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It is critically importance to accurately locate vulnerable areas and quantitatively assess the damage of the face
slab in the seismic safety evaluation of concrete faced rockfill dams (CFRDs). In this paper, the cohesive zone
model (CZM) is augmented with generalized plastic models of the rockfill and state-dependent elasto-plastic
model of the interface to investigate the seismic cracking evolution in the slab of CFRDs. An explicit coupled
scaled boundary finite element method-finite element method (Explicit SBFEM-FEM) is developed to enable
cross-scale analysis. The method considers the strain softening of rockfill and concrete after being damaged, and
avoids negative stiffness and convergence problems that can be found during implicit analysis. A fine, cross-scale
model of the CFRD is established based on the quadrature technique. Subsequently, simulations of the con-
struction and impoundment processes are performed to facilitate dynamic analysis. In the first step, different
damping ratios for the slab are simulated to optimize accuracy and efficiency. Then, the seismic cracking evo-
lution of the slab is investigated in detail with consideration to the ground motion intensity and steel rein-
forcement. The results indicate that the computational efficiency can be significantly improved by decreasing the
damping ratio of the concrete face slab in the explicit seismic analysis. Penetrating cracks are observed on the
slab and the crack reaches maximum width during the earthquake. A residual width is retained after the
earthquake. The simulated failure mode of face slab conforms to the characteristics of concrete. The developed
method can help precisely locate weak areas of face slab, quantitatively determine the damage severity, and
evaluate the ultimate seismic performance of the slab in the CFRDs. In addition, the method can be further
employed for concrete cracking analysis involving soil-concrete interaction.

1. Introduction Gongboxia dam (height of 132 m). The above mentioned dams have

seismic design intensities greater than VIII. Earthquakes can inflict

Hydroelectric power is an important type of renewable energy that is
technologically mature and has potential for large scale deployment.
Hydroelectricity can help reduce the use of the fossil fuel, optimize the
structure of energy consumption, meet society’s increasing power re-
quirements, protect the environment, and help with flood control.
Therefore, a great number of high dams have been built in many
countries [1]. The concrete faced rockfill dam (CFRD) has become a
viable dam type for high dam design [2] due to the adaptability to
various environments and climates, reliability and economic nature. In
actuality, a great number of CFRDs with a height over 100 m are built in
areas prone to earthquakes [3], such as the Jinglintai dam (height of
157 m), the Zipingpu dam (height of 156 m), the Longshou II dam
(height of 146.5 m), the Jiudianxia dam (height of 133 m), and the

serious damage to CFRDs and even lead to structural failure, thus
putting life, environment, and local properties in danger. Therefore, the
seismic safety of the dam is a subject of much attention. The concrete
face slab is the chief component of seepage control system in CFRD and
can be destroyed during an earthquake, i.e., the dislocation and
extruding damage in the slab of Zipingpu CFRD in the Wenchuan
earthquake [4,5] and the damage to vertical joint in the Cogoti CFRD in
1943 [6]. The safety and integrity of the face slab is therefore key to
ensure the normal operation of the dam. A better understanding of the
seismic failure mechanism and quantitative assessment of slabs can aid
in preventing catastrophic failures via an improved design of future
dams.

Concrete is a quasi-brittle material, and thus when the load is small,
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Fig. 1. Cohesive zone model and interface element.

this material behaves with linear elasticity. As the tension increases, the
concrete starts to crack and display the characteristics of stiffness
degradation and strain softening. In CFRDs, the seismic behavior of the
face slab is governed not only by its own properties, but also by the
mechanical properties of soil and the interaction between soil and slab
[7]. Therefore, compared to a simple concrete structure, the simulation
of the damage to a face slab is a more challenging task. Currently, the
linear elastic model is widely used to simulate the concrete slab. The
model can cause the computed stress to exceed the concrete strength
without damage (e.g. cracking) to the concrete, which is unrealistic. Xu
et al. [8] and Dakoulas [9]used a plastic damage model [10]to simulate
the seismic response of face slabs. The model can reflect the strain
softening after the concrete is damaged and qualitatively evaluate the
degree of damage. The model treats fractures as a process of damage
accumulation and a nonobjective damage factor is applied to describe
the damage severity, which cannot be used directly for damage evalu-
ation. Furthermore, the damage factor is scalar, and when damage oc-
curs in one direction, the stiffness and bearing capacity in the other two
directions decrease. This problem of the model does not affect
two-dimensional analyses but can make it difficult for three-dimensional
analyses. Arici [11] applied a fixed cracking model to perform the
two-dimensional analysis of the Cokal CFRD, and evaluate the residual
crack widths by using other methods. Cen et al. [12] used a damage
model to study the influence of the randomness of the materials on the
damage of slab; however, the results only estimated the area of damage
without quantitatively evaluating the degree of damage.

For the investigation of concrete fracture behavior, the cohesive zone
model (CZM) is one of the most commonly used approaches. The
concept of CZM was first proposed by Barenblatt [13] and Dugdake
[14]. Subsequently, the model was further developed and applied to-
wards concrete cracking simulation by Hillerborg et al. [15]. This model
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assumes a small fracture process zone at the crack tip area. In this area,
cohesive forces resist the separation of the interface. Stress is treated as a
function of displacement during cracking, thus avoiding the singularity
issue that has been encountered in many fracture mechanics studies
[16]. CZM is based on elasto-plastic mechanics and considers the
cracking tip area as a plastic zone. The model can therefore solve
problems involving large area yielding at the location of the crack tip. In
addition, the model can be simply integrated into numerical computa-
tion methods (e.g. finite element method, scale boundary element
method, discrete numerical method) [16-18]. Currently, the CZM has
been widely used to simulate tension-induced fractural cracks [19-24]
and damage in concrete dams [17,24]. However, this model has not yet
been applied for analysis of CFRDs.

The thickness of the slab is on the scale of centimeters, but the length
of the rockfill area is over several hundred meters, which is orders of
magnitudes larger than the slab thickness. While a fine mesh of the slab
is necessary in for accurate failure analysis [25,26], a uniform mesh in
rockfill area and foundation will generate tens of millions of elements
[27]. The large number of elements will result in excessive computa-
tional burden. On the other hand, the stress and deformation gradient of
the rockfill area is relatively low, and the accuracy requirements can be
met without such fine mesh division. Therefore, cross-scale analysis is an
effective approach to balance between accuracy and efficiency. Zhou
et al. [28] conducted static analysis of a CFRD using a dual-mortar finite
element method with mixed tangential contact constraints. Qu et al. [26,
29] proposed an interface element with asymmetric nodes to connect the
different mesh size between the slab and the rockfill, and they demon-
strated the approach for the dynamic analysis of CFRDs and culverts.
Chen et al. [27,30-33] modified the SBFEM to achieve cross-scale static
and dynamic analyses of CFRDs.

The primary purpose of this study is to develop a method to describe
the evolution of seismic cracking for face slabs in CFRDs. The CZM of
concrete is programmed into the analysis platform GEODYNA using
C++ and is combined with generalized plastic models of the rockfill and
the interface to investigate the seismic cracking evaluation for the slab in
CFRDs. An explicit SBFEM-FEM approach is developed to enable cross-
scale analysis. The method considers the strain softening of rockfill
and concrete after being damaged and avoids negative stiffness and
convergence problems that can be found during implicit analysis. The
accuracy of the method is validated by a dynamic failure test of a con-
crete beam. A fine, cross-scale model of the CFRD is established based on
the quadrature technique. Subsequently, simulations of the construction
and impoundment processes are performed to facilitate dynamic
analysis.

In the first step, different damping ratios for the slab are simulated to
optimize accuracy and efficiency. Then, the seismic cracking evolution
of the slab is investigated in detail with consideration to the ground
motion intensity and steel reinforcement. The method developed in this
paper can evaluate the potential severity of cracking, precisely locate
weak areas of face slabs, and quantitatively evaluate the damage
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Fig. 2. Relationship between traction and displacement.
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Fig. 3. Geometry and mesh of concrete beam.

severity. The results also provide a foundation for risk assessment (e.g.
seepage induced damage, dam collapse) of dams after earthquake. The
method can be straightforwardly extended towards three-dimensional
analysis and be utilized for other types of anti-seepage concrete struc-
tures (e.g. connection plate, anti-seepage wall), as well as concrete
cracking analysis involving soil-concrete interaction.

2. Material model and solution method
2.1. Linear cohesive zone model

The CZM is built upon the foundation of elasto-plastic fracture me-
chanics. This model assumes a small fracture process zone at the crack
tip area and employs the relationship between the opening displacement
and the surface traction to simulate the mechanical behavior of the
interface after cracking. The CZM is shown in Fig. 1, where t is the
surface traction and § is the opening displacement. When the cracking
process is simulated, the cohesive interface elements (CIEs) are set along
the potential cracking path and are connected to the solid elements. At
the early stage of loading, the CIE exhibits linear elastic behavior. As the
loading increases, CIE reaches the cracking criteria upon which stiffness
and bearing capacity decreases. When the stiffness drops to 0, the ele-
ments become invalid and a new crack appears.

In the elastic stage, the stress-displacement relationship is described
by:
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Fig. 4. Measured load history.
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where, t is the stress vector, t, and t; are the normal and tangential
stresses of the cracking, kyo and ks are the initial normal and tangential
modulus, &, and & are the normal and tangential displacements, § is the
displacement vector, and K is the element stiffness matrix. In a majority
of situations, the interaction between the normal and tangential direc-
tion is not considered. Thus, ks and kg, are equal to 0.

When element is damaged, its stiffness degrades. The damage vari-
able d is defined to describe the degree of stiffness degradation, and can
be expressed by using the effective displacement &, as follows,

5m =\ <5n>2 + 5% (2)
(6:) = (8, +18u]) / 2 3

_ 6f(5max - 50)

d
5max (‘Sf - 50)

4

where & is the initial cracking displacement, Syax is the maximum
effective displacement in the loading history, and & is the displacement
at the failure stage. Therefore, the stress-displacement relationship in
the model can be derived as

t:{ij}:(l—d)l{{ij}+dK{<_§”>} (5)

The fracture energy is the area within the curve shown in Fig. 2 and
can be expressed as
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Fig. 6. Crack extension history.
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Fig. 7. The mesh and boundary condition for the CFRD model.

Table 1

Parameters used for the rockfill model.
Go Ko M, Mg ag ag Hy Hyo mg
1663 2199 1.6 1.58 0.23 0.2 3000 2800 0.35
my my my T4 YoM Tu bo h
0.35 0.42 0.3 200 50 9 40 0.012

Note: All the parameters are dimensionless.

5 1
G= / 1(8)d5 = ~tod; (6)
0 27

where tj is the adhesive strength. The cracking criteria is defined based
on the squared criterion of the stress:

2 2 2
()
o 150 I
2.2. Explicit analysis

The most commonly used explicit method in mechanics and physics
is the central difference method, which can be expressed as,

A= — AP = (A AT /2 8
vn+l/2:vn—l/2+Atnan (9)
un+l =u" +Al)1+l/2vn+l/2 (10)

where u,v, and a are the displacement, velocity, and acceleration vec-
tors. The superscripts n, n —1/and n + 1/2 refer to the step and half-
steps. The acceleration can be further expressed as,

a"=M"'(F' -T") amn

where M is the concentrated mass matrix, F is the external force vector,
and I is the internal force vector.

Table 2

Parameters used for the cushion model.
Go Ko M, Mg ag ag Hy Hyo mg
1265 2021 1.54 1.4 0.25 0.32 2800 2500 0.55
my my My rd DM Tu bo h
0.55 0.4 0.2 150 50 5 35 0.015

Note: All the parameters are dimensionless.

=
S
= Ny
artificial boundary
Table 3
Interface material parameters.
Dyo/kPa Dyo/kPa M. e A a/kPa®® b c
1000 1500 0.88 0.4 0.091 224 0.06 3.0
a rd km M; k Ho/kPa fn t/m
0.65 0.2 0.6 0.65 0.5 8500 2 0.1

The explicit integration method is conditionally stable. Thus, the
time step At for the undamped system is defined as,
I

.2 .
< min— = min— (12)
@max el W ¢ Ce

At <Aty =

ce=+\E./p, 13)

where wnax is the maximum frequency of system, [, is the characteristic
length of element e, c, is the wave velocity of the element e, E, is the
Young’s Modulus of the element e, and p, is the density of the element e.
For the damped system, the critical step can be expressed as

2
<At,, =min— /& — &
At < At ml_mwi ( &E+1 Zj,) (14

where w; is the ith frequency, &; is the damping ratio of the system at the
ith frequency.

2.3. Scaled boundary finite element method

The SBFEM is a semi-analytical method that was first proposed by
Song and Wolf [34,35], and inherits the advantages of the boundary
element method (BEM). This method is inherently appropriate for
modelling polygons and polyhedrons with an arbitrary number of nodes
and faces. With such an important advantage, the SBFEM can handle
more complex geometries than other methods.

A considerable amount of effort has been devoted to extending the
applications of SBFEM in elastic problems over the past few years
[36-41]. An obstacle towards broad application is that material
nonlinearity must be considered to obtain a reasonable solution in many

Table 4

Cohesive zone model parameters.
kn/GPa ks/GPa C/MPa G/N/m
31 13.25 3.48 325
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Table 5

Parameters used for the face slab and bedrock.
Component E/GPa p/kg-m > v
Face slab 31 2500 0.17
Rockfill foundation 10 2400 0.25

engineering structure analyses, particularly for the simulation of
geotechnical engineering structures, where nonlinearity is ubiquitous.
To circumvent this restriction, an internal integration technique was
presented by Chen et al. [30,33] to replace the original boundary inte-
gral scheme. In doing so, the researchers provided an alternative method
to perform nonlinear analysis using the SBFEM. The method was vali-
dated by demonstrating its use on predicting the evolution of damage for
several specific examples. In this paper, the SBFEM is modified to
explicit frame, and the explicit SBFEM-FEM -cross-scale analytical
method for CFRDs is established.

2.4. Constitutive models for rockfill and interface

The Pastor-Zienkiewicz model presented by Pastor and Zienkiewicz
[42,43] is applicable to the static and seismic response analyses with the
uniform parameters and can directly compute earthquake-induced
permanent deformations. The researchers modified the volume
modulus, the shear modulus, the load modulus, and the unload modulus
of this model [44]. The modified model can better describe the stress
correlation and cyclic hysteresis, and has been successfully used for the
static and dynamic analyses of CFRDs [44-46].

Based on the framework of the generalized plasticity model and the
two-dimensional interface model [47,48], Liu et al. [49] developed a
three-dimensional state-dependent elasto-plastic model. The model can
accurately reflect the deformation characteristics of the interface under
monotonous and cyclic loading in three dimensions, including shear
contraction, shear dilation, hardening, softening and particle breakage.

3. Numerical example

The dynamic fracture test of concrete beam conducted by Du et al.
[50] is simulated to verify the explicit SBFEM-FEM and CZM. The
specimen geometry and cross-scale model is shown in Fig. 3. A 12.7 mm
long gap is made at the bottom of the beam. Due to the symmetry of
structure, constraint conditions and the load, the crack will propagate in
the middle of the beam. Therefore, the CIEs are embedded along the
potential crack path in the example [19]. The impact load measured in
the test as shown in Fig. 4 is applied to the center of the beam. The
material properties [17] are as follows: density, p = 2500 kg/m°>;
Young’s Modulus, E = 34.48 GPa; Poisson’s ratio, v = 0.2; tensile
strength, f; = 5.24 MPa, and the fracture energy, G = 200 N/m.

As shown in Fig. 5, the computed relationship between the load and
the load-line displacement of this paper are compared to the experi-
mental results reported in literature. The numerical and experimental
results of the crack extension are shown in Fig. 6. The simulated results
extracted from literature using fracture process zone (FPZ) model (Du
et al. [50]), DP model, plastic damage model, XFEM method (Pan et al.
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Fig. 9. Response spectrum of the seismic wave.

[171), and the cohesive crack model in Abaqus (Su et al. [19]) are also
plotted in Figs. 5 and 6. The figures show that the computed results of
this paper show good agreement with the experimental and numerical
results from literature. This example demonstrates that the CZM for
concrete is successfully incorporated into the developed procedure,
which will guarantee the rationality of the results of the CFRD dynamic
analysis.

4. Modelling of the concrete faced rockfill dam
4.1. Finite element model

A two-dimensional model of a CFRD is used for the static and dy-
namic analysis, as shown in Fig. 7. The upstream and downstream slopes
are 1:1.4 and 1:1.6, respectively. The width of the dam crest is 15 m. The
depth and width of the foundation are 110 m and 1215 m, respectively.
The distance of the lateral boundaries is reasonable and can assure the
required precision for dynamic analysis when combined with the non-
uniform seismic motion input method [26]. The face slab is 0.3 m
thick at the top of the dam, and the thickness at each location on the dam
is determined by d = 0.3 + 0.0035h, where d is the thickness of the face

< damping ratio
in simulation

actual
damping ratio

effective f/Hz

frequency

Fig. 10. Relationship between damping ratio and frequency.

Acceleration/g

15 20

10
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(b) vertical direction

Fig. 8. Input ground motion history.
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(a) horizontal diaplacement
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(b) vertical diaplacement
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Fig. 11. Influence of face slab damping ratio on the residual displacement along the dam height after the earthquake.

slab and h is the distance between the cross section and the top of the
dam. The construction process is divided into 26 steps and the
impoundment process is divided into 30 steps. The reservoir is full and
the depth of water is 194 m. In order to ensure the accuracy of the
simulation, the slab is finely discretized using 4-node isoparametric el-
ements. The mesh of the face slab is divided into 2 layers along the di-
rection of the thickness, and the mesh size of the slab is less than 0.5 m in
the direction of the slope. CIEs are set along the slope. Considering the
small time step of the explicit analysis, the computational burden is
excessive especially for elasto-plastic analysis. To improve the compu-
tation efficiency, the SBFEM [51,52] and the quadtree method [53] are

(a) horizontal diaplacement

03

0.2

£ 0.1
=S

0.0

used to build a cross-scale model. The dam body and most of the rock
foundation are meshed with 4-node isoparametric elements. A small
portion the body is meshed through SBFEM. In order to simulate
soil-structure interaction, interface elements are set between the face
slab and the cushion. In the dynamic analysis, the added mass method is
adopted to consider the hydrodynamic pressure on the face slab [54].

4.2. Material parameters

The parameters of the rockfill and cushion based on large-scale
triaxial tests of a CFRD built in China are summarized in Tables 1 and

S J [ S Y B
0

(b) vertical diaplacement
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Fig. 12. Influence of face slab damping ratio on the displacement of dam crest during earthquake.
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Fig. 13. The maximum dynamic displacements of slab during the earthquake.

(b) maximum compressive stress
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Fig. 14. Influence of face slab damping ratio on the peak dynamic stresses along the slope during the earthquake.
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Fig. 16. Time history of dynamic stresses at point B for different face slab
damping ratios.
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Fig. 17. Actual stresses and the portion induced by friction along the slope.
dam heieht / upstream-downstream (horizontal direction) is 0.3 g, and the vertical
2?;;1 height /m Byy: 9.3 mm PGA is 2/3 of the horizontal PGA in the stream direction. The acceler-
168 (0.84 1) A 151 (.168) ation time history and response spectrum of the seismic wave are shown
§ : up mm in Figs. 8 and 9. The non-uniform seismic motion input method [56,57]
150 |- 146(0.73 H) Boown’ 955112”“ is applied to simulate the interaction between the dam and the
[ . (5-169) foundation.
i 2.
100 - (2.705)
[ 4.4. Influence of slab damping ratio
50 As can been seen from Eq. (14), the time step in the central difference
[ method is inversely proportional to the structural frequency and the
ol corresponding damping ratio. The Rayleigh damping theory [58] is

Fig. 18. Crack location, maximum crack width, and initial cracking moment of
the concrete face slab during earthquake.

2, respectively. The material parameters [55] of the interface between
the face slab and the cushion layer are listed in Table 3. The parameters
of CZM are listed in Table 4. The tensile strength and the fracture energy
are 3.48 MPa and 325 N/m [8], respectively. A linear elastic model is
used for the overlaying bedrock and face slab, and the parameters are
listed in Table 5.

4.3. Seismic input

The input ground motion is a simulated earthquake wave based on
the response spectrum obtained from the earthquake risk analysis of a
CFRD built in China. The peak ground acceleration (PGA) in the

upstream side AlBllp

p
/maximum: 9.3 mm(11.38 s)
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L S5.16s

18 Aup maximum: 1{{1 mm(11.32 s)
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£ 6 12.70 s \
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commonly utilized in the dynamic analysis of the CFRD, as shown in the
following:

C=aM + fK (15)
1/a
=3 G+) (1e)

where C is the damping matrix, M is the mass matrix, K is the stiffness
matrix, £ is the damping ratio, e is the circular frequency, and a and
are respectively the damping coefficients of the mass and stiffness
matrices. The material damping ratio is not related to the frequency.
Therefore, the damping coefficients should be set to ensure that the
damping ratio for main frequencies is close to the material property, as
shown in Fig. 10 [8,59]. For an example, Hudson and Iriess [60]
determined the damping coefficients based on the dominant structural
and seismic frequencies.

downstream side/VB
Aq down
18- Bdown own
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w 6F 5.16 s \
0
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Fig. 19. Crack evolution during the earthquake.
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Fig. 22. Vector plot of the dam body deformation after the earthquake.
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Fig. 23. Distribution of residual crack on face slab after earthquake.
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where w; is the dominant frequency of the structure, n is an odd value
which is greater than w./w1, and w, is the dominant frequency of the
seismic wave. According to Eq. (16), during the simulation, the damping
ratio at high frequencies is excessive, which will decrease the temporary
time step and thus greatly reduce the computational efficiency.

In the CFRD, the Young’s modulus of the face slab and the bedrock is
much larger than that of the rockfill. Furthermore, the mesh size of the
face slab is much smaller than that of the bedrock. Therefore, the face
slab is a key factor in determining temporary time step of simulation. In
addition, the dynamic response of the face slab is not determined by
itself, but is rather influenced by the response of the soil and interface
between slab and cushion. Therefore, this paper firstly studies the in-
fluence of face slab damping ratio on the dynamic response of CFRD
without considering the failure of slab.

The residual deformation along the height of the dam after the
earthquake is shown in Fig. 11 for different damping ratios of the slab
(5%, 3% and 0.5%). The displacement history at the top of dam is shown
in Fig. 12. Since the mass and stiffness of the face slab accounts for a very
small portion of the entire dam, the change of the damping ratio of the
face slab has little effect on the dynamic response of the dam.
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Fig. 25. Crack location, maximum crack width, and initial cracking moment
for the reinforced concrete face slab during the earthquake.

The maximum dynamic displacements (induced by earthquake) of
each node on slab during earthquake are plotted in Fig. 13. Fig. 14 shows
the peak dynamic stress along the slope of the slab during the earth-
quake for different damping ratios of the slab. In other words, the figure
shows the maximum stress of each element during earthquake. Two
observation points A and B are set at the maximum tensile and
compressive stress locations, respectively. Figs. 15 and 16 show the time
history of the dynamic stress along the slope at points A and B. Both the
dynamic displacement and stress of slab are almost the same for the
different damping ratios of the slab.

The compressive and tensile stresses are maximum at 3.46s and
11.30s, respectively. Fig. 17 shows the actual dynamic stress along the
slope of slab and the portion of the stress caused by friction from the soil
at the two moments. The computation of the friction-induced dynamic
stress along the slope of the slab is shown in Fig. 17(b), where f is the
shear force in interface element, A is the area, H is the dam height, and ¢
is the stress caused by friction. It can be seen from the figure that the
dynamic stress along the slope of face slab is mainly generated from the
friction. The water in the reservoir acts as a constraint for the slab;
therefore, the inertia force of slab is limited during earthquake espe-
cially when the reservoir is full. Therefore, the damping ratio of the
concrete face slab has limited influence on the stress of the face slab.
Fortunately, a reduction of the damping ratio of slab from 5% to 0.5%
can significantly improve the time step from 1.5 x 107 sto 1.5 x 10~ ®s,
which is a tenfold improvement in computational efficiency. The results
demonstrate that it is feasible to decrease the damping ratio of the face
slab to increase the time step and improve the computation efficiency in
the explicit dynamic analysis of the CFRD.

5. Dynamic response of CFRD
5.1. Crack evolution analysis

The crack location, maximum crack width and initial cracking
moment of the face slab during the seismic response are shown in
Fig. 18. The evolution of all the cracks during the earthquake are illus-
trated in Fig. 19. The cracks are located at 0.73H and 0.84H of the face
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Fig. 24. Evolution of the total crack widths during the earthquake.
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Fig. 26. Time histories of the axial stress of steel, concrete stress along the slope, degeneration factor, and crack width during the earthquake.

slab, where H is the height of the dam. The maximum crack widths
corresponding to these two locations are 15.4 mm and 9.5 mm,
respectively. The crack propagates through the thickness of the face
slab. Thus the slab is fully cracked both in Point A and B. The initial
cracking moment at both sides of the face slab are the same. Zhang et al.
[61] used a linear elastic model to analyze this problem and found that
the extent of tensile overstressed area is 0.5-0.9H. Xu et al. [8] obtained
similar results based on plastic damage model. The damage location
estimated in this research lies within the area predicted by literature,
which corroborates each other. Concrete is a quasi-brittle material and
the tensile failure mode is localized and narrow-band. The results in this
paper provides an accurate damage location and agrees with the damage
characteristics of concrete.
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I Ciown: 1.0 mm
100 [

50 |

0
Fig. 27. Crack distribution of the reinforced concrete face slab after
the earthquake.
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In order to demonstrate the proposed method, numerical results
without considering failure of slab (linear elastic model) were also
computed and compared with those of the CZM. Fig. 20 shows the time
history of the crack width and stress (including the static response) along
the slope at 0.73H and 0.84H of the face slab at the upstream side. The
crack at 0.73H occurs at 2.70s. The stresses along the slope of the
damaged element before and after cracking are provided in Fig. 21(a)
and (b). Before cracking, the CIEs remain in the elastic stage, and the
behavior for the two investigated models are identical. After cracking,
the stress computed from the linear elastic model exceeds the tensile
strength and the concrete cracks at the CZM along with a rearrangement
of the stress distribution. At 5.16s, the face slab at 0.84H starts to crack.
The stresses before and after cracking are shown in Fig. 21(c) and (d).
Before cracking at 0.84H, since the crack at 0.73H has already occurred,
the tension obtained from the CZM is smaller than the one from the
linear elastic model. After cracking, the stress computed from the linear
elastic model exceeds the tensile strength again and cracking occurs at
the CZM along with a relief of the tensile stress. As the of ground motion
intensity and the accumulation of residual deformation of dam in-
creases, the crack widths at 0.73H and 0.84H reach maximum values at
11.36s and 11.40s, respectively. In the later period of the earthquake
when the ground motion intensity is lower, the crack widths decrease.
Due to the residual deformation of the dam (Fig. 22), the cracks did not
close after the earthquake. The distribution of residual crack of the face
slab after the earthquake is depicted in Fig. 23 and the crack widths at
0.73H and at 0.84H are 4.0 mm and 0.8 mm, respectively.

Two cracks can be observed on the face slab and their maximum
widths are reached at different times (Fig. 19). The evolution of the total
crack widths (sum of crack widths at the slab) in the slab during the
earthquake is shown in Fig. 24. It is observed that the maximum total
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Fig. 28. Crack location, max crack width and initial cracking moment for reinforced concrete face slab during earthquakes of different PGAs.

crack width during the earthquake is 22.3 mm at 11.36 s and residual
maximum crack width after the earthquake is 5.9 mm.

The method developed in this paper can simulate the evolution of
cracks on the concrete face slab as well as the decrease of the crack width
after the earthquake. In addition, the cracking area and the crack
severity can be accurately located and directly quantified.

5.2. Influence of the steel reinforcement

In the CFRD, the anti-seepage slab is usually made of reinforced
concrete. This section studies the influence of the rebar on the damage of
the face slab during an earthquake. The bidirectional reinforcement
ratio is 1.4%. The rebar is simulated using an ideal elasto-plastic model
with elastic modulus E = 200 GPa and yield strength f;, = 400 MPa [5].

The crack location, initial cracking moment, and maximum crack
width of the reinforced concrete face slab during the earthquake are
provided in Fig. 25. The crack occurs at 0.71H of the face slab, with a
maximum crack width of 5.6 mm. The crack propagates through the
thickness of the face slab. The crack width and time of occurrence are the
same on both sides of the face slab.

The time history of the displacement of the cracking elements, the
axial stress of steel (include static response), the concrete stress (include
static response) along the slope and the stiffness degradation coefficient
of concrete at the upstream side of the face slab are shown in Fig. 26. The
concrete is damaged at 4.24s, which is later than that of the concrete
face slab (2.70s). The reason for the delay is that the rebar sustains a part
of the tension force. The increase of ground motion intensity and
accumulation of residual deformation of the dam aggravates the con-
crete damage, and causes the stiffness of the concrete to degrade and the
tension of rebar to increase. The concrete completely fails at 11.36s and
loses the resistance to tension. Meanwhile, although the rebar yielded, it
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Fig. 29. Distribution of cracks on the reinforced concrete face slab after the earthquakes of different PGAs.
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can still bear a portion of the tension, thus limiting the cracking at the
slab. Therefore, the maximum crack width of the reinforced concrete
face slab is much smaller than that of the concrete face slab. The residual
crack pattern after the earthquake is shown in Fig. 27 and the maximum
crack width is 1.0 mm.

Compared to the concrete face slab, the maximum and residual total
crack width on the reinforced concrete face slab is reduced by 75.6% and
83.1%, respectively, the cracking elevation is lower and the initial
cracking moment is delayed. However, the time to reach the maximum
crack width in both cases are almost the same.

5.3. Influence of ground motion

Fig. 28 shows the crack location, maximum crack width and initial
cracking moment of the reinforced concrete face slab for the PGA of 0.4
g and 0.5 g. The residual crack pattern is depicted in Fig. 29. In
comparing Figs. 28 and 23, the damaged areas can be observed to be
similar for different PGAs. However, the cracking elevation is lower with
the increase of PGA. Meanwhile, when the failure pattern consists of
multiple cracks, the order of cracking is from lower to higher elevation.
The influence of PGA on the crack width of reinforced concrete face slab
is listed in Table 6. As the PGA increases, both the individual crack width
and total crack width increase. Comparing items (3) and (5) in Table 6, it
can be observed that with the increase of PGA, the crack width increases
at a more rapid rate; thus indicating an increasing influence of PGA on
the crack width.

The time history of the total crack width for the upstream face slab
during the earthquake is shown in Fig. 30. The greater the PGA, the
earlier the face slab cracks. The characteristic of the crack evolution and
moment in which the maximum total crack width appeared are similar
with the different PGAs.
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Table 6
Effect of peak ground acceleration on face slab cracking.
Peak ground acceleration/g 0.3 0.4 0.5
o @ 3= @ B®)=@
- -2
Maximum individual crack 56 9.9 4.3 149 5.0
width/mm
Maximum total crack width/ 5.6 16.6 11.0 33.5 16.9
mm
Maximum individual residual 1.0 2.7 1.7 5.2 2.5
crack width/mm
Maximum total residual crack 1.0 4.6 3.6 119 7.3

width/mm

6. Conclusion

In this paper, the CZM combined with generalized plastic models of
rockfill and interface is extended to investigate the seismic cracking
evaluation for the slabs in CFRDs. An explicit SBFEM-FEM is developed
to enable cross-scale analysis. The method can consider the strain soft-
ening of rockfill and concrete after being damaged and avoids the
occurrence of negative stiffness and the convergence problems that are
present in implicit analysis. The elasto-plastic seismic cracking evolu-
tion of face slab is investigated in detail with consideration to the steel
reinforcement and ground motion intensity.

1) The dynamic stress of the face slab is mainly generated by the friction
from the cushions. The damping ratio of the face slab has very
limited influence on the dynamic response of the CFRD. Therefore, it
is feasible to decrease the damping ratio of the face slab to improve
the computation efficiency in the explicit dynamic analysis of the
CFRD.
Compared to the commonly used elastic model for face slab analysis,
the proposed method offers an improvement on failure analysis in
the area of CFRD numerical simulation. The computed stress in the
slab does not exceed the tensile strength of concrete. The stiffness
degradation and strain softening are considered. The computed
failure mode of the slab agrees well with the material characteristics
of concrete.

Penetrating cracks are observed on the slab, and the crack widths and

initial cracking moments at both sides of the slab are almost the

same. The crack reaches the maximum width during the earthquake,
and a residual width is retained after the earthquake.

4) Compared to the concrete face slab, the maximum and residual total
crack width on the reinforced concrete face slab is reduced by 75.6%
and 83.1%, respectively. Furthermore, the cracking elevation is
lower, and the initial cracking moment is delayed. However, the time
to reach the maximum crack width in both cases are almost the same.

5) The damaged areas are similar for different PGAs. As the PGA in-
creases, the crack appears earlier. Furthermore, both the individual
crack width and the total crack width increase, and the influence of
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Fig. 30. Total crack width over time for different peak ground accelerations.
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PGA on the crack width increases. The characteristics of the total
crack width evolution is similar. When the failure pattern consists of
multiple cracks, the cracking occurs from the order of low to high
elevation.

The presented method can describe the crack evolution during the
earthquake in detail, accurately locate the weak areas of the face
slab, quantitatively evaluate the degree of damage and estimate the
anti-seismic capacity and reinforcement measures of the CFRD. In
addition, the method can provide guidance for risk assessment (e.g.
seepage induced damage, dam collapse) of dams.

7) The proposed method can be utilized for the analysis of other con-
crete anti-seepage structures (e.g. connection wall, anti-seepage
wall), as well as the analysis of concrete cracking involving soil-
concrete interaction.

The method can be straightforwardly extended for three-dimensional
analysis and avoid the issue of scalar damage factors, which can
cause the loss of stiffness and bearing capacity in the other two di-
rections when only one direction is damaged. Future work will aim
towards three-dimensional failure analyses of CFRDs to investigate
damage localization, damage mechanisms, influencing factors of
face slab safety, as well as anti-seismic measures.

6)

8

-
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