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ABSTRACT 

Over the past few decades, many Concrete-Faced Rockfill Dams (CFRD) have been constructed around the world. The 

structural complexity of this dam type and the high social, environmental and economic costs associated with failure require 

reliable analysis techniques to understand its behaviour and performance. Current design practices are largely empirical for 

lack of sufficient observational evidence, particularly under earthquake dynamic loading. Earthquake ground motion is an 

important phenomenon that has caused serious damage to the impervious concrete face slab laid on the upstream of CFRDs, 

and any failure and damage in the face slab may result in dam instability. The behaviour of the concrete face slab is mainly 

governed by the interaction between the concrete slab and the cushion layer. In this study, the seismic behaviour of the concrete 

face slab in CFRDs is investigated using an advanced interface constitutive model to simulate the face slab-cushion layer 

interaction. The interface model is capable of simulating complex stress-displacement and volumetric behaviour of granular 

soil-structure interfaces. The effect of the reservoir water level on the seismic response of the concrete face slab is also 

investigated. The results illustrate that the earthquake ground motion can significantly increase the face slab response when 

compared with the static condition, and that the water level plays an important role in the face slab behaviour under strong 

ground motion.  
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INTRODUCTION 

Concrete faced rockfill dams (CFRD) have been constructed increasingly over the past three decades. This is due to its low-

cost and simple and rapid construction process  [1–3].  CFRDs generally consist of five important parts, including four zones 

(i.e. cushion, transition, main rockfill and secondary rockfill zones) and a concrete face laid on the upstream of the dam as 

illustrated in Figure . 1. In CFRDs, the structural integrity of the concrete face slab is of critical consideration for designers and 

dam owners. Failure or damage to this impervious section of the dam would result in water penetration into the rockfill body 

and consequently weaken the dam stability [4–7]. Earthquake ground motion is an important phenomenon that has caused 

severe damage to concrete face slabs in CFR dams [8,9]. 

One of the critical behavior parameters in CFRDs is the behavior of the interface region between the concrete face slab and the 

cushion layer made of gravel or rockfill. The interface plays an important role because of the interaction between the two main 

dam bodies with very different stiffnesses. The concrete slab-cushion layer interaction has been simulated widely by the contact 

analysis with Coulomb’s friction law (e.g. [2,4,10–13]) and by zero-thickness elements with no volume change (e.g. 

[8,9,14,15]). Experimental observations (e.g. [16–19]), however, indicate that the granular soil-structure interface  has a 

thickness of about (5-10) D50 of adjacent granular soil and therefore exhibits behavior different from its adjacent materials. The 

interface zone shows complicated volumetric behavior (i.e. phase transformation from contraction to dilation under shearing, 

accumulative contraction under cyclic loading and particle breakage) and stress-displacement relationships (i.e. stress 

hardening/softening, stress degradation, and stress path dependency) under different loading conditions. The interface may 

experience particle breakage under shear cycles, even at low to medium normal stresses [17,20,21]. This phenomenon 

significantly increases the accumulative contraction behavior at the interface zones.  

The essential behaviors of granular soil-structure interfaces outlined above (i.e. phase transformation, accumulative contraction, 

particle breakage effect, critical state, stress hardening and degradation) cannot be addressed using contact analysis or zero-

thickness element with no volume change. The thin-layer interface element proposed by Zienkiewicz et al. [22] and Desai et 

al. [23] would be a preferred choice due to its capabilities to simulate volumetric behavior. This element type, however, needs 
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to be used with an advanced interface constitutive model if it is to address the complex behaviors of granular soil-structure 

interface systems identified above. 

This paper presents the seismic response of CFRDs by considering the effect of concrete slab-cushion layer interaction using 

an advanced interface constitutive model recently developed by the authors [24,25]. The model is in the framework of two-

surface plasticity and critical state soil mechanics, and is capable of simulating the complex behavior of granular soil-structure 

interfaces under monotonic and cyclic loading, such as phase transformation, critical state, accumulative contraction, stress 

hardening, stress degradation, stress path dependency and particle breakage under shear cycles. The constitutive model is 

implemented into a finite element code as a thin-layer interface element, and used in the response analysis of a typical concrete 

faced rockfill dam under earthquake ground motions. The performance of the concrete face slab are compared under static and 

seismic conditions and the effect of reservoir water levels on the stress and deflection response of concrete face slab is 

investigated. 

NUMERICAL MODEL 

Geometry and Material 

A typical CFR dam with 75 m high built on a bedrock foundation is selected for the analysis of this study. The thickness of the 

concrete slab on the upstream face of the selected dam is 0.3 m. The dam has a crest width of about 7 m and the side slopes of 

1.3 H : 1V down to the foundation level. The general view and cross section of the dam are shown in Figure . 1. In this study, 

a general purpose finite element (FE) software ABAQUS [26] was used as a numerical tool for simulating the CFR dam.  

The Drucker–Prager constitutive model [27] has been used widely for simulating granular materials, such as rockfill, in dam 

analysis (e.g. [7,13,28]).The modified Drucker–Prager or Cap plasticity model originally proposed by DiMaggio and Sandler 

[29] and Sandler and Baron [30] has also been widely used (e.g. [31,32]). In the present study, the cap plasticity model is used 

to simulate the rockfill zones of the selecetd dam. The cap plasticity model employed considers the effect of stress history, 

stress path, dilatancy, and intermediate principal stress. The yield surface of the model has three segments: Drucker–Prager 

shear failure surface (Fs), an elliptical cap (Fc) surface and a transition surface (Ft) between the shear failure surface and the 

cap. The cap plasticity model simulates the elastic behavior using a linear elastic formulation once when the stress state is 

within the yield surface. The elasto-plastic behavior is simulated once the stress state is on the yield surface. The formulation 

of Drucker–Prager failure surface, cap yield surface and transition surface are presented in Eqs. (1), (2) and (3) respectively.  

𝐹𝑠 = 𝑡 − 𝑝𝑡𝑎𝑛𝛽 − 𝑑 = 0 
(1) 

𝐹𝑐 = √(𝑝 − 𝑝𝑎)2 + (
𝑅𝑡

1 + 𝛼 − 𝛼
𝑐𝑜𝑠𝛽⁄

)

2

− 𝑅(𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽) = 0 (2) 

 

Figure . 1 Typical cross section of the selected CFR dam 
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𝐹𝑡 = √(𝑝 − 𝑝𝑎)2 + [𝑡 − (1 −
𝛼

𝑐𝑜𝑠𝛽
) (𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽)]

2

− 𝛼(𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽) = 0 
(3) 

Where p is mean effective stress, d and β are cohesion and soil friction angle in the p-t. In Eq. 1, t is a measure of deviatoric 

stress and is calculated as t=q/g, in which q is deviatoric stress and g is a function controlling the shape of yield surface in the 

deviatoric plane (Π-Plane) defined by Eq. (4). 

𝑔 =
2𝐾

1 + 𝐾 + (1 − 𝐾)(𝑟
𝑞⁄ )

3 (4) 

where K is a model parameter and r is the third invariant of deviatoric stress. 

In Eq. 2, R is a model parameter, α is a small number defined for a smooth transition surface between the Drucker–Prager and 

the cap failure surfaces, and pa is an evolution term. The model totally requires eight parameters to simulate elasto-plastic 

behavior of granular soils. The details about the model formulation and parameter identification can be found in Helwany [32]. 

As can be observed in FigureFigure . 1, the CFR dam in the present study consists of four rockfill zones (cushion zone, transition 

zone, main rockfill zone and sub rockfill zone). The model parameters for these four zones were estimated using triaxial test 

data obtained by Marachi et al. [33] and Marsal [34] for large rockfill materials. The rockfill material parameters used in this 

study are provided in Table 1. 

The interface between the concrete slab and the cushion layer is simulated using an interface thin-layer element with the 

advanced constitutive model proposed by the authors [24,25]. The model is based on a two dimensional (2D) plane strain 

problem. The thickness (t) of the interface zone is assumed to be 5-10 times the mean effective diameter (D50) of adjacent soil 

particles. Stress and strain vectors in the interface model consist of normal and tangential components. The detailed description 

of the formulation of the interface constitutive model for the soil-structure interfaces can be found in [24,25]. For the sake of 

completeness, however, a brief summary is presented in Table 2. 

Based on previous study [17,20,21,35], granular soil-structure interfaces may experience particle breakage during shear cycles 

which results in more accumulative contraction. Laboratory tests also show that particle breakage translates the critical state 

line (CSL) downward towards smaller void ratio in the e-logp´ plane [36]. In the interface model, for simulating the effect of 

particle breakage, the CSL is translated towards smaller void ratio in the e-ln(σn/patm) plane by reformulating the approach 

suggested by Liu and Zou [37] for monotonic behavior of gravelly soils (Eq. (8-(10).  

The interface model used for simulating the interface zone between the concrete face and cushion layer requires ten calibration 

parameters in total: two for elasticity (Dt0 and Dn0), three for critical state (ecs-0, λ and μcs), two for dilatancy (Ad and Kd) and 

one for hardening (Kp0) and two for particle breakage (br1 and br2). The details regarding the model parameters determination 

can be found in Saberi et al. [24,25].  

 

Table 1 Cap plasticity model parameters for rockfill materials 

 Zone 

Parameters Cushion Transition Main Rockfill Sub Rockfill  

Mass Density, ρ (Kg/m3) 2000 2000 1980 1980 

Young’s modulus, E (MPa) 200 200 100 110 

Poisson’s ratio, υ 0.2 0.2 0.2 0.2 

Cohesion, d (MPa) 1×10-5 1×10-5 1×10-5 1×10-5 

Friction angle, β (deg) 57 56.5 62 61 

Transition surface radius, α 0.01 0.01 0.01 0.01 

Flow stress ratio, K 1.0 1.0 1.0 1.0 

Cap eccentricity, R 0.4 0.45 0.1 0.1 
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A typical interface behavior between a concrete slab and gravelly cushion layer in CFRDs was experimentally studied by Zhang 

and Zhang [48]. In the present study, the parameters of the interface model was calibrated using those laboratory test data. The 

average grain size of the gravelly soils at the in interface zone was 20 mm with dry unit weight of 21.5 kN/m3. The interface 

thickness was also 100 mm. The values of the interface model parameters are presented in Table 3. 

Table 2 Constitutive equations of the interface model and model parameters 

Constitutive formulation  Eq. Discerption Parameters 

Elasticity    

𝝈̇ = 𝑫𝑒𝜺̇𝑒 =

= [
Dn0√σn patm⁄ 0

0 Dt0√σn patm⁄
] 𝜺̇𝑒 

(5) 
De: elastic stiffness matrix [38–40]  

Dn: elastic normal stiffness 

Dt: elastic tangential stiffness 

patm: atmospheric pressure, given by 

101(kPa) 

Dn0 and Dt0 

Model Surfaces    

Yield surface    

𝑓 =
𝜏

𝜎𝑛
− 𝛼 − 𝑠𝑚 = 0 

s = {
+1       μ − α ≥ 0
−1       μ − α < 0

 

(6) 

 

(7) 

f:  yield surface function[39–41]  

τ/σn: stress ratio (µ),  

α: back stress ratio and the slope of yield 

surface bisector (i.e. α=µ-m) 

m: controls the size of the yield surface, 

given by 0.01µcs-0.05µcs [42] 

s: auxiliary parameter [41] 

 

Critical state surface    

𝜓 = e − (ecs−0(1 − B𝑟) − λln(σn patm⁄ )) 

B𝑟 =
𝑤𝑝

𝑏𝑟1 + 𝑏𝑟2𝑤𝑝
 

𝑊𝑝 = ∫(𝜎𝑛〈𝜀𝑛̇
𝑝〉 + 𝜏𝜀𝑡̇

𝑝
) 

τ𝑐𝑠 𝜎𝑛
𝑐𝑠⁄ = μcs 

(8) 

 

(9) 

 

(10) 

(11) 

ψ: state parameter [39,43,44]  

e: void ratio at the current state  

ecs: critical state void ratio corresponding 

to the current value of σn. 

Br: degree of particle breakage [45] 

wp: modified plastic work [46] 

< >: Macaulay brackets; <x>= x if x>0, 

and <x>= 0 if x≤0. 

τcs:  shear stress at critical state 

𝜎𝑛
𝑐𝑠: normal stress at critical state  

µcs: slope of the critical state surface in σn-

τ plane (i.e. critical state stress ratio) 

ecs-0, λ, br1, 

br2 and µcs 

Dilatancy surface    

μd = μcs exp(Kdψ) 

D =
𝜀𝑛̇

𝑝

|𝜀𝑡̇
𝑝

|
= 𝐴𝑑(𝑑𝑑) = Ad(μd − sμ) 

𝜺̇p = {
𝜀𝑛̇

𝑝

𝜀𝑡̇
𝑝} = 〈𝛤〉𝑹 

𝛤 = 𝐧T𝛔̇ Kp⁄  

𝑹 = {
𝑅𝑛

𝑅𝑡
} = {

𝐷
𝜕𝑓 𝜕𝜏⁄ } 

𝒏 = {
∂f ∂σn⁄

𝜕𝑓 𝜕𝜏⁄
} 

𝐾𝑝 = 𝐾𝑝0𝐷𝑡0√𝜎𝑛
𝑝𝑎𝑡𝑚

⁄  
(𝜇 𝑓 − 𝑠𝛼)

|𝛼|
 

(12) 

 

(13) 

 

(14) 

 

(15) 

(16) 

(17) 

 

(18) 

 

µd: dilatancy stress ratio 

D: dilatancy coefficient [41] 

𝛤 : loading index [47] 

R:  direction of increment of plastic strain 

vector [39,41] 

n: vector normal to yield surface f 

Kp; plastic modulus 

 

Kd , Ad and 

Kp0 
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The concrete face slab in this study is simulated by a linear elastic model. It is assumed to have a mass density ρ= 2400 kg/m3, 

elasticity Young’s modulus E=25 GPa, and Poisson’s ratio υ= 0.17. 

Loading 

In the current study, the construction and impoundment processes were simulated using 40 sub-steps (i.e. 25 stages for dam 

construction and 15 stages for impoundment), and the water levels were simulated by the hydrostatic pressures on the concrete 

face. A earthquake record with magnitude 5 previously recorded in Rivière-du-Loup, Quebec, Canada were selected for the 

analyses. This ground motion was recorded in station NHN with PGA=0.53g. The acceleration time history of the earthquake 

record is illustrated in Figure . 2. In the finite element analysis of this study, the earthquake excitations is applied at the bottom 

of the dam. 

NUMERICAL RESULTS 

In this section, the performance of the concrete face slab of CFRDs under static and seismic loading condition is investigated. 

The distributions of maximum slope direction (i.e. parallel with face slab) compressive stress, maximum horizontal 

compressive stress of concrete face slab and maximum slab deflection on the height of the dam are examined. For these 

analyses, the reservoir water level is assumed to be full. The effect of reservoir water level on the seismic response of face slab 

is also explored in this study. As can be observed from Figure . 3, the response of the concrete face slab significantly increases 

under earthquake ground motion compared with the static condition. The maximum compressive stresses in the slope direction 

and horizontal direction of the face slab experience about 60% and 65% increase under seismic condition respectively (Figure 

. 3-a and Figure . 3-b ). The maximum slab deflection also increases from about 0.27 m (i.e. 0.36 H%, where H is dam height) 

in the static condition to about 0.34 m (i.e. 0.45H%) under the earthquake condition (Figure . 3-c).  

Regarding the effect of water level on seismic response of concrete face slab, different reservoir water levels (i.e. 40m, 60m, 

and full reservoir) are modeled and subjected to the selected earthquake excitation. Results of the numerical predictions for 

face slab stresses and deflection are presented in Figure . 4. The maximum compressive stresses in the both slope and horizontal 

directions experience considerable increases as can be observed in Figure . 4-a and Figure . 4-b. The maximum stress in the 

slope direction of the face slab increases by 47% as the reservoir water level rises from 40 m to its full condition under the 

earthquake loading condition. It is also evident from Figure . 4 that the location of maximum stresses move up the face slab 

with increasing reservoir water level. The maximum distribution of face slab deflection under earthquake ground motion also 

increases significantly by increasing reservoir water level as can be observed in Figure . 4-c. The maximum deflection increases 

from 0.14 m for reservoir water level of 40 m to about 0.34 m for the full reservoir condition. 

Table 3  Interface Model parameters for the CFR dam 

Elasticity  Critical state  Dilatancy  Hardening  Particle breakage 

Dt0 (MPa) Dn0 (MPa)  ecs-0 λ μcs  Ad Kd  Kp0  br1(MPa) br2  

5.0 6.0  0.27 0.01 0.88  0.4 6.0  0.68  6.5 1 

 

Figure . 2 Input ground motion time history 
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CONCLUSION 

This paper has presented a numerical study on the behavior of the concrete face slab in CFRDs by considering the concrete 

slab-cushion layer interaction under earthquake excitation. The interface zone was simulated using the thin-layer interface 

elements defined by an advance constitutive model capable of simulating complex behavior of granular soil-structure interfaces 

a) 

 

b) 

 

c) 

 
Figure . 3  Static and seismic responses of concrete face slab, a) slope direction stress, b) horizontal stress, c) slab 

deflection. 

a) 

 

b) 

 

c) 

 
Figure . 4 Reservoir water level effect on the seismic responses of concrete face slab, a) slope direction stress, b) horizontal 

stress, c) slab deflection. 
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such (stress hardening, critical state, stress degradation, accumulative contraction and particle breakage). The performance of 

concrete face slab under static and seismic loading conditions was investigated, and the effect of reservoir water level on the 

stress response and deflection of the concrete face slab were studied. 

Earthquake ground motion significantly increase the responses of the concrete face slab, such as slope-direction and horizontal 

stresses, and face slab deflection compared with the static condition. The face slab stresses (i.e. slope direction and horizontal) 

and deflection also experience considerable increases by an increase in reservoir water level. 
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