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ABSTRACT

The dam is considered a huge structure that has multiple purposes in the life of a human. The most important role of a dam is
the production of electricity, and the storage of a huge quantity of water. Therefore, it is very important to be vigilant in the
studies made for it. Lebanon has indeed been designated as a seismicity country. However, the number of dams is increasing
due to several natural consideration. Mseilha dam is an executed medium arch dam, which faced several problems during and
after construction. The initial problem that faced a dam is the seismic force. This natural force is very dangerous for any struc-
ture, especially for a dam. It could increase the existing concrete stresses. These stresses will cause the development of cracks
all along the dam. Once the concrete shows cracks, its resistance will decrease, and it will become more vulnerable to external
effects. Several studies were made to fortify it and make it resistant to seismic force. To show the major effect of this force, two
methods ‘pseudo-static’ and ‘response spectrum’ were applied to a medium arch dam. Therefore, to evaluate the performance
of these two methods, the dam is modelled using finite element software. The obtained results show the importance of using
the appropriate model in the design of such dams without taking the appropriate model.

Key words: finite element software, medium arch dam, pseudo-static, response spectrum, seismic loading

HIGHLIGHTS

® Highlight on one of the major problems that affect the stability of medium dam.

® Clarify how to analyze this catastrophic problem and prevent the losses (Humans life and economic way).

® ||lustrate, through a comparison between two analysis methods, how to simulate numerically such severe problem.

® Encourage the researches to take into consideration all the existed forces during analysis and design for all dam types.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT

NOMENCLATURE

E Young’s modulus.

F Hydrodynamic force.

F, Seismic horizontal force.
F, Seismic vertical force.

G Rigidity modulus.

G; Sediment force.

H Static height of the dam.
K Stiffness matrix.
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Lca Length at the crown.
Lo Length at the base.
Ly, Ly Lengths found in the strings of the dam.
M Mass matrix.
P Water pressure.
P., Average water pressure.
Py Hydrodynamic force.
1 Downstream pressure.
SX, SY, SZ Stresses at each of the horizontal and vertical components of the earthquake.
S Resultant of the combination of the stresses.
Sr Topographic coefficient.
U Displacement.
U Acceleration.
A% Volume of the concrete.
ag Maximum acceleration.
ep Thickness at the base.
€c Thickness at crown.
€av Average thickness.
h Depth of the hold.
k Pseudo-static coefficient.
Tayv Average radius.
s Considered depth.
a Seismic coefficient.
o Tensile stresses.
v Poisson’s ratio.
Ie Radius of the dam.
Y Specific weight of concrete.
Ye Compressive strength.
i Importance coefficient.
n Depreciation correction.
o Compressive and the tensile stress.

1. INTRODUCTION

An arch dam is a concrete dam that has a curved shape. The curvature shape of an arch dam allows the load of
the thrust of the water to be returned to the banks. To support the rigidity of the concrete in an arch dam, the
foundation should be rocky. It is necessary to evaluate the seismic force and the safety of the dam during an earth-
quake. An earthquake is the most dangerous force that could hit a hydraulic structure, and it is one of the most
crucial concerns for engineers. A cursory examination of tectonic events in Lebanon and the Eastern Mediterra-
nean reveals that this region of the planet has been shocked since 2000 Bc by powerful earthquakes that damaged
thousands of constructions and caused significant casualties and loss of life in modern-day Lebanon, Syria,
Jordan, and Palestine. Lebanon has been identified as a seismically active nation. Due to the relevance of seismi-
cally active in the Eastern Mediterranean and the possible risk linked with it, various studies and research
endeavors have sought to assess adjacent nations’ seismic hazards (Harajli ef al. 2002). The National Water Ser-
vice Strategy, in 2010, suggested 26 dams in all. Despite the fact that the 2020 strategy attempts to reduce this
number, nine dams are now under construction, and 14 more are planned for the years up to 2035 (MOE
2020). The seismic force can strongly affect the resistance of the dam, and it can be one of the important reasons
for the dam’s failure. For that matter, engineers and specialists considered the response of an arch dam, in the
nonlinear phase, to find its critical parts that could affect the whole dam. Some easy solutions were found.
According to Anton ef al. (2019), the solution most often consists in correct the geometry of the arches, and
the consoles, which implies a new iteration of the geometric definition process. Another solution was to make
the arch dam more resistant to the seismic force that increases the stress, and the cracks. This solution suggests
installing harnesses or crutches in the upstream part. This research shows numerically the severity of the damage
that could be produced due to an earthquake, and the behaviour of a medium arch dam subjected to such force.

1.1. Research history and related works

The dam is considered a necessary structure in human life. Earthquakes may lead to serious damage or collapse
of dams, whereas dams with huge basins can generate earthquakes. The water pressure briefly increases because
of horizontal acceleration pressing towards the reservoir. The water resists movement due to its inertia as both of
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foundation and dam accelerate in the same direction. Aftershocks caused by earthquakes can destroy dams. Sev-
eral noteworthy examples are exposed to problems and breakdowns after earthquakes.

The first example was the Lower San Fernando Dam in the USA. On 9 February 1971, this dam collapsed, due
to the occurrence of liquefaction phenomena after hit by an earthquake (Lee et al. 1975). Numerous dams and
reservoirs, in China, have been subjected to ground shaking. On 12 May 2008 due to the Wenchuan earthquake
(Wieland & Houqun 2009), many dams and hydroelectric units were damaged. In 2001, an earthquake hit Bhuj
city, India (Madabhushi & Haigh 2005). It caused the renovation and the fortification of 245 impacted dams. On
11 March 2011, an earthquake struck Tohoku in Japan, and 400 dams were damaged (Rajendran et al. 2011);
also, an 18 m high embankment dam fell while eight people lost their lives.

Tan & Chopra (1995) introduced an accessible foundation approach, and computer software for the earth-
quake response evaluation of arch dams. This study addressed the impacts of the dam-water interface, the
dam barrier absorption, and the foundation bedrock elasticity. The analysis of dam-foundation rock was devel-
oped to incorporate the contact effects with inertia, and damping. Numerical effective methods were produced to
assess the most difficult element of the operation (the foundation resistance).

Hariri-Ardebili & Mirzabozorg (2013) explained the numerically the performed process for static and thermal
calibration furthermore the nonlinear response of the DEZ arch dam in Khuzestan, Iran. It was explored under
maximum realistic earthquake, considered joint response, break mass concrete, and possibly strengthen safety.
Results reveal that the distribution of stresses will be essential inside the dam for the raised situations during
earthquake forces at the maximum credible level. Based on the results, it is determined that the worst case of
an arch dam being hit by an earthquake would be the case of an empty.

Chopra & ASCE M. (2012) indicated that numerous factors influence the three-dimensional study of arch
dams. Those elements are the semi-unbounded size of reservoir and foundation-rock domains, dam-water inter-
actions, wave absorption at the reservoir boundaries, water compressibility, dam-foundation rock interaction,
and spatial variations in ground movement at the dam-rock interface. However, finite element calculations of
arch dams undertaken in professional practice generally neglect these variables. Four-constructed arch dams
in the USA (Deadwood Dam in Idaho, Monticello Dam in California, Morrow Point Dam in Colorado, and
Hoover Dam in Nevada) were investigated to study the relevance of the ignored variables cited. The acquired
data assured that the calculations without these parameters led to unacceptably erroneous predictions of earth-
quake-induced stresses. Analyses neglect spatial changes in ground movement and fail to recognize the areas of
the dam that are expected to be stressed, and harmed.

Liu & Chen (2013) discussed numerically two models of the earthquake, the massless foundation and the vis-
cous-spring conditions. The viscous-spring boundary subroutine is implemented in the finite element software
ANSYS. The viscous-spring boundary and the wave input model were modelled for the seismic analysis of the
Longtan gravity dam-foundation system. The obtained results demonstrate that the magnitude of the dam’s
dynamic reactions was less than the massless foundation model by 4%-38%. The structural dynamic reactions
are overstated to some degree using the standard massless model. The radiation damping influence of infinite
foundation has a major influence on the structure’s dynamic responses and is highly vital to be taken into
consideration.

Pan et al. (2015) provided an approximate incremental dynamic analysis (IDA) for the earthquake-resistant
design of the Dagangshan arch dam, in China. The nonlinear seismic analysis incorporates the impacts of expan-
sion joint opening, cracked concrete, and damped foundation. Three damage measurements related to the IDA
curves were developed to assess the overall performance of arch dams. The dam endured significant damage at
the dam-foundation level, and at the top level. The failure preventive performance is obtained when the trans-
verse cracks at the top section reach the dam blocks and formed partial free cantilevers that govern the
dynamic structural stability.

Alembagheri (2016) a developed new method to evaluate structural damage seismic, which can cause to gravity
dams. In this approach, the static pushover analysis was used to develop a rational and systematic approach.
Three gravity dams were chosen to evaluate this approach. To estimate the damage condition of these dams,
12 real seismic ground motions were scaled to increase the intensity levels, and the nonlinear time-history analy-
sis was used to confirm the obtained results. Therefore, a damage index was developed to objectively anticipate
the seismic damage of gravity dams.

Zacchei et al. (2017) examined the earthquake risk behaviour of Rules Dam, in Spain, and its effect on this
body’s dam, the basin, and the interface fluid structure. In this numerical investigation, the largest soil

Downloaded from http://iwaponline.com/wpt/article-pdf/doi/10.2166/wpt.2022.108/1112929/wpt2022108.pdf

bv auest



Water Practice & Technology Vol 00 No 0, 5

acceleration was recorded twice the results based on the Spanish code. Three controlling earthquakes have been
chosen to determine the seism’s primary properties. The dam study utilized various software to estimate multiple
parameters. Time-history studies have been done to examine the repercussions of a collapse and to predict small
damage acceptance. The results of the study demonstrate that the stresses surpass the tensile limit permitted for
manufacturing plastic hinges.

Fu et al. (2018) proposed a numerical measure to estimate the stresses and damages of an arch dam due to
earthquake waves. Although, they provided an appropriate method to enhance its behaviour against earthquakes.
The obtained numerical results were compared with the previous studies concerning the displacement of the arch
dam in the three directions. The frequency of the arch dam was also shown in this study with and without the
water pressure of the reservoir; it showed a 26.99% difference between the two cases. The enhanced measure
provided in this study is quite efficient.

Xu et al. (2020) studied the damages that occurred to the Baihetan arch dam, in China, after being hit by several
stochastic earthquakes. Seismic behaviour assessment was accomplished using a nonlinear endurance time study.
The predictable correlations between compression joint opening, displacement, and damage volume ratio were
found by applying a multimodal modelling approach. The findings of correlation and fragility analysis revealed
that damage volume ratio and the sum of joint opening were consistent, which gave a good scientific basis for
anticipating earthquake damage.

Messaad et al. (2021) studied numerically the dynamic performance of the dam-reservoir-foundation for Oued
Fodda dam in Algeria, due to seismic load. The stiffness of the foundation should be considered in the study of the
dam, to be able to inspect the critical response of the dam foundation response. The achieved research suggests
that the foundation soil leads to smaller displacements in the dam body and minimizes the primary stresses, as
well as shear stresses, when Young’s modulus for both the dam and foundation were equivalent.

Pasbani Khiavi et al. (2021) examined the responses to achieve the optimal body stiffness using probabilistic
and uncertainty methods after evaluating the effect of Young Modulus of both the body concrete and the foun-
dation as strength parameters for concrete arch dams. The dam-reservoir-foundation system’s finite element
analysis was completed using ANSYS software, and the Monte Carlo method, a new method for parametric
study and sensitivity analysis, was used for uncertainty analysis. The dam’s safety status can be investigated
using the design criteria, and the best state for the model in terms of structural strength can be chosen. However,
in order to properly select the modulus of elasticity of the dam body concrete, the simultaneous effect of the stiff-
ness of the foundation must be considered and the optimal value chosen.

Daneshyar ef al. (2021) presented a finite element model for a comprehensive nonlinear seismic simulation of a
concrete gravity dam, including realistic ground-structure interactions. According to this study, a rigorous non-
linear finite element model requires an accurate description of the material response. The Koyna gravity dam
was analyzed based on various assumptions about foundation, concrete reaction, and reservoir conditions. A
comparison of the responses obtained under conventional assumptions with the results of the comprehensive
model presented demonstrates the importance of considering radiation attenuation and the need for a rigorous
constitutive materials model according to the model presented.

Xue et al. (2022) compared the seismic responses of the arch dam during stimulation from the plan response
zone under new and old standards. The dynamic computation was conducted on a three-dimensional finite
element procedure. The effect of this study showed the reflection of the characteristic period and attenuation
index. The results revealed that the dynamic stressful situations of the arch dam, during stimulation from the
model response spectrum in the new set of standards, were higher as compared to the old standard. The seismic
stability of an arch dam may diminish under stimulation from the planned response spectrum in the revised stan-
dard. Thus, the seismic validation on constructed arch dams should be performed by adopting the new standard
where it is practicable.

This paper presents a numerical study of a proposed medium arch dam subjected to an earthquake. The pri-
mary goal of this research is to show the effect of earthquake forces on a medium arch dam, using the
‘pseudo-static method’ (PSM). The obtained results will be compared with the ‘response spectrum method’
(RSM). Numerical results were obtained using the Advance Design program. The dam was designed and con-
structed based on concrete material mainly. The nature of this used material has a higher resistance in
compression and meager resistance in tensile stress. In this case, the tensile stresses should be verified; otherwise,
the concrete will be cracked. The water load will overcome the dam, due to these cracks, and could subjected it to
a catastrophic failure. For this reason, and referring to Anton et al. (2019), the maximum tensile stress (o) in the
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designed dam should be less than 8 MPa:

Pay X Tav.
o= 1
€ay. 1
Pav=Px 1+ Cav @
av 2 X I'ay
with

P = Water pressure.

P., = Average water pressure.
Tay = Average radius.

eav = Average thickness.

2. METHODS

The probabilistic seismic hazard approach (PSHA) is considered one of the oldest earthquake mathematical
methods as discussed by Cornell (1968), and later by Reiter (1990). It was widely used to evaluate seismic behav-
iour. Two main variables key for this method are used, regression coefficients and standard deviation. Regardless
of the good outcomes of the advances achieved in the usage of this approach, there are still inconsistencies
related to the derivate curves. The mathematical models of seismic activity have a great effect on the conclusions
derived from the used seismic hazard studies in reality. This interpretation justifies the initiatives taken by several
researchers worldwide in the design of different mathematical simulations. Such methods were based on
recorded data for catastrophic earthquakes. As a result, there is a variety of alternative mathematical models
for evaluating earthquake shaking. Two mathematical methods were chosen to study the effect of an earthquake
on a medium arch dam.

2.1. Pseudo-static method (PSM)

In the past, seismic design studies the behaviour of soil embankment dams and slopes by applying a body modi-
fication force. The seismic load applied to a concrete dam was considered a pseudo-static load. This old method
was an easy one since the technology was not well developed in the past as now. This method considers the iner-
tia force of the dam, and the hydrodynamic forces, which developed from water waves (Nath 1971; Melo &
Sharma 2004; Pasbani Khiavi & Sari 2021). The weight of the theoretical sliding mass ‘M’ and the seismic coeffi-
cient ‘K’ are used to measure the magnitude of the static inertial load, which represents the seismic load ‘F.
According to Alembert’s principle, the inertia load of the dam is represented by this formula:

F=kxM 3)
F=kxVxwy, ©)
where:

K=o X amay/g ®)
with

k = Pseudo-static coefficient.

V= Volume of the concrete.

vp = Specific weight of concrete.

a, = Maximum acceleration.

a = Seismic coefficient =2/3 for the horizontal component.
= 0.2 for the vertical one.

when an earthquake occurs, the dam will bound against the upstream pressure of the water of the reservoir. The
water force inertia will generate additional water pressure on the upstream face of the dam. This additional
pressure is recognized as hydrodynamic pressure. Westergaard (1933) suggested a parabolic formula to describe
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this phenomenon (depend on the h depth of the hold, k pseudo-static coefficient, and v, specific weight of water).

) = £ xkxry < (h x 93 ©

The hydrodynamic force will be added to the upstream water pressure. A final formula will obtain by substitut-
ing k in the Equation (3):

F 7><k><-yw><h2 (7)

12

This load will be applied at 2/5 of the total height of water as shown in Figure 1.

Figure 1 | Seismic load defined by Westergaard.

2.2. Response spectrum method (RSM)

The second method used for this study is the Response Spectrum method. This method was introduced by Biot
(1932). Recently, it was used by Lokke & Chopra (2014), and Hariri-Ardebili & Saouma (2018). It is a way of
detecting earthquake reactions of buildings utilizing waves or vibrational configuration forms. The force distri-
bution is based on natural vibration modes into this case. This method is a precise method that takes in
consideration the real dynamic force produced due to an earthquake. It is based on the determination of the
response of the dam over dynamic force. Each eigenmode has its mass, frequency, acceleration, and period.

In the mid-twentieth century, design specifications, such as California’s building codes, incorporated the
‘response spectrum method’. As strong-motion accelerograph datasets became commonly available in the
1970s, they became widely used as the principal theoretical tool in earthquake engineering (Trifunac & Todorovska
2008).

To evaluate the modal response, the acceleration will be multiplied by the modal mass of each mode. The spec-
tral modal analysis consists of determining the modal mass of the studied system. Successive steps should be
followed to obtain the results. The most common type of analysis is quasi-static analysis, where the load is applied
at a very slow rate so that the acceleration is negligible. After that, the eigenmodes of the structure is defined, by
searching for a normal mode of vibration of an oscillating system. Then, by selecting useful modes, the corre-
sponded modal responses will be estimated.

To study the response of the modes, the modes should be selected with a modal mass greater than 5% of the
total vibrated mass. While the sum of the masses of each mode chosen should be at least 90% of the total mass of
the dam (ZMi > 90%) (EN 1998-1: 2004). Moreover, the needed modal responses should be integrated indepen-
dently in each mode, to study any kind of variable due to the seismic force.

The periodic modal responses are combined with the seismic effects of the different studied directions of the
earthquake: There are two combination methods to achieve that: Complete Quadratic Combination (CQC) or
Square Root of Sum of Squares (SRSS).

The two periods T; < Tj have two modes i, and j. These two modes are considered either independent or depen-
dent. They will be considered dependent if they satisfy the following condition:

T; < 0.9T; ®)
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Otherwise, they are considered dependent, and the SRSS combination is used as follows:
S=+3S; 9)

The seismic force has three possible directions X, Y, and Z. Each direction has its combination. Newmark’s
rule (100%-40%-40%) means that each direction is combined with 40% of the other directions. Those combi-
nations were defined as follows:

S=SX + 0.4SY + 0.4SZ (10)
S=SY + 0.4SX + 0.4SZ (11)
S=SZ + 04SY + 0.4SX 12)

SX, SY, and SZ are the stresses at each of the horizontal and the vertical earthquake components, while S is
their resultant (Nie et al. 2010).

A dam has mainly two thicknesses, one at the crown noted e, and another at the base noted e;. Following the
recommendation of the US Bureau of Reclamations (USBR) for an arch dam, the height will be divided into three
sections (Boggs 1977; Manual No. 1110-2-2201 1994). In addition to the previously cited thicknesses, and due to
this division, another thickness at 0.45 of the height will be determined (e 45). These thicknesses were found in
the function of the dam’s height and vary consensus to the valley:

ec = 0.01 x (H +% x Ll) (13)
€045 = 0.95 x €y (14)
1
()
_ H\\122
ey = (0012 x H x Ly x Ly x (122) (15)

where Lj, L,: Lengths found in the strings of the dam.
H: Static height of the dam.

To facilitate the calculations, and regarding the geometry of the valley, empirical formulas were used (Anton
et al. 2019)

H 30

€c =55 =59 = 1M (16)
L. 120

ec_ﬁ_f_Sm (17)

ea = (1.5 +8)/2 = 4.75m

2.3. Case study analysis

The arch dams were categorized referring to their elevation (Breeze 2018). A dam was considered a small one if
its height was below 30 m. While the height was above 90 m, it will be a tall dam. Otherwise, the dam was classi-
fied as a medium one, (height is between 30 m and 90 m). In the stress calculation, the membrane approach is
appropriate for computer modelling of the arched dam. The loads were arranged in a circular pattern. In this
case study, Mseilha arched dam with its 30 m executed height to satisfy satisfied the medium type condition.
This medium dam has a massive central concrete structure, catchment area of 189 km?, reservoir volume of
7,500,000 m*, volume of backfill: 1,150,000 m>®. The project comprises the construction of a 30,000 m®/day
water treatment facility. This arched dam rested on a V-shaped valley in North Lebanon with a length at the
crown Lg, =120 m, and a length at the base Lg, =16 m (MoE 2020). The slenderness ratio (1) which is the
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ratio between the crown length to the dam height:

L 120
= =30 =4 (18)

Following the recommendation of Eurocode, this ration should be less than 5, so it was verified.

Another two dimensions should be distinguished, r.; and r.,. Referring to the geometry of the arched dam, two
angles were obtained. The crown-opening angle (28.) was 120°, while the opening angle at the base (24,) was 80°.
The values of the radius could be calculated using the following formula:

r. = Lc/2sin B (19)
rea = Le /2 sin B, = 120/2 x sin(60°) = 69.28m

rep = Lc /2 sin B, = 120/2 x sin(40°) = 12.45m

Tav = (69.28 + 12.45) /2 = 40.865m

All the used dimensions are shown in Figure 2.

~120m

30m

— Fpy) —

16m €

Figure 2 | Arch dam dimensions.

In order to check that all the dimensions will be secure, the stresses should be verified before modelling the
proposed medium dam.

Referring to Equations (1) and (2), in addition to Figure 2, the stresses of the proposed medium dam can be
calculated as following:

P =10 x (25 ; H_ 300) =125 kN/m

475
Pav =125 x (1 +m) = 13221(N/m =0.132 MPa
o =0.132 x % —1.137MPa < 8 Mpa.

The stresses exerted by the water on the proposed medium arch dam is acceptable, and the dam can resist it.
The forces exerted on the dam are were the upstream pressure, the sediment pressure, the weight of the dam, and
the seismic load that was represented by a pseudo-static force in the first study.

Advance Design (2022) finite element analysis software developed for the civil engineering domain, provides a
complete platform from structure simulation to post-processing results, and structure modification. It covers a full
variety of features specialized in sophisticated CAD models, meshes generation, analysis, validation, and
improvement of concrete, metal, and wood constructions, resulting from post-processing and production of
high-quality outputs.

Advance Design uses the main worldwide standards (Eurocode, North America...). In this case, this software
was used to calculate the stresses of the dam consider first the pseudo-static force applied to the dam. Although,
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the frequencies and modes of the dam. The analysis in the Advance Simulation model is established in four oper-
ational modes: Models, Analyse, Design, and Report.

The properties of each component were specified in Advance Design. Those properties are represented in
Table 1.

Table 1 | Materials properties

Name Value

Young’s modulus E 31,475.81 MPa
Rigidity modulus G 13,114.92 MPa
Poisson’s ratio 0.2
Compressive strength 24.5 kN/m>

Usually, different parts were produced in the graphical area. The option of drawing an arch on Advance Design
does not exist. The model was drawn in 3D model parts as areal elements using AutoCAD software, and then the
model was imported as shown in Figures 3 and 4

=X

Figure 3 | Plan view of the dam.

L

Figure 4 | Front view of the dam.

In the pseudo-static case, the forces was added with values in two directions, horizontal and vertical. The
exerted forces on the model were as follows; upstream pressure ‘Q;’ with maximum value, sediment force ‘G;’
value was 33.3 kN, the hydrodynamic force ‘F’ equal to 328.49 kN/m. Once all the loads were defined, the com-
binations were performed, and then the finite element model was analysed. During the analysis of the second
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case, the response spectrum, the added forces were removed (Weight of dam, sediment, and water pressure). Only
the hydrodynamic force was added.

The model’s consistency and integrity should be checked with the verification tool. Following the evaluation of
the model, the program generates the analysis model. This model performed a numerical process that is automati-
cally executed.

The mesh is an essential operation for the calculation of the finite element structure. The finite element mesh-
ing was accomplished using global mesh settings. The mesh parameters were specified for each element. These
parameters were defined using a detailed method. This operation subdivided the structural elements into several
sub-elements to refine the results of the calculation. In Advance Design, two types of mesh are available: Grid and
Delaunay. In this case, the second type was used, due to its ability to build meshes for space-discretized solvers,
angle guarantee, and quick development of triangulation techniques. The elements used were triangles and quad-
rangles (T3-Q4). The size of each element was defined by default as 0.5 m. In the end, the total node number was
3314 nodes. (Figure 5).
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Figure 5 | The mesh of the dam.

To calculate the stresses for this arch dam, it was divided into two parts, the consoles and the arches. The cal-
culated stresses, in the x direction, were considered for the arch part. While, the calculated stresses, in the y
direction, were considered for the console part of the dam.

Some parameters should be defined, to find the frequencies of the dam in a full reservoir state. Using the
manual data of the used software (Advance Design 2022) and the recommendation of Eurocode (EN 1998-1:
2004), the parameters values were chosen as follows: the acceleration ag, = 2.5 m/s?, the importance coefficient
vi = 1, the topographic coefficient St = 1.2, and finally the depreciation correction n = 5%:

ag=ag x y; =25x1=25m/S* (20)

Advance Design permits arranging analysis in several computation stages, and computing them gradually
(enable properties adjustments for each step). Six modes were chosen since the frequencies of those modes
have passed the limit frequency (Figure 6). These six modes were based on the following equation:

MU+KU =0 (21)
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(a) (b) (c)

First order. Second order Third order.
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Figure 6 | Vibration modes of arch dam under full reservoir work conditions. (a) First order. (b) Second order. (c) Third order.
(d) Fourth order. (e) Fifth order. (f) Sixth order.

where: M represented the mass matrix, while K signified the stiffness matrix. U symbolised the acceleration and U
the displacement.
Both of the obtained frequencies and the period’s values for those modes are shown in Figure 7.
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Figure 7 | Natural vibration frequencies and periods under full reservoir conditions.

3. RESULTS AND DISCUSSION

After calculating the numerical effect of seismic force on proposed medium arch dam, and the variation of the
stresses, then, the results should be checked and verified. The stress results according to x direction were obtained
for the two parts: upstream (Figure 8) and downstream (Figure 9).

On the upstream part, it can be seen that the dam is completely compressed and that the load is transported
towards the banks, which is the real case for the operation of the arch dam. The maximum stress value is in the
middle of the upper part of the dark blue colour dam. The maximum compressive stress has a value of 4.13 MPa
and the maximum tensile stress is 2.0 MPa. For the downstream part, the maximum compression stress has a
value of 3.16 MPa and the tensile stress 1.92 MPa. This result is smaller than the compressive strength value
(24.5 MPa), so it is verified.
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k,

Figure 8 | Variation of stresses along the x-axis on the upstream part.

k,

Figure 9 | Variation of stresses along the x-axis on the downstream part.

Concerning the stress results in the y direction are determined for the two parts: upstream (Figure 10), and
downstream (Figure 11). On the upstream part, we see that the dam is tense since it works like a console with
maximum stress in the centre of the yellow colour of value 1.12 MPa. On the downstream part, the dam is com-
pressed with maximum stress in the center of the dark blue colour of value 2.95 MPa.

The limit tensile stress is calculated by the following formula:

2
foim = 0.3+f3, = 0.3+24.5%> = 2.53 MPa (22)

The results of the stresses obtained are compared to the eligible stresses of the compression and tensile stresses
of the concrete used. The results also show the maximum stresses on the supports represented in Figure 12. The
maximum compression stress has a value of 2.37 MPa; this value is lower than the legible stress in the foundation
so it is verified. As for the tensile stress, it is too low and has a value of 0.03 MPa, it is almost zero so it does not
affect the foundation.
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Figure 10 | Variation of stresses along y-axis on the upstream part.

k,

Figure 11 | Variation of stresses along y-axis on the downstream part.
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Figure 12 | Variation of stresses under the dam.
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By applying the second method of the seismic load (the response spectrum method); the values of the stresses
will changed. The stress calculation results according to x direction is obtained for the two parts upstream
(Figure 9), and downstream (Figure 10). The maximum stress value is in the middle of the upper part of the
dark blue colour dam with a value of 6.32 MPa. The maximum tensile stress has a value of 2.97 MPa.

All the obtained results for both case studies were compared with the eligible stresses are represented in
Figure 13.

Compression Tension
- 24.5
20
15
10
4.13 597
5 2
2 2.53
0 :
# =
1 /
/
2
| 1 2 |
m Eligible Stresses (MPa) 4.13 24.5 |
B Response Spectrum (MPa) 2.97 6.32
Pseudo-Static (MPa) 2 2.53

Figure 13 | Calculated stress values compared to eligible stresses.

The obtained results for both methods (RSM and PSM) were compared with the eligible stresses. This compari-
son show that the stresses were within the limits. However, the stresses for the PSM were too much conservative
regarding the stresses for the RSM.

4. CONCLUSIONS

The major necessity in seismic design for dams is to preserve safety, life, and property. This article presents a
numerical overview of the impacts of the earthquake on a proposed medium dam. It clarifies the requirement
of a particular design to withstand earthquakes using a pseudo-static approach. This simple method takes into
account the inertial forces of the dams and the hydrodynamic pressures exerted by the reservoir.

Due to the development of computers and numerical analysis models, in the design phase and before the con-
struction, it becomes possible to make great progress in the evaluation of the seismic safety of concrete dams. In
this study, special cases was studied concerning medium dam type. For this purpose, two methods were used, the
pseudo-static approach and the response spectrum method. The stresses, maximum and minimum, were found
for both cases.

The maximum tensile stress, for the response spectrum method (2.0 MPa), is lower than that for the pseudo-
static method (2.97 MPa) by 32.66%. The maximum compressive stress, for the response spectrum method
(4.13 MPa), is lower than that for the PSM (6.32 MPa) by 34.65%.

There is an important difference between the obtained results. Various factors can be identified as explanations
for the distinctions between the two seismic analysis methods. Those factors are mainly related to the added
forces during numerical analysis.
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Consequently, special attention should be taken into consideration in the dam design. The damages found in
the dam after an earthquake can be repaired. In such cases, the solutions can be the correction of the arches’
geometry to satisfy the stability conditions. Further researches should be followed to implement the obtained
results with the other types of dams during the design phase.
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