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Abstract: Asphalt concrete impervious facings, widely adopted as the impervious structures for
rockfill dams and upper reservoirs in pumped storage power stations, typically have a multilayer
structure with a thin sealing layer, a thick impervious layer, and a thick leveling bonding layer. The
properties of the interfaces between these layers are crucial for the overall performance of the facings.
This paper develops a model to investigate the complex interface damage behavior of the facing
under static water pressure and gravity. The model considers two damage origins: one is the interface
adhesion-decohesion damage, which is described by the cohesive zone model (CZM) combined with
the Weibull-type random interface strength distribution, and the other is the bulk damage of each
layer, described by Mazars’ model. Primarily, a comparison between numerical simulation and indoor
direct shear tests validates the reliability of the CZM for the asphalt concrete layer interface. Then,
the damage distribution of the two interfaces is simulated, and the characteristics of the interface
stress are analyzed in detail. The interface shear stresses of the ogee sections, which have different
curvatures, all show an interesting oscillation between the thin sealing layer and the impervious layer,
and the interface damage at this interface exhibits high heterogeneity. Furthermore, tension stress
exists in the local zones of the ogee section, and the damage in this section is significantly greater
than in other parts of the facings.

Keywords: adhesion—-decohesion damage; Mazars damage; cohesive zone model; impervious facings

1. Introduction

Asphalt concrete impervious facings have been widely used as seepage control struc-
tures in embankment dams since the 19th century [1] in Europe. Today, simple-section
asphalt impervious facing has been extensively applied in pumped storage hydropower
projects in China [2] due to its many advantages, such as the ease of construction, adaptabil-
ity to settlement, and resistance to freeze-thaw [3]. This layered structure consists of a thin
sealing layer, a thick impervious layer, and a thick leveling bonding layer. The interlayer
properties are essential to the performance of the facings [4]. Under the combined effects of
internal and external stresses, the interfaces between the layers may experience various
forms of damage, such as adhesion and decohesion [5]. Subsequently, water vapor may en-
ter through the damaged interfaces, causing blistering, cracking, and wrinkling, ultimately
leading to the failure of the impervious system [6]. Therefore, the damage degree at the
bonding interface is an essential indicator for assessing the performance of impervious
facings [7].

It is worth noting that scholars have extensively studied the interface damage mecha-
nism of asphalt mixtures and the factors influencing their pavement performance [8]. Indoor
tests have shown that the interlayer bonding strength of asphalt concrete in road engineer-
ing is related to factors such as the temperature and the amount of asphalt sprayed [9,10].

Materials 2024, 17, 3310. https:/ /doi.org/10.3390/ma17133310 https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma17133310
https://doi.org/10.3390/ma17133310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma17133310
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17133310?type=check_update&version=2

Materials 2024, 17, 3310

2 of 25

These results are useful for reference purposes in impervious facings. However, it is often
difficult to use them directly to evaluate the layer interface strength in facings, mainly
due to limitations in the sample size and structure, as well as the experimental conditions.
Specifically, the thickness of the sealing layer is too thin for direct-shear tests and too thick
to be suitable for indentation and scratch tests [11,12].

In light of the above difficulties in relation to experiments, numerical methods such
as the discrete element method (DEM) and the finite element method (FEM) are powerful
tools for investigating the layer interface damage and seepage mechanism of impervi-
ous facings [13]. DEM models the behavior of materials through particle discretization
and possesses prominent advantages in treating the complex contact behavior between
many particles [14-18]. However, the key problem is that the parameters of the contact
model, which is an important cornerstone of DEM, such as the spring stiffnesses, fric-
tion coefficients, and viscosity coefficients, are difficult to calibrate through conventional
experiments [19]. In contrast, FEM is a method used to solve the physical problems of
continuous media by discretizing them into a finite number of elements and only needs
several parameters that have clear physical definitions and can be easily obtained by ex-
periments [15]. Furthermore, thanks to the development of the CZM based on interface
and damage mechanics [16], FEM can well describe the crack initiation and propagation
process in brittle and quasi-brittle materials, and also the interfacial damage behavior,
including sliding, debonding, and shear failures, in composite materials and structures [20].
Therefore, FEM combined with the CZM is an effective approach to establishing a practical
and reliable model of the interface mechanics of impervious facings.

When the FEM combined with the CZM is used to analyze the interface mechanical
contact problems of impervious facings, it is almost always inappropriate to assume
perfect bonding at the interfaces, as they are affected by many unavoidable factors, such
as the inhomogeneous bonding strength from construction defects and physical property
deviations [20,21]. The inhomogeneous bonding strength significantly affects the adhesion
and decohesion between layers of these facings and can be represented by introducing a
random distribution of the interface layer strength [22,23]. From previous research [24,25],
the Weibull distribution model can describe the randomness of the interface strength
in composite materials. Note that neglecting this randomness can lead to discrepancies
between simulation results and actual performance [26,27]. The decision to use COMSOL
Multiphysics 6.2® for the simulation is based on several considerations. Although it
involves a large computational load when dealing with mechanical contact, it ensures
precision and has computational advantages in modeling interfacial damage.

In addition, asphalt concrete impervious facings belong to the so-called film-substrate
systems, and the curvature of the ogee sections strongly influences their mechanical behav-
ior. The outer sealing layer of the simple-section impervious facing is formed by brushing
SBS-modified asphalt mastic, which then solidifies onto the inner layer. This layer is rather
thin, only about 2 mm, and very soft, with a relatively low stiffness; in comparison, the
other two layers are relatively thick, about 8-10 cm, with much higher stiffness [28-30]. As
indicated by previous studies [31,32], the initial curvature plays a key role in the wrinkling,
instability, and post-buckling of the surface thin films in these systems. Accordingly, the
curvature of the ogee sections will strongly affect the mechanical performance of impervi-
ous facings. The potential interface wrinkling between the sealing and impermeable layers
may be a vital incentive for the progressive damage and leakage of facings. Therefore, eluci-
dating the instability and failure mechanisms of the interlayer interfaces in the impervious
facings with different curvature ogee sections is of great significance.

In this study, we have developed an interfacial mechanical behavior model based on
two hybrid damage models. Utilizing the results from the indoor interface direct shear
tests obtained from Ref. [11], we have validated the applicability of the proposed interfacial
damage model for asphalt mixture under direct shear conditions. This model not only
takes into account the micro-mechanisms of material damage but also specifically considers
the impact of random strength on the adhesion—debonding damage. Furthermore, we have



Materials 2024, 17, 3310

30f25

extended this model to asphalt mixture multi-layer impervious facings by considering
the bi-parameter Weibull random modulus, and we have explored the shear stress and
adhesion—decohesion damage distribution characteristics on the double-layer interface of
the anti-arc segment under different curvature conditions, as well as the influence of the
Weibull modulus parameters on the interfacial damage evolution process. In the construc-
tion of impervious facings, the material construction techniques, quality fluctuations, and
the uncertainty of the adhesion forces between each layer of the sealing layer, impervious
layer, and leveling bonding layer are three key factors that affect the structural performance.
The Weibull random modulus distribution can effectively simulate the randomness of
these factors, thereby helping to assess and predict the impact of the material strength and
construction quality on the structure, as well as the risk of adhesion failure.

2. Model Specification and Simulation Method
2.1. Damage Model
2.1.1. Interface Adhesion Mechanical Damage

The CZM has been well developed and widely applied in the simulation of the cracking
of quasi-brittle materials, including concrete-like materials, and it is especially useful for the
interface [33]. The model assumes the existence of a small fracture process zone at the crack
tip region, and the cohesive forces prevent the separation of the crack interface. Commonly,
the stress-displacement function is generally used to describe the crack behavior, so a
displacement-based damage model is appropriate, in which the damage variable Dg;sp is
positively correlated with the displacement variable. Due to the mixed mode of fracture
patterns, including modes I and II, a mixed mode displacement uy, is introduced as the
norm of the jump vector of displacement and can be expressed as Equations (1) and (2) [34]:

tm = [[ul]. ©)

0 u <u
Ddisp _ ' B m,max Om , (2)
mln[P (um/max)/ 1} um,max Z uOm

The variable D5, represents the damage variable. During the shearing process, the
damage variable increases, leading to interface softening until the interface undergoes
ultimate failure. Before calculating Dy;s), it is necessary to compute the maximum value
um in the loading history within the finite element. This expression involves the damage
evolution function F~! and the initial damage variable ¢y, where 1oy, is the beginning
of the definition of damage, or what can be called the damage threshold. Essentially,
it involves solving the equation for the stress vector f, where the CZM can be seen as a
regularization of linear elastic fracture mechanics, distributing the energy release rate across
the entire interface region. This distribution leads to a progressive process of delamination
and damage at the interface rather than to sudden fracture at a single point. The stress
vector is defined as f = (1 — Dy, ) Ku, where K is the stiffness matrix. Here, F ~! represents
the softening phase of the traction—separation law F and can be defined as [34]:

_ Ufm , Ummax — U0m
F! = : 3
(um,max> Um,max ( Ufm — UOm )’ ©)

where g, is defined as the critical displacement for linear mixed-mode fracture oy, and

can be written by:
urz‘n 1/2 ) (4)

Upm = UptUo (—
" ) <“I>2”’(755 + uIZIu%t

The values of ug = ,‘:—; and ugs = % are calculated based on the interfacial tensile
strength o, the normal stiffness k,, the interfacial shear strength og, and the tangential
stiffness k;.
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It should be noted that the failure displacement of the mixed mode is determined
using the Benzeggagh—Kenane criterion, which is crucial for solving the interfacial shear
stress and can be defined by [35]:

Gn

Get + (Ges — Gcs)(m

)" =G+ G 6)

According to the equation above, Gt and G are the energy release rates for the tension
and shear mode, respectively, and « is the mixed-mode index. Based on the equation above,
the failure displacement 1, can be defined as [35,36]:

212 k,ﬁ—zulzl
— “m __ [G + G —G n a wr >0
Umf = Um0 (knlllz+kt1/l%1) [ ct ( © Ct) ( u%-&-,’:—;uﬁ )] I . (6)
2Gcs 1 <0

Os

The computational model in this study is subject to geometric nonlinearity during
the simulation. To prevent errors related to surface embedding, it is necessary to define
a search criterion for the target boundary in relation to the source boundary. To achieve
this, a penalty function is introduced to restrict unreasonable gaps. This function can be
expressed by the following equation [34]:

T, =) “Pn8nTPo & < po/pn @)
0 gn > PO/Pn

Conceptually, the penalty function method involves the insertion of a nonlinear spring
between contact surfaces to prevent the derivation of unreasonable results. The penalty
factor p, can be interpreted as the stiffness of the spring. In the context of the current
computation, it is noteworthy that the variables g, and T, in the equation are restricted
by the Kuhn-Tucker conditions to ensure non-negativity. The penalty factor p, and the
zero-gap pressure pg are introduced to prevent the occurrence of overclosure at the interface
and to correctly calculate the contact pressure Tj,.

2.1.2. Bulk Viscoelastic Damage Model

The small deformation behavior of asphalt concrete facings under static water pressure
and gravity follows the linear viscoelastic (LVE) laws. The LVE behavior of the mortars in
the closed layer, impermeable layer, and leveling bond layer of asphalt concrete facings
can be well described by the generalized Maxwell model. This model can linearly combine
the elastic and viscous responses of the material, represented by the elastic modulus and
viscosity, respectively, to accurately describe the LVE behavior of the material. The time-
dependent modulus of asphalt concrete can be represented by the Prony series in Equation
(8b), and the formulations of these equations are given by [37,38]:

M
ojj =0 + o
=% % , (52)
g0 om . omeel m-vi
Eij =& =& =& +sij

M
t
E(t) = Ew+ Y Emexp(——), (8b)
m=1 Pm
where (Tl?}1 and s‘i’;? are the stress and strain of the single spring element, (7{}1 and 871-1]1- are

the stress and strain of the m-th Maxwell branch, and "¢/ -0l

" "
component and viscous strain component of the m-th Maxwell branch, respectively. E, is
the long-term equilibrium modulus, and note that it is given in the parent Linear Elastic

Materials menu in COMSOL Multiphysics 6.2®. M is the total number of Maxwell branches,

and ¢ are the elastic strain
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E;, is the bulk modulus of the m-th Maxwell branch, and p,, is the relaxation time of the
m-th Maxwell branch. The Prony parameters series are shown in Table 1.

The asphalt concrete impervious facing is a composite material that consists of three
layers and exhibits properties similar to concrete. To characterize the evolution of bulk
damage during the LVE phase, the well-known Mazars damage model can be employed.
This model has been widely applied to materials with concrete-like behavior. It introduces a
damage scalar and defines the effective stress as a function of the damage variable, thereby
describing the progression of bulk damage within materials. The viscoelastic constitutive
relationship of the asphalt concrete impervious facings can be expressed as follows [39]:

oi = (1= Dm)7jf’, ©a)
1 _ K[)(l*At) _ A
D — Dt(g) =1 T exp[Bt(é—KO)] (9b)
M= D@ =1 msa) T

: exp[Be(e—x0)]

where al?f is the nominal viscoelastic stress tensor, 5};‘3 is the effective stress tensor, and
Dy € [0,1] is the Mazars damage variable. Moreover, k( represents the initial damage
threshold, and ¢ is the Mazars equivalent strain; and A¢, Ac, B, and B, are parameters

measured experimentally.

Table 1. Viscoelastic Prony series for the modified asphalt mortar.

i 1 2 3 4 5 6
Sealing layer 2 7( s) 1x1078  2x1072  3x107" 25x1071 18x1077 12x1078
E;(MPa) 4.44 7.16 10.9 15.7 21.7 28.4
i 1 2 3 4 5 6
Impervious layer P 7(s) 1429 148.5 17.57 2.080 0.2015 0.02615
E;(MPa) 2131 1491 1305 826.1 384.3 199.7
i 1 2 3 4 5 6
Leveling and bonding © 7i(s) 2 x 10 2 x 102 2 x 10! 2 2 x 1071 2 x 1072
E;(MPa) 116.6 2739 597.7 1142.0 1844.0 2499.8

2 The data for leveling the cemented layer are from Ref. [40]. b The data for leveling the cemented layer are from
Ref. [41]. © The data for leveling the cemented layer are from Ref. [42].

2.2. Geometric Model, FE Mesh and Constitution Parameters

From top to bottom, the facing comprises sealing, impervious, leveling, and bonding
layers. The sealing layer includes modified asphalt mastics, an impenetrable layer of
modified asphalt concrete, and the leveling and bonding layer consists of ordinary asphalt
concrete. The design mix ratio parameters of each layer can be found in Table 2. And the
grading curve is shown in Figure 1.

Table 2. Asphalt mixture sieving rate.

Impervious layer

Sieve size (mm)

16 13.2 9.5 475 2.36 1.18 0.6 0.3 0.15 0.075

Passing rate (%)

100 93.2 87.5 73.5 60.1 42.5 30.6 19.3 13.3 12.0

Leveling and
bonding layer

Sieve size (mm)

16 13.2 9.5 4.75 2.36 1.2 0.6 0.13 0.15 0.075

Passing rate (%)

92.2 75.0 65.8 37.3 29.2 20.8 15.4 10.4 7.6 7.0
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Figure 1. Grading curves.

According to Ref. [43], it is known that the slope ratio of asphalt concrete facings
in pumped storage power plants typically ranges from 1:1.4 (33.9°) to 1:1.7 (39.5°). The
ogee section corresponds to angles of 61, 6, and 63. Moreover, 01, 85, and 63 represent the

curvature k] = 1/45m~ !, xp = 1/47.5m™!, and x3 = 1/50 m~!, as shown in Figure 2.
Note that the e; vector is a consequence slope.

- 9|=33.9°;K1=l/45

0:=36.7%1:=1/47.5 \

0:=39.5°%k3=1/50

120

10

/'

Figure 2. Geometric model of impervious facings.

To ensure geometric integrity, cylindrical shells are employed to create three distinct
layers, followed by a process of geometric assembly that combines the sealing layer, the
impervious layer, the leveling, and the bonding layer interfaces, forming a pair of interfac-
ing layers. It is important to note that the straight plate section of the longitudinal slope is
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formed by extending the column shell outward from the plane along the slope rather than
by splicing. This technique is utilized to prevent any geometric and calculation errors.

The mesh is generated through boundary mapping and geometric sweeping. The
mesh is refined at the contact interface. Four layers thicken the sealing layer, while the
impervious layer and the leveling and bonding layer are each thickened by ten layers. The
hexahedral mesh count is 95,088, as shown in the local magnification in Figure 3. During
computational simulations, a second-order polynomial function is utilized to define the
shape functions of the elements. While this approach may entail increased computational
expense, it confers the advantage of enhanced simulation accuracy. In practice, within
the COMSOL Multiphysics 6.2° platform, second-order discretization is often employed
by default for numerous scenarios. This preference is partly attributed to the fact that
many partial differential equations incorporate a predominant second-order derivative
term, and the utilization of second-order polynomials facilitates the more precise capture
of the characteristics inherent to these derivatives.

Figure 3. Finite element mesh discretization of the impervious facing.

Notice that the strength of the two adhesion—decohesion interface models and the
strength of the tensile and tensile parameters are considered in four groups: Wy, Wy, W3,
and W in the following Section 2.3.

For the convenience of calculation, we consider each layer of the asphalt mixture as
an isotropic and homogeneous viscoelastic material, taking into account the mechanical
properties and design factors and the interface parameters between each layer. According
to the literature, the ideal interfacial shear and tensile strength can be achieved when the
interlayer spraying amount is 1.8 kg/m?. The relevant calculation parameters are listed in
the following Table 3.

Table 3. Calculation parameters.

Young's Modulus Tensile Strength Compressive Density Poisson’s Ratio
(GPa) (MPa) Strength (g/cm®) 0
(MPa)
Sealing layer 2 0.086 7.6 2.61 173 0.2
Impervious layer 1.30 1.37 5.52 2.44 0.25
Leveling and bonding layer P 1.80 1.2 4.82 2.31 0.32
Tensile strength Shear strength
(MPa) (MPa)
Interface © 0561 0.9362
Interface (Random) Tensile(x,y,z,5?) Shear(x,y,z,5})

2 The data for sealing layer are from Ref. [44]. P The data for leveling and bonding layer are from Ref. [45]. <! The
tensile strength for leveling the cemented layer is from Ref. [27]. <2 The shear strength for leveling the cemented
layer is from Ref. [46].
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2.3. Random Strength with Weibull PDF

It is worth noting that the spatial random distribution function is used as the shear/
tensile strength of the bond layer in accordance with the actual construction conditions.
The three-dimensional (3D) Weibull probability density function (PDF) is widely used
in engineering and reliability engineering. It usually describes the fatigue life or failure
probability of materials or structures in the three-dimensional space. A two-parameter
Weibull probability density function distribution, as shown in Figure 4, is implemented
in COMSOL Multiphysics 6.2° by using the function definition in Equation (10). The
solid line and point plots represent the distribution of the interfacial shear strength
and the distribution of the interfacial tensile/compressive strength, respectively. Here,
A=09M=12A=115M=12A=09M =141 =125M=12,A =09, M = 1.6,
A=135M =12, A =09, M = 18, A = 1.45,M = 1.2 are divided into four groups
of interfacial tensile/compressive strength distributions, denoted as Wy; Wy; W3; and Wy,
respectively. Additionally, W; represents A = 0.9, M = 1.2 (Weibull parameters for shear
strength) and A = 1.15, M = 1.2 (Weibull parameters for tensile strength).

[—i=0.9;m=1.

—e—J=1L15M=1.2
—+—3~125M=1.2

3=0.9;M=1.4) ——3=135M=1.2
07 3=0.9;M=1.8| 0.5 A\ I —+—3=1.45;M=1.2
o6 g
e 0.4
o5/ N\ z
= T03
0.4 &
= |
Z z
_§ 0.3 2 024 N
= A
0.2
Q.1 e R
0.1
0-“ T T T T T T 1 0'0
0 1 2 3 4 5 6 0 i 2 3 4 5 6
Randomly distributed interface cohesive strength (MPa) Randomly distributed interface cohesive strength (MPa)
(a) (b)

Figure 4. Interface random strength for the (a) shear strength and (b) tensile strength.

To generate the strength values following the Weibull distribution in space, the bound-
aries of a geometric figure are defined as the upper and lower limits of a random coordinate
interval. Within this coordinate interval, the 1.2 x 10 spatial points (x,y,z) and random
intensity values obeying the Weibull distribution are generated by MATLAB, ensuring no
missing values on the grid calculation nodes. Subsequently, each random strength in the
spatial domain is combined with spatial coordinates to form a dataset S, = (x,y,z,S;).
Next, interpolation functions Shear(x,y,z, S;) and Tensile(x,y,z, S;) are created to call upon
the data files generated by MATLAB. These functions are invoked when assigning contact
interface strength values. A set of interface random strength cloud maps, represented in
Figure 5, is plotted. Please note that the geometry used in Figure 2 corresponds to the
case of the random strength distribution at curvature x; = 1/45 m~! in Section 2.2. For
other interfaces with different radii/slopes, the generation of random strengths follows
the same method, as shown in Figure 5. According to Figure 5a,b, they depict the random
distribution of shear strength and tensile strength at the interface of the seal layer and im-
permeable layer for combination W, respectively, while Figure 5c,d represents the random
shear/tensile strength distribution of the impervious layer-leveling and bonding layer

interface for combination.
M-1 M
Sy Sy
(7) eXp(‘(A) ) 5n 20 (10)

Sn<0

>

f(S‘rZ/ A, M) =

Nt
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where A and M represent the scale parameter and the Weibull modulus. S, is the random
bonding strength of the interface.

(MPa) | (MPa) | (MPa) 11;11’;\)

20 m 07 07

i3 12

@

o (@ (b (© (@

Figure 5. Random tensile/shear strength distribution for sealing layer-impervious layer (a,b) and
impervious layer-leveling and bonding layer (c,d).

2.4. Governing Equations and Boundary Conditions
2.4.1. Stress-Strain Field

The inertia effect is neglected in the stress calculation of asphalt concrete facings in
this paper. The balance equation can be written as:

gijj tfi=0, (11)

where f; represents the body force, which is the unit weight of the facings in this paper.
For small strain problems, the strain-displacement relationship is:

—_

&jj = E(ui’j + u]'/i), (12)
where u; is the component of displacement vector u.

2.4.2. Boundary Conditions

To be more in line with the actual working conditions, roller-supported boundary
conditions are adopted at the lateral sides of the straight slab and the ogee section.

u-n=20. (13)

Due to the complexity of the bedding course materials, it is difficult to find a proper
constitutive relation to describe the mechanical behavior. The elastic foundation model
adopts the appropriate simplification idea, and its rationality lies in the fact that it can
describe the deformation of the foundation better [47]. The foundation is regarded as a
set of elastic supports, and the deformation of the foundation is simulated by calculating
the foundation reaction force. Therefore, in order to consider engineering practice, it is
common to assume that the support of the lower part of the dam and reservoir basin is
on an elastic basis, that is, there are uniformly distributed springs at the bottom of the
impervious facings. When an external force is applied to the spring, it undergoes small
deformation and stores elastic potential energy. According to the principle of virtual work,
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the virtual work produced by these small displacements must be zero because the system
is still in equilibrium during these small displacements. The equations are as follows:

SW = / (s + £, + £,) - SudA, (14a)
A

fs = —K- (u—up)
fi=—iyK-(u—ug) . (14b)
fV = —u- (U*uo)

where f; is the force per unit, f; is the loss factor, and f, is the viscous damping. K, i, 7,

and p represent the stiffness matrix, imaginary unit, spring loss coefficient, and matrix
representing the viscosity, respectively.

2.4.3. Boundary Load

The loading mode of the facings is selected to use an exponential function to avoid
sudden stress or strain changes for improving the convergence of the calculations. The

equation is as follows:
P =D, <1 —exp(—t>> (15)
to

where P is selected as 1.5 MPa [43] and ¢y is set as 3 s. The loading mode and load size
are related to the height and time of the facing. The load diagram as shown in Figure 6.
Please note that we have taken into account the effect of gravity and it is not represented in
the figure.

Nim?
x10°

Figure 6. The static water pressure of impervious facings.

3. Model Verification by Direct Shear Tests

In this section, starting from the interlayer direct shear tests with the normal load
of asphalt concrete roads [11], the reliability of the CZM model proposed in this paper
is verified and then it is extended to asphalt concrete impervious facings and their ogee
sections. The specimens and equipment for the direct shear tests between asphalt concrete
layers with q normal load are shown in Figure 7a—f, where (a) is the wearing layer with a
diameter of 97 mm and a thickness of 40 mm, (b) is the steel split ring, (c) is the vertical
supporting plate, (d) is the binder layer with a diameter of 97 mm and a thickness of 50 mm,
(e) is the steel cylinder welded on the vertical supporting plate, and (f) is the simplified
principle diagram of the direct shear test.
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5040 mm oo

@ % ®

Figure 7. Simplified principle diagrams of the direct shear test. (a) is the wearing layer with a

diameter of 97 mm and a thickness of 40 mm, (b) is the steel split ring, (c) is the vertical supporting
plate, (d) is the binder layer with a diameter of 97 mm and a thickness of 50 mm, (e) is the steel
cylinder welded on the vertical supporting plate, and (f) is the simplified principle diagram of the
direct shear test.

To ensure consistency between the numerical simulation and the direct shear test
under a normal load, it is necessary to constrain the boundary conditions of the specimen.
In the specimen in Figure 7d, the upper and lower boundaries are considered to be fixed,
resulting in a fixed-constrained boundary condition:

u=0. (16)

During the loading process of Figure 7b, there is a uniform downward movement in the
vertical direction. Therefore, the upper and lower surfaces of Figure 7a should be treated as
limited to z-axis displacement, with each node’s velocity specified as (0,0, —v). In addition,
the rate should be strictly set to 0.2 mm/s, according to the given experimental conditions.

It is necessary to control the loading and boundary conditions used in calculations
consistent with those used in experiments [11]. Based on laboratory conditions, a viscous
coating is sprayed on Figure 7a,d, and adhesion is achieved through the contact interface.
The loading process in the indoor experiment involved the vertical actuator pushing down
on the steel cup (Figure 7b) at 0.2 mm/s until the displacement recorded by the sensor
reached 12 mm. The simplified calculation model is shown in Figure 7f. In addition, to
ensure the precision of the calculation, the sample mesh is set to be finer, with a total of
71,741 free tetrahedral elements (see Figure 8b), and the average mesh quality is 0.65.
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Figure 8. (a) Pull-off model diagram. (b) Mesh of the model diagram.

Figure 9 shows the image obtained after pushing the vertical driver down by 12 mm
(t = 60 s). Since the decohesion damage in this calculation model is determined by dis-
placement, the displacement mismatch of the interface layer during the process of pushing
the vertical driver down can cause interface damage. When the interface damage value
reaches 1, according to the literature [48], it can be determined that the interface has failed.
Figure 10a—c show the results when the vertical driver is pushed down for 15,10 s, and
20 s, respectively (hereafter, the same applies to the figures mentioned later). Figure 11a—
represent the interface failure conditions at different times. When the damage distribution
around the interface expands inward, it eventually leads to interface decohesion, as can
be seen in Figure 11a—c. The shear stress distribution can be seen in Figure 12, which
shows a significant drop in shear stress when the interface fails completely after 20 s. This
conclusion is completely consistent with the literature [11], indicating that the cohesive
zone damage model based on displacement can correctly simulate the interface shear test
of asphalt concrete layers. Although there are still slight differences in the results, this may
be due to the effects of voids and defects in the experimental samples not being considered.

12(mm)

Figure 9. The simulated displacement after 12 s under vertical loading of the interface direct

shear test.
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19 Pa)

©
Figure 10. Interfacial shear stress distribution after 12 s under vertical loading of the interface direct
shear test. (a—c) is the result when the vertical drive is depressed for 1s, 10 s, and 20 s, respectively.

Figure 11. Interfacial damage distribution after 12 s under vertical loading of the interface direct
shear test. (a—c) is the result when the vertical drive is depressed for 1 s, 10 s, and 20 s, respectively.
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Figure 12. Comparing the verification curve of interfacial shear stress with the experimental
curve [11].

4. Results and Discussion

Based on the interface model we proposed above, we extend its application to asphalt
concrete impervious facings. The geometric model of the impervious facing is categorized
into three cases: 01 and «7; 67 and «x»; 63 and x3. Simultaneously, we analyze the distribution
of the interface stress and strain, and we explore the influence of the ogee section curvature
on the interface stability. It is important to note that the coordinate system used in this
section is a local curvilinear coordinate system, as shown in Figure 2.

4.1. Shear Stress and Strain Analysis of Interfaces

The impervious facing can be simplified to a three-layer composite structure on an
elastic foundation, as depicted in Figure 2. It experiences the main loads due to static water
pressure and the counteracting force from the elastic foundation, which approximates the
supporting action from the cushion layer and the remaining parts of the reservoir basin.
This approximation represents the supporting action.

The pressure load is transmitted through the interfaces: the one between the sealing
layer and the impervious layer (the first interface), and the other between the impervious
layer and the leveling layer, which is part of the bonding layer interface (the second
interface). Damage to these interfaces can lead to a reduction in impervious capability and
an increase in operation and maintenance costs.

The relatively small thickness of the three layers in the ogee section of the facing is the
main reason why the front of the impervious facings is primarily influenced by compressive
stress, while the back is influenced by tensile stress. As shown in Figure 13(1-3), where
(1), (2), and (3) represent the conditions for x; = 1/45 (m™1), k, = 1/47.5 (m~1), and
k3 = 1/50 (m~1), respectively, a larger curvature predominantly causes greater compres-
sive stress on the front and tensile stress on the back of the facings.

Subsequently, the shear strain experienced by the facing is mainly oriented in the
downslope direction, as shown in Figure 14(1-3). Here, (1), (2), and (3) correspond to
the conditions for cases x1, xp, and 3 the same as in Figure 13. Simultaneously, they also
illustrate the maximum shear stress, the local shear stress, and the local shear strain along
the first-layer interface, respectively. Note that in Figure 14(1-3), the labels (a), (b), and (c)
all pertain to outcomes at the first-layer interface, and in Figure 14(4-6), the labels (a), (b),
and (c) represent results at the second-layer interface.
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(1)

(2)

(3)

Figure 13. (1) Global principal stress 1 of (a) front view of the facing and (b) back view of the facing
for x7. (2) Global principal stress 1 for (a) front view of the facing and (b) back view of the facing for
K. (3) Global principal stress 1 for (a) front view of the facing and (b) back view of the facing for 3.
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Figure 14. (1) Interface 1: (a) maximum shear stress, (b) local shear stress, and (c) local shear strain

for xq. (2) Interface 1: (a) maximum shear stress, (b) local shear stress, and (c) local shear strain for
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K. (3) Interface 1: (a) maximum shear stress, (b) local shear stress, and (c) local shear strain for
x3. (4) Interface 2: (a) maximum shear stress, (b) local shear stress, and (c) local shear strain for
k1. (5) Interface 2: (a) maximum shear stress, (b) local shear stress, and (c) local shear strain for «,.
(6) Interface 2: (a) maximum shear stress, (b) local shear stress, and (c) local shear strain for 3.

The maximum shear stress along the first-layer interface of the ogee section predomi-
nantly distributes on the upper side of the ogee curve, as shown in Figure 14(1-3)(b). The
maximum shear stress in the downslope direction at the first-layer interface is smaller than
that at the second-layer interface. However, localized shear stress folding occurs along the
first-layer interface, as indicated in Figure 14(1-3)(b). A rippling deformation phenomenon
emerges within the region of the first-layer interface, which is more common in shell struc-
tures but less likely in relatively thicker structural layers, such as the second-layer interface.
This can be seen in the shear stress and strain distribution at the second-layer interface in
Figure 14(4-6). Therefore, the first layer of the interface has an alternating distribution of
positive and negative strain/stress values, which appear in the form of stripes, as observed
in Figure 14(1-3)(b,c). Regions exhibiting this distribution of stress oscillations are prone
to local instability, leading to pronounced wrinkling on thin facings, aligning with the
conclusions in Ref. [31]. It can be observed that the interface wrinkles vanish at the junction
between the straight section and the ogee section. This phenomenon occurs because, as the
curvature approaches infinity, the instability strain causing the wrinkles tends toward zero,
as explained in Ref. [32].

4.2. Damage Analysis of Interface

When the impervious facing is subjected to positive pressure and gravity, it experi-
ences two main damage modes, the adhesion—-decohesion damage and compression—shear
damage, at its two-layer interfaces. It should be pointed out that the former mode is
described by the CZM and the latter is one branch of the Mazars damage. The stress
distribution within the interface bonding layer becomes uneven, with stress in certain
regions surpassing the strength limit of the interface elements. This leads to a weakening of
the adhesion forces, causing the adhesion failure between the two layers and the occurrence
of interface delamination. Interfacial shear damage involves relative sliding within the
material layer. The stress concentration occurs at the facings—ogee section interface. This
sliding weakens the adhesion stress of the interface and leads to the interface debond-
ing damage. The combined impact of these two types of damage leads to a decrease in
the impermeability performance of the impermeable facing and contributes to structural
degradation [49-51].

The compression—-shear damage (i.e., the Mazars damage) zone at the interface pri-
marily exists within the ogee section’s first-layer interface, as shown in Figure 15(1-3)(a),
and the second layer of the interface is mainly the tensile damage area, as shown in
Figure 15(1-3)(b). In the interface, the closer the area is to the left reverse arc, the larger the
compression shear damage area is. The compression—shear damage in the first-layer inter-
face is slightly higher than that in the second-layer interface. By subdividing the abscissa
into the smallest grid size (denoted as x), ensuring the accuracy of the extracted data points,
and calculating the average damage value within the minimum unit size interval (denoted
as y), the double-layer interface damage curve under different curvatures is obtained. The
hollow point line graph represents the results of the first-layer interface, while the solid
point line graph represents the results of the second-layer interface, as shown in Figure 15(4).
The value of the interfacial compression—-shear damage increases sharply between the linear
section and the ogee section. This is due to the direct conversion of the curvature between
the elliptical and straight section 1/co. The change in the loading direction will lead to a
sudden change in the stress state and damage distribution at the interface.
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Figure 15. (1) The Mazars damage of (a) interface 1, and (b) interface 2 for x;. (2) The Mazars damage
of (a) interface 1, and (b) interface 2 for «5. (3) The Mazars damage for (a) interface 1 and (b) interface
2 for k3. (4) The Mazars damage diagram of different curvatures.
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According to Figure 15, it can be observed that compression—-shear damage primar-
ily occurs at the interface of the ogee section. Interfaces at the ogee section with larger
curvatures exhibit greater damage values compared to those with smaller curvatures. Addi-
tionally, the first-layer interface experiences higher levels of damage under the compression—
shear stress state compared to the second-layer interface.

Analysis of Figure 16(1-3) reveals the presence of adhesion—decohesion damage at the
interfaces between the first and second layers. Through the processing of the associated
damage data, we have derived the interface damage profiles under a range of curvature
conditions, as demonstrated in Figure 17(1-3). These profiles indicate an initial gradual
ascent in the adhesion—decohesion damage on the left side of the ogee section, culminating
in a peak at the section’s summit, beyond which the damage decrements progressively. This
observed pattern of damage progression closely corresponds to the predictive trajectory of
the Mazars damage model. It is particularly observed that an augmented curvature within
the ogee section is correlated with an escalated magnitude of adhesion—decohesion damage.

Contrary to the Mazars damage pattern, our findings indicate that the adhesion-
decohesion damage at the second-layer interface is more pronounced than at the first-layer
interface. This reversal can be attributed to the structural differences between the layers:
the first layer, serving as a sealing layer, is relatively thinner compared to the second layer,
which acts as an impervious layer. The reduced thickness of the first layer predisposes it to
buckling instability prior to the second layer. Consequently, within this layer, decohesion
damage induced by shear stress is not the predominant factor. In scenarios involving
compression-shear damage, the adhesion—decohesion damage, however, assumes higher
values, particularly in the context of interlayer sliding failure modes. For impervious facing
structures, this dynamic implies that while compression—-shear damage is the predomi-
nant factor affecting the first layer, adhesion—decohesion damage assumes a secondary
role. Conversely, at the second-layer interface, adhesion—-decohesion damage becomes the
primary concern, overshadowing the effects of compression-shear damage.

Figure 16. Cont.
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Figure 16. Adhesion and decohesion damage of (a) interface 1, and (b) interface 2. (1) Adhesion and
decohesion damage for «7. (2) Adhesion and decohesion damage for «;. (3) Adhesion and decohesion

damage for x3.

K,=1/45 Ogee Section

0.65 3O o0rigin of ogeesection > corococoosoes <
O End of ogee oection :

@

0.60 -

0.55 4

0.50 4

0.45 4

0.40 ~

Adhesion/decohesion damage

e

@

9
X

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Length (m)

@
Figure 17. Cont.



Materials 2024, 17, 3310

22 of 25

Ko=1/475
O Origin of ogee section
Optnd ofogee secion

0.60

Adhesion/decohesion damage (1)

0.35 4
T T T T T T e T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Length (m)
2)
Ky=1/50 Ogee Section
0.65 N O Origin of ogee section T < —a— W,,W,
- O End of ogee section - i =W
: N .
o 0.60 4
o0
]
5 0.55 4
=
g
‘2 0.50 +
@
=
)
2 0.454
=
o
‘2 0.40 -
Q
=
=
< 0.35+
e Am e e e o e e e
0 S 10 1520 25 30 35 40 45 50 55 60 65 70 75
Length (m)
3)

Figure 17. (1) Adhesion and decohesion damage for k1. (2) Adhesion and decohesion damage for «;.
(3) Adhesion and decohesion damage for «3.

Considering the significant impact of the random distribution of the interface strength
on analyzing the interface damage, different combinations of Weibull modulus and charac-
teristic strength are better with actual construction conditions. According to Figure 17(1-3),
the four sets of random strength values are labeled as W;, W,, W3, and Wy specify the
adhesion-decohesion damage for the Weibull parameter W; as Dy,. The adhesion and
decohesion damage tendency of the interface is Dy, > Dy, > Dy, > Dy,. As the Weibull
modulus M increases, the variation in the random interface strength also increases, leading
to improved interface bonding performance and less pronounced damage. Conversely, a
smaller Weibull modulus results in smaller variations in the random interface strength,
lower interface bonding performance, and more noticeable damage. The Weibull parameter
of this model can also be used to evaluate the damage distribution of the cemented surface
of the anti-seepage facings under different curvatures of the impervious facings, providing
a valuable reference for the design of the impervious facings.

5. Conclusions

This study proposes a three-dimensional finite element interface mixed damage model
for asphalt concrete impervious facings. The model consists of two sub-models: one
is an interface cohesive zone damage model, which simulates adhesion and debonding
phenomena, and the other is a bulk Mazars damage model, which characterizes material
degradation. Before delving into in-depth research, we first validated the feasibility of
the cohesive zone model (CZM) based on indoor direct shear tests in simulating interface
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adhesion and debonding damage through finite element simulation. Subsequently, we
applied this model to three instances of hydropower asphalt concrete impervious facings
with different curvatures in pumped hydro storage projects. During the calculation process,
the random distribution of the interface strength is considered, and especially in the
calculation of the interface damage, the combined effects of shear damage and adhesion-
debonding damage are comprehensively considered. Defects that may occur during the
construction process, such as uneven mixing, porosity, and cracks, which can affect the
bonding performance of the interface. The potential impact of these defects on the material’s
fatigue life can be assessed through the distribution of the Weibull random moduli.
Under the mixed damage modes of compression—shear and adhesion—-debonding,
the instability of the interface is particularly evident, especially in models with larger
curvatures. The interface mixed damage model established in this paper can not only
be used to evaluate the stability of the two interfaces of the impervious facings but also
provides important theoretical support for the design and construction of asphalt concrete
impervious facings. To further develop this model, other practical factors such as tempera-
ture fluctuations, material aging, and the continuous impact of long-term loading need to
be considered. To ensure the practicality and reliability of the model, further research is
needed to better consider the inherent randomness of the actual engineering environment.

Author Contributions: Conceptualization, N.Q., W.L. and H.P.; Methodology, N.Q., W.L., D.Y. and
H.P.,; Writing—original draft preparation, N.Q. and W.L.; Writing—review and editing, N.Q. and
W.L,; Visualization, H.P. and D.Y.; Project administration, H.P. and D.Y.; Funding acquisition H.P. and
D.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China] grant number (No. 2022YFC3005603-01, No. 2023YFC3206101-04). And the Educational
Commission of Hubei Province of China (No. T2022007).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We are very grateful to the anonymous reviewers and editors for their construc-
tive comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Krishnan, ].M.; Rajagopal, K. Review of the Uses and Modeling of Bitumen from Ancient to Modern Times. Appl. Mech. Rev. 2003,
56,149-214. [CrossRef]

2. Jia,]. A Technical Review of Hydro-Project Development in China. Engineering 2016, 2, 302-312. [CrossRef]

3. Xu,G;Yu Y, Cai D; Xie, G.; Chen, X.; Yang, ]. Multi-scale Damage Characterization of Asphalt Mixture Subject to Freeze-Thaw
Cycles. Constr. Build. Mater. 2020, 240, 117947. [CrossRef]

4. Zhang, Y,; Hoeg, K.; Wang, W.; Zhu, Y. Watertightness, Cracking Resistance, and Self-Healing of Asphalt Concrete Used as a
Water Barrier in Dams. Can. Geotech. J. 2013, 50, 275-287. [CrossRef]

5. Sofonea, M.; Han, W.; Shillor, M. Analysis and Approximation of Contact Problems with Adhesion or Damage; CRC Press: Boca Raton,
FL, USA, 2005.

6. Wang, Z.; Hao, J.; Sun, Z.; Ma, B.; Xia, S.; Li, X. Blistering Mechanism Analysis of Hydraulic Asphalt Concrete Facing. Appl. Sci.
2019, 9, 2903. [CrossRef]

7. Onifade, I; Birgisson, B.; Balieu, R. Energy-Based Damage and Fracture Framework for Viscoelastic Asphalt Concrete. Eng. Fract.
Mech. 2015, 145, 67-85. [CrossRef]

8. Deng, Z.; Li, W.; Dong, W.; Sun, Z.; Kodikara, ]J.; Sheng, D. Multifunctional Asphalt Concrete Pavement Toward Smart Transport
Infrastructure: Design, Performance and Perspective. Compos. Part B Eng. 2023, 265, 110937. [CrossRef]

9. Mohammad, L.N.; Raqib, M.; Huang, B. Influence of Asphalt Tack Coat Materials on Interface Shear Strength. Transp. Res. Rec. ].
Transp. Res. Board 2002, 1789, 56-65. [CrossRef]

10. Hu, X;; Lei, Y.; Wang, H.; Jiang, P; Yang, X.; You, Z. Effect of Tack Coat Dosage and Temperature on the Interface Shear Properties
of Asphalt Layers Bonded with Emulsified Asphalt Binders. Constr. Build. Mater. 2017, 141, 86-93. [CrossRef]

11. Romanoschi, S.A.; Metcalf, ].B. Characterization of Asphalt Concrete Layer Interfaces. Transp. Res. Rec. ]. Transp. Res. Board 2001,

1778, 132-139. [CrossRef]


https://doi.org/10.1115/1.1529658
https://doi.org/10.1016/J.ENG.2016.03.008
https://doi.org/10.1016/j.conbuildmat.2019.117947
https://doi.org/10.1139/cgj-2011-0443
https://doi.org/10.3390/app9142903
https://doi.org/10.1016/j.engfracmech.2015.07.003
https://doi.org/10.1016/j.compositesb.2023.110937
https://doi.org/10.3141/1789-06
https://doi.org/10.1016/j.conbuildmat.2017.02.157
https://doi.org/10.3141/1778-16

Materials 2024, 17, 3310 24 of 25

12.

13.
14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

Sudarsanan, N.; Fonte, B.R.; Kim, Y.R. Application of Time-Temperature Superposition Principle to Pull-Off Tensile Strength of
Asphalt Tack Coats. Constr. Build. Mater. 2020, 262, 120798. [CrossRef]

Pirmohammad, S.; Ayatollahi, M.R. Fracture Behavior of Asphalt Materials; Springer: Dordrecht, The Netherlands, 2020.

Tapsoba, N.; Baaj, H.; Sauzéat, C.; Di Benedetto, H.; Ech, M. 3D Analysis and Modelling of Thermal Stress Restrained Specimen
Test (TSRST) on Asphalt Mixes with RAP and Roofing Shingles. Constr. Build. Mater. 2016, 120, 393—402. [CrossRef]

Qian, N.; Luo, W,; Ye, Y,; Liu, Y,; Yin, D.; Zheng, B.; Peng, H. Effects of the Ductility and Brittle Point of Modified Asphalt on
the Freeze-Break Behavior of Asphalt Concrete: A 3D-Mesoscopic Damage FE Model. Constr. Build. Mater. 2023, 386, 131555.
[CrossRef]

Liu, X,; Gong, Z.; Wang, X.; Yang, J.; Liang, B.; Cheng, J. Effect of Interface Damage on Band Structures in a Periodic Multilayer
Plate. Mech. Compos. Mater. 2020, 55, 785-796. [CrossRef]

Wu, ].-Y,; Nguyen, V.P. A Length Scale Insensitive Phase-Field Damage Model for Brittle Fracture. J. Mech. Phys. Solids 2018, 119,
20-42. [CrossRef]

Nitka, M.; Tejchman, J. Modelling of Concrete Behaviour in Uniaxial Compression and Tension with DEM. Granul. Matter 2015,
17,145-164. [CrossRef]

Kim, H.; Buttlar, W.G. Discrete Fracture Modeling of Asphalt Concrete. Int. J. Solids Struct. 2009, 46, 2593-2604. [CrossRef]

Gao, X,; Fan, Z.; Zhang, J.; Liu, S. Micromechanical Model for Asphalt Mixture Coupling Inter-Particle Effect and Imperfect
Interface. Constr. Build. Mater. 2017, 148, 696-703. [CrossRef]

Masson, J.E; Lacasse, M.A. A review of adhesion mechanisms at the crack sealant/asphalt concrete interface. In Proceedings of
the 3rd International Symposium on Durability of Building and Construction Sealants, Fort Lauderdale, FL, USA, 2 February
2000; pp. 259-274.

Luan, Y.; Ma, T.; Wang, S.; Ma, Y.; Xu, G.; Wu, M. Investigating Mechanical Performance and Interface Characteristics of Cold
Recycled Mixture: Promoting Sustainable Utilization of Reclaimed Asphalt Pavement. J. Clean. Prod. 2022, 369, 133366. [CrossRef]
Bellary, A. Experimental and Numerical Study on Performance of Un dowelled Joints in Concrete Pavements. PhD Thesis,
National Institute of Technology Karnataka, Mangalore City, India, 2022.

Yang, K.; Li, R. Characterization of Bonding Property in Asphalt Pavement Interlayer: A Review. J. Traffic Transp. Eng. (Eng. Ed.)
2021, 8, 374-387. [CrossRef]

Raab, C.; Partl, M.N. Effect of Tack Coats on Interlayer Shear Bond of Pavements. In Proceedings of the 8th Conference on Asphalt
Pavements for Southern Africa (CAPSA’04), Sun City, South Africa, 12-16 September 2004; p. 16.

Suresh, S. Graded Materials for Resistance to Contact Deformation and Damage. Science 2001, 292, 2447-2451. [CrossRef]
[PubMed]

Yang, K; Li, R.; Yu, Y.; Pei, J.; Liu, T. Evaluation of Interlayer Stability in Asphalt Pavements Based on Shear Fatigue Property.
Constr. Build. Mater. 2020, 258, 119628. [CrossRef]

Weibull, W. A Statistical Theory of the Strength of Materials. Proc. Royal Swedish Inst. Eng. Res. 1939, 151, 1.

Chen, M.; Geng, ].; Xia, C.; He, L.; Liu, Z. A Review of Phase Structure of SBS Modified Asphalt: Affecting Factors, Analytical
Methods, Phase Models and Improvements. Constr. Build. Mater. 2021, 294, 123610. [CrossRef]

Chen, Z.; Xu, W,; Zhao, J.; An, L.; Wang, E; Du, Z.; Chen, Q. Experimental Study of the Factors Influencing the Performance of the
Bonding Interface between Epoxy Asphalt Concrete Pavement and a Steel Bridge Deck. Buildings 2022, 12, 477. [CrossRef]

Van der Heijden, A.M. Koiter’s Elastic Stability of Solids and Structures; Cambridge University Press: Cambridge, UK, 2009.

Fan, X.U.; Yang, Y.F; Ting, W. Curvature-Affected Instabilities in Membranes and Surfaces: A Review. Adv. Mec. 2021, 51, 342-363.
Dong, Z.; Gong, X.; Zhao, L.; Zhang, L. Mesostructural Damage Simulation of Asphalt Mixture Using Microscopic Interface
Contact Models. Constr. Build. Mater. 2014, 53, 665—-673. [CrossRef]

Han, D; Liu, G.; Xi, Y,; Xia, X.; Zhao, Y. Simulation of Low-Temperature Brittle Fracture of Asphalt Mixtures Based on Phase-Field
Cohesive Zone Model. Theor. Appl. Fract. Mech. 2023, 125, 103878. [CrossRef]

Camanho, PP; Davila, C.G.; De Moura, M.F. Numerical Simulation of Mixed-Mode Progressive Delamination in Composite
Materials. J. Compos. Mater. 2003, 37, 1415-1438. [CrossRef]

Zhang, B.; Nadimi, S.; Eissa, A.; Rouainia, M. Modelling Fracturing Process Using Cohesive Interface Elements: Theoretical
Verification and Experimental Validation. Constr. Build. Mater. 2023, 365, 130132. [CrossRef]

Williams, M.L.; Landel, R.E,; Ferry, ].D. The Temperature Dependence of Relaxation Mechanisms in Amorphous Polymers and
Other Glass-forming Liquids. J. Am. Chem. Soc. 1955, 77, 3701-3707. [CrossRef]

Kim, Y.R. Modeling of Asphalt Concrete. In McGraw-Hill Construction; ASCE Press: Reston, VA, USA, 2009.

Mazars, J. A Description of Micro- and Macro-Scale Damage of Concrete Structures. Eng. Fract. Mech. 1986, 25, 729-737.
[CrossRef]

Hesami, E.; Birgisson, B.; Kringos, N. Numerical and Experimental Evaluation of the Influence of the Filler-Bitumen Interface in
Mastics. Mater. Struct. 2014, 47, 1325-1337. [CrossRef]

Chen, S.; Wang, D.; Yi, J.; Feng, D. Implement the Laplace Transform to Convert Viscoelastic Functions of Asphalt Mixtures.
Constr. Build. Mater. 2019, 203, 633-641. [CrossRef]

Ruan, L.; Luo, R.; Wang, B.; Yu, X. Morphological Characteristics of Crack Branching in Asphalt Mixtures under Compression.
Eng. Fract. Mech. 2021, 253, 107884. [CrossRef]

Zhang, C.S.; Jiang, Z.]. Design of Pumped Storage Power Station; CEPP Press: Beijing, China, 2012.


https://doi.org/10.1016/j.conbuildmat.2020.120798
https://doi.org/10.1016/j.conbuildmat.2016.05.092
https://doi.org/10.1016/j.conbuildmat.2023.131555
https://doi.org/10.1007/s11029-020-09850-0
https://doi.org/10.1016/j.jmps.2018.06.006
https://doi.org/10.1007/s10035-015-0546-4
https://doi.org/10.1016/j.ijsolstr.2009.02.006
https://doi.org/10.1016/j.conbuildmat.2017.05.015
https://doi.org/10.1016/j.jclepro.2022.133366
https://doi.org/10.1016/j.jtte.2020.10.005
https://doi.org/10.1126/science.1059716
https://www.ncbi.nlm.nih.gov/pubmed/11431558
https://doi.org/10.1016/j.conbuildmat.2020.119628
https://doi.org/10.1016/j.conbuildmat.2021.123610
https://doi.org/10.3390/buildings12040477
https://doi.org/10.1016/j.conbuildmat.2013.11.109
https://doi.org/10.1016/j.tafmec.2023.103878
https://doi.org/10.1177/0021998303034505
https://doi.org/10.1016/j.conbuildmat.2022.130132
https://doi.org/10.1021/ja01619a008
https://doi.org/10.1016/0013-7944(86)90036-6
https://doi.org/10.1617/s11527-013-0237-8
https://doi.org/10.1016/j.conbuildmat.2019.01.116
https://doi.org/10.1016/j.engfracmech.2021.107884

Materials 2024, 17, 3310 25 of 25

44.

45.

46.

47.

48.

49.

50.

51.

Mo, L.; Huurman, M.; Wu, S.; Molenaar, A. Investigation into Stress States in Porous Asphalt Concrete on the Basis of FE-
Modelling. Finite Elements Anal. Des. 2007, 43, 333-343. [CrossRef]

Xue, Q.; Liu, L. Hydraulic-Stress Coupling Effects on Dynamic Behavior of Asphalt Pavement Structure Material. Constr. Build.
Mater. 2013, 43, 31-36. [CrossRef]

Zhang, B. Study on Concrete Bridge Deck Waterproof Bonding Layer Material of Waterborne Epoxy Emulsified Asphalt. Master’s
Thesis, Chongqing Jiaotong University, Chongqing, China, 2022.

Siddiqui, M.A.; Hawwa, M.A. Flexural Edge Waves in a Kirchhoff Plate Carrying Periodic Edge Resonators and Resting on a
Winkler Foundation. Wave Motion 2021, 103, 102720. [CrossRef]

Lovqvist, L.; Balieu, R.; Kringos, N. A Micromechanical Model of Freeze-Thaw Damage in Asphalt Mixtures. Int. |. Pavement Eng.
2021, 22, 1017-1029. [CrossRef]

Noii, N.; Khodadadian, A.; Aldakheel, F. Probabilistic Failure Mechanisms via Monte Carlo Simulations of Complex Micro-
structures. Comput. Methods Appl. Mech. Eng. 2022, 399, 115358. [CrossRef]

Khodadadian, A.; Noii, N.; Parvizi, M.; Abbaszadeh, M.; Wick, T.; Heitzinger, C. A Bayesian Estimation Method for Variational
Phase-Field Fracture Problems. Comput. Mech. 2020, 66, 827-849. [CrossRef] [PubMed]

Moretti, L.; Palozza, L.; D’andrea, A. Causes of Asphalt Pavement Blistering: A Review. Appl. Sci. 2024, 14, 2189. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.finel.2006.11.004
https://doi.org/10.1016/j.conbuildmat.2013.01.004
https://doi.org/10.1016/j.wavemoti.2021.102720
https://doi.org/10.1080/10298436.2019.1656808
https://doi.org/10.1016/j.cma.2022.115358
https://doi.org/10.1007/s00466-020-01876-4
https://www.ncbi.nlm.nih.gov/pubmed/33029034
https://doi.org/10.3390/app14052189

	Introduction 
	Model Specification and Simulation Method 
	Damage Model 
	Interface Adhesion Mechanical Damage 
	Bulk Viscoelastic Damage Model 

	Geometric Model, FE Mesh and Constitution Parameters 
	Random Strength with Weibull PDF 
	Governing Equations and Boundary Conditions 
	Stress–Strain Field 
	Boundary Conditions 
	Boundary Load 


	Model Verification by Direct Shear Tests 
	Results and Discussion 
	Shear Stress and Strain Analysis of Interfaces 
	Damage Analysis of Interface 

	Conclusions 
	References

