = αQ i

g
= kQ i                                ( 1 )

where Fi denotes the inertial force acting on the i-th 

soil or rock segment; α represents the pseudo-static 
acceleration; Qi stands for the weight of the i-th seg⁃
ment; and k is the seismic coefficient.  The pseudo-

static method determines the slope stability by com ⁃
paring and calculating the minimum safety factor.  
However, it neglects the fact that earthquakes are 
transient but highly complex processes.  Solely con⁃
sidering the minimum values often leads to overly 
conservative evaluations.  Therefore, many scholars 
have made improvements to the pseudo-static meth⁃
od, such as considering the average safety factor and 
treating seismic coefficients as random variables[20].
3. 3　Newmark sliding block method

When the peak ground acceleration of an earth⁃
quake exceeds the yield acceleration, the sliding 
body begins to slide.  By integrating the actual accel⁃
eration that causes the sliding of the body, the perma⁃
nent displacement under the condition of instability 
during the earthquake action can be obtained.  By 
comparing this displacement with a predetermined al⁃
lowable value, the safety of the dam body can be 
evaluated.  Newmark obtained a regression model for 
permanent displacement and yield acceleration 
through experiments, expressed as follows[21]:

u = v2
max

2ay (1 - ay

A )                                ( 2 )

where u represents permanent displacement; vmax de⁃
notes peak ground velocity; ay is yield acceleration; 
and A represents peak ground acceleration.  Further⁃
more, based on actual historical earthquake accelera⁃
tion time-history curves, Newmark also provided a 
calculation formula for the conservative maximum 
displacement of the sliding mass:

umax = v2
max

2ay ( A
ay )                               ( 3 )

4　 Parameter selection and model 
establishment

4. 1　Numerical model and boundary conditions
Considering the actual engineering conditions 

and typical geological characteristics of the dam in 
question, a two-dimensional seepage model incorpo⁃
rating both saturated and unsaturated zones was con⁃
structed using SLIDE2 (Fig.  5).  The dam itself has 
a base width of 147 m and a height of 23 m, and its 
foundation extends 225 m in width and 50 m in 

Fig. 4　The profile of the specific dam
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depth.  Its stratigraphic sequence from surface to base 
comprises sand and gravel fill, a sand and gravel lay⁃
er, silty clay, an interlayer of silty and fine sand, an 
additional sand gravel layer, and finally, an argilla⁃
ceous siltstone layer.  The model operates under two 
types of boundary conditions: steady-state and tran⁃
sient.  To control variables effectively, a fixed water 
level of 2 m is applied to the right side of the dam, 
meaning that water level variations occur only on the 
left side where they from 9 m to 19 m.  Rainfall infil⁃
tration is modeled above the intersection between the 
dam crest and the water surface.  In the steady-state 
analysis, both the initial condition and the water level 
on the right side are defined as constant head bound⁃
aries, and other regions are assigned variable head 
conditions.  Moreover, the lateral boundaries of the 
dam foundation and the bottom of the argillaceous 
siltstone layer are treated as impermeable.

4. 2　Determination of geotechnical parameters
In order to obtain accurate engineering mechan⁃

ics parameters, we utilizing field survey data, hydro⁃
geological information, and engineering geological 
parameters.  Due to the nonuniform distribution of 
the dam body, it was necessary to consider the ran⁃
domness of the geotechnical parameters[22, 23].  

Hence, in the modeling and calculation processes of 
this study, the randomness of cohesion (c) and inter⁃
nal friction angle (φ) were both taken into account, 
and further investigation was carried out on employ⁃
ing the random field method to simulate the spatial 
variability of the geotechnical material.  By setting pa⁃
rameters such as mean, variance, scale of fluctua⁃
tions, and autocorrelation function, a more reason⁃
able representation of the spatial variability of the 
geotechnical material was achieved.  Furthermore, 
we referenced the geological survey reports and rele⁃
vant papers by Li et al. [24] and Liu et al. [25] to esti⁃
mate the physical and hydraulic parameters of the 
dam body and dam foundation, which are listed in 
Table 1 and Table 2.  In addition, these parameters 
were cross-checked with laboratory test data on repre⁃
sentative soil and rock samples collected from the 
study site.  Field monitoring records, including 
groundwater levels and permeability test results, 
were also considered to ensure the reliability of pa⁃
rameter ranges.  For strata without sufficient site-spe⁃
cific measurements, parameter values were inferred 
from comparable geological formations reported in 
the literature.

The provided parameters in these tables serve as 
baseline values for subsequent sensitivity analysis in 
the following sections.  Both the dam body and dam 
foundation are assumed to follow lognormal distribu⁃
tions.  Additionally, when considering random field 
variables, the fluctuation ranges of all parameters, 
except for the fluctuation range of dam body parame⁃
ters (δv = 4 m, δh = 40 m), were set to δv = 2 m 
and δh = 20 m, and the baseline values for the corre⁃
lation coefficient (ρc,φ) were all set to -0. 5.

Modern stability analysis of dam slopes com ⁃
monly relies on the limit equilibrium method or the 
strength reduction method to derive safety factors as 
evaluation criteria.  However, for dam slopes that are 

subjected to seismic conditions, the Newmark sliding 
block displacement method is also utilized to assess 
slope stability[26].  In this study, a safety factor of 1. 2 
was chosen as the critical threshold for determining 
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Fig. 5　Dam model and transient seepage boundary 
conditions

Table 1　Physical and mechanical parameters of the dam

Soil type

Dam body
Sand and gravel layer

Silty and fine sand interlayer
Silty clay layer

Sand gravel layer

Unit weight γ/
(kN/m3)

22
19. 9
19. 9
18. 8
21. 2

Cohesion c/kPa

85
0
0

16
0

Friction angel 
φ/(°)

29
27
21
11
30

α

5
-

-

-

-

m

2. 68
-

-

-

-

n

0. 39
-

-

-

-

Permeability 
coefficient Ks/(m/s)

5×10-5

3. 2×10-5

5×10-7

5×10-6

3. 2×10-5
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the stability of dam slopes after accounting for engi⁃
neering practicality and the potential consequences of 
slope failures.

5　Results

5. 1　 Stability analysis under a change in a single 
factor

A deterministic evaluation of the dam was 
conducted based on historical rainfall records from 
the study region, observed upstream hydropower 
station water levels, and representative seismic 
acceleration time-history curves captured in Changu 
Town during the Yushu earthquake in Qinghai.  This 
assessment covered a one-year period and involved 
step-by-step design and analysis under three separate 
scenarios: water level fluctuation, precipitation 
distribution, and seismic loading.
5. 1. 1　Water level fluctuation

To evaluate the influence of water level fluctua⁃
tion on dam slope stability, recent one-year observa⁃
tional data from the Lijiaxia Hydropower Station 
were employed.  The entire analysis was segmented 
into four distinct phases, as shown in Fig.  6 - 
Fig.  9.

Stage Ⅰ (March 1 - May 31): In this stage, the 
stability of both upstream and downstream slopes 
generally improves.  The lowest water level is 
observed on April 15.  A notable delayed response is 
observed on the downstream slope, where the safety 
factor continues to increase even after the water level 
reaches its minimum.  Conversely, the upstream 
slope exhibits a more immediate response, likely due 
to its direct connection with the reservoir, allowing 
the phreatic surface to adapt more swiftly to fluctua⁃
tions in water level.

Stage Ⅱ (June 1 - August 31): An inverse 
relationship in stability is observed between the 
upstream and downstream slopes.  The safety factor 
of the upstream slope strongly correlates with water 
level variations, and the downstream slope follows 
an opposite pattern.  By the end of this stage, the 
upstream slope’s safety factor stabilizes around 
1. 75, whereas the downstream slope levels off near 
1. 368, indicating superior stability on the upstream 
side.

Stage Ⅲ (September 1 - November 30): During 

Table 2　Probabilistic geotechnical parameters of dam materials

Soil type

Dam body

Sand and gravel layer

Silty and fine sand interlayer

Silty clay layer

Sand gravel layer

Parameters
c

φ

c

φ

c

φ

c

φ

c

φ

Mean
85
29
0

27
0

21
16
11
0

30

COV
0. 5
0. 2

-

0. 2
-

0. 2
0. 5
0. 2

-

0. 2

Distribution

Lognormal

Lognormal

Lognormal

Lognormal

Lognormal

Scale of fluctuation

δh = 40m, δv = 4m

δh = 20m, δv = 2m

δh = 20m, δv = 2m

δh = 20m, δv = 2m

δh = 20m, δv = 2m

Correlation coefficient

ρc,φ =-0. 5

ρc,φ =-0. 5

ρc,φ =-0. 5

ρc,φ =-0. 5

ρc,φ =-0. 5

Fig. 6　Stability variation in upstream and downstream 
slopes during Stage Ⅰ

Fig. 7　Stability variation in upstream and downstream 
slopes during Stage Ⅱ
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this period, the safety factor of the upstream slope 
closely tracks fluctuations in water level.  A sharp 
decrease in water level causes a significant reduction 
in the upstream slope's stability.  In contrast, the 
downstream slope's safety factor continues to rise, 
again showing a delayed reaction.  The maximum 
safety factor variation for the upstream slope is 
19. 96%, notably higher than the 1. 60% observed 
for the downstream slope.  This disparity indicates 
the greater sensitivity of slopes adjacent to the water 
body to water level changes.  Stage Ⅱ ; (c) Stage Ⅲ ; 
(d) Stage Ⅳ

Stage Ⅳ (December 1 - February 28): The trend 
during this final stage is comparable to the previous 
one.  The upstream slope continues to exhibit a 
response aligned with water level changes, and the 
downstream slope shows a moderate and delayed 
increase in its safety factor.

5. 1. 2　Rainfall
The region where the dam is located experienc⁃

es relatively low levels of rainfall.  Therefore to un⁃

derstand the impact of rainfall on stability, historical 
rainfall data from the past 10 years (2010-2020) in the 
area were compiled, and the highest daily rainfall val⁃
ue for each year was extracted to synthesize the annu⁃
al rainfall.  As illustrated in Fig.  10, the actual rain⁃
fall in the area has a minimal effect on the stability of 
the dam slopes.  Consistent with the previous analy⁃
sis, the stability of the upstream slope is greater than 
that of the downstream slope.  Quantitatively, the 
maximum variations in the safety factor for the up⁃
stream and downstream slopes throughout the year 
are 0. 099% and 0. 074%, respectively.  Further⁃
more, over the entire calculation period, the safety 
factor of the downstream slope undergoes only two 
changes, one less than the changes observed in the 
upstream slope, indicating that the upstream slope is 
more sensitive to rainfall.
5. 1. 3　Earthquakes

To evaluate the stability of the upstream and 
downstream slopes under practical operating condi⁃
tions more precisely, we used the Newmark sliding 
block method for displacement analysis.  The seismic 
record from Changu Town, Qinghai Province, was 
input into SLIDE2, and the corresponding results are 
illustrated in Fig.  11 and Fig.  12.  The analysis un⁃
der seismic loading consistently revealed that the 
downstream slope possesses lower stability than the 
upstream slope.  Additionally, the installation of anti-
slide piles on the left side results in a comparatively 
larger slip surface on the upstream slope than on the 
downstream side.
5. 2　 Reliability evaluation under the combined 
action of multiple factors

Fig.  13 illustrates the safety factor variations for 
both the upstream and downstream slopes throughout 
the annual calculation period.  The upstream slope’s 
safety factor fluctuates between 1. 288 and 1. 854 and 
follows a trend similar to water level changes.  In con⁃
trast, the downstream slope's safety factor remains 
within a narrower range of 1. 351 to 1. 382 and shows 
a gradual upward trend.  A clear lag effect in the 
downstream slope’s safety factor is evident at the 
end of February and early June, which aligns with 
the findings discussed in the previous section.

Fig.  14 illustrates the variation in failure proba⁃
bility for both the upstream and downstream dam 

Fig. 9　Stability variation in upstream and downstream 
slopes during Stage IV

Fig. 8　Stability variation in upstream and downstream 
slopes during Stage III
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slopes over the course of the entire annual calculation 
period.  The failure probability of the upstream slope 
remains largely at zero, with notable peaks occurring 
during four extreme low water level events.  The 
most critical instance is in June, when the failure 
probability of the upstream slope reaches 15. 03%.  
In contrast, the failure probability of the downstream 
slope typically stays below 1. 5%, with its highest 
value occurring early in the calculation period and 
gradually declining to a minimum of 0. 15% by the 
end of the year.  It is thus evident that significant fluc⁃
tuations in the failure probabilities of both slopes coin⁃
cide with substantial water level changes, highlight⁃
ing the more pronounced effect of water level fluctua⁃
tions on the dam's failure probability compared to 
rainfall.  Although the failure probability of the up⁃
stream slope remains nearly zero throughout the year 
and that of the downstream slope stays above zero, it 
is the upstream slope that poses a higher risk of dam 
instability even though the downstream slope may ini⁃
tially seem more vulnerable.
5. 3　Sensitivity analysis

The difference in failure probability of the up⁃
stream slope of the dam is more pronounced between 
the 150th and 154th days, and this time interval spans 
five consecutive days.  Therefore, this time period 
was chosen for conducting the sensitivity analysis of 
spatial variability parameters for the upstream slope 
of the dam.
5. 3. 1　Comparison between the random field model 

Fig. 11　Stability of the upstream slope calculated using 
the Newmark method

Fig. 13　Annual variation in the dam’s safety factor

Fig. 10　Stability variation in the dam slope due to rainfall

Fig. 12　Stability of the downstream slope calculated using 
the Newmark method

8
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and the random variable model
The cohesion (c) and internal friction angle (φ) 

of the dam are often considered as the two primary 
random variables for calculating slope reliability.  
However, since soil and rock materials are widely 
distributed and possess spatial variability, this vari⁃
ability should be taken into account[27, 28].  Parameters 
for both the random field and random variable models 
are selected according to Table 2.  Analysis of Fig.  
15 reveals that within a five-day calculation period, 
the failure probability of the upstream slope de⁃
creased by 12. 79% in the random field model and by 
1. 12% in the random variable model, compared to 
the initial baseline condition.  This significant differ⁃
ence between the two models highlights the fact that 
depending solely on the random variable model in tra⁃
ditional calculations could lead to an underestimation 
of the dam slope's failure probability, thus elevating 
risks in slope engineering.  However, some research⁃
ers have pointed out that, in certain specific slope 
models, accounting for the spatial variability of soil 
and rock materials may also result in a lower estima⁃
tion of the slope failure probability[29].

5. 3. 2　The effect of the COV
In the field of geotechnical engineering, data 

indicate that the coefficient of variation of the internal 
friction angle (COVφ) is generally smaller than the 
coefficient of variation of the cohesion (COVc) [30].  
Consequently, COVφ values were varied within the 
range of 0. 1, 0. 15, 0. 2, 0. 25, and 0. 3, and COVc 
values were varied within the range of 0. 1, 0. 2, 
0. 3, 0. 4, and 0. 5.  When assessing the impact of 
COVφ variations on the failure probability, COVc 
was kept as the baseline, and vice versa.

As shown in Fig.  16 and Fig.  17, the failure 
probability shows minimal change when COVφ varies 
within the specified range.  For example, on the 150th 
day, a change in COVφ from 0. 1 to 0. 3 results in a 
slight increase in failure probability from 15. 01% to 
16. 02%.  In contrast, variations in COVc have a 
more significant effect on failure probability.  On the 
same day, when COVc increases from 0. 1 to 0. 5, 
the failure probability rises from 9. 03% to 15. 02%.  
Both COVφ and COVc negatively impact slope 
stability, with cohesion having a more pronounced 
effect.

Fig. 15　Comparison between the random field and 
random variable models

Fig. 14　Annual variation in dam failure probability

Fig. 16　Influence of COVφ on failure probability

Fig. 17　Influence of COVc on failure probability
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5. 3. 3　The effect of the correlation coefficient
The cohesion (c) and internal friction angle (φ) 

of the dam body are not independent random vari⁃
ables; they typically exhibit a negative correlation, 
which can be quantified using their correlation coeffi⁃
cient (ρc,φ).  In this study, the values of ρc,φ were taken 
to be -0. 5, -0. 3, 0, 0. 3, and 0. 5.  As illustrated in 
Fig.  18, a decrease in the correlation coefficient, in⁃
dicating a stronger negative correlation, results in a 
reduced slope failure probability.  For instance, on 
the 150th day, when ρc,φ = -0. 5, the failure probabili⁃
ty is 15. 02%, whereas it rises to 21. 73% when 
ρc,φ = 0. 5.  Furthermore, the impact of the correla⁃
tion coefficient on failure probability decreases over 
time, likely because the probability reaches a smaller 
value, limiting spatial variation.

5. 3. 4　The effect of the scale of fluctuation
The scale of fluctuation refers to the maximum 

distance over which parameters of rock and soil 
remain correlated in a spatially variable random field.  
It is divided into the vertical scale of fluctuation (δv) 
and the horizontal scale of fluctuation (δh).  In 
practice, the horizontal correlation of rock and soil is 
significantly larger than the vertical correlation.  
Therefore, in this study, the vertical scale (δv) was 
varied at 2 m, 4 m, 6 m, 8 m, and 10 m, and the 
horizontal scale (δh) was adjusted at 20 m, 40 m, 60 
m, 80 m, and 100 m.

In Fig.  19 and Fig.  20, it is clear that although 
the vertical scale is smaller than the horizontal scale, 
it exerts a more pronounced influence on failure prob⁃
ability.  For example, on the 150th day, increasing δv 
from 2 m to 10 m raises the failure probability from 
14% to 18. 4%, and changing δh from 20 m to 100 m 
decreases the failure probability from 16. 48% to 

13. 95%.  Overall, the effects of the vertical and hori⁃
zontal scales of fluctuation on the dam's failure proba⁃
bility show opposite trends.  Specifically, the failure 
probability increases with δv but decreases with δh.  
This phenomenon can be explained by the fact that 
vertical heterogeneity directly governs the distribu⁃
tion of seepage pathways and the mobilization of 
shear strength along potential slip surfaces.  A larger 
vertical correlation length implies more persistent 
weak zones extending through the depth of the slope, 
which can significantly reduce stability.  In contrast, 
a larger horizontal correlation length tends to average 
out local weaknesses over a broader spatial extent, 
thereby reducing their adverse influence on the over⁃
all failure probability.

5. 3. 5　 The effect of the horizontal seismic coeffi⁃
cient

In this section, we investigate the influence of 
the coefficient of variation of the horizontal seismic 
coefficient (COVkh) on the failure probability.  The 
horizontal seismic coefficient (Kh) was set to a fixed 

Fig. 19　The influence of vertical scale of fluctuation on 
failure probability

Fig. 20　The influence of horizontal scale of fluctuation on 
failure probability

Fig. 18　The influence of correlation coefficient on failure 
probability
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value of 0. 05, and COVkh was varied at values of 
0. 1, 0. 2, 0. 3, 0. 4, and 0. 5.  In Fig.  21, we see 
that the increase in failure probability is nonlinear as 
COVkh increases; it is COVkh on failure probability is 
more pronounced when COVkh is smaller.  As COVkh 
exceeds 0. 3, the increase in failure probability 
becomes less noticeable.  Moreover, a lower COVkh 
leads to a more significant reduction in failure 
probability over time.  Overall, the coefficient of 
variation of the horizontal seismic coefficient plays a 
crucial role in determining the probability of failure of 
the dam.

6　Discussion

6. 1　Advantages of the proposed method
This study integrates spatial variability, water 

level fluctuation, rainfall, and seismic loading into a 
unified probabilistic framework.  Compared to con⁃
ventional deterministic or random-variable approach⁃
es, the method captures local heterogeneity more re⁃
alistically and avoids underestimating failure probabil⁃
ity.
6. 2　Applicability and engineering relevance

The framework is particularly suitable for dam 
slopes that are subjected to multiple triggering fac⁃
tors.  Our findings highlight the importance of moni⁃
toring upstream slopes during rapid drawdown events 
and support the use of early-warning thresholds and 
risk management strategies in hydropower projects.
6. 3　Limitations and future directions

The present work employs a two-dimensional 
model and simplified rainfall conditions, which may 
not fully reflect complex three-dimensional failure 
mechanisms or long-term infiltration effects.  Future 
research should therefore extend the framework to 
3D modeling and incorporate diverse hydrological 
scenarios to enhance its generalizability.

7　Conclusions

Based on actual hydrological and engineering 
geological data, stability analysis and reliability 
evaluation were conducted on both the upstream and 
downstream slopes of a specific dam.  Initially, a two-

dimensional engineering geological model of the dam 
slopes was established using measured data.  
Subsequently, deterministic analysis was carried out 
separately for the upstream and downstream slopes 
under single-factor conditions, utilizing historical one-

year period water level fluctuations, adjusted rainfall 
data, and seismic intensity data for the region.  
Furthermore, complete one-year period deterministic 
and probabilistic analyses were performed for these 
working conditions.  Finally, sensitivity analysis of 
the statistical parameters of the random field model 
was conducted, resulting in the following main 
conclusions.

(1) The impact of actual rainfall in the region on 
dam stability is minimal, but earthquakes are the 
most significant external trigger for slope instability.  
Even under high-intensity seismic conditions, as de⁃
termined by the Newmark sliding block displacement 
method, the slopes remain stable.  The stability of 
the upstream slope shows a strong correlation with 
water level fluctuations, whereas the downstream 
slope exhibits a more noticeable lag effect and small⁃
er stability variations compared to the upstream 
slope.

(2) By analyzing the safety factor variations of 
the upstream and downstream slopes under combined 
influencing factors over the course of a year, we 
found that the stability of the downstream slope gen⁃
erally improves, though the magnitude of this im ⁃
provement is minor.  Conversely, the stability of the 
upstream slope is largely influenced by water level 
changes, with safety factor variations closely follow ⁃
ing water level fluctuations and showing greater sen⁃
sitivity to these changes than to rainfall.  A one-year 
reliability evaluation revealed that although the fail⁃
ure probability of the upstream slope remains close to 
zero, the downstream slope consistently has a failure 
probability greater than zero.  However, the up⁃
stream slope poses a greater risk under critical condi⁃
tions.

Fig. 21　The influence of COVkh on failure probability
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(3) Incorporating spatial variability through a ran⁃
dom field affects the assessment of dam slope reliabil⁃
ity.  Relying solely on a random variable model may 
lead to an underestimation of failure probability.  Sen⁃
sitivity analysis of dam body parameters for the up⁃
stream slope over a continuous 5-day period indicated 
that higher coefficients of variation for cohesion and 
horizontal seismic coefficient, a more positive corre⁃
lation between cohesion and internal friction angle, 
and larger vertical fluctuations contribute to higher 
failure probability and reduced stability.  Therefore, 
these parameters should be treated with particular 
caution in practical engineering applications.

(4) The current study is limited to a two-dimen⁃
sional numerical framework and simplified rainfall 
conditions.  Future work could extend the probabilis⁃
tic framework to three-dimensional slope models in 
order to capture more complex spatial heterogeneity.  
In addition, incorporating variable rainfall boundary 
conditions, long-term infiltration effects, and cou⁃
pled hydro-mechanical processes may further im ⁃
prove the generalizability and practical relevance of 
our proposed method.
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