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Abstract: The calcium leaching effect inevitably increases the grout curtain hydraulic conductivity. It
is diffucult to sample and obtain the leaching-related calculation parameters for deep-buried grout
curtains. This study introduced the inversion method into the calcium leaching analysis to get proper
leaching-related calculation parameters and accurate results. An inverse analysis model was proposed
using the genetic algorithm (GA) and finite element analysis technology to solve the calcium leaching
problems. The objective function is constructed using the hydraulic head and leakage quantity
time-series measurements, which improves the uniqueness and reliability of the inverse results. The
proposed method was applied to the inverse analysis of the hydraulic conductivity evolution of the
grout curtain in a concrete dam foundation. The predicted water heads and leakage quantity are
consistent with the monitored data, indicating the rationality of this simulation. The grout curtain
hydraulic conductivity prediction in 100 years is also presented. The results illustrate the feasibility
of the proposed method for determining leaching-related parameters and the hydraulic conductivity
prediction in the leaching process.

Keywords: inverse modeling; calcium leaching; grout curtain; hydraulic conductivity

1. Introduction

In grouting projects, cement slurry is injected into rock fractures to improve the founda-
tion engineering properties such as permeability, strength, and deformation resistance [1–3].
Hydraulic conductivity is a crucial hydrologic parameter of the grout curtains and foun-
dation rock. For foundation rocks, the hydraulic conductivity is generally not changed
with time, while for the grout curtains and concrete face slabs, the hydraulic conductivity is
constantly changed under the effect of calcium leaching [4]. Calcium leaching occurs when
the calcium compounds in the cement matrix dissolve in a low pH or alkaline solution.
In the calcium leaching process, the decomposition of calcium hydroxide (CH) and cal-
cium silicate hydrate (C-S-H) significantly degrade the cement-based material engineering
performance. For example, the Fengman concrete gravity dam has been demolished and
reconstructed for severe calcium leaching and leakage issues. The annual average leached
quantity of the dam body is about 9.6 t, and the dam foundation is about 8.0 t [5]. After
nearly 40 years of operation, the overall concrete slabs strength of the Gutianxi flat-slab
buttress dam decreased from 49.6 MPa to 37.9 MPa, by 23.6% [6].

The simulation of the leaching process could guide the safe operation of the project.
Many scholars have studied the modeling of the leaching process. Gerard et al. [7], Wan
et al. [8,9], and Phung et al. [10] proposed different solid−liquid equations for diffusion-
driven leaching. For advection-diffusion-driven leaching, Ulm et al. [11] proposed a
calcium compound decomposition rate equation based on the chemo-poro-plasticity theory.
Gawin [12,13] adopted this equation and proposed a pure water hydro-chemo-mechanical
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leaching model of concrete. Calcium leaching significantly increased the hydraulic conduc-
tivity of cement-based materials. The reported data show that the hydraulic conductivity
of the leached cement paste specimen increased by three orders of magnitude [14].

The hydraulic conductivity is often defined as a function of porosity in leaching sim-
ulations. Saito [15] proposed an exponential formula between porosity and permeability.
This equation works well in accelerated electrochemical tests on mortars and was adopted
by Gawin [12,13]. To better understand the leaching effect on the increase in hydraulic con-
ductivity, the evolution of pore structures should be considered. The Kozeny−Carman (KC)
relation introduced microstructure parameters into permeability, including the channel
shapes, specific surface areas, and tortuosity [16]. This relation could provide a more accu-
rate characterization of hydraulic conductivity, and has been widely used in cement-based
materials [17–20]. Phung [10] adopted the Kozeny−Carman (KC) relation for modeling
the cement pastes hydraulic conductivity evolution in the leaching process. However, it is
difficult to obtain the correct calculation parameters in the KC relation. On the one hand,
no calcium leaching test is carried out to determine the parameters. On the other hand, it is
not easy to obtain samples for testing as the anti-seepage structures such as concrete core
walls and grout curtains are deeply buried.

Inverse modeling is an alternative way to obtain the numerical calculation parameters.
Extensive studies have shown the efficiency of inverse modeling for determining the hy-
draulic conductivity of foundation rocks and seepage-proof systems [21–28]. Most previous
studies pursue steady or transient flow conditions in the inverse calculation of aquifer
parameters. These studies are generally aimed at seepage problems or fluid−structure
interaction problems [29,30], and the calcium leaching effect is not considered. Under the
calcium leaching effect, deterioration of the grout curtain will lead to an increase of up-lift
pressure and leakage, and endangered dam safety and benefits. At present, there is no
research on applying the inverse modeling method to predicting grout curtain hydraulic
conductivity. Furthermore, the parameters that are to be inversed in the calcium leaching
process are still unknown.

The present study aimed to determine the calcium leaching parameters and predict
the hydraulic conductivity evolution of grout curtains in the leaching process. Thus, a
new inverse modeling approach is proposed considering the interaction between transient
flow and calcium leaching. The genetic algorithm (GA) is adopted to reduce the computa-
tional cost. The proposed procedure is applied to the inverse modeling of a grout curtain
degradation induced by calcium leaching in the foundation of a concrete gravity dam.
Combined with site characterization data, the calcium leaching parameters are obtained.
The hydraulic conductivity evolution of the grout curtain in 100 years is also presented.

2. Calcium Leaching Effect on the Grout Curtain
2.1. Calcium Leaching in the Grout Curtain

The main chemical reactions equations of the calcium leaching process are given in
Equation (1) [31,32]:

Ca(OH)2 
 Ca2++2OH−

nCaO · SiO2 · nH2O 
 nCa2++H3SiO−4 +[2n − 1]H2O
(1)

The calcium ions in the pore solution of the grout curtain are assumed to be in thermo-
dynamic equilibrium with the calcium compound in the cement materix [7]. When the Ca2+

ion concentration decreases below 22 mol/m3, CH starts to decompose; when the calcium
ion concentration is lower than 19 mol/m3, C-S-H starts to decay [10]. Decomposition
of calcium compounds increases the grout curtain porosity and hydraulic conductivity,
degrading the anti-seepage performance.

2.2. Characterization of Hydraulic Conductivity Evolution

To characteristic the mortars hydraulic conductivity evolution in the leaching process,
Saito [15] proposed an exponential relation between porosity and hydraulic conductivity.
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This formula works well in accelerated electrochemical tests on mortars and has been
adopted by Kuhl [31,32] and Gawin [12,13]. However, the pore structures of the cement-
based materials are not considered in this relation. The Kozeny−Carman model introduces
the hydraulic radius and tortuosity, which characterizes the pore space geometry into the
hydraulic conductivity of the cement-based materials, as shown in Equation (2) [10]. K = χ

ϕ3

(1 − ϕ)2

χ = 1
τ2S2

a Fs

(2)

where K is the permeability coefficient (m2), χ is the microstructure parameter (m2), ϕ is
the capillary porosity, τ is the tortuosity, Sa is the specific pore surface (m2/m3), and Fs is
the shape factor.

Phung [10] introduced the lumped term Ω to calculate the shape factor Fs and tortuos-
ity τ. The lumped term Ω is defined in Equation (3).

Ω = 1
τ2Fs

Ω0 = 1
n Ωl

Ω = Ω0 − (Ω 0 − Ωl) d2
l

(3)

where Ω0 and Ωl are the lumped term for intact and leached materials, respectively, and
dl is the degradation degree. The degradation degree is defined as the ratio between the
current CH content and the initial values, as shown in Equation (4) [10].

dl =

{
1,
CCH
C0

CH

CCH= 0
, CCH > 0

(4)

where dl is the leaching degree, and C0
CH and CCH are the initial and current concentrations

of CH, (mol/m3), respectively.
Due to the solid skeleton dissolution, the porosity of the grout curtain increases

according to Equation (5) [12,13].{
ϕ = ϕ0 + ∆ϕ

∆ϕ =Mdiss
ρdiss

∫ 1
η Asdt (5)

where ϕ and ϕ0 are current and initial porosity of the grout curtain, respectively; ∆ϕ is
the increase of the grout curtain porosity due to the leaching process; Mdiss

ρdiss is the average

molar volume of dissolved components of the solid skeleton (in this study, Mdiss
ρdiss is taken as

0.056 mol/m3); η is determined by the micro-diffusion of the Ca2+; and As is the chemical
affinity.

In this study, the inverse parameters are presented in Table 1. Among them, lumped
term and initial specific pore surface are related to the initial hydraulic conductivity—
lumped term increased times n is the parameter that controls the increase of hydraulic
conductivity due to the decomposition of CH. The leached specific pore surface controls
the increase of hydraulic conductivity due to decomposition of CH and C-S-H. The lumped
term increase times, and initial and leached specific pore surface ranges are taken from
Phung’s test results. More details are presented in reference [10]. The rock hydarulic
conductivity range is determined by the water pressure test.
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Table 1. Parameters in the Kozeny−Carman (KC) relation [10].

Parameter Notation Unit Parameter Range

Lumped term Ω0 1 1000~20,000
Lumped term increased times n 1 500~2000

Initial specific pore surface Sa0 106/m 10~50
Leached specific pore surface Sal 106/m 100~500
Rock hydraulic conductivity kr m/s 1.0 × 10−6~1.0 × 10−8

3. The Objective Function

To improve the accuracy of the inverse modeling, this study utilizes the time-series
measurements of both the piezometric head and leakage quantity. Suppose that the number
of hydraulic conductivities of different rock layers yet to be determined is m, and vector K is
defined to denote the hydraulic conductivities of the medium with K = [k 0, k1, k2, . . . , km]

T ,
in which k1∼m is the hydraulic conductivity of the ith rock layer. M denotes the number of
piezometers in the domain, and Hm

i = [H m
i1, Hm

i1, Hm
i1 , . . .]T(i = 1, 2, . . . , M) denotes the

time series measurements at piezometer i, where Hm
i is the measured water head at piezome-

ter i and at time t. Similarly, the leakage measured is denoted by L, and the time-series
measurements from the measuring weir are Lm

j =
[
Lm

1 , Lm
2 , Lm

3 , . . .
]
, (j = 1, 2, 3, . . . , N),

where Lm
j is the leakage measurement at time N. The objective function for the inverse

problem is defined in Equation (6)

min f = wH

(
M
∑

i=1

||Hi(K) − Hm
i ||22

||Hm
i ||

2
2

) 1
2

+wL

(
N
∑

j=1

||Lj(K) − Lm
j ||22

||Lm
j ||

2
2

) 1
2

wH+wL= 1.0
Klow < K < Kup

(6)

where || · ||2 is the Euclidean norm of a vector, and Hi(K) and Lj(K) are the time series
results of the water head at piezometer i and leakage quantity numerically obtained with a
given parameters vector K, respectively. wH and wL are the weight coefficient to ensure a
balance of the relative errors of the measured water head and leakage quantity, respectively.
In this study, the weights of the measured water head and leakage quantity are assumed
to be the same. The sum of wH and wL equals 1.0. Klow and Kup represent the lower and
upper bounds of the possible hydraulic conductivity values of the rock layers and grout
curtains. respectively.

The objective function defined in Equation (6) requires the best fit of the time series
measurements of both the water head and the leakage quantity. This study assumes
the hydraulic conductivity of the rock layer is an isotropic constant, while for the grout
curtain, the hydraulic conductivity increases over the leaching time. This study adopts the
Kozeny−Carman (KC) relation to model the grout curtain hydraulic conductivity evolution
in the leaching process. The porosity is chosen as the coupling parameter to connect the
calcium leaching effect and hydraulic conductivity. The KC relation contains the lumped
term for sound materials Ω0, lumped term increased times n, initial and leached specific
pore surface Sa0 and Sal. These parameters have significant impacts on the grout curtain
hydraulic conductivity evolution. This study aims to obtain the representative values of
these parameters. In addition, the hydraulic conductivity of the rock layer should also be
inversed.

4. Calcium Leaching Model
4.1. Basic Assumptions

Calcium leaching in concrete dams is a complex process that involves the decom-
position of multiple components such as CH, C-S-H, ettringite, and un-hydrated cement
particles. The leached Ca2+ ions may react with carbon dioxide in the air to form CaCO3.
To simplify the problem, the following assumptions are applied:
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(1) The cement has been completely hydrated, the influence of the rehydration and the
leaching of un-hydrated cement particles are ignored;

(2) Only the decomposition of CH and C-S-H are considered;
(3) Ca2+ ions in the solution are not reacting to form any new compounds;
(4) As the grout curtain is deep-buried in the foundation, the materials are and remain

saturated over time, and the isothermal conditions are also preserved;
(5) The flow in the grout curtain is laminar, and Darcy’s law could describe the flow rate.

4.2. Governing Equation

The governing equations of the advection-diffusion driven leaching in the concrete
dams are presented in Equation (7) [33].

u = − k
ρg∇P

∂(ε p ρ)

∂t +∇(ρu)= Qm
∂c
∂t +∇(−D∇c)+u∇c = R

(7)

In this Equation, u is the flow rate (m/s), k is the permeability (m2), ρ is the water
density (kg/m3), g is the gravitational acceleration (m/s2), P is the pore water pressure
(Pa), εp is the porosity, t is the time (s), Qm is a mass source term (kg/(m3·s)), c is the Ca2+

ions concentration of the species (mol/m3), D is the diffusion coefficient (m2/s), and R is
the chemical reaction rate (mol/(m3·s)).

The chemical reactions in the leaching process are the decomposition of the calcium
compounds in the solid skeleton. The decomposition rate is presented in Equation (8) [11–13]:

∂sCa
∂t = 1

η As

η = RTτleach

As= RT ln
(

cCa
ceq

Ca

)
−
∫ SCa

Seq
Ca

κ(s)ds

κ(sCa) =
RT
cCa

(
dsCa
dcCa

)−1

(8)

In this equation, sCa is the calcium content in the cement materix (mol/m3), η is the
micro-diffusion of Ca2+ ions (mol/(J·s)), As is the chemical affinity (J/m3), R is the gas
constant (J/(mol·K)), T is the temperature (K), τleach is the characteristic time of leaching s,
cCa is the Ca2+ ion concentration in the pore solution (mol/m3), (ceq

Ca, seq
Ca) is the equilibrium

concentration, and κ(s Ca) is the equilibrium constant.

4.3. Diffusivity

Bentz [34–36] proposed the effective diffusion model for cement-based materials. We
can calculate the effective diffusivity from cement hydration and the water−cement ratio.
Bentz’s model holds for a standard non-leached cement matrix. For leached cement-based
materials, Van Eijk and Brouwers [37] proposed a revised formula, as seen in Equation (9).

De
D0

= 0.0025 − 0.07ϕc(x, 0)2 − 1.8H(ϕ c(x, 0) − 0.18)(ϕ c(x, 0) − 0.18)2

+0.14ϕc(x, t)2 + 3.6H(ϕ c(x, t) − 0 .16)(ϕ c(x, t) − 0.16)2= D(ϕ)
(9)

where ϕc(x, 0) is the initial capillary porosity, H() is the Heaviside function, and ϕc(x, t) is
the capillary porosity. D0 is the diffusivity of Ca2+ ion in water, D0 = 4.5 × 10−10 m2/s.

Equation (9) has been widely used in calcium leaching simulations, such as by
Wan [8,9]. In this study, we also adopted this equation.
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5. Hydraulic Conductivity Prediction Model Optimized by GA
5.1. Genetic Algorithm

The genetic algorithm (GA) is a free-derivative method based on natural selection
and evaluation [38]. The genetic algorithm has been widely used as an optimizing tool
in many engineering problems, including in dam seepage inverse analysis [39–43]. This
study adopted GA to obtain the globally optimal hydraulic conductivity of rock layers and
grout curtains. The population size was 50, the function tolerance was 1.0 × 10−6, and
the constraint tolerance was 0.001. In this way, the objective function of Equation (6) is
minimized, and reasonable results can be obtained.

5.2. Mathematical Framework of the Model

The procedure for the inversion of the parameters is shown in Figure 1. The calcium
leaching inverse model of the coupled seepage and chemical reactions are numerically
solved with COMSOL, compiled with Matlab software. The calculations steps are presented
as follows:

Step 1: Input all the initial parameters, including the materials property, initial and bound-
ary conditions, and the variation range of the parameters to be inversed;
Step 2: Solve the calcium leaching model and obtain the seepage characteristics;
Step 3: Calculate the objective functions value F and evaluate the precision requirement;
Step 4: Generate the new solvable groups according to the operational approach of the GA;
Step 5: Steps (2) to (4) are repeated until the objective functions meet the precision require-
ments;
Step 6: Output the optional objective function values and predict the grout curtain hydraulic
conductivity evolution.

Figure 1. Flowchart of the inverse modeling.
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6. Application: A Case Study of the Shimantan Concrete Gravity Dam
6.1. General Description

The Shimantan reservoir is located in Wugang City, Henan Province. The Shimantan
dam is a complete roller compacted concrete (RCC) gravity dam with a height of 40.5 m.
The maximum width of the dam body is 31.74 m. There are 22 dam sections, with a total
length of 645 m. The Shimantan dam started to store water in 1997. The dam foundation is
composed of quartz sandstone. The longitudinal wave velocity of the foundation rock is
varied from 4000 m/s to 5000 m/s, and is regarded as a relatively uniform elastomer. After
16 years of operation, a severe calcium leaching phenomenon was observed. The location
and the calcium leaching phenomena in the corridors of the Shimantan dam are presented
in Figure 2.

Figure 2. Shimantan concrete gravity dam location and the calcium leaching in the corridors.

6.2. Computational Model

In this study, the foundation of the Shimantan dam is taken as an example to verify
the proposed model. The finite element model of the Shimantan dam foundation is built
based on actual size. We extended the foundation two times the dam’s height at both the
upstream and downstream sides of the dam. The foundation’s height is considered two
times the dam’s height. The thickness of curtain grouting is 2 m and reaches into slightly
weathered rock by 3 m. The key wall is located at the top of the curtain, with a 32 m and a
thickness of 1m. This study simplifies the key-wall and rock foundation’s bonded surface
into straight. In total, 4157 finite elements are used in this model. The maximum element
width is 2.5 m, and the minimum element width is 0.1 m. The finite element meshes of
the model are presented in Figure 3. The finite elements families used in this study are
four-node convection/diffusion quadrilateral elements.
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Figure 3. 2D finite element meshes and boundary conditions of the inverse model.

6.3. Calculation Parameters

As the grout curtain has been in operation for more than 20 years, it is not easy to
obtain the initial components of the grout materials. In this study, the inverse parameters of
the grout curtain adopt Phung’s test parameters of Sample 3. The CH and C-S-H contents
are 3027 and 6054 mol/m3, respectively [14]. The parameters of the rock and grout curtain
are presented in Table 2. The parameters of non-equilibrium solid−liquid dissolution
follow Gawin’s model [12]. The calculation parameters are presented in Table 3.

Table 2. Numerical parameters used for simulation.

Material Parameter Notation Value

Rock Initial porosity ϕ f 0.10
Rock Initial diffusivity Dr0 1.47 × 10−11 m2/s

Concrete Initial porosity ϕk0 0.10
Concrete Initial diffusivity Dk0 7.11× 10−12

Concrete CH content CCH_K 3027 mol/m3

Concrete C-S-H content CC−S−H_K 6054 mol/m3

Grout curtain CH content CCH 3027 mol/m3

Grout curtain C-S-H content CC−S−H 6054 mol/m3

Grout curtain Initial porosity ϕg0 0.15
Grout curtain Initial diffusivity Dg0 9.87 × 10−12 m2/s
Grout curtain Intact/leached bulk density ρ0/ρL 30.6/145.8

Table 3. Values of the non-equilibrium decomposition model of calcium compounds [12].

Skeleton
Compound

Ca2+

(mol/m3)
dsCa/dcCa

Diffusivity
(m2/s)

τleach
(s)

1
η

(mol/(J · s))

CH 19–22 2142 1.44 × 10−9 1.17 × 104 3.45 × 10−8

C-S-H 2–19 203 1.62 × 10−9 5.88 × 102 0.7 × 10−8

C-S-H 0–2 1910 1.83 × 10−9 6.52 × 103 6.2 × 10−8

6.4. Initial and Boundary Conditions

The initial and boundary conditions for the calcium leaching model are present in
Figure 3. The applied boundary conditions are the same as the working conditions. The
pore solution is assumed to be saturated for the grout curtain zones, according to previous
studies such as [9,10]. The upstream water head is 107.0 m, and the downstream head is
86.0 m. The upstream water head boundary is applied on the bottom of the reservoir basin
at an elevation of 76.0 m. The distance is from 0 m to 80.0 m. The downstream water head
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boundary is applied on the downstream side foundation surface at an elevation of 76.0 m.
The distance is from 116 m to 204 m. The water head boundary in the corridor is 85.0 m.
The distance is from 85.6 m to 85.7 m. The calcium ion concentration boundary at the
upstream side, downstream side, and corridor is 0 mol/m3. The distribution of the calcium
ion concentration boundary is the same as for the water head boundary. The initial calcium
ion concentrations in the grout curtain and key-wall are 22 mol/m3. The initial calcium
ion concentration in the rock foundation is 0 mol/m3. The long-term observations of
upstream and downstream water levels are presented in Figure 4. Data observations shown
in Figures 4–6 are obtained from the Shimantan reservoir project management report. The
time-series measurements adopt the annual average values presented in Figures 5 and 6.

Figure 4. Long-term observations of upstream and downstream water level.

Figure 5. Comparison of the simulated leakage quantity and monitored data.
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Figure 6. Comparison of measured and simulated hydraulic heads at piezometer: (a) hydraulic head
at piezometer P9

3 and (b) hydraulic head at piezometer P9
4 .

6.5. Results
6.5.1. Verification of the Results

The predicted results are listed in Table 4.

Table 4. Inverse analysis results of the grout curtain and rock layers.

Parameter Ω0 n Sa0 Sal kr

Values 12,251.43 1125.31 3.21 × 107 3.13 × 108 1.0 × 10−7

Figure 5 compares the simulated dam foundation leakage quantity and the monitored
data. The monitored data recorded the leakage quantity of the dam foundation from 2003 to
2010. As we can see from Figure 5, with the increase in time, the leakage quantity increases
from 1.20 L/s to 1.33 L/s. The predicted leakage quantity fluctuates between the average
annual monitored values. The predictions are basically consistent with the monitored data,
indicating the rationality of this simulation.

Figure 6 presents a comparison of measured and simulated water heads at piezometers
P9

3 and P9
4 . The upstream hydraulic head fluctuates around 107.0 m, and the downstream

hydraulic head fluctuates around 86.0 m. The positions of piezometers P9
3 and P9

4 are
presented in Figure 1. The square dots are the measured data from 2003 and 2010. As we
can infer from the figure, the predicted water head at P9

3 increases from 87.25m to 87.40m.
The predicted water head at P9

4 increases from 86.82 m to 86.93 m. The predicted water
heads are basically consistent with the monitored data, indicating the rationality of this
simulation.

The bar graphs of the water head and leakage relative error are presented in Figures 7 and 8.
The relative error is computed from the D-value between the annual average measurements
and predicted values divided by the yearly average measures. As we infer from the figures,
the presented maximum water head relative error is 2.4% and the maximum leakage
quantity relative error is 24.1%. The scatter field data showed a comparative considerable
leakage relative error. Overall, the predicted leakage and water head are consistent with
the monitored data.
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Figure 7. Bar graph of the water head relative error.

Figure 8. Bar graph of the dam foundation leakage relative error.

6.5.2. Hydraulic Conductivity of the Grout Curtain

Figure 9a presents the grout curtain porosity evolution in the leaching process. As
we can infer from the porosity contour distribution, the porosity of the upper part is
larger than the middle and bottom parts. The porosity of the upstream side is larger than
the downstream side. Figure 9b presents porosity evolution in 100 years at H = 63.0 m.
After 100 years of leaching duration, the maximum porosity on the upstream side is 0.21
and the minimum porosity at the downstream side is 0.17. Figure 9c shows the grout
curtain porosity evolution at the different positions after 50 years of leaching duration. The
elevation of these three positions is 72.0, 63.0, and 54.0 m. The maximum porosity at the
elevation of 72.0 m is 0.02 larger than the other two positions.

Figure 10a presents the grout curtain hydraulic conductivity evolution in the leaching
process. The hydraulic conductivity evolution is similar to the porosity. The hydraulic
conductivity at the upper and upstream sides is more significant than in the other regions.
Figure 10b presents the hydraulic conductivity evolution in 100 years at H = 63.0 m. The
maximum hydraulic conductivity on the upstream is 1.8 × 10−6 m/s and the minimum
porosity at the downstream side is 1.9 × 10−7 m/s. The hydraulic conductivity of the
upstream side is one order of magnitude larger than the downstream side. Figure 10c shows
the evolution of the hydraulic conductivity at different positions after 50 years of leaching.
The hydraulic conductivity at an elevation of 72.0 m is half an order of magnitude larger
than for the other two elevations. According to the above analysis, the most vulnerable
parts of the grout curtain are the upper and upstream sides.
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Figure 9. Grout curtain porosity evolution in the leaching process: (a) porosity contour distribution,
(b) porosity evolution at H = 63.0 m in 100 years, and (c) porosity evolution at different positions.

Figure 10. Grout curtain hydraulic conductivity evolution in the leaching process: (a) hydraulic
conductivity contour distribution, (b) hydraulic conductivity evolution at H = 63.0 m in a hundred
years, and (c) hydraulic conductivity evolution at different positions.

7. Conclusions

Accurate determination of the hydraulic conductivity of the anti-seepage structures,
such as grout curtains, concrete face slabs, and core walls, is challenging. Under the
calcium leaching effect, the hydraulic conductivity of the grout curtain is not constant.
The evolution of grout curtain hydraulic conductivity in the leaching process is closely
related to the project safety and benefits. It is not easy to sample and obtain the calculation
parameters for deep-buried grout curtains. This study introduced the inversion analysis
into the calcium leaching analysis in order to obtain proper calculation parameters and
accurate results. This method can analyze the new curtain and the curtain built for many
years.

The proposed inverse analysis model provides a new way to obtain calcium leaching
parameters. The genetic algorithm (GA) is adopted to reduce the computational cost.
The time-series measurements, including the hydraulic head and leakage quantity, were
adopted to construct the objective function, which improves the uniqueness and reliability
of the inverse results. The proposed inverse analysis method is applied to predict the grout
curtain hydraulic conductivity of a concrete dam in the leaching process. The predictions
are basically consistent with the monitored data, indicating the rationality of this model.
The simulation results of this study show that the increase in the permeability coefficient
at the connection between the curtain and tooth wall is more significant than that at other
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parts. It is necessary to strengthen the grout curtain and key-wall joint monitoring to
prevent leakage, abnormal uplift pressure, and for other problems induced by calcium
leaching.

The calcium leaching problem is common in hydraulic engineering anti-seepage
structures such as concrete face slabs and grout curtains. Compared with the grout curtains,
the hydraulic conductivity evolutions of the concrete face slabs in the leaching process is
more complex, involving the interaction of stress state, seepage flow, and chemical reactions.
The inverse modeling of concrete face slabs hydraulic conductivities needs further study.
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