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Abstract: The 300 m-level high arch dams built in China have different degrees of valley-narrowing
deformation in the initial impoundment. This unexpected phenomenon may increase the long-term
safety risk of high arch dams. There are several explanations for the valley-narrowing deformation
phenomenon, and one of the explanations—that it is caused by a drop in bedrock temperature—is still
under debate. In this paper, coupled thermo-hydromechanical (THM) simulations of the temporal
and spatial evolutions of the bedrock temperature and seepage fields of the Xiluodu arch dam site
were performed. The results showed that the mechanism of the bedrock temperature drop after
impoundment can be divided into two types: short-term type and long-term. For the short-term type,
the maximum temperature drop of 9 ◦C is caused by the heat exchange between the bedrock surface
layer and the reservoir water during the initial impoundment. For the long-term type, the maximum
temperature drop of 15 ◦C in front of the grouted curtain is caused by the long-term infiltration of cold
water from upstream to downstream bypassing the grout curtain. The monitoring data showed that
the valley-narrowing deformation mainly occurred in the initial impoundment, which corresponds
to the short-term type. Notably, the valley-narrowing deformation may be overestimated if the long-
term type of bedrock temperature drop is considered. Taken together, these findings demonstrate
that the bedrock temperature change due to impoundment is dominated by the short-term type and
can be applied to study the effect of temperature on valley-narrowing deformation after impounding.

Keywords: valley-narrowing deformation; thermo-hydro-mechanical coupling; bedrock; temperature
drop

1. Introduction

In the 21st century, a number of high arch dams have been built in southwest China.
The high arch dams and river valleys show unexpected deformations during the im-
poundment period, mainly manifested as valley-narrowing deformations, reservoir plate
deformations, and the top of the dam deforming upstream. Valley-narrowing deformation
is a phenomenon in which the mountain on both sides of the river deforms to the free faces
and decreases the valley width. The high arch dam, a typical kind of statically indeter-
minate structure, is very sensitive to valley-narrowing deformation. Hence, it is of vital
importance to understand the valley-narrowing deformation.

The valley-narrowing deformation at the Xiluodu Project has reached approximately
90 mm. The monitored valley-narrowing deformation of the Xiluodu arch dam project
during initial impoundment is more serious than the other projects. Some researchers have
studied the influence of temperature on the valley-narrowing deformation of the Xiluodu
arch dam project [1,2] and agree that the cooling shrinkage of the bedrock in the dam
upstream can cause the valley-narrowing deformation. However, the dominant mechanism
of the cooling shrinkage of the bedrock is still under debate. When the reservoir starts
to impound, the lower-temperature reservoir water has a cooling effect on the rock of
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the submerged area, and the seepage of the cold water causes heat migration, resulting
in changes in the temperature fields of the reservoir bank and bedrock. When the pore
pressure and temperature gradients exist in the pore medium, the pore flow has heat
exchange with the solid skeleton, which leads to the redistribution of temperature, seepage,
and stress fields. This phenomenon is known as the “Dufour flow” and is widely used
in shallow geothermal systems [3], enhanced geothermal systems (EGS) [4], and water
conservancy projects [5].

The thermo-hydromechanical (THM) coupling method is generally used for theoretical
and numerical simulation analysis. Noorishad et al. [6] proposed the THM coupling basic
equation for a saturated geotechnical medium. Zimmerman [7] established a constitutive
equation based on the poroelastic theory of a continuum medium and concluded that
the effect of temperature on the stress field cannot be neglected. Obeid et al. [8] and
Schrefler et al. [9] established a coupled model of unsaturated THM in a porous medium
within the framework of the finite element method. Rutqvist et al. [10,11] studied the
THM coupling problem of fractured unsaturated and saturated rock masses. It is generally
assumed that the temperatures of the fluid and the medium at the same position are the
same in the medium. For projects in which fractures are not developed and the fracture
network is difficult to determine, the THM coupling model based on an equivalent porous
medium was used in this work.

For the Xiluodu high arch dam, the significant temperature drops and fluid pressure
increases within the geothermal limestone aquifer are the primary mechanisms of the
valley-narrowing deformation during reservoir impounding and seepage development [1].
Yin et al. [2] conducted a THM analysis on the Xiluodu arch dam and emphasized the sig-
nificance of geothermal in the valley-narrowing deformation. However, as reported in the
THM coupling simulation of the Xiluodu dam by Zhang et al. [12], the reservoir water had a
marginal effect on the magnitude and range of temperature decrement in the bedrock. The
value of the valley-narrowing deformation was about 10 mm, which was much smaller than
the measured value. This numerical result indicates that the temperature drop in the im-
poundment case is not the main factor for the valley-narrowing deformation. Xu et al. [13]
conducted research on the limestone groundwater of the Xiluodu dam foundation after
impoundment. The results showed that the replenishment water of the mountain after
impoundment mainly depended on the increase in elastic storage. However, the amount of
replenishment water was quite limited. A small amount of reservoir water entering the
limestone-confined water cannot change the limestone groundwater temperature, and the
limestone-confined water temperature in the lower part of the dam foundation does not
change significantly after impoundment.

The dominant mechanisms of the variations in the bedrock temperature field are
still under debate, and the internal connections between the above two viewpoints have
not been studied yet. Therefore, it is necessary to further study the temporal and spatial
evolution of the bedrock temperature field after impoundment. In this study, the THM
coupling model was used to analyze the evolution of the temperature field of the Xiluodu
dam foundation. The generation mechanisms of the short- and long-term types of tem-
perature drops are compared from the perspectives of impoundment time and rock mass
permeability. This work is expected to provide a reference for the study of the influence of
temperature on valley deformation after impoundment.

2. Thermo-Hydromechanical Coupling Method
2.1. Constitutive

In this work, two equations described the thermal movement in the rock matrix and the
fluid, respectively. Fluid percolation obeys Darcy’s law. Heat conduction obeys Fourier’s
law. The energy conservation equations of the solid and liquid phases are as follows [14,15].

Solid phase energy conservation equation:

(1− n)ρscs
∂Ts

∂t
= (1− n)λs∇2Ts + h(Tw − Ts) (1)
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Liquid phase energy conservation equation:

nρwcw
∂Tw

∂t
+ nρwcw · v∇Tw = nλw∇2Tw + h(Ts − Tw) (2)

where n is the solid porosity; v is the fluid velocity; t is time; h is the heat transfer coefficient
of the solid–liquid phase interface; Ts and Tw are the temperatures of the solid and fluid,
respectively; ρs and ρw are the solid density and liquid density, respectively; cs and cw are
the specific heat capacities of the solid and liquid, respectively; λs and λw are the solid and
liquid thermal conductivities, respectively.

In rock mass, the seepage velocity is generally small. It is considered that the tem-
perature of the solid skeleton (Ts) and the temperature of the fluid (Tw) are consistent at
the same position (integration point). The total energy conservation equation is written
as [14–16]:

[(1− n)ρscs + nρwcw]
∂T
∂t

+ nρwcw · v∇T = [(1− n)λs + nλw]∇2T (3)

The mass conservation equation is given as:(
n

Kw
+

1− n
Ks

)
∂p
∂t

+ [nρwβw + (1− n)ρsβs]
∂T
∂t

+∇ ·
[

n
k

µw
(∇p− ρwg)

]
+

∂σ′

∂t
= 0 (4)

where p is the pore water pressure; k is the permeability tensor; µw is the dynamic viscosity
coefficient of fluid; σ′ is the effective stress; Ks and Kw are the bulk moduli of the solids
and fluids, respectively; βs and βw are the thermal expansion coefficients of the solids and
fluids, respectively.

The solid constitutive equation coupled with the combined actions of temperature and
seepage fields is given as [16]:

Gui,jj +
G

1− 2ν
uj,ji − αp,i − K′αTT,i + Fi = 0 (5)

where G is the shear modulus of the porous medium; ν is the Poisson ratio for the porous
medium; Fi and ui (i = x, y, z) are the components of body force and displacement, respec-
tively; K′ = 2G(1 + ν)/[3(1− 2ν)]; αT is the overall thermal expansion coefficient of the
medium; α is the Biot coefficient.

2.2. Verification

The engineering rock mass contains complex fracture systems, and a complete descrip-
tion of the fracture system is unrealistic. Generally, the fractured rock mass is equivalent
to a porous medium. Thermodynamic analysis of a single rock fracture can express the
basic characteristics of heat exchange between the rock matrix and the water [14,17]. In this
section, the THM coupling model is verified by an example of a single fracture with an
analytical solution, and the law of heat exchange between the rock matrix and the fracture
water is analyzed.

A single horizontal fracture with a constant width 2b was divided into homogeneous
and impermeable rectangular rock equally, as shown in Figure 1. The boundary temperature
at the model, z = ±R, was T0. At x = 0 and x = L, the boundary was adiabatic. At the
inlet (x = 0), the fluid velocity was v, and the temperature was Tin; at the outlet (x = L), the
fluid velocity was free. It was assumed that: (1) heat conduction was only in the direction
perpendicular to the fracture surface; (2) the thermophysical properties of water and rock
were constant; and (3) the fracture was simplified as a porous medium with an infinite
void ratio, i.e., the void ratio was 100. The parameters used in the numerical simulation are
listed in Table 1.
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Figure 1. Model of heat transfer in single rock fracture.

The analytical solutions of the fluid temperature in the fracture and the rock tempera-
ture under the condition of steady heat transfer are as follows [17]:

Tf (x) = T0 + (Tin − T0) exp

 x
2

vρwcw

λw
−

√(
vρwcw

λw

)2
+

4λm

bRλw

 (6)

Tm(x, z) =

(
T0 − Tf (x)

)
R

z + Tf (x) (7)

where Tf (x) is the fluid temperature at position x in the fracture; Tm(x, z) is the temperature
of the rock matrix at the coordinates (x, z). The parameters used in this case are listed in
Table 1.

Table 1. Simulation parameters.

Parameters Symbol Unit Value

Initial temperature T0
◦C 87

Inlet fluid temperature Tin
◦C 42

Fluid thermal conductivity λw kW/m/◦C 0.6
Thermal conductivity of rock λm kW/m/◦C 3.5
Fluid-specific heat capacity cw J/kg/◦C 4200

Specific heat capacity of rock cm J/kg/◦C 790
Fluid density ρw kg/m3 1000

Fracture width 2b µm 10
Rock width 2R mm 51
Rock length L mm 102

The temperatures of fluids with different flow velocities in the fracture along the flow
direction and the temperature of the rock matrix along the line AB were consistent with the
analytical solutions, as shown in Figures 2 and 3. This shows that the numerical solution
was consistent with the analytical solution.

Figure 4 is a diagram of the stable temperature field formed by the two flow velocities.
When the flow velocity is small, the temperature drop area is mainly near the water inlet.
As the flow velocity increases, the fluid takes more heat away from the rock matrix. This
phenomenon indicates that the rock matrix is sensitive to the flow velocity.
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3. Evolution of the Dam Foundation Temperature Field
3.1. Finite Element Model

Based on the hydrogeological profiles of the Xiluodu dam site along the direction of
river flow (Figure 5), a finite element numerical analysis model of the bedrock profile was
established (Figure 6). The number of nodes was 40,770, and the number of elements was
19,809. The confined water level of Yangxin limestone is 2–3 m higher than that of the
Jinsha River, and the water head of the confined layer is well synchronized with the river
water level. The hydraulic gradient in the vertical river flow direction at the profile is not
large [13]; therefore, the heat transfer and water transport in the vertical river direction
were not considered.
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For the Xiluodu reservoir, the natural water level is 370 m, and the hydraulic gradient
is 1/1000. The process of the upstream reservoir water level within 5 years after impound-
ment is shown in Figure 7, and the downstream water level was kept at 370 m. According
to geothermal and hydrogeological conditions [1,2], the bottom temperature of the bedrock
was set at 41.5 ◦C. According to the monitoring data [18,19], the periodical water tempera-
ture near the depth of 20 m in the Xiluodu reservoir was 15~24 ◦C from November 2016 to
September 2017. After impoundment, the water temperature in the deep-water layer at the
bottom of the valley was constantly 15 ◦C. Therefore, in the simulation, the surface water
temperature of the bedrock was taken as 24 ◦C before impoundment, and the upstream and
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downstream bedrock surface water temperatures were taken as 15 ◦C and 24 ◦C during
impoundment. The material parameters [5,20] are listed in Table 2.
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Table 2. Material parameters of bedrock and water.

Material
Elastic

Modulus
(GPa)

Poisson
Ratio

Pore
Ratio

Density
(kg/m3)

Permeability
Coefficient

(m/s)

Thermal
Expansion

(1/◦C)

Thermal
Conductivity
(kW/m/◦C)

Specific
Heat

Capacity
(J/kg/◦C)

Basalt 22 0.18 0.05 2700 5 × 10−7 8 × 10−6 2.7 860
Sedimentary

Layer 10 0.3 0.05 2600 1 × 10−8 8 × 10−6 1.4 860

Limestone 15 0.22 0.20 2500 1 × 10−6 8 × 10−6 4.0 860
Grouted
Curtain 28 0.18 0.05 2750 1 × 10−9 8 × 10−6 1.4 860

Water - - - 1000 - - 0.6 4200

3.2. Temperature Field of Bedrock before Impoundment

The temperature field of the bedrock before impoundment is shown in Figure 8. The
calculated and monitored temperature values of the bedrock before impoundment for
different monitoring points are shown in Figure 9.
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Figure 9. Comparison of calculated and monitored temperature values of bedrock before impound-
ment.

The difference between the simulated and measured initial temperature fields of
bedrock measurement points 1 to 4 was about 4 ◦C, and measurement point 5 was about
0.6 ◦C. The location of the measurement points was within the vicinity of the bedrock
calculation section (A-A’), and there was a temperature gradient of the bedrock temperature
in the section of the river valley toward the mountains on both banks [5], so the initial
bedrock temperature field was reasonable.

3.3. Seepage State of the Bedrock after Impoundment

The distribution of pore water pressure and the flow velocity field at a water level of
600 m are shown in Figure 10. Due to the existence of the grouted curtain, the reservoir
water mainly flows in the limestone confined layer. Then, the reservoir water flows
downstream, and the limestone-pressurized water flows upward through the sedimentary
layer into the basalt layer and sinks into the river.
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Figure 13. Temperature distribution 50 m before the grouted curtain.

During the 5–10 years of the initial impoundment, the temperature drop mainly
occurred on the bedrock surface. The temperature drop range was about 50 m, and
it dropped by 9 ◦C. The bedrock temperature gradually decreased with depth, but the
bedrock temperature below the 50 m depth was almost unchanged. When the water was
impounded for 50 years, from the surface to a depth of 100 m, the temperature decreased
by 9 to 2 ◦C. At a depth range of 100 m to 200 m, the temperature was reduced by 2 ◦C.
The temperature reduction below a 200 m depth was less than 2 ◦C. When the water
was impounded for 100 years, from the surface to the depth of 100 m, the temperature
decrement ranged from 9 to 4 ◦C. From 100 m to 200 m in depth, the temperature reduced
by 4 ◦C. The temperature reduction below a 200 m depth was less than 4 ◦C. Comparing
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the distribution of the temperature field, after the temperature field of the foundation was
stabilized, the temperature drop amplitude was 15 ◦C. It appeared at a depth of about
200 m in front of the grouted curtain. Comparing the distributions of the stable temperature
field, the temperature field of the bedrock after 100 years is still far from the stable state.
The temperature reduction process is much longer than 100 years.

3.5. The Influence of Rock Permeability on Temperature Field

The actual rock mass contains fractures, and the permeability coefficient of the fractures
is much larger than that of the complete rock. The equivalent continuum model is usually
used to simulate fractured rock, and the fracture network is equivalent by adjusting the
permeability coefficient. The velocity of the pore water is sensitive to the permeability
of the bedrock, and the pore water flow causes heat transfer, which in turn causes the
redistribution of the rock temperature field. The distribution of the temperature field and
temperature drop field after 10 years of reservoir impoundment with different permeability
coefficients is shown in Figure 14. With an increase in the permeability coefficient, the
temperature drop range of the bedrock surface increased, and the effect of upstream
cold water infiltration bypassing the grout curtain leading to temperature drop gradually
became obvious as well. Finally, it formed a large temperature drop area in front of the
grouted curtain deep in the bedrock.

By increasing the bedrock permeability to 5 times, 10 times, 20 times, 50 times, and 100
times the initial permeability, the temperature at Point 6 (as shown in Figure 5) in bedrock
with different permeabilities varied with the water storage date, as shown in Figure 15.
When the permeability of the bedrock increased to 20 times, the calculated temperature at
Point 6 agreed with the monitored value. This phenomenon indicates that the temperature
distribution of the bedrock is sensitive to the permeability of the bedrock.
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The bedrock temperature at different depths in front of the grouted curtain when
the reservoir was impounded for 10 years is reported in Figure 16. Without considering
the fracture permeability or the Dufour flow of pore water, the temperature drop mainly
occurred on the bedrock surface. The temperature drop range was about 50 m from the
bedrock surface, and the maximum temperature decrement was 9 ◦C. With the increase in
depth, the temperature decreased gradually. The temperature of the bedrock below the
depth of 50 m was almost unchanged. In cases with 1 time, 5 times, 10 times, and 20 times
the original permeability coefficient, the temperature decreased by 0.7 ◦C, 2 ◦C, 3.5 ◦C, and
6.2 ◦C from a depth of 100 m to 200 m, respectively. These results indicate that the increase
in the permeability coefficient has a great influence on the temperature drop in the range
of 50~200 m in depth during the 10 years of reservoir impoundment. It should be noted
that when the permeability coefficient increased by 20 times and the depth of the bedrock
increased from 100 m to 200 m, the temperature decrease range was 6.2 ◦C, which agrees
with the real situation.
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3.6. Mechanism of Temperature Drop

Based on the numerical simulations above, one can find that the mechanisms of tem-
perature drop can be divided into short-term and long-term types. For the short-term type,
the reservoir water has a cooling effect on the submerged area at the beginning of impound-
ment. The water and heat exchange occurs on the bedrock surface. The temperature drops
significantly on the bedrock surface at the initial stage, and the temperature decrement
gradually expands downward from the bedrock surface. With the development of seepage
in the deep bedrock, the cooler infiltrating water bypasses the grouted curtain tip and then
passes over the sedimentary rock and basalt. When the bedrock (intact basalt and lime-
stone) has a small permeability coefficient, impoundment has a marginal effect on the deep
temperature field in the initial impoundment (i.e., within 10 years of impoundment). This
phenomenon corresponds to the viewpoint of surface temperature drop. For the long-term
type, if the impoundment time is long enough (static state), a significant temperature drop
may appear at a depth of about 200 m and a depth of 50 m in front of the grouted curtain.
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This phenomenon shows a temperature drop of 15 ◦C (Figure 12), which corresponds to
the view of a deep temperature drop after stabilization.

As mentioned above, when the permeability coefficient increased by 20 times and the
depth of the bedrock increased from 100 m to 200 m, the temperature decrease range was
6.2 ◦C, which is far less than 15 ◦C (Figure 16). Overall, the temperature field is dynamic,
which is manifested as the gradual development of the temperature drop from the shallow
layer of the bedrock to the deep layer after impoundment. The surface temperature drop
occurs in the bedrock with limited impoundment time or low permeability. The deep
temperature drop occurs when the impoundment time is long enough or the temperature
field tends to be stable in bedrock with high permeability.

The consideration of a large-value temperature drop deep in the bedrock overestimates
the effect of water storage on the bedrock temperature field. It should be noted that the
temperature distribution of the bedrock is sensitive to the permeability of the bedrock.

4. Conclusions

The coupling interactions between the temperature and seepage fields of the bedrock
in the Xiluodu arch dam were numerically studied to explain the effect of seepage devel-
opment on the bedrock temperature distribution during the impoundment period. The
dominant mechanism of the impoundment temperature drop was revealed. The main
conclusions are as follows:

(1) The bedrock temperature field dynamically changes with the reservoir water level,
which is manifested as the gradual development of the temperature drop from the shallow
layer of the bedrock to the deep temperature drop. The types of bedrock temperature drops
after impoundment can be divided into a short-term type and a long-term type.

(2) For the short-term type, the maximum temperature drop of 9 ◦C is caused by the
heat exchange between the bedrock surface layer and the reservoir water during the initial
impoundment. The temperature drop depth is about 50 m. The temperature of the bedrock
below the depth of 50~200 m is almost unchanged.

(3) For the long-term type, the maximum temperature drop of 15 ◦C in front of the
grouted curtain is caused by the long-term infiltration of cold water from upstream to
downstream bypassing the grout curtain. When a static seepage is formed, the maximum
temperature drop of 15 ◦C is located at a depth of 200 m in front of the grouting curtain. It
takes a long time (more than 100 years) for the bedrock temperature field to reach the static
state.

(4) The valley-narrowing deformation occurs mainly in the initial impoundment,
which corresponds to the short-term type. The valley-narrowing deformation may be
overestimated if the long-term type of bedrock temperature drop is considered. Hence,
when studying the effect of bedrock temperature change caused by an impoundment on
valley-narrowing deformation, the bedrock temperature field change due to impoundment
should be dominated by the short-term type, and the bedrock temperature field change
due to impoundment should focus on the cooling of the bedrock surface by the reservoir
water.

It should be noted that the temperature distribution of the bedrock is sensitive to the
permeability of the bedrock. The permeability of the bedrock is dominated by fractures.
However, the distribution of real natural fractures is complex. In this paper, an equivalent
porous medium assumption was used to simulate water flow in the bedrock. Further
research on the model should take natural fracture into account.
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