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ABSTRACT

ARTICLE INFO

Roller compacted concrete (RCC) is a dry concrete mixture often utilized in the con-
struction of large dams. The interlayer of the RCC dam, which is the weakest plane
of the structure, can easily fail under hydraulic shear load, geological impact, earth-
quake force and environmental impact. In this study linear and performance ana-
lyzes were carried out for eight different scenarios for foundation effect, gravity ef-
fect and empty and full reservoir situations. In analyses, the earthquake response
and performance of the Akgakoca RCC Dam, taking into account the interaction be-
tween the dam and the water. The reservoir water behavior is simulated using the
Eulerian-Lagrangian coupled (CEL) approach with finite elements modeling. Linear
analyses reveal that hydrodynamic pressure leads to increased displacements and
principal stresses. The earthquake performance evaluation of the Ak¢akoca RCC
dam indicates that critical concrete damages are expected based on linear time-his-
tory analyses conducted for both empty and full reservoir scenarios. Besides, ac-
cording to this study, gravity effect clearly increases the earthquake performance of
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1. Introduction

In recent years, the roller compacted concrete (RCC)
dam has become increasingly popular as a modern dam
construction method. RCC dams possess comparable
structural strength to traditional concrete dams, and
their construction process, resembling the technique
used for roller compaction soil-rock dams, enhances op-
erational efficiency in the field.

The increasing need for renewable energy has led to
the construction of numerous high concrete dams, espe-
cially in seismically active regions. For example, there
are many dams higher than 150 m in Tirkiye. These
dams are designed to withstand high foundation accel-
eration values, such as 0.50 g. Ensuring the seismic
safety of these concrete dams is of paramount im-
portance in the field of engineering. The seismic events

possess the capability to interfere with the effective op-
eration of these essential infrastructures, causing disas-
trous breakdowns that may lead to substantial human
and property losses. Consequently, ensuring the seismic
resilience of these dams has emerged as a vital focus for
engineers and researchers.

Various theoretical methods have been suggested to
forecast dam deformations and assess the current oper-
ational condition of dams (He etal. 2018; Dou et al. 2019;
Yang et al. 2019; Zhang et al. 2019). However, in real-
world situations, the integration of roller compacted
concrete (RCC) with conventional concrete (CC) be-
comes inevitable. In projects characterized by challeng-
ing geological conditions and demanding construction
timelines, a blend of both roller compacted concrete
(RCC) and conventional concrete (CC) may be employed
in the design and construction phases of dams. RCC con-
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sists of the same components as conventional concrete:
well-graded aggregates, cementitious materials, and wa-
ter (Calis and Yildizel 2019). The utilization of RCC in
dam construction enables elevated productivity levels
(Cervera et al. 2000), this approach can help in reducing
construction time, compensating for delays in founda-
tion treatment. It effectively relieves the pressure on the
construction schedule, particularly for specific dam
shapes. However, the distinct material properties and
deformation characteristics of conventional concrete
and roller compacted concrete raise concerns about
structural safety. Specifically, notable deformation gra-
dients are frequently observed at the interfaces where
there are substantial volumes of diverse concrete mate-
rials (Luo et al. 2016).

The initiation, propagation, and coalescence of cracks
within concrete structures are pivotal factors contrib-
uting to seismic damage and failure (Luo et al. 2016).
Earthquake analyses on 2D finite fluid models in both
linear and nonlinear time domains were conducted by
Kartal et al. (2017), suggesting that the seismic behavior
of the dam is impacted by the reservoir's length. Alem-
bagheri (2020) introduced an approach to evaluate dam-
age extent using linear seismic analysis results, with a
specific focus on potential damage due to tension crack-
ing in concrete. The methodology was illustrated and po-
tential nonlinear responses and damage mechanisms
were explored through the presentation of three exam-
ples involving concrete gravity dams. Wang et al. (2015)
employed a two-dimensional fluid finite element ap-
proach incorporating the Lagrangian method for simu-
lating the reservoir water. Considering the influence of
dam reservoir-foundation interaction, they conducted a
numerical investigation to predict potential failure
modes of concrete gravity dams. Hariri-Ardebili et al.
(2016) performed parametric finite element analyses on
a standard concrete gravity dam. They modelled the uni-
fied dam-foundation-reservoir system using a Lagran-
gian-Eulerian approach. Their results suggested that pri-
mary potential failure modes of gravity dams include
cracking along the length, cracking at the base, sliding,
and overturning. Contrastingly, Huang (2018) intro-
duced a comprehensive numerical framework for the
analysis of seismic ruptures, which incorporates interac-
tions among dam, reservoir, sediment, and foundation.
This framework integrates a nonlinear extended finite
element formulation, addressing material, geometric,
and contact nonlinearities. Furthermore, it incorporates
an adaptive time-stepping extended multiple transmis-
sion boundary. Applying this methodology, Sharma et al.
(2020) explored the seismic cracking behavior of a rep-
resentative concrete gravity dam system. They intro-
duced a space-time finite element method for the dy-
namic rupture analysis of a dam-reservoir system sup-
ported on a completely rigid foundation. Similarly, Bay-
raktar et al. (2009) conducted earthquake performance
analysis on the Torul Concrete Lined Rock Fill (CFR)
Dam, utilizing two-dimensional finite element models
and considering both dam-soil and dam-soil-reservoir
interactions. In the analysis, a Lagrangian approach was
utilized for fluid elements, and interface elements were
incorporated to mimic the sliding behavior between the

concrete surface slab and the rock fill material. These el-
ements played a crucial role in accurately capturing the
interactions and responses within the dam structure un-
der seismic conditions. Liu et al. (2023) examined the
risks of dam cracking during the construction phase, tak-
ing into account the spatial variability of thermodynamic
parameters. Li et al. (2021) investigated the heightened
risk of cracking in the dam body due to seismic damage
in gravity dams, considering the spatial variability of ten-
sile strength. This factor should be considered in seismic
design. Additionally, there has been significant attention
on time-varying reliability, as evidenced by previous
studies (Wang et al. 2023; Liu et al. 2022; Li et al. 2022;
Yin et al. 2023).

In this study, the impact of both gravity and earth-
quake forces on dam performance was investigated. The
analysis encompassed eight different conditions, ac-
counting for the dam body with and without foundation,
considering gravity, and examining both full and empty
dam conditions. Through these analyses, the performed
solutions successfully determined the influence of foun-
dation and gravity on the dam's performance.

2. Formulation of Eularian-Lagrangian Coupled
Approach for Dam-Reservoir-Foundation Interaction

The Eulerian-Lagrangian Combined Approach is a
useful method for investigating complex interactions
within structures by considering both a broader spatial
context and the behavior of individual elements. This
comprehensive analysis aids in making informed deci-
sions related to the safety, integrity, and risk assess-
ment of structures. In the context of fluid dynamics and
continuum mechanics, the Eulerian and Lagrangian def-
initions are two fundamental approaches used to ana-
lyze the movement and behavior of materials (Skrzat
2012).

The Eulerian-Lagrangian Coupled Approach is a ro-
bust method for studying complex interactions within
dams, considering both overall spatial context and indi-
vidual element behavior. This approach enables detailed
analysis, aiding decisions on dam safety, structural in-
tegrity, and risk assessment. In fluid dynamics and con-
tinuum mechanics, Eulerian and Lagrangian descrip-
tions are fundamental. Eulerian focuses on fixed spatial
points, tracking property changes (e.g., velocity, pres-
sure) over time. Lagrangian tracks individual particle
motion, formulating equations based on specific particle
properties, like position and velocity, at any given time.

The correlation between material and spatial time de-
rivatives can be formulated as follows:

D® 9D
E—a+v.(7.¢') (1)

In the context provided:

¢ In this expression, ® denotes the arbitrary solution
variable.

e The symbol v represents the material velocity.
D® /Dt corresponds to the material time derivative.
0d /0t signifies the spatial time derivative.



22 Sermet et al. / Challenge Journal of Concrete Research Letters 15 (1) (2024) 20-29

The equations conserving mass, momentum, and en-
ergy, initially developed within the Lagrangian frame-
work, are transformed into Eulerian conservation equa-
tions that involve spatial derivatives. The specific pro-
cess and methodology for this conversion are detailed in
the reference provided by Benson and Okazawa (2004).

‘;—’;+v.(7.p)+pl7.v=0 (2)
g_:+v_(7,v):%(|7.a)+b (3)
%+v. (Ve) =0:D (4)

where p represents density, o denotes the Cauchy stress,
b is the vector of body forces, e stands for strain energy,
and D represents velocity strain.

The equations in the Eulerian framework Egs. (2) and
(4) can be restructured into conservative formats as de-
scribed in reference by Benson (1997).

‘;—’; +V.(pv)=0 (>)
%+V.(pv®v)=|7.a+pb (6)
%+V. (ev) =0:D (7
g 8)
24v.9=0 (9)

The Eulerian governing Eqgs. (5) and (7) have a gen-
eral form:

[iJo] _
Liv.p=5 (10)

where ¢ represents the flux function, and S represents
the source term. Eq. (10) is divided into two equations
and solved sequentially using operator splitting, as de-
scribed in reference.

Eg. (8) encompasses the source term that signifies the
Lagrangian step, whereas Eq. (9) incorporates the con-
vective term, representing the Eulerian step.

The deformed mesh, derived from the Lagrangian
step, is mapped onto the stationary Eulerian mesh to
solve Eqg. (9). Subsequently, the volume of material dis-
placed between neighboring elements is calculated. Pa-
rameters of the Lagrangian solution, such as mass,
stress, and energy, undergo adjustments throughout the
process to accommodate the movement of material be-
tween adjacent regions. The Lagrangian step utilizes the
virtual work principle, as elucidated in reference to
Bathe (1996), to facilitate these modifications.

J,pa.udv + [ o:8edV = [ t.udS + [ pb.SudV (11)

The updated Lagrangian formulation is appropriate
for the Lagrangian step because it corresponds to the
present configuration in the Eulerian approach, which
aligns with the reference configuration at time t. Predict-
ing the body's configuration at t+At, as specified in Eq.
(11), is fundamentally difficult. This prediction incorpo-
rates unknown elements such as integration volume and
density, both of which are affected by the body's defor-
mations.

3. Case Study: Akcakoca RCC Dam
3.1. Akcakoca Dam

The Akcakoca Dam, located approximately 17 km
north of Diizce, was constructed in 2016 by the State Hy-
draulic Works of Turkey (Fig. 1). It was specifically de-
signed and built as a roller-compacted concrete dam
near the Akcakoca mouth. The resulting reservoir,
formed by the dam, primarily serves irrigation purposes.
The dam crest has a length of 150 meters and a width of
8 meters. It reaches a maximum height of 66 meters,
with a base width of 62 meters. The water level in the
reservoir reaches its peak at 62 meters.

Fig. 1. Akcakoca Dam (DSI 2023).
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The effect of gravity is often neglected when deter-
mining earthquake performance. Therefore, it is im-
portant to determine to what extent gravity will affect
the dam performance whether it is included in the calcu-
lations or not. In the context of this study, various models
were developed, including gravity and non-gravity mod-
els, as well as models with and without a foundation
rock. These models were further categorized into empty
and full dam configurations, resulting in a total of 8 dis-
tinct models for the analysis, as outlined in Table 1.

Table 1. Dam analysis models.

Cases Water conditions Gravity Model
Case 1 Empty
Without
Case 2 Full
Dam Body
Case 3 Empty
With
Case 4 Full
Case 5 Empty
Without
Case 6 Full
Dam-Foundation
Case 7 Empty
With
Case 8 Full

3.2. Material properties of Akcakoca Dam

Akgakoca Dam's two-dimensional finite element
model has a single-layered gneiss rock foundation. Table
2 shows the material parameters of the Ak¢akoca roller
compacted concrete dam body and its foundation. As a
concrete property, a mixture containing 60 kg/m3 ce-
ment, 30 kg/m3 fly ash and 125 It/m3 water was used as
RCC mixture.

3.3. Finite element modeling of Ak¢akoca Dam

In this research, a 2D finite element model (FEM) is
developed for the critical section of the Akcakoca Roller
Compacted Concrete (RCC) dam using ABAQUS soft-
ware. The model defines the dam's height as 'H," and the
foundation rock extends 'H' units in both the down-
stream river and gravity directions. Additionally, the
foundation rock and reservoir water model extend '3H'
units upstream. The fluid and solid element matrices are
computed using the Gauss numerical integration tech-
nique, as per the methodology outlined by Wilson and
Khalvati (1983). Specifically, the dam body (C3D8) is
subdivided into elements with 2x2 integration points,

the foundation rock (C3D8) is also divided into elements
with 2x2 integration points, and the fluid element
(EC3D8) incorporates 2x2 integration points.

Table 2. Material properties of Ak¢akoca
roller compacted concrete dam
(Sunbul et al. 2018; Kartal and Karabulut 2018).

Modulus of Poisson's Mass density
elasticity (GPa) ratio (kg/m3)
Concrete
(e Bos) 28 0.2 2500
Gneiss 18 0.15 2800
Water 2.2 = 1000

We analyzed the maximum tensile and compressive
stresses with respect to the dam height. Following that,
we illustrated the maximum principal tensile and com-
pressive stresses experienced during an earthquake on
the upstream side of the dam body. This study involved
an investigation of four different scenarios to identify the
most critical conditions of the dam, as detailed below
(Figs. 2-5).

First condition involves empty reservoir and galleries
are excluded from dam body. This model has totally 1540
nodal points and 714 elements. Second condition in-
volves full reservoir dam body. Contact elements were
defined for the interaction surface. This model has totally
8990 nodal points and 4270 elements. Third condition in-
volves empty reservoir and galleries are excluded from
dam body. This model has totally 6092 nodal points and
2844 elements. Fourth condition involves full reservoir
and galleries are excluded from dam body. Contact ele-
ments were defined for the interaction surface. This
model has totally 13542 nodal points and 6427 elements.

3.4. 1999 Diizce Earthquake

The Diizce Earthquake occurred on 12 November 1999
at 18.57 local time (16.57 UTC) with a moment magnitude
of 7.2. This seismic event resulted in significant damage,
causing 845 fatalities and 4948 injuries in Diizce, Tiirkiye.
The epicenter was located at coordinates 40.768° latitude
and 31.148° longitude, with a moment magnitude of 6.2
(Mb), surface wave magnitude of 7.4 (Ms), seismic mo-
ment (Mo) of 4.5x101° Nm, and moment magnitude of 7.1
(Mw) (Erdik 2000). For this study, the North-South (N-S)
and vertical components of the 1999 Diizce accelerogram
were utilized, as depicted in Figs. 6-7.

Y

L

Fig. 2. Creating a finite element model for a dam in the absence of water in the reservoir.
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Fig. 4. Finite element model incorporating foundation rock for an empty reservoir.
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Fig. 5. Finite element model with foundation rock for a full reservoir.
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Fig. 6. 1999 Diizce Earthquake accelerogram for North-South direction (AFAD 2023).
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Fig. 7. 1999 Diizce Earthquake for vertical direction (AFAD 2023).

3.5. Optimum mesh density

In the upcoming numerical studies, it is crucial to cre-
ate a finite element mesh that produces accurate results.
To determine the optimal mesh, it is necessary to ana-
lyze various models with different numbers of finite ele-
ment divisions and compare their outcomes. The finite
element mesh plays a significant role, especially in areas
where stress values suddenly increase.

1.4
1.2
1.0
0.8
0.6
0.4
0.2

0.0
0 2000

Stress (MPa)

4000
Element number

6000 8000

Fig. 8. Evaluation for optimum finite element mesh
around upstream face thalweg.

Analyses were conducted using different discretized
finite element meshes to observe stress increments re-
sulting from sudden section loss around the gallery. The
investigation focused on the dam body, where the num-
ber of optimum finite elements was determined based
on the results obtained from numerical analyses. The
outlined research methodology is depicted in Fig. 8.

4. Dynamic Analysis

Along the height of the dam's upstream face, the prin-
cipal tensile stresses within the concrete are depicted.
Figs. 9 and 10 show that the highest primary stresses
drop when the reservoir is empty. Furthermore, when
subjected to gravity acceleration, all models exhibit a
decrease in maximum tensile stresses. When gravity ac-
celeration is ignored, maximum tensile stresses rise in
the full reservoir scenario compared to the empty situ-
ation.

5. Performance Analysis

The research investigates the seismic performance of
the Akcakoca Roller Compacted Concrete (RCC) Dam, fo-
cusing on the impact of gravitational acceleration on its
seismic behavior. The study considers both empty and
full reservoir conditions, taking into account or neglect-
ing the effects of gravity. Time-history analyses are con-
ducted using the north-south and vertical components of
the 1999 Diizce earthquake, as depicted in Figs. 6-7.

The evaluation of demand-capacity ratios, ranging
from 1 to 2, is carried out for the primary tensile stresses
experienced by the concrete. Figs. 11-14 depict the cy-
cles of major tensile stresses derived from linear time-
history analysis under various conditions. In the case of
a full reservoir, the major tensile stresses consistently
exceed the tensile strength of the concrete, as shown in
Fig. 12a, even when the demand-capacity ratio (D/C) is
equal to 2. Moreover, the tensile strength of the concrete
is recurrently surpassed in the scenario of an empty res-
ervoir. The presence of reservoir water, as indicated in
Fig. 14, intensifies the primary tensile stresses.
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Fig. 9. Maximum principal tensile stress change by height for dam body:
(a) Without gravity; (b) With gravity.
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Fig. 10. Maximum principal stress change by height for dam-foundation interaction:
(a) Without gravity; (b) With gravity.
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Fig. 11. Maximum principal tensile stress change by time for empty reservoir condition considering dam body:
a) Case 1; b) Case 3.
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Fig. 12. Maximum principal tensile stress change by time for full reservoir condition considering dam body:
a) Case 2; b) Case 4.
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Fig. 13. Maximum principal tensile stress change by time for empty reservoir condition considering dam and foun-
dation rock interaction model: a) Case 5; b) Case 7.
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Fig. 14. Maximum principal tensile stress change by time for full reservoir condition considering dam and founda-
tion rock interaction model: (a) Case 6; (b) Case 8.

Performance curves were drawn to determine the
earthquake performance of Ak¢akoca RCC Dam concrete
according to linear time history analysis. The earthquake
performance of the dam is high when the reservoir is
empty and gravity is included. Neglecting the gravita-
tional acceleration reduces the earthquake performance
and exceeds the acceptable level in both the empty res-
ervoir case and the full reservoir case. It completely ex-
ceeds this level when the reservoir is full and gravita-
tional acceleration is neglected. Analyzes under the in-
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Fig. 15. Performance assessment of empty dam models:
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fluence of full reservoir and gravitational acceleration
are given in Figs. 15 and 16. As seen in Fig. 164, it falls
below the accepted curve in the range of 1.3-1.4 in the
dam body analysis (Case 4). A similar situation is shown
in Fig. 16b. In the case of the dam body and bedrock
(Case 8), it falls below the accepted curve in the range of
1.4-1.5. According to linear analysis, damage in the se-
lected point of the concrete seems inevitable since the
performance curves are generally above the acceptance
curve in both cases.
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a) Only dam body; b) Dam and foundation rock interaction.
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Fig. 16. Performance assessment of full reservoir condition:
a) Only dam body model; b) Dam and foundation rock interaction models.
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6. Conclusions

This study explores the seismic behavior and perfor-
mance of the Akcakoca Roller Compacted Concrete
(RCC) Dam through a two-dimensional analysis, consid-
ering the interaction between the dam and the reservoir.
The representation of reservoir water employs finite el-
ements through the Eulerian-Lagrangian coupled (CEL)
approach. Dam models undergo analysis for both hori-
zontal and vertical earthquake components, examining
scenarios with and without the influence of gravity.

The numerical analyses clearly demonstrate that the
presence of reservoir water significantly influences the
earthquake response of the dam. Linear analyses show
increased displacements and principal stresses due to
hydrodynamic pressure. The earthquake performance
assessment of the Ak¢akoca RCC Dam indicates that sub-
stantial damage may occur in the concrete, as revealed
by linear time-history analyses in both empty and full
reservoir cases. The linear analysis results further
demonstrate that the level of damage increases with hy-
drodynamic pressure. The inclusion or neglect of gravita-
tional acceleration in the analyses leads to notable differ-
ences in tensile stresses. In analyses incorporating gravi-
tational force (Cases 3, 4, 7, 8), principal tensile stresses
in the dam body are lower for both empty and full reser-
voir scenarios compared to other analyses (Cases 1, 2, 5,
6). Similar differences are observed in the performance
analysis. Under the influence of gravity and in the empty
condition, analyses (Cases 3, 7) result in the perfor-
mance curve falling below an acceptable level, while in
other analyses, concrete damage appears inevitable.

Based on the findings of this study, the following sug-
gestions can be clearly outlined:

e [thasbeen observed that gravity effect should be con-
sidered as a pre-condition before seismic analyses,

¢ In assessing the earthquake performance of the RCC
dam, it is crucial to model the dam body and founda-
tion rock together.

e Considering hydrodynamic pressure is crucial in
earthquake performance analyses to obtain more crit-
ical and accurate results.

e Conducting nonlinear analyses is recommended to as-
sess the earthquake performance of an RCC dam more
reliably, especially after incorporating the effects of
gravity in the analyses.
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