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ABSTRACT

Many concrete dams seriously suffer from long-term seepage dissolution, and the induced mechanical property
deterioration of concrete may significantly affect the structural performance, especially the seismic safety. An
approach is presented in this paper to quantify the influence of seepage dissolution on seismic performance of
concrete dams. To connect laboratory test with numerical simulation, dissolution tests are conducted for concrete
specimens and using the cumulative relative leached calcium as an aging index, a deterioration model is established
to predict the mechanical property of leached concrete in the first step. A coupled seepage-calcium dissolution-
migration model containing two calculation modes is proposed to simulate the spatially non-uniform deterioration
of concrete dams. Based on the simulated state of a roller compacted concrete dam subjected to 100 years of
seepage dissolution, seismic responses of the dam are subsequently analyzed. During which the nonlinear cracking
of concrete, the radiation damping of the far-field foundation is considered. Research results show that seepage
dissolution will seriously weaken the seismic safety of concrete dams because of the dissolution-induced decrease
of effective thickness of the dam body. The upstream surface, dam toe and gallery wall suffer from a large degree
of dissolution, whereas it is minimal and basically the same inside the dam body, at a degree of 0.19% within 100
years. The horizontal displacements of dam crest under the design static load and fortification against earthquake
increase by 6.9% and 21.9%, respectively, and the dissolution-induced seismic cracking leads to the failure of dam
anti-seepage system. This study can provide engineers with a reference basis for reinforcement decision of old
concrete dams.
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1 Introduction

During the long-term operation of concrete dams, ageing damages from cracking, seepage
dissolution, freeze-thaw cycles, and alkali-aggregate reactions inevitably occur, which can seriously
affect their bearing capacity and seismic safety [1-3]. According to the observation data, the
Fengman concrete dam, which was built in 1937 and rebuilt in 2012, was found to leach more
than 9000 kg of ions (mainly Ca") from the dam body every year, and the strength of concrete
in the leached dam areas decreased by at least 3%, even reaching 20%~70% [4]. After 40 years of
operation, the strength of the concrete slab of the Gutianxi concrete-faced rockfill dam, measured
by rebound detection, is 23.6% lower than those 10 years ago, even though some local areas have
been reduced to 74% of the design value [5].

The seepage dissolution of concrete dams involves two aspects: material science and
engineering structural science. There have been many studies on the material science, which
have focused on the experimental and numerical analysis of the calcium dissolution mech-
anism of cement-based materials and the degradation of mechanical properties of leached
concrete [6—10]. With the increase of dissolution degree, the elastic modulus and strength of
cement-based materials significantly decrease, and the porosity and permeability increase. The
sensitivity of mechanical properties with respect to calcium dissolution can differ; the splitting
tensile strength is the most sensitive, followed by the elastic modulus and compressive strength [11].
However, due to the wide utilization of dissolution time, depth and area ratio of concrete spec-
imens as the characterization index of dissolution degree [5], it is difficult to convert the large
number of laboratory test results and deterioration models to service performance evaluations of
concrete dams. The essence of dissolution disease is that solid calcium is migrated out of concrete,
so the calculative relative leached calcium is the most effective index to connect laboratory test,
numerical simulation and on-site inspection [7,12]. When the calcium was leached by 25% from
the fly ash-added concrete, Li et al. [13] found that the compressive and tensile strengths decreased
by 36% and 66%, respectively.

Studies at the level of engineering structural science have mainly focused on numerical simu-
lations of the seepage dissolution process of dam body and foundation curtain and the induced
structural performance degradation, in which the involved theories [14—16], such as the calcium
dissolution-migration model, seepage equation, equilibrium relationship between the solid and lig-
uid calcium concentration, and porosity evolution, are relatively mature. However, the main issue is
the applicability of the solid-liquid equilibrium state in the seepage dissolution process [17], where
the migration power of Ca?* mainly comes from flowing water, rather than the concentration
gradient in contact dissolution. To address this problem, Huo et al. [18] considered that only
the solid calcium hydroxide (CH) could be leached in dam foundation grouting curtains, and the
dissolution rate was inversely proportional to the total concentration of Ca** and OH™ in the
solution. Based on a nonequilibrium dissolution model, Zhang et al. [19] suggested that the solid
CH content in a curtain should be controlled to not exceed 2%. The mechanical properties of
materials directly determine the structural performance; and thus, ageing damages will inevitably
lead to the degradation of a concrete dam, which is finally reflected by the bearing capacity,
stability, deformation resistance and seismic safety [20]. Numerical simulation is one of the most
used methods to study this problem. Campos et al. [21] simulated the deformation behaviour
of the Mequinenza concrete dam, by which the measured abnormal trend displacement was
demonstrated to be caused by the wet expansion-induced cracking in dam construction layer.
Based on the measured crack opening of the Fontana concrete gravity dam subjected to 13 years
of alkali-aggregate reaction, dynamic analysis results showed that the seismic displacement and
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cracking areas of the dam body would increase significantly, of which the maximum value of
the former changed from 1.0 to 1.8 cm [22]. According to the measured seepage dissolution of
some concrete dams, Wang et al. [23] found that the crest radial displacement of a high concrete
arch dam subjected to 100 years of seepage dissolution would increase by 1.7%. Furthermore,
to accurately simulate the real seismic response of concrete dams, earthquake input mechanism
is another important factor. The viscoelastic artificial boundary can not only absorb the scat-
tered wave energy on the intercepted calculation boundary but also simulate the recovery and
resilience of semi-unbounded foundation rock, thus it has been frequently used in the numerical
simulation [2,22,24].

To conduct seismic safety evaluations and reinforcement decisions for existing concrete dams,
it is urgent to reasonably consider the influence of ageing damages. The main shortages of
existing approaches are as follows. First, the spatially non-uniform deterioration of a concrete
dam has not been considered. In most cases, the deterioration degree of the whole dam body
or each divided region is assumed to be uniform. Second, many rules and models obtained
by laboratory ageing tests have not been fully applied to the field environment, and the most
used ageing models of concrete are still empirical models represented by service time, which
leads to incomplete consideration of the differences in the actual service environment of each
engineering project. In this study, according to the accelerated dissolution test and literature
data, a deterioration model using the cumulative relative leached calcium as the ageing index is
established in the first step, by which mechanical properties of leached concrete can be predicted
to adapt the numerical simulation of seepage dissolution for concrete dams. A coupled seepage-
calcium dissolution-migration model, which contains two calculation modes with the solid-liquid
calcium concentration in an equilibrium or nonequilibrium state, is then proposed and used for an
engineering example of a roller compacted concrete (RCC) gravity dam. According to the current
Chinese code of Seismic Design of Hydraulic Structures of Hydropower Project (NB35047-2015) [25],
nonlinear dynamic analysis is subsequently conducted to evaluate the seismic performance of the
deteriorated dam.

2 Mechanical Property Deterioration Model of Leached Concrete

Due to the very slow development process of dissolution, experimental data corresponding
to the deterioration of mechanical properties of leached concrete are very limited, especially the
seepage dissolution caused by hydraulic water pressure. More seriously, some research results have
been characterized by the relationship between mechanical properties and the dissolution time,
depth, and area ratio of concrete specimens, which are difficult to be converted into practical
engineering applications. The evolution of the compressive and tensile strengths of fly ash-added
concrete with respect to the cumulative relative leached calcium, obtained by Li et al. [13], is
shown in Fig. la, in which the strength grade of used concrete specimens is no more than C25.
In addition, the maximum dissolution degree in Fig. la is only 27%, whereas engineering practice
has shown that the dissolution degree of some local areas of concrete dam bodies is significantly
greater than this value [4,5]. Therefore, to obtain a more general deterioration rule corresponding
to a larger dissolution degree and higher strength grade, concrete specimens of three strength
grades, denoted as C40, C35 and C30, are made in this study. Mix proportions are given in
Table 1, where the cementitious material is the P. O 42.5 R cement, and a 0.5 mol/L nitric acid
solution is used for the accelerated dissolution test. The relationship between the normalized
compressive strength and cumulative relative leached calcium, with a maximum dissolution degree
of 52.3%, is then obtained and shown in Fig. 1b. It can be jointly concluded from Figs. 1a and 1b
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that the compressive and tensile strengths of leached concrete both exhibit an exponential decrease
with the increasing degree of calcium dissolution. The decay rate in Fig. 1b is obviously faster
than that in Fig. la, and the reasons can be summarized as follows. The cementitious material
of the former is only cement, while the latter is mixed with fly ash. According to the dissolution
mechanism of cement-based materials, the large amount of SiO; in fly ash can effectively reduce
the content of solid CH in hardened cement paste, while the decrease in strength caused by
calcium dissolution from CH is notably greater than that of the same content from hydrated
calcium silicate (C-S-H) [8].
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Figure 1: Relationships between concrete strength and the calculative relative leached calcium (f, =
compressive strength, f; = tensile strength) (a) Fly ash-added cement concrete (It is a copy version
of the original figure in reference [13]) (b) Cement concrete

Table 1: Mix proportions of concrete specimens

Strength Water to Water Cement Sand Granite gravel
grade cement ratio (kg/m?) (kg/m?) (kg/m?) (kg/m?)

C40 0.50 230 460 605 1075

C35 0.55 230 418 637 1085

C30 0.60 230 383 685 1072

The elastic modulus is also an important parameter used in the numerical simulation of
concrete structures, and experimental results have shown that the evolution law of elastic modulus
of leached concrete with respect to the dissolution time or depth is like that of the compressive
and tensile strengths [26,27]. Kong et al. [11] carried out seepage dissolution with large-scale
hydraulic concrete specimens, and the compressive strength and elastic modulus decreased by
2.24% and 4.10%, respectively, with respect to a calcium dissolution degree of 0.77%. In this
study, considering the approximate linear proportional relationship between the elastic modulus
and compressive strength of the dam concrete, it is assumed that the evolution law of the elastic
modulus with the calculative relative leached calcium is like that of the compressive strength;
thus, they can both be represented by an exponential function. According to the proportional
relationship, the coefficient of the exponential function used for the elastic modulus can then be
inversely calculated. Therefore, the normalized deterioration prediction model of the compressive
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and tensile strengths and the elastic modulus of hydraulic fly ash-added dam concrete can be
established and shown in Fig. 2.
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Figure 2: Deterioration models for mechanical properties of the leached concrete (f, = compressive
strength, f; = tensile strength, F = elastic modulus, Ac, = cumulative relative leached calcium)

3 Numerical Simulation of the Seepage Dissolution of Concrete Dams

3.1 Coupled Model of Seepage-Calcium Dissolution-Migration

The seepage dissolution of calcium in concrete dams involves two physical processes: seepage
flow and the dissolution-migration of solid calcium. The former obeys Darcy’s law, and in a
saturated state, the latter obeys Fick’s diffusion law and the law of conservation for calcium mass.
Therefore, the seepage dissolution process can be expressed in a coupled model as follows [28]:

0
'OSSE)_’; +V.-p(=k(Vp+pgVD)) =On
3 (0C; dC. &
% + 8—: =div [?Dion - VCion — uCion] .
U= —kV (i + D)
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where p is the water density, 1000 kg/m3. S is the water storage coefficient, p is the seepage water
pressure, and k is the permeability, g is the acceleration of gravity, 9.81 N/kg. D is the elevation,
Om is a source term, @ is the porosity, and Ci,, and Cs are the concentrations of liquid Ca?*
and solid calcium, respectively. T and § are the tortuosity and blocking rate of pores in concrete,
respectively. Dio, is the diffusion coefficient of Ca2*, u is the velocity of seepage water, div is the
divergence, and V is the gradient.

To solve the coupled model by numerical simulation, initial and boundary conditions are
necessary. For concrete dams, the initial condition and three types of boundary conditions should
be defined in the following forms:

(1) Initial condition of the whole dam region:

Cion (x, ¥, 2, 10) = Csatu (2)
p(x, y, 2 10)=0

where Cguy is the saturation concentration of liquid Ca?* in concrete pore solution.
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(2) Fixed value boundary:

[ v

where H; is the elevation of reservoir water level, and Cj is the concentration of liquid Ca* in
reservoir water.

(3) Fixed flux boundary:

—n-pu=0Qi
{ﬁ' (DionV Cion) = q1 @

where 7 is the normal direction of the boundary, Q; and ¢; are the known fluxes of seepage
water and liquid CaZ* through the boundary, respectively.

(4) Permeable layer boundary:

[—ﬁ-pu:prG%—;‘U—i—(Db—D)) )
- (DionV Cion) = q1 — 42 Cion

where R} is the external transmission rate, p, and Dy are the external pressure and elevation,
respectively, and ¢, is the boundary absorption coefficient.

3.2 Equilibrium and Nonequilibrium State of Solid-Liquid Calcium

If the pore solution in concrete does not flow, the dissolution rate of solid calcium is
generally faster than the diffusion velocity of liquid Ca?*, and it can be considered that there is a
thermodynamic equilibrium state between their concentrations, which is usually described by the
solid-liquid equilibrium equation [15], as shown in Fig. 3. The dissolution rate of solid calcium
can then be converted as follows:
dCs  9Cs 3Cion

= 6
t ~ 9Ciy, 0t (6)
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Figure 3: Diagram of the equilibrium and nonequilibrium relationships between solid and liquid
calcium concentration (x; and x, are two typical concentrations of the liquid Ca2*)
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In the case of a larger seepage velocity, the liquid Ca?* is quickly carried away by the flowing
water, which leads that the newly dissolved solid calcium cannot make up for the lost of Ca?* in
the pore solution, thus it results in an imbalanced relationship between their concentrations. To
solve this problem, Gawin et al. [17] described the dissolution rate of solid calcium by chemical
potential as follows:

aCs 1 G 1 G o
= As= / k(Cy)dCs= / k(C)dC—/ k(Cs)dC 7
at Tleach ’ Tleach J 54 ’ ’ Tleach | J? ’ ’ ? ’ ’ @)
1 (dc \7!
k(Cs) = ( ) ®)
’ Cion \dCion

where Tje,ch 18 the characteristic time of dissolution of the solid calcium-containing compound,
k (Cs) is the solid-liquid equilibrium constant, Cs? and Cse are the concentrations of solid calcium
in the equilibrium and nonequilibrium states, respectively, and Cg, Ccu, Ccsu and Cgaty are initial
concentrations of solid calcium, CH, C-S-H and liquid Ca?*, respectively.

3.3 Evolution of the Porosity and Permeability

The dissolution of solid calcium will increase the porosity of concrete, in which the dissolution
of CH produces macropores and leads to a significant increase in porosity. Only micropores,
which have little effect on the porosity, are formed due to the dissolution of C-S-H [6]. Therefore,
to simplify the calculation with high guarantee, the leached C-S-H is generally equivalent to
that of solid CH, and the porosity and permeability after dissolution can then be calculated as
follows [14]:

9:90+@(C§—Cs) ©)
PCH
k=ko-(8/60)° - [(1—6) /(1 —-O)F (10)

where 6y and ko are the initial porosity and permeability, respectively, and pcy and Mcy are the
density and molar mass of solid CH, which are 2240 kg/m? and 74 g/mol, respectively.

4 Case Study

An RCC gravity dam located in southwest China is taken as an example. It is composed of
17 dam blocks, and the joint width of each dam block is generally 20 m. The maximum dam
height is 85 m, and the cross section of the water retaining dam block is shown in Fig. 4. The
fortification against earthquake is determined with respect to an exceeding probability of 2% in
100 years, for which the horizontal peak ground acceleration at the surface of the dam foundation
is 0.154 g. The seismic dynamic analysis of gravity dams can be conducted for a single dam block,
so the water retaining dam block is used in this case. The seepage dissolution-induced spatially
non-uniform deterioration of the dam body within 100 years is first simulated, and the seismic
response of the deteriorated dam is subsequently analyzed and evaluated according to the current
Chinese code of Seismic Design of Hydraulic Structures of Hydropower Project (NB35047-2015) [25].



104 CMES, 2022, vol.131, no.1

\Aﬂ Unit of size: m

—— Fixed value boundary
—— Fixed flux boundary

Permeable layer boundary

| }-1C20
SH
Il
S D, = elevation
) w-RCC 11 b
L2 l’; /,Ph=0,q1=0,
21125 C g =u
ol J RCCI1
Gallery:
, H,=9.5
L5 8. /" D, = elevation !
|~ C, =0
3 Py = 0, 9, = 0, /
I = -
e}
3 0,=0, ¢,=0 OI
o 63 |

Figure 4: Material zones and seepage dissolution boundaries of the dam body

4.1 Seepage Dissolution Analysis
4.1.1 Calculation Model and Parameters

The coupling simulation of seepage and calcium dissolution-migration is implemented on the
COMSOL Multiphysics software platform, where Darcy’s law module and the convection-diffusion
equation module are jointly used. Due to the large volume of a concrete dam and the significant
difference of seepage velocity in different dam regions, it is difficult to strictly distinguish whether
the solid-liquid calcium concentration of the concrete inside the dam body is in an equilibrium
state. To solve this problem, numerical simulations under the equilibrium and nonequilibrium
states are both conducted in the first step. The calcium dissolution degree of each part of the
dam body is then determined as the larger value of these two.

For the stable seepage field without external source term in this paper, the two parameters S
and Q,, in Eq. (1) are both zero. The parameters used for the simulation of seepage dissolution
are shown in Table 2, in which Ccsy and Ccp are calculated by the Bogue method [16] according
to the mixture composition of dam concrete and the chemical composition of cementitious materi-
als. Generally, x|, x» and Cgayy used in the solid-liquid equilibrium equation are 2.0, 19.2 and 22.1
mol/m3, respectively. Referring to the conclusion drawn by Gawin et al. [17], the deviation distance
between Cs and C in the nonequilibrium state is determined to be 10 mol/m>. To consider the
most unfavourable condition, it is assumed that the drainage hole of the dam body is blocked.
The boundary conditions are shown in Fig. 4.

4.1.2 Results and Analysis

The distributions of seepage pressure and flow line in the dam body are shown in Fig. 5.
As seen in the figure, the distribution laws before and after 100 years of seepage dissolution
are basically the same. The anti-seepage measure of the normal concrete layer on the upstream
surface of the dam body, the thickness of which is 1.5 m, has obviously reduced the elevation
of the saturation line in the dam body. A large amount of seepage water seeps out from the
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surroundings of the gallery, especially the vault and downstream wall, and this phenomenon is
consistent with the observed distribution law of most concrete dams, such as the Shimantan RCC
gravity dam [19]. Due to the increase in concrete permeability caused by the dissolution of solid
calcium, the elevation of the saturation line in dam body significantly rises, with a maximum
distance of 1.3 m and an increase ratio of 3.1%.

Table 2: Parameters for the simulation of seepage dissolution

Category and strength Ccsu (mol/m?) Ccu (mol/m3) 6 Dion (m?/s) ko (m/s)
grade of dam concrete

NC (C20) 700.12 322.16 0.10 1 x 107° 1 x 10710
RCC I (C15) 362.92 166.99 0.14 1 x107° 1 x 107
RCC II (C20) 488.76 224.90 0.13 1 x 107° 5 x 10710

Note: NC = Normal concrete.
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Figure 5: Distributions of seepage pressure (Unit: Pa) and flow line in the dam body
(a) Unleached (b) Leached for 100 years

Under the equilibrium and nonequilibrium calculation modes, distributions of the solid cal-
cium dissolution in the dam body after 100 years of seepage dissolution are shown in Fig. 6.
As seen in Fig. 6a, in the equilibrium state, the main leached areas are the upstream surface of
the dam body, dam toe and gallery wall, with a dissolution depth of 4.0, 5.0 and 1.0 m, respec-
tively, and there is no calcium dissolution in the dam region within the dissolution front. From
the surface to the dissolution front, the distribution of remaining solid calcium concentration
is consistent with the solid-liquid equilibrium equation; thus, the concentration gradient in the
dissolution region is very large. Fig. 6b shows that calcium dissolution occurs in all areas of the
dam body when the nonequilibrium state is used. Except for the upstream surface and dam toe,
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the leached solid calcium in most areas of the dam body is approximately 1 mol/m? and is almost
linearly developed, as shown in Fig. 7. Therefore, the dissolution degree decreases with the initial
content of solid calcium in concrete. For RCC I, which occupies the largest volume proportion of
the dam body and has the lowest initial calcium content, the dissolution degree is 0.19% within
100 years. According to the deterioration models for mechanical properties of leached concrete
shown in Fig. 2, the compressive strength, tensile strength, and elastic modulus will be reduced
by 0.32%, 1.04% and 0.57%, respectively, which do not exceed the maximum allowable deviation
of 5% for hydraulic engineering. Therefore, the influence of seepage dissolution on the mechanical
properties of concrete inside the dam body is relatively small and can be ignored in simplified
analysis. The above differences between the two calculation modes can be interpreted as follows.
According to the solid-liquid equilibrium theory, the dissolution rate of solid calcium is much
faster than the migration velocity of liquid Ca?*, so the migrated liquid Ca?* can be made up in
a timely manner, and its concentration in the area behind the dissolution front is always in the
saturation state. However, for the nonequilibrium state, the dissolution rate of the solid calcium is
determined by the solid calcium concentration distance between the actual and balanced values,
and the migration velocity of liquid Ca®* is significantly accelerated by the seepage flow, so the
dissolved solid calcium cannot saturate the concentration of liquid Ca?*, which finally leads to
the larger dissolution areas of the dam body.
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Figure 6: Dissolution state of the dam body subjected to 100 years of seepage dissolution (Unit:
mol/m?) (a) Dissolution region of C; in the equilibrium state (b) Dissolution amount of Cs in the
non-equilibrium state
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Figure 7: Evolution of solid calcium concentration in the dam body with dissolution time under

the nonequilibrium state (The numbers in parentheses are coordinates, and the three points are in
concrete zones of the NC, RCC II and RCC I, respectively)

Overall, it can be concluded that there are notable differences between the results of the two
calculation modes, in which the equilibrium theory-based dissolution area is very concentrated
on boundaries with a higher dissolution degree, while all areas of the dam body are leached
to a slight degree for the nonequilibrium theory. In this study, to consider the influence of
the uncertainty of the equilibrium or nonequilibrium state of solid-liquid calcium concentration
anywhere, the dissolution degree of each part of the dam body is taken as the larger value of
these two calculation modes. Furthermore, according to the simulation results shown in Fig. 6, the
overall dissolution degree of this dam after 100 years is approximately 2%. The observation results
of some concrete dams reveal that the seepage dissolution seriously occurs through cracks. Such
as an RCC gravity dam in China, which was built in 1993 and had many penetrating cracks in
the dam body, according to the measured amount of leached Ca?* in 2003, the overall dissolution
degree after 100 years was estimated to be 13.6% [23]. Therefore, for these concrete dams, the
seepage dissolution in concrete cracks should be specially considered according to their location,
direction and opening, and this will be a key research focus for the ageing of concrete dams in
the future.

4.2 Seismic Dynamic Analysis

According to the Chinese code of Seismic Design of Hydraulic Structures of Hydropower project
(NB35047-2015) [25], the mass of a near-field foundation and the radiation damping effect of a
far-field foundation should be considered in the seismic safety evaluation of concrete dams whose
seismic fortification category is Class A. The key issue involved in this requirement is to eliminate
the reflection of scattered waves to achieve the propagation of waves from the calculation domain
to the far-field infinite domain [24]. The seismic fortification category of the analyzed dam is also
in Class A. To solve this problem, the concentrated viscoelastic artificial boundary is used in this
study to achieve the above requirements, by which spring damper elements are attached on the
intercepted artificial boundary, and the detailed steps and methods have already been discussed
in our previous study [2]. Furthermore, static loads should also be considered, which leads to the
spring damper elements being deformed before simulating the earthquake load; thus, the induced
deformation should be eliminated. To achieve this goal, static analysis can be implemented in the
first step, and the node reaction at the fixed end of each spring damper element can be extracted.
Loading all the static loads in the initial state, nonlinear dynamic analysis is then conducted
under seismic time history excitation, during which the node reaction obtained in the first step
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is superimposed with the equivalent node load of the seismic wave and is then applied to the
artificial boundary node.

4.2.1 Calculation Model and Parameters

Taking the heel and toe of the dam body as reference points, the simulation ranges of the dam
foundation in the upstream, downstream, and vertical directions are all determined to be 2 times
the dam height. According to the simulation results discussed in Section 4.1.2, the dissolution
degree at the surface of the leached areas changes sharply, as shown in Fig. 6a. Therefore, these
areas are divided into fine meshes with a length of no more than 0.2 m, and the meshes are then
gradually changed to large size used inside the dam body and the dam foundation. The finite
element model is shown in Fig. 8.

e
Spring-damper
o~ Hcomponenls. _(.'_ﬁ.\\\

-
”

(a) (b)

Figure 8: Finite element model (a) Complete model with the concentrated viscoelastic artificial
boundary (b) Details of the upstream surface and gallery

The static loads include the self-weight of the dam body, the static water pressure correspond-
ing to the normal water level of the upstream and downstream reservoirs, the wave pressure, and
the sediment pressure (the design sedimentation depth is 41.84 m within 100 years). According
to the Chinese code of NB35047-2015 [25], horizontal and vertical seismic actions should be
considered at the same time, in which the peak acceleration in the vertical direction is generally
taken as 2/3 of the horizontal design value, and for concrete gravity dams, horizontal seismic
action only needs to be considered along the river direction. The seismic action contains the
hydrodynamic pressure and inertial force, of which the former is frequently conducted by the
additional mass method proposed by Westergard [2], and the latter is converted into the equivalent
nodal load when using the viscoelastic artificial boundary. Time series of acceleration of the design
seismic wave in the horizontal direction is shown in Fig. 9.

The design values of the physical and static mechanical parameters of the dam body and
foundation are given in Table 3. The mechanical parameters of leached concrete at each part of
the dam body are determined according to the remaining concentration of solid calcium and the
deterioration model shown in Fig. 2. Taking the C20 normal concrete layer as an example, which
has a thickness of 1.5 m and is poured on the upstream surface of the dam body, the static
mechanical parameters after 100 years of seepage dissolution are given in Table 4. The dynamic
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values of the strength and elastic modulus of concrete are 20% and 50% higher than the static
values, respectively [25].
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Figure 9: Time series of acceleration of the design seismic wave

Table 3: Design values of the physical and static mechanical parameters of the dam body and

foundation

Category Weight (kN/m?) E (GPa) Poisson’s ratio Je (MPa) Jfi (MPa)
NC (C20) 24.0 19.6 0.167 18.5 1.60
RCC I (C15) 24.0 17.9 0.163 14.3 1.32
RCC 1I (C20) 24.0 19.6 0.163 18.5 1.60
Foundation 26.2 9.0 0.24 /

Table 4: Static mechanical parameters of dam concrete in C20 zone after 100 years of seepage

dissolution

Element layer Cs (mol/m3) Dissolution degree (%) E (GPa) fe (MPa) f: (MPa)
1 297 70.95 2.32 5.47 0.03

2 553 4591 4.93 8.40 0.13

3 678 33.68 7.12 10.37 0.25

4 776 24.09 9.50 12.23 0.42

5 873 14.60 12.63 14.39 0.71

6 970 5.11 16.81 16.94 1.21

7 980 4.14 17.31 17.23 1.27

8 1002 1.98 18.46 17.88 1.43

Note: The denoted number of element layer starts from the upstream boundary in Fig. 8b.

When suffering an earthquake, it is inevitable that the concrete of the dam body will be
cracked or damaged, especially old dams. Therefore, to accurately obtain the seismic dynamic
response of concrete dams, it is very important to reasonably characterize the mechanical
behaviour of the dam concrete. The smeared crack model, as shown in Fig. 10, disperses
the actual crack into the whole element without characterizing its position and direction in
advance [29]. It is only necessary to treat the material as anisotropic when the maximum principal
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stress at the integration point exceeds the cracking stress, and the induced mechanical property
degradation is then realized by adjusting the constitutive relationship. The smeared crack model
is used in this study to simulate the nonlinear fracture of dam concrete under earthquake action,
and the dissolution-induced deterioration of concrete is determined as the initial condition before
an earthquake. Furthermore, to avoid the sensitivity of element size in the FEM simulation,
the ultimate strain (e7) in Fig. 10 is adjusted according to the characteristic length of element
(l,) [22,24], and three kinds of /. are used in this study for elements in the fine mesh region,
transition region and large mesh region, respectively.
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Figure 10: Uniaxial stress-strain curve of concrete based on the smeared crack model

4.2.2 Dam Displacement

In case of the fortification against earthquake, the horizontal displacement of the dam crest
along the river direction is shown in Fig. 11, where a positive value means the displacement
towards the downstream direction. As seen in the figure, the vibration law of the dam crest is
basically the same for the conditions before and after 100 years of seepage dissolution. However,
the fluctuation amplitude and convergence value of the dam crest displacement increase obviously
in the later condition, in which the convergence value is the displacement under the combination
of all static loads. The maximum displacements towards the upstream and downstream directions
are —6.56 and 24.30 mm, —9.86 and 27.75 mm, and the convergence displacements are 8.57 and
9.16 mm, respectively, which shows an increase ratio of 6.9% and 21.9% for the static and dynamic
displacements at the dam crest.

4.2.3 Seismic Cracking of Dam Body

The failure mode of the dam body, which can be represented by the distribution of equivalent
cracking strain-based cracking areas [30,31], is shown in Fig. 12. As seen in the figure, for the
unleached condition, only a small cracking area intensively appears in the dam heel, and the
cracking depth does not exceed the centreline of the dam foundation curtain, which confirms
the good design compliance of this dam to the requirements of the Chinese seismic design code
for concrete gravity dams. Subjected to 100 years of seepage dissolution, due to the serious
deterioration on the upstream surface of the dam body and the inherent stress concentration effect
on the crest of gravity dams [32], the seismic cracking area first appears on the upstream surface
of the dam body at the elevation with respect to the break point of the downstream slope, and
it rapidly expands to the dam crest and the low elevation, which ends at 1/4 of the dam height
above the foundation plane. The cracking area also intensively extends to the inside of the dam
body between elevations of 2/3 and 1/2 of the dam height above the foundation plane, with a
cracking depth of 5.8 m and a cracking angle of approximately /4 with respect to the horizontal
direction. The cracking depth of the upper 1/3 of the dam height is approximately 1.5 m, which
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indicates that the normal concrete impervious layer on the upstream surface of the dam body is
completely cracked and fails.
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Figure 11: Time series of the horizontal displacement of the dam crest along the river direction
(Difference is the displacement difference between the two conditions)

AMAAA

Figure 12: Sketch map of equivalent cracking areas of the dam body under the design earthquake
(a) Leached for 0 year, t = 40.96 s (b) Leached for 100 years, t = 0.8 s (¢) Leached for 100 years,
t = 9.8 s (d) Leached for 100 years, t = 20 s (e) Leached for 100 years, t = 40.96 s

4.2.4 Principal Stress of Dam Body

The distributions of envelope values of the maximum and minimum principal stresses under
the design earthquake are shown in Figs. 13 and 14, respectively. After eliminating the influence
of the stress concentration phenomenon in the finite element method, the dynamic tensile and
compressive stresses of the dam body in the no dissolution state are both small and do not exceed
the strength design value, of which the maximum stresses are approximately 1.5 and 3.5 MPa,
respectively. After 100 years of seepage dissolution, the stress in the cracking area of the upstream
surface of the dam body, with respect to Fig. 12e, is very large and has exceeded the current
strength of leached concrete, so it is finally in a state of cracking failure, which also leads to a
significant increase in the tensile stress near the breakpoint of the downstream slope of the dam
body. If the earthquake intensity further increases, the cracking area will connect at this elevation
from the upstream to downstream side. Furthermore, due to the softening effect of dam concrete
caused by seepage dissolution, the stress concentration areas at the dam heel and toe both move
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to the interior of the dam body. Seepage dissolution has no obvious effect on the tensile stress
around the gallery, as shown in Fig. 15, but it is also very dangerous, especially the top arch and
the upstream sidewall, where the maximum tensile stress is close to 1.0 MPa, and thus, these areas
are weak in resistance against earthquakes. Overall, although large-scale cracking areas are formed
on the upstream surface of the leached dam body under the design earthquake, the large volume
of a concrete gravity dam can still ensure that the stress status of the remaining dam body does
not change significantly and is in a controllable state.

0 10 20 30 40 50 60 30 40 50 60

(a) (b)

Figure 13: Envelop diagram of the maximum principal stress of the dam body (a) Unleached (b)
Leached for 100 years

4.3 Seismic Dynamic Analysis

According to the Chinese code of NB35047-2015, the strength of a hydraulic structure under
the most unfavorable load combination should meet the ultimate state of bearing capacity, which
is defined as follows [25]:

1
YopS (%) < ZR(*) (11

where yy is the structural importance coefficient and 1.1 for security level I in this case, ¢ is
the design condition coefficient and 0.85 for the seismic combination, and y,; is the structural
coefficient and 1.3 and 0.7 for the compressive and tensile strength checks, respectively. S (x) is
the value of the effect quantity under the design load combination, and R (x) is the design value
of the structural resistance.
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Figure 14: Envelop diagram of the minimum principal stress of the dam body (a) Unleached (b)
Leached for 100 years

Figure 15: Envelop diagram of the maximum principal stress around the gallery (a) Unleached (b)
Leached for 100 years

According to the maximum dissolution degree at each part of the dam body, as shown
in Fig. 6, the remaining tensile and compressive strength of the leached dam concrete can be
predicted by the deterioration models shown in Fig. 2. The envelope values of principal stress
are then used to conduct the strength check, and the failure areas of the dam body are shown
in Fig. 16, where the failure of tensile strength accounts for almost all the proportion. As seen
in the figure, the strength failure area is only a small part at the dam toe for the unleached
condition, while it is widely distributed for the deteriorated dam subjected to 100 years of seepage
dissolution. The failure area of tensile strength increases sharply at the dam toe, with a depth and
height of approximately 5.0 and 11.0 m, respectively. The failure range of the dam heel is within
4.0 m from the upstream surface, which has not yet reached the centreline of the dam foundation
grouting curtain. However, the depth of the strength failure area on the upstream surface of the
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upper dam body is more than 4 m; thus, it has exceeded the impervious layer of this RCC dam,
which is composed of the normal concrete and RCC II layers, with a thickness of 1.5 and 2.5 m,
respectively. For long-term leached concrete dams encountering a design earthquake, the widely
distributed potential cracking area does not satisfy the seismic requirements in the Chinese code of
NB35047-2015, and the anti-seepage system of the RCC gravity dams will be seriously damaged.
Therefore, the upstream surface of concrete dams subjected to the long-term deterioration of
seepage dissolution should be strengthened to improve the seismic resistance.
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Figure 16: Strength failure areas of the dam body under the design earthquake (a) Unleached (b)
Leached for 100 years

5 Conclusion

To quantify the influence of seepage dissolution on the seismic performance of concrete
dams, laboratory tests of concrete specimens and numerical simulation of concrete dams are
connected by using the cumulative relative leached calcium as the aging index, and deterioration
models are established to predict the mechanical properties of leached concrete. The seepage
dissolution-induced spatially non-uniform deterioration of a concrete dam is modelled, and the
seismic response of the deteriorated dam is subsequently analyzed and evaluated according to the
current Chinese code of NB35047-2015. The following conclusions can be drawn:

(1) For the two calculation modes with equilibrium and non-equilibrium states of the solid-
liquid calcium concentration, the seepage dissolutions of a concrete dam both develop from
the surface to the inside of the dam body, and the main dissolution areas are the upstream
surface of the dam body, dam toe and gallery wall. In the equilibrium state, the dissolution
degree of the above regions is obviously greater than that in the nonequilibrium state, with
a value of 1.98% at a depth of 1.5 m from the upstream surface. However, the dissolution
area obtained by the nonequilibrium state is obviously larger. All areas inside the dam
body also suffer a slight degree of calcium dissolution, as in the case of the C15 RCC of
the analyzed concrete dam, whose dissolution degree is 0.19% within 100 years.
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(2) Seepage dissolution will lead to a rise in the saturation line, with an increased ratio of
3.1% within 100 years. For the design earthquake coupled with 100 years of seepage
dissolution, the static and dynamic displacements of the dam crest along with the river
direction increase by 6.9% and 21.9%, respectively, and a large range of strength failure
areas, mainly distributed at the dam toe and the upstream surface of the dam body where
the relative elevation is higher than 1/4 the dam height, are newly formed with cracking
depths of 5.0 and 4.0 m, respectively. Therefore, the anti-seepage system of the RCC dam
will be destroyed, and seismic reinforcements need to be conducted for these concrete dams
subjected to the long-term deterioration of seepage dissolution.
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