
Impact assessment of the seismic response of a concrete-face rockfill dam induced 
by the surrounding valley 

Christos Dimopoulos, Emilios M. Comodromos, Panos Dakoulas 
Department of Civil Engineering, University of Thessaly, Volos, Greece, chrdimopoulos@uth.gr 

ABSTRACT: Dynamic numerical analyses for investigating the response of CFRD under seismic action have been performed at early 
90’s. Due to the available computational capacities at that period, dynamic analyses have been limited to plain strain analysis. Recent 
development of computational resources allowed for 3D refined mesh implementation with appropriate simulation of the most relevant 
mechanisms governing the interaction between the slabs and the rockfill, including slab contact activation-de-activation at vertical 
joints. With the intension to quantify the effect of the surrounding valley, comparative dynamic analyses were carried on a CFRD. At 
first a refined mesh of the computational domain was derived, including the dam and the valley with the geometrical variations at the 
left and right side of the dam-canyon interface, while the second series of numerical analyses a perfect rigid-plastic behavior was 
attributed to the valley. The response of the dam under the characteristic input motions was assessed and the behavior of the concrete 
face was also evaluated by establishing the range of deformations, strains, stresses and movements of the individual concrete panels 
and the shear strains developed in the body of the dam, revealing the impact of the surrounding valley on the seismic response.  
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1 INTRODUCTION 

Dynamic numerical analyses of Concrete-Faced Rockfill Dams 
(CFRDs) have attracted significant research attention over the 
past two decades. The absence of excess pore water pressure 
build-up during seismic loading (Sherard & Cooke, 1987) has 
historically justified the emphasis of CFRD design on static 
performance criteria (Uddin & Gazetas, 1995). However, the 
156-m high Zipingpu CFRD in China, which was subjected to 
the strong shallow (M=8) Wenchuan earthquake in May 2008, 
challenged the prevailing assumptions regarding the seismic 
behavior of such dams. The event caused extensive damage to 
the concrete face slabs, clearly identifying them as the most 
vulnerable structural component. Despite the fact that the 
recorded peak ground acceleration exceeded twice the design 
value (0.26g), the overall performance remained satisfactory. 
Field inspections revealed significant dislocations at the vertical 
joints, partial separation of the slabs from the cushion layer and 
concrete squeezing damage, mainly attributed to the slab’s in-
plane lateral movements and deformations induced by the 
rockfill. A comprehensive record of the observed damage 
patterns and corresponding instrumentation data is provided by 
Chen & Han (2009). 

Since then, substantial research effort has been devoted to 
modeling the seismic behavior of CFRDs, particularly given 
that a considerable number of them are located in seismic 
regions. Advanced numerical investigations have been carried 
out under both 2D (Xu et al. 2015; Zou et al. 2017; Qu et al. 
2019) and 3D (Kong et al. 2012; Dakoulas, 2012a; 2012b; Cen 
et al. 2016; Zhang et al. 2017) conditions, focusing primarily on 
assessing the response of the concrete face, as it is the key 
element ensuring the watertightness of the dam. These studies 
utilize damage-plasticity constitutive models to capture the 
effects of strain softening and accumulated damage. 
Furthermore, they account for the most relevant mechanisms 
governing the slab-rockfill interactions, including slab contact 
activation-de-activation at vertical joints and novel interface 
elements between the slabs and the cushion layer. Despite 
general agreement that the interaction between the embankment 
and the abutments influences the mode and the magnitude of 
the developed seismic stresses on the concrete slabs, especially 
under longitudinal excitations (Zhang et al. 2015), the 
computational domains of the above-mentioned 3D numerical 
studies were limited to the concrete slab’s layout and the 
embankment body. This limitation is likely attributed to the 
high computational cost, as a uniform extension of the finely 

meshed slab zones would render such non-linear 3D analyses 
impractical. More recent investigations (Gong et al. 2021; Qu 
et al. 2021) have attempted to address this by extending the 
domain to include the surrounding valley using simplified V-
shaped geometry. These approaches though deemed more 
efficient than purely embankment-based models, they still 
overlook the effects induced by geometrical variations along 
the dam–canyon interface. To overcome the challenges induced 
by complex terrain geometries Chen et al. (2018a; 2018b) 
proposed an octree-based polyhedron discretization method 
providing the ability for efficient mesh generation for 
complicated geotechnical configurations. This mesh was 
subsequently used to perform a 3D seismic analysis of a CFRD, 
providing a more realistic representation of the dam-foundation 
interaction. In a more recent study, Comodromos et al. (2024) 
conducted a detailed assessment of the seismic response of a 
CFRD, considering its precise 3D geometry, the surrounding 
valley and the reservoir by employing a gradual mesh size 
technique, to derive an efficient computational domain. 

In this study, aiming to investigate the impact of the 
surrounding valley on the seismic response, a comparative 3D 
numerical analysis is carried out. The 150 m-high Messochora 
CFRD located in a narrow canyon in Greece is selected as the 
case study. The derived numerical model accounts for the 
geometrical variations along the dam-canyon interface, since 
the irregularity of the abutments has been shown to influence 
the dynamic response. Furthermore, the 1 cm-wide vertical 
construction joints are explicitly modeled, as they play a key 
role in the interaction between the adjacent slabs. Two 
scenarios are examined: in the first case, the computational 
domain includes the surrounding valley, while in the second 
case, the commonly adopted simplified approach of 
disregarding the valley is considered. Both numerical models 
are subjected to the same Safety Evaluation Earthquake (SSE) 
type characteristic input motion and the impact of the 
surrounding valley on the dynamic response is quantified by 
establishing the range of the resulting stresses, strains and 
deformation patterns in the individual concrete slabs and the 
rockfill.  

2 DAM DESCRIPTION 

2.1 Geometry 

The Messochora CFRD is located in the north-central region of 
Greece and was designed to support a 160 MW hydropower 
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project, resulting in the formation of a reservoir with a total 
storage capacity of approximately 228 106 m3. Although the 
construction was completed in 1995, reservoir impoundment 
was postponed due to revised environmental legislation and its 
operational use was approved only recently by the Council of 
State. The dam is a typical CFRD, designed in accordance with 
the standards of its construction period. It is the highest CFRD 
in Greece, with a maximum height of 150 m from the 
foundation level (crest altitude +775.0 m) and a crest length of 
330.0 m. Fig. 1 shows a cross section of the dam at its 
maximum height, illustrating the layout of the rockfill materials 
and the corresponding instrumentation, which is currently non-
operational.  

The upstream slope is constant at 1.4H:1.0V, whereas the 
downstream slope is 1.5H:1.0V over the upper 40 meters and 
transitioning to 1.4H:1.0V for the rest of the height. The main 
rockfill materials, labeled 3B and 3C, are composed of healthy 
and slightly weathered limestone. The upstream face consists of 
23 reinforced concrete (RC) slabs, which rest on a 4 m thick 
transition zone composed of well-graded gravel (zones 3A and 
2B). Slab thickness increases linearly from crest to base, 
reaching up to 0.74 m at the dam’s maximum cross section. The 
length varies depending on the position along the face and each 
slab is 15.0 m wide except for the first and last slabs, which are 
7.5 m. The vertical construction joints are 1 cm wide, except at 
the central slab, where they were enlarged to 5 cm on either 
side. Reinforcement bars of Φ25/15 cm are placed along the 
mid-plane of each slab, with additional reinforcement provided 
at the slab edges to withstand anticipated stress concentration. 

 
Figure 1. Cross section at the center of the Messochora dam. 

2.2 Constitutive models 

The plastic-hardening constitutive model (Itasca, 2023), which 
is widely used in geotechnical analyses was adopted to simulate 
the response of the rockfill during the staged construction 
process. Model parameters were determined through the 
calibration of the numerical model based on the available 
monitoring data at the end of the rockfill’s construction. For the 
concrete slabs the damage-plasticity constitutive model 
developed by Lee & Fenves (1998) was selected. The model 
introduces distinct damage variables and their effect on elastic 
stiffness through the concept of fracture energy-based damage 
and modulus degradation formulation, while also accounts for 
stiffness recovery as a result of potential crack closure during 
cyclic loading. The material properties used for the concrete 
correspond to the typical characteristics of grade C25 concrete, 
with compressive strength fc= 27.6 MPa, Young’s modulus 
Ec= 29 GPa, tensile strength ft= 3.48 MPa, density p= 2350 
kg/m3 and Poisson’s ratio v= 0.2. 

For the dynamic analyses, the hysteretic model (equivalent 
linear approach) was adopted for the rockfill.  The shear 
modulus at small strains 𝐺଴ (for strains γ < 10-6) was determined 
based on in-situ shear wave velocity Vs measurements obtained 
according to the MASW method. Equations (1) and (2) define 
the value of 𝐺଴ as a function of the mean stress for the rockfill 

and the bedrock, respectively. During the dynamic analysis the 
shear modulus 𝐺ሺ𝑡ሻ and the damping ratio 𝐷ሺ𝑡ሻ were updated 
as a function of the range of cyclic shear strains, as Fig. 2 
illustrates. Moreover, a value of 5% additional damping was 
assigned to the concrete slabs using the efficient Maxwell 
damping scheme, which provides a constant value of damping 
over the selected range of frequencies and overcomes the 
challenges posed by the implementation of the complete form 
of the traditional Rayleigh damping. 
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1500

 𝜎଴
ᇱ ∀ 𝜎଴

ᇱ  ൑ 1500

3.91 ∀ 𝜎଴
ᇱ  ൐ 1500

 (1) 

𝐺௢ ൌ ቐ1.61 ൅
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1560

 𝜎଴
ᇱ ∀ 𝜎଴

ᇱ  ൑ 1560

7.28 ∀ 𝜎଴
ᇱ  ൐ 1560

 (2) 

where 𝜎଴
ᇱ is the effective mean stress in kPa. 

 
Figure 2. Modulus reduction factor and damping ratio curves for the 
rockfill materials as function of the cyclic shear strain in Flac3D 
hysteretic model. 

3 NUMERICAL MODELING 

3.1 Finite model grid 

For the purposes of the comparative analysis, an advanced 3D 
finite mesh was prepared. The resulting mesh consists of almost 
1.000.000 tetrahedral elements and captures accurately the 
geometrical variations along the dam-canyon interface and the 
concrete slabs’ configuration. The interaction between the 
adjacent slabs depends on the contact activation-de-activation 
of the corresponding interface elements, thus is governed by the 
displacement accuracy in these regions. The 1cm-wide vertical 
construction joints lead to the formation of ‘tiny’ elements in 
the vicinity of the joints. To maintain computational efficiency, 
a gradual size technique was employed, allowing for larger 
elements in regions of lower interest while preserving high 
resolution around these critical areas. The maximum element 
size was selected to ensure accurate wave propagation within 
the zones of the model. The resulting mesh extends up to almost 
one kilometer while still enabling the detailed local refinement 
required for the dam body. The discretization was performed 
utilizing the advanced meshing software gmsh (Geuzaine & 
Remacle, 2009). Fig. 3 and Fig. 4 illustrate the meshes utilized 
in the comparative analysis. 

3.2 Initial stress conditions 

A reliable dynamic analysis relies on the establishment of the 
initial stress conditions that reflect the current in-situ stress 
state. Initially the rockfill gradual construction was modelled in 
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75 sequential stages, each corresponding to a 2 m high 
increment, followed by the placement of the concrete slabs. In 
addition, the creep behavior of the rockfill and its effects were 
assessed through the evaluation of the settlement evolution 
curves over time. Quantifying the effects of creep is critical for 
capturing the stress state in the concrete slabs induced by post-
construction settlements. Creep was incorporated into the 
analysis using a pseudotime algorithm, which considers 95% of 
the total density for the dam elements from the time of 
activation, followed by a progressive increase in a time depth 
of 4 years. The final stages of the multistage analysis 
correspond to the loading of the upstream berm and the 
progressive impoundment of the dam, modeled through the 
application of equivalent hydrostatic loads. The staged-
construction simulation was performed for both cases. It should 
be mentioned that on static conditions disregarding the valley 
has a negligible influence on the predicted construction 
settlements due to the high stiffness of the canyon rock. 
Nevertheless, at the end of the impoundment phase, results 
indicate slightly greater displacements at the dam crest and at 
mid-height when the valley is included. 

 
Figure 3. 3D finite model grid of the rockfill, surrounding valley and 
concrete slabs, consisting of approximately 1.000.000 tetrahedral 
elements and 36.000 interface elements. 

 
Figure 4. 3D finite model grid of the dam. 

4 DYNAMIC SIMULATION 

4.1 Characteristic input motion and modeling considera-
tions 

The Lixouri earthquake excitation was selected for the input 
motion, as it was deemed consistent with the site-specific 
characteristics. The peak ground acceleration (PGA) in the 
transverse direction (upstream-downstream) was scaled up to 
0.48g in accordance with the Safety Evaluation Earthquake 
(SEE) conditions corresponding to the site’s seismic zone and 
the importance of the structure. Accordingly, the longitudinal 
(parallel to the crest) and vertical components were scaled to 
0.24g. Fig. 5 presents the transverse record components, after 

scaling and baseline correction processes. Owing to the high 
computational demand, associated with the small dynamic 
timestep, which arises from the size of the refined zones around 
the vertical construction joints and the implemented interface 
elements in these regions, only the portion of the record 
contributes to 5-95% of the total input seismic energy, as 
defined by the Arias intensity measure was used. As shown in 
Fig. 5, this corresponds to the interval between 2.0 and 8.0 sec. 
Excitation was applied as a shear and normal stress history in 
each direction, computed from the respective velocity 
components. In the simulation that included the valley, quiet 
boundaries were applied to the lateral and bottom edges of the 
model in combination with the ‘free-field’ dynamic boundary 
condition. In contrast, for the simulation disregarding the 
valley, only quiet boundaries were applied along the left and 
right sides and at the base of the model. 

 
Figure 5. Transverse components of the Lixouri input motion. 

4.2 Hydrodynamic loading 

The effect of hydrodynamic loading on the concrete slabs was 
accounted for using the simplified added-mass formulation 
proposed by Zangar (1952). Although, modeling the reservoir 
with appropriate ‘water’ elements (almost incompressible with 
zero shear modulus) provides the most accurate representation 
of the dam–valley–reservoir interaction, this approach is not 
feasible in the case of the simulation where the valley is 
disregarded. Therefore, only the hydrodynamic effect in the 
transverse direction is considered. The dynamic added mass 𝑏 
at depth ℎ is given by Equation (3) and was integrated into the 
analysis through a ‘user’ defined subroutine. Parameter 𝐻 is the 
reservoir depth, which in the simulations corresponds to the 
maximum commissioning level, 𝜌௪ denotes the water density, 
𝐴ᇱ is the influence area associated with each node on the 
upstream surface and 𝐶௠ is a coefficient dependent on the slope 
of the upstream face. 
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𝐶௠ ൌ 0.735ሺ1 െ 𝜃°/90°ሻ (4) 

5 RESULTS-EVALUATION 

5.1 Impact assessment of the surrounding valley 

The results of the comparative dynamic analysis are presented 
and evaluated in this section. The first analysis corresponds to 
the case where the model includes the valley (referred to as case 
A), while the second case (case B) represents the model where 
this feature is omitted. In case A the input ground motion is 
applied to the bottom boundary of the numerical model (Fig. 3). 
On the other hand, in case B a perfectly rigid domain is 
assumed, where the same input motion is applied 
simultaneously to all nodes along the left-right sides and the 
base of the dam. The first notable difference between the two 
cases lies in the dynamic characteristics of each system. In case 
A, the fundamental period Tf is 0.41 sec, while in case B it 
decreases due to the fixed boundaries to 0.30 sec. Fig. 6 
presents the comparison of the acceleration in the stream 
direction for both cases at the base of the dam, confirming that 
the input motion remains consistent between the two cases, 
which is an essential requirement for a valid comparison. Fig. 7 
compares the mid-crest acceleration response in the stream 
direction, where the peak is slightly higher in case A and 
reaches the value of 1.15g. 

 
Figure 6. Acceleration response in the stream direction for the Lixouri 
excitation, at the base of the dam for cases A and B. 

 
Figure 7. Acceleration response in the stream direction for the Lixouri 
excitation, at the crest of the dam for cases A and B. 

The time history of the relative (top to bottom) horizontal 
displacements in the stream direction is presented in Fig. 8 for 
the mid-crest area. It is clear that the range of the horizontal 
displacements is greater in case B and at the end of the seismic 
action a remaining displacement of 0.19 m can be observed 

compared to 0.12 m in case A. Fig. 9 illustrates the time history 
of the shear stresses at the mid-height of the dam. The 
maximum value is observed in case A, while in both cases the 
shear stresses return close to their initial values at the end of the 
analysis. 

 
Figure 8. Relative displacement history in the stream direction at the 
mid-crest for cases A and B. 

 
Figure 9. Shear stress history at the dam mid-height for cases A and 
B. 

The in-plane displacement time histories for the central-right 
concrete slab, recorded at both the base and the top, are 
presented in Fig. 10. The range of the developed displacements 
observed in case B is noticeably greater. At the base of the slab, 
remaining displacements reach 7 cm in case A and 11 cm in 
case B, while at the top they reach 1.8 cm and 6.5 cm, 
respectively, indicating a slightly more rotational mode in case 
A for the specific concrete slab. These differences in 
displacements amplitude are primarily attributed to the 
increased energy dissipation through the hysteretic behavior of 
the canyon rock, along with the more efficient absorption of the 
outgoing waves at the model boundaries in case A. 

 
Figure 10. Displacement histories at the bottom and the top of the right-
central concrete slab for cases A and B. 
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A comparative overview of the individual concrete slabs’ 
displacement field and stress state at t= 7 sec for both case A 
and case B is provided in Fig. 11 and Fig. 12, respectively. By 
examining the contours plots in Fig. 11(a) and Fig. 12(a) it can 
be realized that the magnitude and the range of the slabs’ in-
plane displacements are higher in case B. Moreover, concrete 
failure is revealed in both cases. The locations of the failure are 
generally comparable, but the extent is significantly larger in 
case B. Compressive axial stresses sxx cover a broader region in 
case A, mainly concentrated at the lower part of the central 
slabs. Conversely, in case B, a larger portion of the slabs is 
subjected to tensile stresses, particularly at the crest, the base 
and the edges, as indicated by both the sxx contours in Fig. 12(b) 
and the maximum principal stresses s1 contours in Fig. 12(c). 
Tensile stresses in case A become more prominent in the upper 
part of the slabs because of the hydrodynamic action. The shape 
of minimum principal stresses s3 is quite similar in both cases 
with a slightly higher value observed in case B. These 
qualitative differences are mainly attributed to the effect of the 
canyon rock on the displacement field, which in turn governs 
the slabs’ stress state, as the slabs due to their limited size are 
under the deformations imposed by the rockfill. 

 
Figure 11. Case A: (a) Displacement ux (b) axial stress sxx (c) max. 
principal stress s1 (d) min. principal stress s3 at time t= 7 sec. 

 

 
Figure 12. Case B: (a) Displacement ux (b) axial stress sxx (c) max. 
principal stress s1 (d) min. principal stress s3 at time t= 7 sec. 

6 CONCLUSIONS 

A comparative dynamic analysis using the 3D finite difference 
code FLAC3D was performed, to assess the effects of the 
surrounding valley on the seismic response of a CFRD, as 
opposed to the commonly adopted simplified approach of 
disregarding this feature. At first, the staged construction was 
simulated in detail for both configurations, to obtain reliable 
initial stress conditions required for the subsequent dynamic 
analyses. The first key observation is the modification of the 
system’s dynamic characteristics when the valley is omitted, 
arising from the fixed boundary conditions applied in that case. 
Furthermore, it was found that disregarding the valley tends to 
have an unfavorable effect on the overall seismic response, as 
the developed displacements are higher for both the slabs and 
the dam body. This increase in magnitude results in noticeable 
variations in the stress patterns on the concrete slabs as 
illustrated in the stress contours at the examined timestep. The 
differences in the seismic response between the two cases are 
primarily attributed to the greater energy dissipation through 
the hysteretic behavior of the canyon rock, as well as to the 
more efficient wave radiation along the model boundaries in the 
full ‘valley’ case. In contrast, when the valley is excluded, the 
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continuity of the physical domain cannot be adequately 
modeled. Because of this limitation there is a distortion of the 
outgoing propagative waves and a partial reflection back into 
the model. In the ‘valley’ case an infinite extension of the 
domain is assumed at the lateral boundaries, representing more 
realistically the actual site conditions.  

Even though the above findings highlight the influence of 
the surrounding valley on the seismic response, it should be 
mentioned that they are closely related to the specific case study 
characteristics. It would be unwise to generalize them without 
any further investigation into factors such as the frequency 
content, the duration and the intensity of the input motion, the 
geometry of the dam and the mechanical properties of both the 
rockfill and the canyon rock. 
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