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Due to the double disturbance effect of dredging and filling, there will be a problem with weir slope stability after the formation of
a fill type saturated clay weir. In order to study the influence of water-level fluctuation on the instability and seepage failure of the
dump-fill cofferdam, the saturated-unsaturated seepage theory and strength reduction method are embedded into the finite
element system such that the fluid-solid coupling stability of the dump-fill cofferdam is analyzed. The results show that the
influence of water-level fluctuation on the instability and seepage failure of the dump-fill cofferdam can be revealed by the
coupling analysis excellently. The variation of the saturation line of the cofferdam is consistent with the variation of water-level
rising, but the change response of the saturation line of the cofferdam has a lag property during the water-level decline process in
that the water level changes faster. The maximum displacement of the cofferdam can be approximated as two stages, namely, the
stable growth stage and the accelerated growth stage (slip initiation), in which the influence of the water-level fluctuation on the
displacement of stable growth stage is more obvious. Based on the fluid-solid coupling analysis, the most dangerous sliding surface
of the cofferdam is located at the position of the horse path, with a critical strength reduction coefficient of approximately 1.475.
The possibility of seepage failure of the cofferdam will be increased if the water level exceeds the height of the impermeable wall.

1. Introduction

With the development of society, the construction of water
conservancy and shipping projects in China is gradually
increasing and the scale of construction is expanding. The
construction of water conservancy and shipping engineering
plays an important role in national economic development
and social stability [1-4]. At the same time, the safety of the
cofferdam is also crucial, which not only relates to the safety
and progress of the whole construction diversion project and
the main project but also involves the downstream ecological
problems. After nearly 30years of practice in the

construction of large- and medium-sized water conservancy
and hydropower projects in China, from the successful
interception of the Yangtze River Gezhouba project using
the vertical plugging method ([5], [6]) to the construction of
the world-renowned Yangtze River Three Gorges project
deep-water high earth and stone cofferdam, the design and
construction level of diversion and cofferdam engineering
has rapidly improved ([7,8]). However, with the continued
construction of large and mega hydraulic pivot projects, the
scale of cofferdams has increased and the difficulty has
grown day by day. The safety and stability of cofferdams are
of great concern to researchers and engineers.
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As the cofferdams are temporary structures, most of
them are made from local materials, generally filled with
sand, pebbles, piled stones, and transitional materials, and
the more common forms of damage are instability slips and
infiltration damage. Therefore, slope stability and seepage
stability are two important indicators for evaluating the
safety of cofferdams. In terms of research on the stability of
cofferdam slopes, Zhao Shangyi et al [9] applied the strength
reduction method to slope stability analysis, using the re-
duction factor when the finite element calculation did not
converge as the safety factor, and the analysis results showed
that the safety factor of slope stability obtained by this
method was quite close to the calculation results of the
traditional method. Luo Hongming et al [2] carried out
research on the influence of periodic fluctuations of water
level on the stability of landslides and proposed a polynomial
constrained optimisation model of the soil-water charac-
teristic curve of the polynomial constraint optimisation
model applied to actual projects. Yang Jin et al. [10] took the
Three Gorges reservoir area loess slope landslide as the
research object, carried out the influence of reservoir water
rise and fall on the groundwater level of the landslide
combined with field monitoring data, and analyzed the
influence of the change of the reservoir bank landslide in-
filtration line on the stability of the landslide under the rise
and fall of reservoir water. Xiao Zhiyong et al. [11] took a
Three Gorges mound landslide as an example and used Geo-
studio to analyze the stability of the landslide of a reservoir
water-level accumulation body under two factors of mul-
tistage descent and different intermittent time periods, and
the results showed that the use of intermittent descent was
beneficial to the dissipation of pore pressure in the landslide
body, while when the reservoir water level decreased rapidly,
there was a hysteresis effect of groundwater fall back on the
reduction of the hydraulic gradient. Zhang Deng et al. [12]
took a tailing pond project as an example and used a time-
varying analysis model to study the safety coefficient of the
slope, and the results showed that with the change of slope
safety coefficient lags behind the change of reservoir water
level, the rising speed of water level slowed down the lagging
effect, and the falling speed accelerated the lagging effect.
And, the decrease in rising rate reduced the lagging effect,
and the coupling of rainfall and water level would accelerate
the weakening of the tailing reservoir safety coeflicient.

This paper relies on the project of Xinjiang River
Shuanggang Shipping Hub Project on Poyang Lake in
Jiangxi Province. The cofferdam belongs to the dump-fill
saturated clay cofferdam, which has the characteristics of
high water content of the soil, heterogeneous internal
structure, and complex changes in reservoir water level. It
is observed that most of the research studies on slope
instability of cofferdams are concentrated on mixed types
of cofferdams such as soil, rock, and sand and barely
concentrated on the research of seepage process and sta-
bility of the saturated clay cofferdam. Therefore, there has
been an important guiding significance for engineering
safety assessment to research the stability and seepage
failure of the dump-fill cofferdam caused by water-level
fluctuation.
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2. Materials and Methods

2.1. Background of the Project. 'The main construction of this
project is located in Poyang Town, Shangrao City, and the
width of the riverbed in the dam site area is about
150~450 m. It is a comprehensive hub mainly for navigation.
The hub layout is shown in Figure 1, with a total length of
496.5m along the dam axis. In order to provide dry land
construction conditions for the main structure, a diversion
canal and a cofferdam should be constructed. The total
length of the cofferdam is 2454 m, including 450 m length of
the upstream cofferdam, 1459 m length of the longitudinal
cofferdam, and 545 m length of the downstream cofferdam,
with the service life of the cofferdam which belongs to the
perennial cofferdams ranging from 2 to 2.5 years. According
to the Design Code for Cofferdams of Water Resources and
Hydropower Engineering (SL645-2013), the lock level is
Class IT and the design level of the cofferdam is Class IV. The
weir is protected against seepage by a combination of bagged
sand slope protection and geotextile fabric on the headwater
side and grass slope protection on the backwater side. The
weir body above 19.5m height is protected against seepage
by outsourcing soil filling, and the upstream and down-
stream weir closed air structure is a high-pressure rotary pile
structure; the weir body below 19.5m height is protected
against seepage by a single row of high-pressure rotary pile
seepage wall.

2.2. Geological and Hydrological Conditions. According to
ground investigation and drilling, the riverbed stratigraphy
at the dam site is mainly composed of the Holocene Allu-
vium of the Fourth Series and the Xinyu Group of the Third
Series. The lithology of the original riverbed is divided into
chalky clay, thick silty chalky clay medium sand, gravelly
sand, rounded gravel, and strong and medium weathered
muddy siltstone in order from the top to bottom. The daily
water level at the dam site is obtained by interpolation from
the water-level stations at Poyang upstream and Longkou
downstream of the dam site. Considering the influence of
river training before and after 1978 and sand dredging in the
lake area and river channel on water-level undercutting in
recent years as well as the continuity of the data, the
measured water level and the projected flow data of the
Shuanggang dam site from Poyang and Longkou stations in
the same period after 1991 are used for water level and flow
relationship analysis.

2.3. Mechanical Properties of Cofferdam Filling Materials.
The saturated clay with silty soil excavated from the di-
version channel is the main filling material of the cofferdam,
and it has the characteristics of high saturation, high
compressibility, and low shear strength because of the
double disturbance of excavation and dump-fill so that the
cofferdam with a large thickness of 21 m in the upstream and
downstream cannot be stable for a long time. In order to
construct a stable cofferdam, the outsourcing soil is chosen
to fill the upper layer of the cofferdam.
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FiGure 1: The project overview: layout of the cofferdam diversion channel.

The soil samples are obtained by drilling after the cof-
ferdam was completed, and the physical and mechanical
parameters of filling materials are obtained by laboratory
tests as shown in Table 1.

3. Seepage Calculation Models

3.1. Saturated-Unsaturated Seepage Theory. The soil of the
cofferdam is lying in a complex state of saturation and
unsaturation during the water-level fluctuation such that the
area which lies below the saturation line can be regarded as
saturated and the fluid seepage satisfies Darcy’s law and the
area which lies above the infiltration line can be regarded as
unsaturated and the fluid flow law cannot be given based on
Darcy’s law. Therefore, the fluid seepage equation should
describe both saturated and unsaturated seepage behavior.
The continuity equation of the fluid medium during seepage
is obtained by taking a volume microelement dV and per-
forming a fluid mass conservation analysis on it [13,14].

where 0 denotes the volumetric water content, p denotes the
fluid density, u denotes the fluid percolation velocity, and ¢
denotes the flow rate.

Assuming that the fluid is incompressible during per-
colation, the previous equation can be evolved as follows:

g + ui‘i = q. (2)
For a fluid in the saturated zone, the equation of motion
is in accordance with Darcy’s law:

u =—-KVh, (3)

where K denotes the hydraulic conductivity (coefficient of
permeability) and Vh is the hydraulic gradient.

For fluids in the unsaturated zone, the volumetric water
content can be described by the van Genuchten equation
[15,16]:

0=0,+——— S Tn]m, (4)

where 6, and 0, denote the saturated volumetric water
content and residual volumetric water content, respectively,
a,m, and n are the basic model parameters, and h is the
pressure head which is taken as a positive value.

Substituting equations (3) and (4) into (2), respectively,
gives the final form of the equation for fluid seepage con-
tinuity in saturated-unsaturated soil.

(6,-0) LG

Equation (5) is a partial differential equation for the
pressure head h, which integrates the relationship between
the seepage velocity and the matrix suction. However, the
partial differential equation is currently difficult to solve
analytically and coupled with the dynamic boundary
conditions of water-level fluctuation poses a challenge to
the solution of the equation. Therefore, it is necessary to
solve the equation discretely with the aid of numerical
calculations to obtain a numerical solution, so that the
seepage state and deformation characteristics of the
cofferdam during the water-level fluctuation can be
revealed [17].

=q+KVh. (5)

3.2. Establishment of a Coupled Seepage Model. The model is
established based on the closure section of the upstream
cofterdam which is regarded as the most dangerous section
[18-20]. The height of the cofferdam is 21 m, and the width
of the top is 8 m. The length of the upstream face is 43 m, and
the ratio of the slope is 1:5; the length of the downstream
face is 40 m, and the ratio of the slope is 1:4~1:5. The soil
types from the top to the bottom are gravelly silty clay, fill
material, silty clay, medium sand, rounded gravel, and
strongly weathered muddy siltstone (as shown in Figure 2).
To prevent infiltration damage to the cofferdam and ensure
its stability, two rows of interlocking high-pressure jet
grouting piles were installed 1.5m below the top of the
cofferdam, with a width of 0.8 m and a depth of 2 m inside
the strongly weathered rock, providing good
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TaBLE 1: Basic physical and mechanical parameters of cofferdam, rock, and soil.

Cofferdam Cohesion inte?x?exgllir?cftion Coefficient of Nfat‘l:;al Saturated bulk Modulus of Poisson’s

materials (kPa) ) permeability (cm/s) (iN /m};) weight (kN/m?) elasticity (kPa) ratio

Outsourced soil 21.23 10.03 6.63x107° 18.40 19.30 10240 0.3

Fill material 13.47 7.40 9.27x1078 19.70 19.70 8820 0.3

Powdery clay 20.00 13.00 7.0x107° 18.80 20.00 8640 0.3

Medium sand 0.00 28.00 1.0x107° 18.00 19.00 12000 0.3

Round gravel 0.00 35.00 1.0x1072 18.60 19.60 36000 0.3

Impregnating wall / / 50%107° 22.00 23.00 300000 0.2

Strongly 100.00 35.00 1.0x107 20.00 21.00 300000 0.3

weathered rock

impermeability. The basic physical and mechanical pa- z=z,: U,=U, =0

rameters of the materials are detailed in Table 1. for (8)
The COMSOL Multiphysics software is used to ana- z#zp: Uy =0.

lyze the seepage and stability of the cofferdam, and the
model is established as shown in Figure 3. The analysis of
saturated-unsaturated seepage can be accomplished
based on the PDE module which embedded Equation (5).
The Mohr-Coulomb ontology model is used for the
geotechnical materials, the effects of fluid osmotic
pressure and the self-weight of the geotechnical materials
are considered, and the coupling calculation is accom-
plished as follows:

{Fz/l\/]_z +@I, - x

. , (6)

@ = sin ¢/3,y = c/cos ¢
where F denotes the Mohr-Coulomb yield function, ¢ and ¢
denote the cohesion and internal friction angle of the
geotechnical materials, and J, and I, denote the second
invariant of partial stress and the first invariant of stress,
respectively.

In order to carry out the subsequent stability analysis
of the cofferdam, a shear strength reduction factor
(Equation (7)) is introduced to discount the mechanical
parameters of the geotechnical materials until the de-
struction occurs [21].

C
“=%

t t
d):atan(an%) +atan(an¢s) .
E p<o0 f p=0

Here, & denotes the strength discount factor, ¢, and ¢ are
the internal friction angles of unsaturated and saturated
geotechnical bodies, p denotes the pore pressure, and C and
® are the cohesion and internal friction angles after con-
sidering the strength discount.

(7)

3.3. Boundary Conditions of Displacement and Pressure.
The bottom of the model is constrained by fixed displace-
ment with zero displacement boundary; the model is sur-
rounded by roller displacement constraint with zero normal
displacement.

The boundary condition of water pressure at the up-
stream face is related to the water level which changed with
time. For this reason, we research the water-level fluctuation
data of Poyang Lake in the last 40 years and find that the
water-level fluctuation rates of 1998 are the most drastic. The
highest flood level is 20.76 m, which is only 0.24 m away
from the top of the cofferdam; the lowest water level is
11.60 m, the difference between flood and dry water level
reaches 9.16 m, and the pressure difference is 90.16 kPa,
which has a huge impact on the cofferdam of the throw-fill
type powder clay with silt soil. It is necessary to carry out a
destabilization and infiltration damage study for the up-
stream cofferdam where the water-level difference is large.

Figure 4(a) shows the water-level variation of the lake in
1998. The flooding season lasts from June to August each
year, while winter and spring are the low-water-level sea-
sons. Considering the large discreteness of the actual data
that the calculation speed and astringency of the model
would be impacted significantly, the highest water level of
each month is taken as the reference value (the most dan-
gerous case) and interpolated for analysis, resulting in the
water-level change curve shown in Figure 4(b). The simi-
larity index of them is 90%, and the timing of the flood and
dry water levels coincide exactly, which has an approxi-
mately negligible effect on the model calculations.

3.4. Calculation Parameters and Simulation Conditions.
The physical and mechanical parameters and infiltration
parameters of the cofferdam are detailed in Table 1, and the
water-level depth and fluctuation rates are given in
Figure 4(b). In terms of numerical analysis, three groups of
scenarios are set up, which are the steady-state simulations at
the lowest and highest water levels and the transient sim-
ulations at the dynamic fluctuation of the water level over a
year; the detailed simulation scenarios are shown in Table 2.

In particular, for the transient coupling calculation
under the dynamic rise and fall of the water level, the initial
seepage field of the weir body needs to be given. Here, the
water level of the first day in 1998 (12.92 m) is taken as the
initial seepage condition, the initial seepage field and stress
field conditions are obtained through the steady-state
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FIGURE 4: Change trend of water level of the cofferdam: (a) actual water-level change; (b) simplified water lever based on interpolation.

TaBLE 2: Simulation conditions.

Simulation program Water-level position (m)

Water level in foundation pit (m)

Computational simulation

Minimum water level 11.60
Maximum water level 20.76
Dynamic water level 11.60~20.76

Pit bottom-1m
Pit bottom-1 m
Pit bottom-1m

Steady-state coupling
Steady-state coupling
Transient coupling

coupling calculation, and then, the purpose of the transient
coupling calculation is achieved [22].

4. Analysis of Results and Discussion

4.1. Influence of Water-Level Fluctuation on the Saturation
Line of the Cofferdam. The variation of pore water pressure

and saturation line in the cofferdam can be obtained by
steady-state coupling and a transient coupling according to
different simulation conditions. Figures 5 and 6 show the
variation of pore water pressure and saturation line in the
cofferdam at the lowest and highest water levels, respectively.
The comparative analysis shows that the water level has a
significant influence on the seepage rate, pore water
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FIGURE 5: Contour map of pore pressure and seepage velocity in the cofferdam.
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FIGURE 6: Contour map of the seepage line in the cofferdam.

pressure, and infiltration line in the cofferdam. The higher
the water level is, the more saturated the areas (red areas)
are, the faster the seepage rate (flow rate arrows) is, and the
more drastic the pore pressure change will be. Due to the
setting of the high-pressure cyclone wall, there are obvious
sudden changes in pore water pressure and regional satu-
ration between the different sides of the impermeable wall,
the seepage area is mainly concentrated in the medium sand
and round gravel layer, and the phenomenon of bypass flow
exists at the bottom of the wall, which has a positive seepage
prevention effect. With the gradual increase in water level,
the water pressure gradient in the cofferdam is increased,
and when the water level exceeds the impermeable wall, the
effect of seepage prevention and flow blocking of the im-
permeable wall is gradually weakened and the stability of the
cofferdam will be decreased.

The variation of the saturation line of the cofferdam
under the dynamic water-level fluctuation condition is

shown in Figure 7, and the variation regulation of the
saturation line is similar to the water-level fluctuation
regulation which is shown in Figure 4(b), illustrating that the
migration of moist sharp in the cofferdam is controlled by
the water-level fluctuation. During the flood period from
June to August, the water level rises rapidly and fluid flow
occurs along the outsourcing soil of the cofferdam, resulting
in an increase in the saturated zone on the right side, with the
unsaturated zone only existing near the bottom of the slope
inside the cofferdam. In addition, due to the saturated-
unsaturated soil seepage theory model used, the saturation
line that migrates in the cofferdam has significant lagging
characteristics during the water-level decline process; for
example, the water level in September is lower than the water
level in July, but its saturation zone is larger than that in July,
which is not consistent with the water-level rising regulation;
the water level in November is the same as the water level in
May, but the saturation line in the cofferdam does not
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Ficure 7: Change of the seepage line in the cofferdam under water-level fluctuation.

exactly overlap either. The results show that there are dif-
ferent effects on the saturation line caused by water-level
rising and decline and the effect caused by the water-level
decline process is more significant.

4.2. Influence of Water-Level Fluctuation on the Displacement
of Cofferdam. The analysis points of displacement in the
cofferdam model are selected as shown in Figure 8, where
Section 1-1 indicates the downstream face, Section 2-2 in-
dicates the intersection between the outsourcing soil and the
fill material, Section 3-3 indicates the vertical section at the
top of the cofferdam, and Section 4-4 indicates the vertical
section at the horse path. The blue points shown in Figure 8
are the key points for slide damage that locate on the surface
or at the intersection of different geotechnical materials.

The deformation results of the four sections of the
cofferdam are shown in Figure 9. The results indicate that the
water-level fluctuation has a light influence on the defor-
mation of the top of the cofferdam, which remains at
17.16 mm. But it has an obvious influence on the defor-
mation of the intersection of geotechnical materials. For
example, during the flood period, the displacements of the
intersection of outsourcing soil and filler (points B, ], and E),
the intersection of medium sand and round gravel (points C
and H), and the intersection of round gravel and strongly
weathered muddy siltstone (point D and I) show significant
increase such that the maximum displacement increment is
about 11.62 mm which is located in point J. In general, the
deformation values of the cofferdam meet the safety re-
quirements and the probability of seepage damage is slight.
But special attention needs to be paid to the deformation
between the intersection of the outsourced soil and the filler,
which is the potential slip surface of the cofferdam.

4.3. Influence of Water-Level Fluctuation on the Stability of the
Cofferdam. The highest and lowest water-level conditions
and the shear strength reduction method are used to analyze
the stability of the cofferdam. The evaluation of whether the

cofferdam has slide damage is relied on the shear strength
reduction factor, and there is no convergence of elastic-
plastic analysis of geotechnical materials as the referee
condition. The analysis results show that the maximum
displacement of the cofferdam increases slowly as the
strength reduction factor gradually increases, and when the
reduction factor reaches a certain threshold value, the
maximum displacement rises sharply, which means that slip
damage begins. The reduction factor that causes the sudden
increase in the maximum displacement is named the critical
strength reduction factor (CSRF).

The variation curves of the maximum displacement of
the cofferdam with the strength reduction factor under the
highest and lowest water-level conditions are shown in
Figure 10. The curves can be divided into two stages. During
the first stage, the maximum displacement is increasing
stably and the displacement in the highest water-level
condition is a little larger than that in the lowest water-level
condition. The maximum displacement in the second stage
is increasing rapidly, and the curves in two different con-
ditions are coincident such that the slide is forming. The
result means that the water level has almost no effect on the
critical strength reduction factor of the cofferdam, which is
about 1.475.

Figure 11 shows the effective plastic strain of the cof-
ferdam before the destruction at the highest and lowest water
levels, respectively, which is another representation of the
cofferdam damage mechanism. The effective plastic strain
variation of the two different conditions are consistent, and
this result is consistent with the results of the critical strength
discount factor analysis. Figure 12 shows the slide surface of
the cofferdam under the highest and lowest water-level
conditions, respectively, with the most dangerous slide
surfaces being located at the horse path and the arrows
indicating the direction of displacement of the soil particles.
The most dangerous slide surface for both conditions is also
in general agreement and also coincides with the results of
the effective plastic strain and critical strength reduction
factor analysis.
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5. Conclusion

(1) The influence of water-level fluctuation on the de-
formation and stability of the cofferdam can be
analyzed excellently by finite element simulation
which embedded the saturated-unsaturated seepage
theory.

(2) With the rise of water level, the saturation zone in the
cofferdam increases and the value of pore water
pressure changes sharply. The prevention effect of
the impermeable wall will be reduced while the water
level exceeds the top of the impermeable wall, and
the saturation zone of the downstream face will be
enlarged, causing the decrease in stability of the
cofferdam.

(3) The variation regulation of the saturation line is
similar to the water-level fluctuation regulation, and
the migration of moist sharp in the cofferdam is
controlled by the water-level fluctuation. Because of
the use of saturation-unsaturation seepage theory,
the saturation line in the cofferdam lags to the water-
level fluctuation and the lag time is more obvious
during the water-level decline process.

(4) The maximum displacement of the cofferdam can be
divided into two stages: stable increasing stage and
sharp increasing stage. The maximum displacement
in the second stage is increasing rapidly, and the
curves in two different conditions are coincident
such that the slide is forming. The result shows that
the water level has almost no effect on the critical
strength reduction factor of the cofferdam, which is
about 1.475.
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