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This investigation focused on the three-dimensional (3D) seepage field simulation of an asphaltic concrete core rockfill dam
(ACRD) under the design water level conditions. At first, the finite element theory of seepage is introduced in the arid area;
then, a hydro-junction projection on the Nuer River in Xinjiang is selected as engineering background, the finite element
model of a seepage field of an asphaltic and concrete core rockfill dam under the design water level condition is established,
and a boundary condition is determined, and the next distribution of a seepage field of different profiles are plotted, and the
monitoring value of different points is compared with the finite element solution; conclusions can be drawn that when the
antiseepage system of the dam foundation is good, the water level at the downstream side of the core wall is greatly reduced;
for the dam foundation, the effects of reducing head of the cutoff wall are rather obvious, and for the dam body, certain
leakage defects at the joint of an impermeable body in the cross sections 0+ 456.5m and 0+ 540 m can exist. For the dam-
around seepage, the hydrogeological condition conforms to the actual conditions. These conclusions can provide great

significance for the future design.

1. Introduction

A dam is a water storage construction, and it has many types
[1], for example, an embankment dam and a concrete dam,
but a core wall dam is applied widely in the world currently
[2, 3], because it has many virtues, such as simple construc-
tion, good adaptability to dam foundation conditions, good
seismic performance, and economy to invest in [4]. For the
core wall dam, the distribution of a seepage field is an impor-
tant issue for the safety of the dam [5].

To monitor the seepage distribution of the core wall
dam, many researches have been performed by many
researchers [6, 7]. Xu et al. [8] developed a three-
dimensional (3D) finite element procedure based on a mod-
ified generalized plasticity mode to simulate the construction
process; a particle swarm optimization algorithm is intro-
duced by Xiang et al. [9] during the modeling process; the
lag effects of water level in osmometers are performed in
the investigation. Then, a nonlinear elastic deformation

and an unsteady seepage coupling model are suggested to
simulate the seepage and deformation process by Chen and
Zhang [10]; the Monte Carlo simulation and random field
theory are applied to simulate the seepage of an embank-
ment dam by Tan et al. [11]; the seepage behavior in the
drainage area of a face sand is investigated by Choo et al.
[12]; an inversion of dam seepage parameters based on the
finite element model is performed by Ren et al. [13]. But
these investigations intend to the wet area, for the distribu-
tion of a seepage field in the arid area; the investigation is
scarce; the investigation area in the paper is located in Xin-
jiang Province, China. It is a typical arid area; there is no
infiltration in the arid area [14, 15], so a simulation of a
3D seepage field in the arid area becomes an important issue
in the paper.

The paper is organized as follows: in Section 2, the finite
element method of seepage is introduced at first; in Section
3, the numerical model of specific engineering example is
established, and boundary conditions are determined; in
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Section 4 results and discussion are investigated; in Section
5, conclusions are drawn.

2. The Finite Element Method of Seepage

The permeable mediums including fractured rock mass are
regarded as continuous anisotropic mediums in the paper.
It is assumed in rock hydraulics for the fractured rock, if fis-
sures are more developed, and representative elementary
volume exists, its magnitude is not big enough, and it can
be regarded as the groundwater movement [16, 17] and con-
firms to saturated and stable Darcy seepage law of incom-
pressible flow. They can be expressed as follows:
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where v; is the velocity component, k;; is the infiltrate tensor,

7 is the hydraulic gradient, and & is the water head.
When Equation (1) is substituted into the continual equa-
tion of seepage v;; =0, it can be expressed as follows [18-20]:

(k; h) =w,

ij'j (l’] = 1’ 2’ 3)’ (2)
where w is the steady rainfall infiltration and evaporation
capacity.

Its mixed boundary can be expressed as follows:

oh(x, y, 2)

h(x,y,z)+ocT =B, (xy.z)els, (3)

where a, 3 is the constant.
According to Snow’s theory, it is assumed that the fis-
sures in the rock mass are generalized as the N groups; the

unit normal vector of fissures in the k-th groups is 7 ;
the average opening degree is b;; when different groups of
fissures are all infinite extensive [21], it can be expressed as
follows:

ikﬁ% 8- nn), @

where p, is the mean bulk density and b is the average
_ 3

equivalent hydraulic gap width; namely, bi =y (b;:)) /
m ), where m;, is the total number of the k-th group of fis-
sures and bff) is the equivalent hydraulic gap width in the s™
fissure; to consider nonthrough fracture, the fissures are
assumed as the circle, and its mean radius is r;; infiltration
tensor can be obtained as follows according to Equation (5):
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where g is the gravity acceleration, v is the coeflicient of

kinematic viscosity, r is the radius of slit disk, A is a
dimensionless coefficient that reflected the fracture con-
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nectivity and number of intersections among different
groups of fissures, 0 <A <1/12, when the fissures are non-
through, A=1/12; p is the volume density in the k-th
group of fissures, p=m/V.

According to Equation (2), the basic equation of three-
dimensional seepage of the finite element can be shown as
follows:

Mp = F, (6)

where p° is the water pressure of element and [M]* is the
seepage matrix of element; they can be shown as follows:
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where N; is the form function of isoperimetric element in
eight nodes in space.

Finally, the whole filtration matrix can be formed from
the element filtration matrix as follows [22]:

[M]p=F. ©)

Initial flow method is adopted to solve the matrix.
According to the method, the Darcy law can be revised as
follows:

vi=—kjhi+q,  (i,j=1,2,3), (10)

where v; is the flow rate, k;; is the infiltrate sensor, and q

is the initial value of flow capacity.

There is no infiltration in the arid area; v; can be rewrit-
ten as follows:

=—kyh,  (,j=1,2,3), (11)

0 ki; forwetarea,
where kj; =
0, foraridarea.
The value of initial flow can be shown as follows:

Q= (—k?j + k,.j) h, (ij=1,2.3). (12)

Substituting Equation (12) into continual equation of
seepage, it can be obtained as follows:
(=kijhj+q7). =0, (i,j=1,2,3). (13)

According to the Galerkin method, the whole region is
discrete, and the finite element equation can be rewritten
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F1Gure 1: Typical profile of dam.

as follows [23, 24]:
[M]-h=Q+Q, (14)

where [M] and Q are the separately global conduction matrix
and equivalent node flow, respectively, Q, is the equivalent
node flow derived from initial flow, and Q, can be expressed
as follows [25]:

Q=2 (; [B(Es 161" (1K) = [K°]) B c»ﬂM)hi
(15)

where [B] is the geometric matrix of element and 4° is the
water head array in the node of element.

3. Engineering Application Example

3.1. Project Overview. The hydropower project under consid-
eration in this investigation is located on the Nuer River. It is
a controlled hydro-junction projection. A water diversion
power generation system is located on the left bank; spillway
and diversion tunnel are located on the right bank. Total
capacity of reservoir is 0.69 billion m>, and its normal water
storage level is 2497 m; the dead water level is 2465 m; the
total installed capacity of power station is 6.2 MW; the aver-
age annual generation over many years is 0.217 billion kWh,
and the basic information of the dam are shown in Figure 1.

The dam is located in the riverbed; it is an asphaltic con-
crete core rockfill dam with a maximum height of 80 m.
Eolian low liquid limit silt is covered on the upper part of
the left bank slope, and its thickness is 30~53 m; Pleistocene
alluvial sand and gravel are covered on the lower part of
Pleistocene alluvial gravel, and its thickness is approximately
5~6m; the upper limit of a weak weathering layer of con-

glomerate in western region is covered with the foundation
in the left bank core (0 + 000 ~ 0 + 040 m section); the upper
limit of a weak weathered layer is covered with the founda-
tion in the left bank core (0+040~0+162m section);

Pleistocene-Holocene alluvial sand and gravel are covered
in the channel core (0 + 162 ~0+ 540 m section); the Q>
alluvial sand and gravel are covered in the depth of
0~15 m; Q** alluvial sand and gravel are located in the depth
of 15~20 m; the western conglomerate is located beneath the
depth of 20 m. Eolian low liquid limit silt is covered on the
right bank slope (elevation is greater than 2730 m), and its
thickness is 35~45m; terrace gravel is covered on the right
bank (elevation is under 2730m). According to geological
survey and engineering experience, the infiltration coeffi-
cients, allowable gradient of different rock layers, and dam-
ming material are shown in Table 1.

3.2. The Establishment of the Equivalent Finite Element
Model. To establish the model, 750 m (along upstream and
downstream) x 1120 m (along the axis of the dam) in dimen-
sions are adopted as a calculative range. It is plotted in
Figure 2.

Based on the corresponding data, a three-dimensional
seepage model in the hydro-junction area is established in
Figure 3. Isotropic finite element of hexahedral eight-node
is adopted in the model, and transitional articulation of tet-
rahedron element is also selected in a certain local area. In
total, 55877 elements and 56126 nodes are generated in the
model. The top view of the model is plotted in Figure 4.

16 typical profiles are selected to plot a two-dimensional
profile of a seepage field; the profiles parallel to the axis of
the dam are numbered as 1~6 (they are, respectively, located
at downstream of the dam axis: 0+ 1m, 0 +40m, 0 + 80 m,
0+120m, 0+ 170m, and 0+ 400m); the profiles vertical
to the axis of the dam are numbered as 7~14 (their pile num-
bers are, respectively, 0+9m, 0+ 110m, 0+290m, 0+
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TaBLE 1: The infiltration coefficient and allowable descent.

Material type Average permeability (cm/s) Allowable descent
Western conglomerate Q, (under confined aquifer) 6.6%x107°
Confined aquifer 8.52x 1077
The bedrock of confined aquifer Q, (above confined aquifer) 1.13x107*
Weakly weathered layer (Q;)

Left bank 5.99x 107

Partial rock layer 1 1.25x1073

Right bank 4.59x107°

Fresh rock mass (Q,)

Left bank 2.78x107°

Right bank 3.35%x107°
Q" 1.1x1072 0.12
Q" 1.6x1072 0.10
Q" 4.4x107° 0.08
Q™ 29%x107* 2.0
Dam body 25x107!
Curtain grouting 1.0x 107
Concrete cutoff wall 1.0x 1077
Concrete base 1.0x 1077
Asphaltic and concrete core wall 1.0x 1077
Consolidation grouting 1.0x 107
Cofferdam 2.5x107!
Dam material 2.5x107!
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F1GURE 2: The range of calculative domain.
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FiGURE 3: Three-dimensional finite element model of a hydro-
junction area.

Downstream

FIGURE 4: Top view of finite element model.

373.5m, 0 +456.5m, 0+ 540 m, 0 + 693 m, and 0 + 735.62
m); the central axis profile of spillway is numbered as 15;
the central axis profile of division tunnel is numbered as
16. The specific location of profiles is plotted in Figure 5.

3.3. The Determination of Boundary Condition. The sche-
matic diagram of a boundary condition in the model is plot-
ted in Figure 6. In the model, six boundary conditions are,
respectively, set as follows:

(1) The cutoft boundary on the left and right banks and
the upstream cutoft boundary and bottom boundary
are, respectively, assumed as a water-proof bound-
ary; a downstream cutoff boundary is defined as a
water level of downstream riverbed

(2) The upper boundary condition: the place below
water level of the reservoir at the upstream side is
set as a given head boundary; the seepage boundary
can exist at the place above the water level of the res-
ervoir, so the upstream water level of reservoir is
selected as 2470 m; the place below the downstream
water level at the downstream side is set as a given

5
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F1GURE 5: The position and number of a calculative area.
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FI1GURE 6: The schematic diagram of a boundary condition.

head boundary; the seepage boundary can exist at
the place above the downstream water level, so the
water level of the downstream riverbed section is
set as 2413.8 m

4. The Results and Discussion

4.1. The Analysis of a Seepage Field under Design Water Level
Conditions. The three-dimensional seepage field is analyzed
when antiseepage system and the lining of hydraulic tunnel
are both good. The isopotential maps of seepage filed at
the typical profile of the dam are, respectively, plotted from
Figures 7-16 as follows:

It can be found from Figure 7 to Figure 14 that when the
antiseepage system of the dam foundation is good, the water
level at the downstream side of the core wall in the dam body
is greatly reduced, and the saturation line in the dam body is
very low and smooth, and they are basically located in the
overburden of the dam foundation; the distribution maps
of the seepage field about the overflow and diversion tunnel
are, respectively, plotted in Figures 15 and 16. It can be
found in Figure 15 that for the spillage tunnel, the tunnel
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FiGure 7: The isopotential distribution map of seepage field about dam foundation (1-1 profile).
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Ficure 9: The isopotential distribution map of seepage field about dam foundation (3-3profile).
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FiGure 10: The isopotential distribution map of seepage field about dam foundation (4-4 profile).

body beyond pile number 0 + 300 m all is above the ground-
water level; it can be found from Figure 16 that for the diver-
sion tunnel, most of the tunnel body is under the
groundwater level; the tunnel bodies beyond pile number 0
+450 m all are near the groundwater level.

4.2. The Analysis of Monitoring Point about the Seepage Field

4.2.1. The Analysis of Monitoring Data about the Seepage of
the Dam Foundation. Content of seepage monitoring in the

hydro-junction projection is composed of three parts: seepage
monitoring of the dam foundation, seepage monitoring of the
dam body, and the dam-around seepage monitoring.

4.2.2. Seepage Monitoring of the Dam Foundation. The
osmometers are buried in the dam foundation at the down-
stream of cross sections 0 + 290 m and 0 + 540 m in the cutoff
wall. Their elevations are, respectively, 2406.5 m and 2407.5 m.

4.2.3. Seepage Monitoring of the Dam Body
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(1) The Seepage Monitoring at the Downstream of Core Base.
The osmometers that are buried in the downstream of core
base are, respectively, numbered as P1, P10, P11, P3, P12,
P13, P6, P14, P8, et al. The distribution map of water level
about the seepage pressure of monitoring point along the
dam axis is shown in Figure 17; it can be found in
Figure 17 that the seepage pressure distribution curve of dif-

ferent monitoring points is basically consistent with the one
of a concrete core dam; however, the higher osmotic water
level possibly exists in blue circle.

(2) The Seepage Monitoring of the Downstream Dam Body.
The distribution maps of seepage pressure on the cross
sections 0+290m and 0+ 540 m are, respectively, plotted
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FIGURE 17: Monitoring value of lateral osmotic pressure downstream.

in Figures 18 and 19. It can be found from Figures 18 to
19 that the seepage pressure distribution of different points
basically conforms to seepage pressure distribution law.
But the distribution of seepage pressure among monitoring
points P6 and P5, P3, and P2 is abnormal; the phenome-
non can be originated from the leakage defects of joint in
the concrete base.

(3) Dam-Around Seepage Monitoring. The monitoring
points UP9, UP10, and UPI11 are, respectively, buried
on the left bank at the distances 13m, 21 m, and 120m
from the downstream; the monitoring points UP14,
UP13, and UPI12 are, respectively, buried on the right
bank at the distances 6m, 83m, and 113m from the
downstream.

4.3. The Comparative Analysis of Seepage Water Level

4.3.1. Seepage Comparison of the Dam Foundation. The
monitoring value of seepage pressure at the monitoring
points P2 and P5 of the cross sections 0+290m and 0
+540m along the downstream of cutoff wall is compared
with the value of FEM simulation. It is shown in Table 2
that the values of FEM simulation are lower more than
I m than monitoring value, and it also can be seen that
the reduced head of monitoring points arrives at over
77.5% in both methods. The effects of reducing head of
the cutoff wall are rather obvious. The whole of cutoff wall
is in good case.

4.3.2. Seepage Comparison of the Dam Body

(1) The Seepage Monitoring at the Downstream of Core Base.
The monitoring value of seepage pressure along the down-
stream of core base is compared with the value of FEM
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TaBLE 2: The comparison of seepage pressure at monitoring points P2and P5.

The buried site

Th.e number of monitoring Pile number  Distance from dam axis  Elevation Monitoring The simulation The
point (m) (m) (m) value value error
P2 0+290 0 2406.500 2420.704 2419.42 -1.28
P5 0+ 540 0 2407.500 2421.307 2420.17 -1.13

simulation. It is shown in Table 3 that the simulation values
at monitoring points are lower than actual monitoring value,
especially for the monitoring points P6 and P3; they are
rather lower and, respectively, reduce 3.45m and 5.65m,
but the difference of magnitudes of other monitoring points
is small; in total, the magnitudes of seepage pressure at the
left and right banks are higher, and the ones in the middle
pile number are lower; such a distribution law is represented
in both methods. The conclusions can be drawn that certain
leakage defects at the joint of an impermeable body at the
cross sections 0+456.5m and 0+540m can exist by
comparison.

(2) The Seepage Monitoring of the Downstream Dam Body.
The monitoring value of seepage pressure at the cross sec-
tions 0+290m and 0+ 540m is, respectively, compared
with the value of FEM simulation. It is shown in Table 4 that
the simulation values are lower than the actual monitoring
value; the magnitudes of seepage pressure at the cross section
0+ 290 m are reduced by 1.0 m~2.0 m; ones at the cross sec-
tion 0 + 540 m are reduced by 4.0 m~5.0m; a common issue
is faced: the water levels of seepage pressure at the depth of
the dam foundation at the downstream side of the cutoft wall
are lower than the ones of foundation surface; this phenome-
non does not confirm to the basic law of porous medium, so
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TaBLE 3: The comparison of seepage pressure at the downstream of core base.

The buried site

g(}:;?umber of monitoring Pile number Distance from upstream wall  Elevation Mo\r,laifl(;;ing The ii:ll;liation el;?cfr
(m) (m) (m)
P1 0+110 0 2445.000 2446.061 2448.34 2.28
P10 0+ 166 0 2420.800 2426.44 2428.70 2.26
P11 0+230.50 0 2420.000 2422.766 2419.97 -2.80
P3 0+290 0 2420.000 2421.6 2419.22 -2.38
P12 0+373.50 0 2420.000 2420.978 2419.19 -1.79
P13 0+456.5 0 2420.000 2423.994 2420.54 -3.45
P6 0+ 540 0 2420.000 2425.773 2420.13 -5.65
P14 0+620 0 2425.000 2436.148 2434.46 -1.69
P8 0+693 0 2434.000 2442.729 24445.19 1.46

TaBLE 4: The comparison of seepage pressure at downstream dam body.

The buried site

;I)‘(})lien?umber of monitoring Pile number Distance from upstream wall  Elevation Mo‘rllaifséing The S‘i:fiation erl;iloer
(m) (m) (m)
P2 0+290 0 2406.500 2420.704 2419.42 -1.28
P3 0+290 0 2420.000 2421.60 2419.22 -2.38
UP2 0+290 3 2419.899 2421.78 2419.15 -2.62
UP3 0+290 40 2417.144 2421.32 2418.89 -2.43
UP4 0+290 80 2414.000 2420.24 2418.73 -1.51
P4 0+290 120 2420.000 2420.42 2418.51 -1.91
P5 0+ 540 2407.500 2421.307 2420.17 -1.13
P6 0+ 540 0 2420.000 2425.773 2420.13 -5.65
UP5 0+ 540 3 2418.702 2425.35 2420.12 -5.23
UP6 0+ 540 40 2415.049 2424.42 241991 -4.51
UP7 0+ 540 80 2413.868 242421 2419.55 -4.66
pP7 0+ 540 120 2420.000 2422.50 2418.98 -3.52

TaBLE 5: The comparison of seepage pressure about dam-around seepage.

The number of monitoring The buried site

Pile number Distance from upstream wall ~ Elevation

Monitoring The simulation The

point (m) (m) (m) value value error
UP9 0+9.027 13.817 2415.427 2455.02 2452.08 -2.94
UP10 0+ 98.624 71.274 2421.455 2437.06 2431.06 -6.00
UP11 0+ 110.000 120.0 2420.000 2431.20 2423.96 -7.24
UP12 0+ 684.636 113.755 2420.872 2429.28 2427.14 -2.13
UP13 0+698.912 83.174 2409.498 2433.613 2432.58 -1.03
UP14 0+735.620 6.428 2414.799 244543 2447.56 2.13

conclusions can be drawn that there exists a leakage defect at
the joint of an impermeable body at 2420 m.

4.3.3. The Comparison of the Dam-Around Seepage
Monitoring. The monitoring value of the dam-around seep-

age at the left and right banks is compared with the value of
FEM simulation. It is shown in Table 5 that the monitoring
values of monitoring points UP10 and UP11 at the left bank
are, respectively, higher (6.0 m and 7.24 m) than simulation
value, because their distance from the axis line is far; the
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extravasation of water in the spillway tunnel results from the
higher monitoring value. The monitoring value at the right
bank is very close to the simulation value; the difference is
less than 2m. These demonstrate that the hydrogeological
condition conforms to the actual conditions.

5. Conclusions

(1) When the antiseepage system of the dam foundation
is good, the water level on the downstream side in
the dam body is greatly reduced

(2) The seepage field of the dam body and foundation
from FEM simulation is basically consistent with
the monitoring results; the water level of seepage
pressure is basically lower than the monitoring water
level, especially for the cross sections 0+456.5m
and 0 + 540 m; their reduced magnitude is more, so
the conclusions can be drawn that certain leakage
defects at the joint of an impermeable body at the
cross sections 0 +456.5m and 0 + 540 m can exist

(3) The seepage pressure of bottom monitoring points is
lower than one of the dam foundation at the cross
sections 0 + 290 m and 0 + 540 m in the dam section;
it can be concluded that there exists a leakage defect
at the joint of an impermeable body at the height
2420 m

(4) The calculation and analysis of the dam-around
seepage at the left and right banks demonstrate that
magnitudes of monitoring points UP10 and UPI11
at the left bank are higher; the extravasation of water
in the spillway tunnel can be a direct factor; the
monitoring value at the right bank is very close to
the simulation value; these demonstrate that the
hydrogeological condition conforms to the actual
conditions of projection
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