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ARTICLE INFO ABSTRACT

Keywords: The evaluation of high compression zones for anti-seepage face slabs is an increasingly important task in the

CFRD safety evaluation of high concrete faced rock-fill dams (CFRDs). This manuscript uses the scaled boundary finite

High compressive stress: extrusion damage element method (SBFEM) to construct a cross-scale model of the rockfill and bedrock in a high CFRD. Non-

SBFEM . conforming elements are applied to independently refine the mesh locally in the concrete face slab, which allows

Non-matching node . . . . :
an accurate modeling of the rotating and bending phenomenon experienced by the face slab zone. Meanwhile,
the non-matching node interface is introduced to connect the locally refined face slab mesh to the rockfill zone
and obtain the final cross-scale model for refined analysis. The generalized plastic constitutive model and a state-
dependent elasto-plastic interface constitutive model are employed to capture the complex behaviors of rockfill
and soil-structure interaction (SSI). Leveraging the above approaches, static and dynamic analyses of a high
CFRD are conducted to identify high compressive stress zones and simulate the extrusion damage. The results
indicate that self-weight, water pressure, friction force and seismic loads contribute to rotating and bending
between face slabs, and can lead to significant local stress concentration within the surface of face slab near the
longitudinal joints and may potentially extrusion damage.

1. Introduction

With the increasing development of renewable energy from hydro-
electricity, the construction of high dams has gained worldwide atten-
tion. Particularly, the concrete faced rockfill dam (CFRD) is becoming an
increasingly attractive type of dam due to its advantages in reliability,
economy, and environmental adaptability. Many CFRDs have been built
around the world, including the Barra Grande dam (in Brazil), the
Zipingpu dam (in China), the La Yesca dam (in Mexico), the Bakun dam
(in Malaysia), etc. With increased construction came modifications to
the dam design. For example, heights of CFRDs are increasing from 200
m to 300 m, especially in China. Thus, the safety evaluation of such
large-scale structures is of great significance for design and construction
considerations [1-3].

Researchers have concluded that the potential failure of the anti-
seepage structure, especially the concrete slab face, is a typical mode
of damage in high CFRDs [4-6]. Thus, the refined analysis of concrete
face slab in static and dynamic analysis is gradually becoming the core
topic of numerical simulations for CFRDs [2,4,6]. Kong et al. [7-9]
identified high stress zones within the face slab after impoundment,

during an earthquake, and after an earthquake. Zou et al. [10-13]
proposed a refined way to perform static and dynamic analysis of con-
crete slab faces. Dakoulas et al. [14] and Xu et al. [4] used a plastic
damage model for concrete to simulate stiffness degradation and strain
softening and capture the response of face slabs during seismic excita-
tion of 2D models. Arici [15] and Qu et al. [5] applied the cohesive zone
model (CZM) to simulate the evaluation of crack performance.

Due to the weakness of concrete to tensile forces, much of the pre-
vious research [7-15] have focused on investigating the distribution of
tensile stresses within the slab face. Conversely, when the compressive
stress is excessive, CFRDs may experience extrusion damage. The high
compressive stress zone of the face slab usually develops after
impoundment or after an earthquake. Poorly compacted rockfill mate-
rial is the main contributing reason for the development high
compressive stress zone of face slab after impoundment [16,17]. How-
ever, with the improvement of rolling technology, CFRDs built in recent
decades are mostly compacted adequately. Thus, most recently built
CFRDs often do not experience extrusion damage of the face slab after
impoundment. A great number of CFRDs with a height over 100 m are
built in areas prone to earthquakes [2]. The compressive stress in the
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axial direction of the face slab can accumulate rapidly under strong
seismic loads, and may eventually lead to extrusion damage. The
extrusion damage in the slab of the Zipingpu CFRD [1] during the
Wenchuan earthquake is shown in Fig. 1. Thus, in this manuscript, the
author focuses on studying the high compression zone of face slabs and
simulate extrusion damage under seismic loads.

As seen in Fig. 1, extrusion damage and high compression zone
typically occurs locally within the superficial zone of the face slab. Thus,
a delicate mesh is needed only for areas that have the potential for
extrusion damage. Thus, cross-scale modeling will be invaluable in
generating practical 3D meshes for high CFRDs. Prior manuscripts have
developed several approaches to perform cross-scale model [18,19]. In
this paper, scaled boundary finite element method (SBFEM) [10,11,20,
21] coupled with octree [22,23] is used in the rockfill and bedrock zones
to generate the cross-model with high efficiency and autonomously. In
addition, non-conforming elements [24-26] are introduced to replace
the 8-nodes isoparametric elements to capture the bending and rotating
behaviors within face slab. Non-matching node interfaces [12,13] have
been used to connect the face slab and the cushion zone with flexible
nodal distribution. Finally, the cross-scale model allows a rapid transi-
tion of element size from 0.4 m (high compressive zone in concrete face
slab) to 20 m (bedrock zone). The implementation of cross-scale
modeling can be found in section 3.

The application of advanced constitutive models is another vital
issue in the modeling of CFRDs. In this paper, a generalized plasticity
model [27,28] is applied to reflect the material properties of rockfill. A
generalized plastic interface model [29,30] is employed to solve com-
plex SSI problems.

This manuscript is organized as follows. Section 2 provides a brief
introduction to the underlying theory. Section 3 details the modeling
process along with the parameters of the material constitutive model
and seismic loads. Section 4 evaluates the high compressive stress zone
of face slab (with elastic model) under seismic load and investigates the
effect of element size on the numerical behavior of the face slab. Section
5 explores a potential approach to mitigate the dynamic high
compressive stress of the face slab. Finally, the plastic damage model is
introduced to simulate the extrusion damage of face slab.

2. Introduction to numerical methods

All the numerical approach in this section have been verified with a
numerical example or data measured in previous papers. The SBFEM is
verified through the simulation of Koyna gravity dam and compared
with data from a shake table test [11]. The non-matching node interface
is applied to a metro structure and compared with results from the
traditional FEM method [12]. The non-conforming element is adopted
to simulate the cut-off wall with results from the traditional FEM method
[31]. Through a combined use of the generalized plasticity model for
rockfill and the generalized plastic interface model, the simulation of
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Zipingpu CFRD is conducted and the results compared with measured
data [1].

2.1. Scaled boundary finite element method

Song and Wolf [32] developed SBFEM, which is a semi-analytical
method [33,34] that inherits the advantages of the finite element
method (FEM) and the boundary element method (BEM). The ability of
SBFEM to handle a complex geometries have allowed application to-
wards a wide variety of modeling tasks [35-37]. Chen et al. [10,11,20,
21] expanded the limits of SBFEM to enable analysis with nonlinear
materials. In addition, the mean - value interpolation function [38] has
been introduced to compute the displacement of each gauss point in
each face. Through augmentation with octree [22,23], SBFEM can
achieve cross-scale modeling in solid zones with high flexibility. The
theory behind SBFEM is briefly introduced in the following, with more
detail found in Refs. [10,11,20,21].

Through the mean - value interpolation function, the displacement
within each face can be determined by:

[x) =™

ﬂ'( ) S @
" (x) :tan(a,-,l/Z) + tan(a;/2) @
‘ [Ix =il

where x represents the coordinates of interpolation point, v; are the
coordinate of the nodes. 4;(x) is the interpolating function, w;(x) is the
mean - value weight function. a;, ;1 are the angle between interpolation
point and nodes shown in Fig. 2. ||x-v;|| is the distance vector between
interpolation point and nodes shown in Fig. 2.

According to the local coordinates (¢, 1, {), the value of the shape
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Fig. 1. Extrusion damage of face slab in post-earthquake Zipingpu CFRD.
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functiongin each interpolation point can be obtained as follows:

@(E1,0) =N (n, Oy, & O3y ! 3

where (¢, , ¢) represents the local coordinates of the interpolation point,
¢ is the value of the shape function at each interpolation point. Sy, is a
diagonal matrix [10]. The matrix y, comprises the nodal displacements,
and its size depends on the degrees of freedom (DOF) elements N;, is the
polygonal shape function for a boundary surface.
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where B; and B; are transition matrices [2], B, K¢p, and Dy, represent the
strain displacement transformation matrix, stiffness matrix and consti-
tutive model matrix, respectively. The diagonal entries of S, are
composed of the real parts of the eigenvalues. The entries include two
zeros (representing the two modes of translational rigid body motion)
and negative numbers.

2.2. Modeling interfaces with non-matching nodes

Using the 8-node interface element (4 nodes for 2D elements) and
meshless method [39-41] as the foundation, Gong et al. [12,13]
developed the non-matching node interface to simulate soil-structure
interaction. On the structural side, four nodes in each element are
used for linear interpolation. A set of nodes within the supporting area
[12,13] on side of the soil is used for RBF [42-45] interpolation. Thus,
the approach accomplishes cross-scale modeling between the concrete
slab face and cushion zone with flexible nodal distribution on either side
of the interface. In addition, the most interface constitutive models can
be directly employed in this cross-scale modeling approach, thereby
significantly enriching the potential applications of non-matching node
interfaces in geotechnical engineering. The remainder of this section
summarizes the derivation of the above method, and more details found
in Refs. [12,13].

To compute the displacement along the structural side, the following
equations can be adopted.

Usir(X) = @ syttt + @252 T O3 gyrt3 + P s (6)
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where x and y represent the coordinates of the interpolation point in
local coordinates. Ly and Ly are the lengths of the element in the normal
and tangential directions on the structural side. ugy, and uy,; are the
displacements along the structural and soil side. ¢ is the shape function
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of corresponding nodes on the structural side. B(ry;) is a multi-quadric
(MQ) radial basis where C, q are two constant parameters. r;; refers to
the distance between node i and node j within the supporting domain. In
addition, p(l) refers to the added basis of the MQ radial basis. a;, by are
the constants to be computed for the MQ radial basis [13].

Uy siru
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The differential matrix B of each gauss point is computed with
equation (11). Note that Bis a 3 x (3 x (4 4+ n)) matrix in 3D problems.
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Finally, through the gaussian integration, the stiffness matrix K of the
non-matching node interface is obtained as follows:

K] = / [B]" (D] [BJaA 12)

where D represents the constitutive model matrix.

2.3. Non-conforming element

The interpolation function in isoparametric elements is linear, and
may be inadequate for simulating bending and rotations within the face
slab. To solve the above issue, non-conforming elements [24-26] are
introduced to replace the more traditional 8-node isoparametric ele-
ments in the face slab. Through adding an internal quadratic basis for
the displacement field, the interpolation function of non-conforming
elements can satisfy the complete quadratic basis at each gauss posi-
tion without the need for additional nodes. The process of derivation is
shown in the following with more detail found in Refs. [24-26].

The displacement field of Wilson non-conforming elements can be
obtained by:

u=No + N,d, 13)
N O 0 Ny 0 0
0o 0 N 0 0 Ng
Ny O 0 No 0 0 Nsg O 0

N=]0 Na O 0 Np, O O Ns O (15)
0 0 Ng 0 0 Np O 0 Ny

where N; = § (1 +5)(1 ;) (1 4+¢6) Nu =1~ & N2 =1 — 11> No3 =
1-¢2

Through the complete linear and quadratic bases, the strain can be
derived:

e=B6+ B,d, (16)
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where N and N, respectively represent the matrix of the shape function
on each node and the internal additional shape function, B and B, are
respectively the strain matrix and internal additional strain matrix.
Similarly, § and &, are the displacement of each nodes and internal
additional displacement [24].

K. K.][6] [P
{KW mj[@}‘{m} a7

where P and P, are the external force vector and ab additional external
force vector [4]. The K matrices are described as follows:

K,.= / B'DBAVK,, = / B'DB,dVK,, = / B'DBdV K,, = / B'DB,dV
\4 \4 \4 \4

(18)

2.4. Generalized plasticity model for rockfill

An improved version of the generalized plastic constitutive equations
presented by Zienkiewicz and Pastor [27,28] can be used to better
capture model behavior under cyclic hysteresis and stress correlation.
The above modified model unifies parameters for static analysis, dy-
namic analysis, plastic deformations and has been successfully applied
in several geotechnical structures. The abridged theory is provided in
the following paragraphs and further details can be found in Refs. [27,
28].

Firstly, the relationship between stress and dilatancy can be
expressed as:

P
_ deb

a deb

= (1+ay) (Mg —n) (19)

where de) and def are the incremental plastic volumetric and deviatoric
strains, respectively, M, is the slope of the critical state line in the p —q
plane, n = q/p is the stress ratio, and g is a model parameter.
6 sing,
M= 20
& 3 + sing,, sin 3 0 (20)
In the elastic stage, the behavior is described with shear and bulk
moduli:

G=Gop.(p/p.)™ 21)
K =Kopa(p/pa)"™ (22)

where Gy, Ky, m;, and m,, are parameters for elastic modulus parameters.
On the other hand, the plastic modulus under loading Hj and
unloading H,, can be defined respectively as:

H.=Hy-p,- (P/Pu)m'

o { Huopa(p/pa)"™ (n,/Mg)
" Hy ‘ﬂu/Mg} 21

-Hy - (Hy + Hy) - HpyHen (23)

|’711/M8| <l (24)

where Hp is the plastic modulus number; Hy, H,, and Hs are plastic co-
efficients; Hgen, Hpy are the densification coefficient; p, is the atmo-
spheric pressure; exponents m; and my, are obtained by fitting the whole
stress-strain curve under different confining pressures [28].

2.5. Generalized plastic interface model

As for the interface zone, Liu et al. proposed an elasto-plastic
constitutive model that considers state-dependence in three di-
mensions based on the generalized plasticity framework [29,30]. This
model can accurately capture the complex behaviors within the inter-
face zone, including shear dilation, shear contraction, stress hardening,
softening and particle breakage. The interface model is briefly described
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below and more details can be found in Refs. [29,30].
The elastic matrix is described as:

DS
D° = D, (25)
Dn

On the other hand, the plastic modulus is calculated by:

IR AYA) »
fHon(pu)(l pp>(1+p)f 26)

where f represents a maximum stress surface defined in 7-o, stress space.

f:r—Ma,,(%) {1 - (Z—Z)H} =0 @7

where a and M are model constants [29].

yeee 28)

where e is the void ratio and e, is critical void ratio.
The direction of the plastic flow and the loading direction vector n is
expressed as

n=(ny,ny,n )Tn = & ny = o ny, = % (29)
o B+ Pl B+
df:ma((Mf+kmw) Pusx/ P fn)exp(c()/ ") (30

where @, r3, and k, are introduced for simulating dilatancy, Myindicates
the loading flow direction, 7 is the stress ratio in the p —q plane, and p and
Pmax are described in Fig. 3 as follows:
Finally, the criteria of loading or unloading can be defined as.
Loading: n:de® > 0

Unloading: n:de® < 0 (31)

Neutral loading: n:dé® = 0
3. Modeling and simulation parameters
3.1. Geometric modeling

In this manuscript, a 3D CFRD with 240 m height is introduced to
numerically evaluate the high compressive stress zone under strong
seismic loads. The geometrical model is shown in Fig. 4. We defined the
x direction as the direction along the river, the y direction as the vertical
direction and z direction as the dam axial direction. The dam has up-
stream and downstream slopes of 1:1.4 and 1:1.6, respectively, and both
banks of the river valley share a 1:1 slope. The width is 80 m at the
bottom of the valley. To capture the dam-foundation dynamic

7,/0, A Atreversal point
B:current point

maximum stress surface

7, /0o,

R

“virtual” peak surface

Fig. 3. Illustration of p and pmax-
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Bedrock

Rockfill Interface

Face slab

Perpends

Peripheral joint

700

Fig. 4. The geometry model of 3D CFRD.

interaction, the interfacing length for the foundation in the model is
about 1.0 H (H for dam height) following previous research [1,29]. The
thickness of the anti-seepage concrete face slab increases according to
0.3 + 0.0035 h, where h is the depth from the water surface. In engi-
neering practice, the face slab has steel reinforcement in two directions.
However, the rebar is applied to bear the tensile stress instead of
compressive stress. Meanwhile, it presents significant difficulties in
modeling 3D CFRDs considered the rebar. Thus, the steel reinforcement
concrete face slab is not considered in this simulation.

Differences over several orders of magnitudes exist between the el-
ements composing the face slab and rockfill, bedrock zone. Thus, to
balance computational efficiency and precision, the cross-scale model is
necessary. Meanwhile, the potential high compression stresses zone for
the face slab lies within the center of the valley and a locally refined
mesh is needed for modeling such an area. Such a requirement can be
achieved by independent modeling between the face slab, the rockfill,
and the bedrock. In answer to the above challenges, this section presents
an effective way to achieve cross-scale modeling and local mesh
refinement as follows (see also Figs. 5-7):

Step 1. A cross-scale model (elements size from 2 m to 20 m) for the
rockfill and bedrock is constructed with 298,145 elements. Several
complex elements (polyhedrons elements) are also introduced through
automatic meshing, which cannot be solved without coupled SBFEM-
FEM.

Step 2. The mesh of face slab is independently established with 1 m
meshes along the axial direction and 2 m meshes along the vertical di-
rection. As the high compression zone is located in the center of the
valley [7-9], the meshes in these area is further refined with 0.4 m
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meshes along the axial direction of the dam. The face slab is divided into
a select number of layers (i.e. 5 layers in this manuscript) along the
direction of the thickness. Meanwhile, non-conforming elements are
introduced to replace the 8-node interface elements. Finally, 243,165
elements are used to model the face slab.

Step 3. The non-matching node interface is introduced to connect
differently sized meshes between the face slab, the rock-fill, and the
bedrock. The specialized interface captures the complex soil-structure
interaction with elastic-plasticity interface constitutive equations.
Joint elements are used to simulate vertical joints on the concrete face
slab (20 m between vertical joints). The vertical joints have a significant
influence for the stress distribution along the axial direction of the dam.
Viscoelastic artificial boundaries are used for dynamic analysis. The
final meshes are shown in Fig. 5 with 645,892 elements and 754,213
nodes.

3.2. Parameters used for static and dynamic analyses

The 240 m CFRD model is constructed in 30 steps. Sixty steps are
dedicated to simulating the impoundment process (water level of 180 m)
before an earthquake. Table 1 lists the material parameters used by the
generalized plastic model to describe the rock-fill, cushion and transi-
tion zones [28]. The state-dependent elastic-plastic interface constitu-
tive model (Table 2) is employed to simulate the soil-structure
interaction. The linear elastic model is used for concrete face slab and
bedrock (Table 3) [29]. The asphalt board [46] is considered as filling
materials for the vertical joints (i.e. hard joints) (Table 4). It should be
noted that in this manuscript, all vertical joints are simulated with
interface elements, and the width of vertical joints is 10 mm in the
following simulation.

Compaction parameters and filling density

E p/kg/m3 D,

0.231 2210 93.8%
0.157 2350 94.8%
0.188 2290 94.6%

Material properties remain the same for both dynamic and static
analysis. The input ground motion uses a simulated earthquake wave
specified by the “Specifications for seismic design of hydraulic struc-
tures”. The input seismic load is a 20 s wave with peak ground accel-
eration (PGA) of 0.497 g in the horizontal direction x, and 0.334 g in
both the vertical direction y and dam axial direction z as shown in Fig. 8.
The response spectrum of the seismic wave are shown in Fig. 9.

The above seismic loads are applied through the viscoelastic

Step 1

The mesh of rockfill and bedrock zone

Element size from 20m to 2m

@ Rockfill zone
@ Cushion zone
® Transition zone

SBFE

Fig. 5. The process of CFRD modeling: Step 1. Overview of the different zones. Note the difference in element density across different zones.
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Step 2

2m in vertical direction,

Potential damage zone

Local refined modeling:

Divided the face slab into 5 layers
in thickness direction

1m in dam axial direction

Fig. 6. The process of CFRD modeling: Step 2. The high compressive stress zone in the face slab is locally refined.

rockfill

Face slab

The nodal distribution along the
surface of interface zone

Connect the models with non-
matching nodes interface

Fig. 7. The process of CFRD modeling:

Table 1

Step 3. Introducing the non-matching node interface between differently sized meshes.

The material parameters for the rockfill, cushion and transition zones [28].

Elastic modulus

Plastic loading direction

Plastic modulus

Go Ko ms my M, Mg as ag m my rd YoM Tu Po h Hp Hyo
Rockfill 1000 1400 0.5 0.5 1.8 1.38 0.45 0.4 0.2 0.2 180 50 4 35 0.022 1800 3000
Cushion 980 1290 0.5 0.55 1.6 1.38 0.35 0.4 0.2 0.2 150 20 4 30 0.025 1500 2800
Transition 980 1290 0.55 0.55 1.6 1.38 0.3 0.4 0.2 0.2 120 20 4 25 0.03 1500 2800
Table 2
The material parameters for the interface between cushion zone and face slab [29].
Elastic modulus Critical state Particle breakage Plastic direction Loading direction Plastic modulus
Dgo/kPa Dno/kPa M. €0 A a/kPa’® b C « ra km M¢ k Ho/kPa fa
1000 1500 0.88 0.4 0.091 224 0.06 3.0 0.65 0.2 0.6 0.65 0.5 8500 2
Table 3 Table 4
The material parameters for the face slab and bedrock. The material parameters for the asphalt board as the filling materials for vertical
Component E/GPa p/kg.m ™3 v Joints [46].
Face slab 31 2500 0.17 Component E,/Pa E./Pa E,/Pa
Bedrock zone 10 2400 0.25 Asphalt board 1*10° 1*10'° 2*10°
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Fig. 9. The acceleration amplification response spectrum.

boundary and equivalent load [47]. Viscoelastic boundary elements are
introduced at the boundary of the bedrock. The equivalent load can be
simulated with equation (32) as follows:

F,=RY + Cud + Kouf (32)

where ugf , ugf and R;f , are respectively the displacement vector, velocity
vector and the corresponding force vector induced at the system
boundary nodes by the free wave field, and K}, and C}, are the additional
stiffness matrix and damping matrix of the viscoelastic boundary
element, respectively.

The dynamic analysis uses the Newmark-§ [48] method and in-
crements in steps of 0.01s during integration until 1% convergence is
reached. Meanwhile, Rayleigh damping [49] is chosen as a gauge for
damping characteristics shown in Fig. 10.

The damping matrix [C] is related to the viscous coefficient of the
material. The damping matrix can be expressed as follows:

[C] =a[M] + BIK] (33)
where a and g are both damping coefficients. Yoshida et al. [49] pro-
posed that the minimum damping ratio can be expressed as

hmin - (lﬁ (34)

Then, a sensitive frequency range f; and f;, needs to be defined. In
geotechnical engineering, this range is typically between 0.5 and 5 Hz.
The damping ratio at the boundary can be expressed as

hA
Damping curve for
calculation
hl’l’la -—— -
ho el = -
0 1 {
iminr === m A= = I
1 j Frequency
1 1 independent damping
1 1
1 1 >
d
fa /b S

Fig. 10. The relation between damping ratio and frequency (Yoshida 2002).

Ponax = /2wy, + fwy, /2 (35)

Ninax = A/ 2Wq + Py /2 (36)

where w = 2xf, the frequency-dependent damping can be expressed by:

ho = (Mmin 4 Mmax ) /2 37)

Through the above equations, the damping coefficients @ and f can
be estimated. When the damping ratio h < hy, then h = hy. The relation
between damping ratio and frequency is shown in Fig. 5. In this paper,
the f, = 0.5, f, = 3. The frequency independent damping is hy = 5% for
the face slab, hyp = 2% for the rockfill and hyp = 1% for the canyon rock
material [50].

4. Numerical results
4.1. Evaluation of high compressive stress

An initial static analysis is conducted using the model and parame-
ters described in the prior sections Fig. 11 shows the deformation of
rockfill zone (the maximum cross-section) from the effect of self-weight
and post-impoundment water pressure.

With the rising of water level, the rockfill horizontally displaced from
the upstream side to downstream side. Due to the dual sided restriction
imposed by the river valley, the concrete face slab deforms with the
rockfill, thereby further contributing to the deflection towards the
downstream direction (Fig. 12). The maximum displacement is located
at the lower middle part of the face slab, and is similar with the location
of maximum incremental horizontal displacement in the rockfill. The
relative thinness of the face slab results in bending and rotating along
the slope. Accordingly, rotation may occur near the vertical joints be-
tween different parts of the face slab, where the angle between the
rotating parts of the face slab is a.

The rotation can generate stress concentration on the surface of face
slab. Fig. 13 shows the angle of rotation as the water level increased. The
difference in compressive stresses after impoundment along dam axial
direction within the surface and along the innermost layer of face slab is
shown in Fig. 14.

The above results indicate that the maximum compressive stress
occurs at 0.4H of the face slab Both the surface and inner parts of face
slab are compressed, however a significant difference in the stress levels
between the two parts is present due to the small rotation. Though stress
is concentrated within the surface of face slab, the maximum compres-
sive stress along the axial direction of the dam is far from the
compressive strength of concrete. Thus, extrusion damage does not
occur in the above static analysis in this simulation. On the other hand,
the tensile stresses are significantly increased within the innermost layer
of the face slab (i.e. edge of face slab), which may lead to other potential
problems (e.g. excessive opening of the peripheral joint), but that are
outside the scope of this study.

The dynamic analysis builds upon the static analysis and utilizes the
same model and set of parameters. Firstly, the post-earthquake defor-
mation of the rockfill zone (the maximum cross-section) is obtained as
shown in Fig. 15. Under the effect of water pressure and seismic load, the
maximum post-earthquake deformation occurred at the top of the
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Fig. 11. The deformation of rockfill zone after impoundment.

v

Disl /m

Fig. 12. The deflection of face slab after impoundment.
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rockfill zone. Meanwhile, due to the friction between the cushion zone
and the face slab, the maximum post-earthquake deflection also
occurred at the top of face slab.

Due to the width of face slab at the top position, the restriction from
the bedrock at both sides are relatively weak. Thus, the position of the
maximum compressive zone on the face slab moves down along the dam
direction to about 0.85H. Meanwhile, the restriction points towards the
middle part of face slab. Thus, the relatively high compressive zone lies
in the middle of the river valley and about 0.85H height of face slab. A
previous study by Kong et al. [7] presented a similar distribution of the
high compressive stress zone on the face slab. Fig. 16 shows the
post-earthquake deformation characteristics of the face slab.

Within the high compressive stress zone, the relative thinness of the
face slab results in bending and rotating. Due to the existence of per-
pends, a different part of face slab may rotate along the axis of vertical
joints shown in Fig. 16. According the above discussion, the maximum
angle of rotation occurs in the middle of river valley along vertical joint.
Through a sub-model of the face slab-interface-cushion zone, Zhou et al.
[17] also concluded that the rotation extrusion damage may occur
within the face slab. The rotation along the prepends can generate stress
concentrations on the surface of the face slab, which leads to a signifi-
cant rising of compressive stress along the dam axial direction within the
outermost layer face slab. Xu et al. [16] and Zhou et al. [51] also pointed
out that the stress concentration phenomenon should be avoided to
reduce the high compressive stress of the face slab.

Fig. 17 compares the post-earthquake compressive stresses within
the surface and inner parts of the face slab in the axial direction of the
dam. The figure shows that the maximum post-earthquake stress occurs

Disy /m

‘ -0.10
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(b) The deformation in y direction

Fig. 14. Comparison of compressive stresses in face slab along the axial direction of the dam (negative for compression).
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(b) The deformation in y direction

Fig. 15. Post-earthquake deformation in the maximum cross-section of rock-fill.
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Fig. 16. The post-earthquake deformation characters of face slab.
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Fig. 17. The comparison of compress stress in dam axial direction in face slab (negative for compression).
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Fig. 18. Stress vs seismic time history.

at 0.86H and high compressive stress zone locates near the vertical
joints. The time history of the maximum stresses and the degree of
rotation along the slope is shown in Fig. 18 and Fig. 19, respectively. The
compressive stress oscillates and accumulates in both the surface and
innermost layer of the face slab shows during the earthquake.

The seismic excitation caused further deformation at the top of the
rockfill, thereby increasing the degree of rotation between face slabs
along the slope and amplifying the stress concentration in the surface of
concrete face slab. The maximum compressive stress reached 29.4 MPa
in the middle of valley located near the vertical joints at 0.86H. For
reference, the uniaxial compression strength of C30 concrete is 27.8
MPa, which indicates that the extrusion damage may occur at the sur-
face of face slab after earthquake.
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Fig. 19. Rotation angle vs seismic time history.

4.2. Effect of face slab meshing

The effect of the face slab meshing on results is investigated in this
section to help select the appropriate mesh size in concrete face slab.
Firstly, the face slab is divided between 1 and 6 layers in the normal
direction. The thickness of elements varies from 0.3 m to 0.05 m at the
top of the face slab. The compressive stresses along the axial direction of
the dam for the innermost and outermost layers of face slab is shown in
Fig. 20. The results suggests that only multi-layer (5 layers for this
simulation) elements can effectively model the bending, rotation be-
tween face slabs and the stress concentrations, all of which contribute to
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Fig. 20. The size effect analysis of face slab in normal direction.

high compressive stress.

Therefore, the face slab consisted of 5 layers of elements in the
normal direction, and the minimum thickness of the face slab is 0.06 m.
The precision of elements decreases if the size of the other two directions
(axial, slope directions) are too large by comparison. Thus, the size
analysis for face slab within the high compressive stress zone covers 8
m-0.25 m meshes in the axial direction. Meanwhile, in order to simulate
the bending and rotation between face slabs, the non-conforming
element is also considered as shown in Fig. 21. Compared with the 8-
node element, the non-conforming element offers higher precision in
evaluating the high compressive stress zone. With the non-conforming
element, the precision can be guaranteed where the mesh size reaches
0.5 m along the axial direction of the dam.

In this example, the effect of the face slab meshing along the direc-
tion of the slope is shown in Fig. 22 for sizes 5.6 m to 0.7 m. The error,
which uses the 0.7 m results as the reference, is listed in Table 5. The
results suggest that the element size along direction of the slope has little
influence when the size reaches 2.8 m. Thus the following work uses the
size of 2.8 m for face slab element along the direction of the slope to
strike a balance element population and numerical precision.

The above results show that a locally delicate mesh for the face slab is
necessary for adequately evaluating the high compressive stress. How-
ever, the large number of elements needed for implementing a delicate
mesh can be computationally expensive and have impeded prior related
research efforts. This manuscript therefore turns to cross-scale modeling
to balance precision and efficiency. Particularly, a combination of non-
matching node interface, SBFEM and non-conforming elements serve as
the core tools for properly s evaluating the high compressive stress zone
in 3D CFRDs.
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4.3. Approaches to reducing the high compressive stress

The analyses conducted in the preceding sections point towards the
deformation of the rockfill as the primary cause of high compressive
stress. Therefore, any measures that can effectively control the defor-
mation of the dam body [7-9], such as decreasing the water level,
replacing the material in the rockfill area, etc., will help mitigate high
compressive stress. However, the details of such approaches are beyond
the scope of this manuscript.

(1) Replacing hard joints with soft materials

The material of longitudinal joint can greatly influence the
compressive stresses of the face slab, especially along the axial direction
of the dam [52]. Compared with hard joints made of asphalt boards (Ep
= 1*10'%Pq), the soft filler used in the vertical joints can effectively
mitigate high compressive stress [53,54]. Thus, this section utilizes two
soft filler materials for the longitudinal joint and subjects the CFRD
model (water level 210 m, bottom valley width 80 m, PGA 0.6 g) to
verify improvements in high compressive stress. The results (only the
relative high stress zone) are shown in Fig. 23. In case (a), the hard joint
with asphalt is introduced for comparison. In case (b), birch (E,. =
2.3*108Pa) is used as the filler material for longitudinal joints. In case
(c), rubber (Epcp = 5%10%Pq, Epc1 = 3%10'%Pq, &1 = 0.5) serves as the
filler materials for the longitudinal joint. Meanwhile, the constitutive
model for rubber proposed by Zhou [55] is also shown.

w
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The post-earthquake stress /MPa
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error: 11.81%
26 ‘ ‘ ‘
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Fig. 22. Analysis of the size effect for the face slab along the slope direction.

Table 5
Error analysis for different sizes of elements along the slope direction.
Element 56m 49 4.2 3.5 2.8 21 1.4 0.7
size m m m m m m m
Relative 11.81 2.53 2.15 0.88 0.51 0.39 0.32 -
error/%
3.5x10°
Non-conforming _—
3.0x10 element /A Isoparametric
/ element
2.5x10
l
] =
20102 Maximum relative l%(
error: 42.34%
1.5x10
8 4 2 1 0.5 0.25
I/m

(b) The maximum rotation angle with different meshes

Fig. 21. The size effect analysis for face slab along the axial direction.
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Fig. 23. Stress distributions for different filler materials used in longitudinal joint.
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As parts of extrusion displacement in the face slab along axial di-
rection of the dam can be absorbed with soft filler, the maximum
compressive stresses decrease by 19% and 26% in cases (b) and (c),
respectively compared with the case of the hard joint. In addition, the
area that exceeds the compressive strength of concrete decreased by
64% in case (b) or even disappeared in case (c). Thus, the axial
compressive stress and extrusion damage can be effectively reduced by
using soft joint materials.

(2) Increase the width of vertical joint

In this section, we conduct a study to verify whether the increase of
vertical joint width can decrease the compressive stress along the dam
axial direction. As mentioned above, the width of the vertical joint is 10
mm in case (a), and in this section, an additional case (d) with 20 mm
vertical joint is introduced to conduct a dynamic analysis. The post-
earthquake compressive stress of the outmost layer face slab at 0.86H
level (the position of maximum compressive stress) is shown in Fig. 24.

The case (a) (10 mm for the joint) and case (d) (20 mm for the joint)
have the same modulus for the filler material, but differ in the width of
the joint, which can result in different stiffnesses. Thus, the decrease of
compressive stress occurs in case (d), which has smaller stiffness.
Meanwhile, the reduction in stress reached 20% in the middle of face
slab, where the extrusion phenomenon is most serious. The compressive
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stress is almost the same near the boundary of the face slab as the
extrusion is not as significant.

5. The simulation of extrusion damage for face slab

The previous section evaluated the high compression zone of face
slab under strong seismic load. The maximum post-earthquake
compressive stress along the dam axial direction reached 29.4 MPa,
which exceeds the uniaxial compression strength of C30 concrete (27.8
MPa) and can lead to extrusion damage. However, upon reaching the
compression strength, the concrete starts to soften and cause stress
redistribution. In addition, the uniaxial yield criterion is not suitable for
three-dimensional face slabs. Therefore, the elastic model for concrete
face slab may be misleading.

Thus, the concrete plastic damage model [56,57] is introduced to
simulate extrusion damage for the face slab. D represents the value of
stiffness degradation, which can be used to evaluate the degree of con-
crete damage based on the incremental theory of plasticity (0 for intact
and 1 for completely damaged). The constitutive model considered the
stiffness softening for concrete can be expressed in following equation:

6=(1-D)6 = (1-D)E, : (¢—¢€") (38)
where G represents effective stress, Ey is the initial elastic modulus of
concrete, and ¢ and & are total strain and plastic strain, respectively.

The yield function containing the effective stress and damage degree
is as follows:

F(o.6) = ! (aﬂ +/37, +ﬂ<6max>> —c(K) (39

T l-a

where « and g are dimensionless parameters, (6.« ) is the representative
value of the maximum principle stress, k is the damage state variable,
and c is the strength parameter. The parameters for concrete face slabs
are listed in Table 6.

Table 6

Parameters of concrete plastic damage model [4].
p/kg/m® E/GPa v f/MPa f./MPa Gy/N-m™!
2450 31 0.167 3.48 27.6 325
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0.85H

Fig. 25. The distribution of the post-earthquake extrusion damage for face slab.

In Table 6, f. is compression strength, f; is tensile strength, G; is
fracture energy (Note: this manuscript mainly focuses on the compres-
sion damage). The distribution of the post-earthquake extrusion damage
for face slab is illustrated in Fig. 25.

The results show that the maximum damage factor can reach 0.58 at
a height of 0.85H. The maximum damage factor also lies near the ver-
tical joint in the middle of the valley (about 14 m along the slop direc-
tion). In addition, the extrusion damage zone of the face slab with plastic
damage constitutive model is not completely the same as the high
compression zone with elastic model (i.e. exceeds the uniaxial
compression strength). As mentioned above, the concrete face slab starts
to soften and cause stress redistribution upon reaching the compression
strength, and the uniaxial yield criterion is not suitable for modeling
three-dimensional face slabs. Thus, the plastic damage constitutive
model for the face slab can simulate extrusion damage under strong
seismic load more accurately. It should be noted that both the linear
model and the plastic damage model can reflect the characteristics of the
extrusion damage locally within the superficial zone of the face slab.

6. Conclusion

It is difficult to use any single numerical method to simulate the high
compressive zone and extrusion damage problems with high precision in
CFRDs. Thus, this manuscript leverages a collaborative effort between
SBFEM, non-matching node interfaces and non-conforming elements to
establish a 3D cross-scale model for a typical 240 m high CFRD. Mean-
while, a simulation using a generalized plasticity model, a generalized
plastic interface model and a plastic damage model is conducted to
investigate the characteristics of the high compressive zone and the
behavior of extrusion phenomenon under strong seismic loads. Through
the above numerical simulation, several conclusions can be summarized
as follows:

(1) Combined loads of self-, weight, water pressure, friction forces
and seismic load, the rockfill zone and consequently the concrete
face slab to deform. Due to restriction of bedrock and the relative
thinness across the entire face slab, bending and rotating may
occur near the longitudinal joints. Thus, stress concentration
occurs at the surface of face slab, which leads to the occurrence of
a high compressive zone.

The post-earthquake high compressive zone along dam axial di-
rection is located around a height of 0.85H within the surface of
face slab and is situated in the middle of the valley near the
vertical joints.

To model the process of high compressive stress, the meshes
comprising the face slab must be refined adequately. Results
generated from coarse meshes along the axial direction and
thickness direction can underestimate the compressive stresses by
up to 40% and 30%, respectively. However, the mesh along the
slope direction is minimally affected.

Replacing hard joints with soft materials and increasing the width
of the vertical joint are two effective methods to reduce the high
compressive zone. Both approaches can decrease the stiffness of

(2)

3

(4

—
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the vertical joint in the dam axial direction and absorb a part of
the extrusion displacement. The approaches reduced the
maximum compressive stress by about 25% and 20% in the
simulation presented in this manuscript.

Both the elastic model and plastic damage model of the face slab
can reflect the characteristics of extrusion damage locally within
the superficial zone of the face slab. By considering the softening
of stiffness and the three-dimensional yielding criterion, the
plastic damage constitutive model for the face slab can simulate
extrusion damage under strong seismic loads more accurately.

()

This manuscript identifies the high compressive zone and simulates
the extrusion damage of a face slab under strong seismic loads. The
findings of this manuscript can provide an effective evaluation strategy
for designing the ultimate aseismic capacity in high CFRDs. In addition,
the presented numerical algorithms can be encapsulated into a “super
element” class, which facilitates implementation into commercial FEM
platforms (e.g. ANSYS, Abaqus, etc.). The mechanisms and causes of
extrusion damage in practical projects will undoubtedly be more com-
plex due to factors such as irregular valleys, complex material partitions,
creep and wetting deformation, etc. Meanwhile, the more advanced
concrete constitutive model (i.e. rate-dependent constitutive model,
etc.) forms the basis for further simulating extrusion damage of the face
slab. Thus, future work should explore the mechanisms of extrusion
damage and explain failure pathways with practical examples of high
CFRDs using a more advanced concrete constitutive model.
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