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1. Introduction

Embankment dams are major w impoundment
he ear man-made
that are built with
fill or rockfill dams

owarious structure sections

natural materig

igty of materials. Earth dams

are generally prone ®displacement during construction,
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The numerical analysi
dams using the finite d
into account material beh

erence appro.
, soil-dam ation interaction, hydraulic
In this study, a numerical analysis using
) is used to conduct a static and

deformation, and p
There are two steps
1 alysis, two mathematical models are considered: the elastic
and the Mohr-Coulomb model. An actual earthquake record is
coupled dynamic analysis, and the interaction between

bodys base to the top.

following water filling, and during operation "\ Earth
dams are extremely vulnerable to seismic response issues,
and earthquake loading can result in severe consequences
ranging from economy to direct loss of life.

The ancient method and seismic criteria were used to
design the old earth dam. The safety of these structures
is now jeopardised due to noncompliance with current
seismic safety recommendations '“**. Dams should
operate without endangering the population in the event
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of an earthquake, and similarly under static loading. As a
result, the stability of dam embankments, whether static
or dynamic, remains a major concern for geotechnical
engineers. Dam security is related to the strength of
the dam body and foundation, permanent deformation
generating cracks, slope stability, excess pore water
pressure in embankments, and foundation materials ©.
According to a literature assessment, the most common
causes of earth dam collapses are overtopping and
internal erosion ', Significant progress has been made in
understanding dam behaviour, particularly during seismic
action. The development of numerical techniques for
static and dynamic analysis was largely responsible for
the progress .

Different methods can be used to analyse the stability
of embankments and earthen dams subjected to seismic
loads Y. The methodologies have advanced greatly
in recent years, and they range from simplified to
detailed. Gazetas (1987) ' compared techniques for
calculating the seismic response of earthen dams
subjected to seismic action and defined their advantages
and limitations. Simplest approaches require few
parameters for the analysis and are based on empirical
correlations and simpler procedures. Solutions in
decoupled linear-equivalent analysis, as well as finite
element and finite difference formulations in coupled or
decoupled nonlinear analysis ¥, are detailed an
Simplified approaches are used to analyse small
or to justify the use of extensive analysi
dams. The pseudo — static method was
to assess the seismic stability of e
This method reduces the dyn
forces. It involves replacing t
single force and calculating the fac

sliding block that is limited by the critical failure plane.
Simultaneously, the shear beam technique proved to be
efficient in dynamic analysis. The approach took into
account earthquake vibrations in several directions,
including transverse, vertical, and longitudinal ™',
For additional analysis, analogous linear or non-linear
analyses are used "',

The goal of this research is to use a numerical method
to examine the static and seismic response of the Keddara
dam in Algeria. The analysis focuses on the effect of the
mathematical model on the static analysis response of the
dam during the building phase and water filling phase.
The elastic model and the Mohr-C odel are used
sed for the

body (model (1)). Second
dam body (mogml (2)),
the Mohr-Co®0m

is carried out using
erence formulations

The K@dara dam is a rockfill embankment built
82 to 1985. It is situated in the Boumerdes
ign, approximately 35 kilometers east of Algiers. The
1s located in the Tellian Atlas coastal range, at 36.65°
orth latitude and 3.43° East longitude, near the northern
edge of the Mitidjian Atlas. This dam has a capacity of
142.39 million cubic meters and a height of 108 meters.
Figures 1 and 2 depict the dam’s geometry and position,
respectively.
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Figure 1. Geometry of Keddara dam (ANB 1987) '),
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Based on site investigations, the geotechnical parameters
were obtained . As shown in Table 1, and Figure 3,
materials of the dam have been subdivided into six
zones. The upstream part consists of limestone rockfill
(Zone 1) and a transition filter (Zone 2). The downstream
part consists of limestone rockfill (Zone 1), a sand filter
(Zone 4) and a gravel backfill (Zone 5) and in the center
clayey soil as core materials (Zone 3). The foundation of
the dam is composed of stiff schist materials (Zone 6).
The characteristics of materials in each zone of the dam
are summarized in Table 1, where yd is the dry density,

¢’ is the effective cohesion, v’ is the effective angle of
internal friction, G is the shear modulus and K is the bulk
modulus.

Figure 2. Location of Keddara dam on the Boudouaou
River in Boumerdés Province, Algeria. (Captured b
satellite pro).

Normal water level 145

Z1:Limestone Z2: Alluvium Z5: Gravel Z6: Schist

3. Numerical Modeling

The dam analysis is conducted using the finite
difference program FLAC-3D, based on a continuum finite
difference discretization using the Lagrangian approach.
FLAC (Fast Lagrangian Analysis of Continua) "), was
developed by ITASCA group, to solve geotechnical
problems. As reported in the manual program: “Every
derivative in the set of governing equations is replaced
directly by an algebraic expression written in terms of
the field variables (e.g. stress or displacement) at discrete
point in space. For dynamic analysis, it uses an explicit
finite difference scheme to solve
motion using lumped grid point
real density surrounding zone”.
dimensional mesh used
consisted of 1235961 eleifie

ZGrouwp
Group Slot: 1
l fondation

ing of Keddara dam and Boundary
Condition

he coptruction of the dam embankment is modeled
la yer with a same thickness, starting from the
am side to the downstream side, and up to the crest
NGA). The first embankment layer is modeled after
oundation analysis (equilibrium state). The appropriate
boundary conditions in modeling and grid were selected
according to the FLAC3D manual program guidelines.
Boundary conditions are imposed along the lateral borders
and the base of the model, such as the displacements are
zero, and the nodes on the foundation external surface are
fixed on the three directions X, Y, Z.

Fi the dam. Mohr-Coulomb plasticity model is used for sandy
Table 1. Geotechnical Soils Properties !'”!
Zones Materials vq [KN/m’] ¢’ [kPa] v’[°] K [MPa] G [MPa]
Zone 1 Rockfill lisrff;ffe 25 0 45 9.6x10° 5.8x10°
Zone 2 Trznligr“’“ Alluviums 18 50 13 260x10° 120x10°
Zone 3 Core C"Cl}‘;;lal 20 55 14 253.5x10° 117x10°
Zone 4 Drain Sand 18 0 35 433.3x10° 200x10°
Zone 5 Backfill mii:gls 18 0 40 274.67x10° 160x10°
Zone 6 Foundation Schist 28 0 45 2.67x10 1.6x10’
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and clayey materials that yield when subjected to shear
loading. The criterion depends on minor and major
principal stresses as presented in Equation (1).

F(a',-j) =o', — a’3| — (o', + 0';)sing — 2c'cosp = 0. (1

o’, and ¢, are the principal stresses and v is the angle
of internal friction.

Mechanical parameters of Mohr-Coulomb criterion are:
E (Young’s Modulus), v (Poisson ratio), ¢ (cohesion), v
(angle of internal friction) et y (dilatancy angle). Mohr-
Coulomb model parameters are obtained from laboratory
tests. C and ¢ are calculated in the Mohr plane (o, t) using
the stress states at failure.

The shear strength equation for saturated soils is
expressed as a linear function of effective stress as:
r=c+(c—-utg ¢ )

¢’ is the effective cohesion, v’ is the effective angle of
internal friction, ¢ is the total normal stress in the plan of
failure, and u is the pore water pressure.

In FLAC 3D, the Mohr-Coulomb model is the
conventional model used to represent shear failure in
soils. The model is expressed in terms of the principal
stresses (S, S,, S;), which are the three components of the
generalized stress vector of this model. The components
of the generalized strain vector are the principal strains
e,, ¢, and e;. The increment expression of Hooke"s law in
terms of the generalized stress and stress increment
the form "****°);

do, = aydey + ay(de, + de,)

do, = a,de, + a,(de, +de;) |

day = aydey + a(de; + de;)
where a; = K + 4G/3, a, = K
material constants defined in te
G and bulk modulus K.

For rockfill dams, it i
average shear modulus,
from the crest |

G2)=G, (7)

G, is the aver
to Gazetas (1987)Qm is taken equal to 2/3. Noting
that different formuMs were used to determine the
shear modulus according to the type and density of
materials !>,

In the construction stage, the analysis is conducted
using the elastic model for the foundation and Mohr-
Coulomb model for the dam body (model (1)). Therefore,
the linear elastic law (Hooke’s law) is used considering the
mechanical properties; Young’s Modulus E and Poisson
ratio v. Due to the nature of the body dam materials, the
elastoplastic Mohr-Coulomb model is used. In this model,
the behavior is assumed first elastic and then plastic. In

¢ the
ulus

7'a, an
e shear

onsider an

addition to the elastic deformation defined by Hooke’s
law, the elastoplastic models integrate a permanent plastic
deformation.

4. Dynamic Analysis

The research is carried out with the 2003 Boumerdes
earthquake record in order to examine the dam response
to real earthquake action. The Boumerdes earthquake,
with a magnitude of Mw = 6.8 and an intensity of I = X
killed around 2000 people and injured 11,000 others "7,
According to the Algerian Research Center of Astronomy,
Astrophysics, and Geophysics, the epjcentre was located
around 20 kilometres from the Ke at 36.91° N
and 3.58° E, at a depth of 8 kil kilometres
(CRAAGQG).

The Boumerdes eart

0of 0.202 g a?length

depicts the ré®0rd dhhe freY
13.3 Hz, as illu in Fig . The Mohr-Coulomb
creteri i take the dam’s elastoplastic

model for the core, and an isotropic
he dam’s other materials. The interaction
fluid and solid phases is considered in the
“=Pfic main objective is to investigate the influence of
filling on the dam response to real earthquake, and
compare the numerical results to the real behavior of
the dam to the 2003 earthquake.

Except for the foundation, the water flow in the dam is
taken into account when doing a coupled analysis. As a
result, the core permeability is taken to be k1 =1.10~12 m/
s, k2 =1.10~12 m/s, and k3 =1.10~13 m/s in the directions
X, y, and z, with the porosity n=0.8.

5. Results and Discussions

5.1 Vertical Displacement

The numerical analysis allows for the measurement
of vertical dam displacement during construction and
after water filling. According to the two models (1) and
(2), vertical displacement in the dam at the conclusion of
the construction stage and before water filling is shown
in Figures 6 and 7. The dam core is where the most
settlement is induced (Zone 3). Despite the comparable
distribution of settlements across models (1) and (2),
model (1) (Elastic for the foundation and Mohr-Coulomb
for the dam body) has a bigger induced settlement of 9.44
cm compared to 8.86 cm for model (2). (Mohr-Coulomb
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for the foundation and the dam). However, according Contour OFZ Displacement [1]
to Figure 8, the displacement variation with the dam B e«
axis shows an increase of displacement at the top with %ggégég%
22 c¢cm and 20 cm respectively for the models (1) and 3 aoo0E.0z

-5.5000E-02
-5.0000E-02
I -4.5000E-02

(2). Figure 8(a)-(b) shows that the induced settlements
variation, according to models (1) and (2), with the dam
axis, in stage of construction and after water filling, is no

-4.0D00E-02
-3.5000E-02
-3.0000E-02
-2.5000€-02
-2.0000E-02
-1.5000€-02

-1.0D00E-02
-5.0D00E-03
0.0000E+00

7.7134E-05

significant. A slight variation is noted in the middle (h/H =
0.5) and the top (h/H = 1) of the dam.

Figure 7. Settlement [m] of the Dam According to
Model (2)
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Figure 6. Settlement [m] of the Dam According to according to model (1) and Model (2) (a) before water
Model (1) filling, (b) after water filling.

20



Journal of Architectural Environment & Structural Engineering Research | Volume 05 | Issue 02 | April 2022

5.2 Comparison with Settlements Recorded on Site

The dam filling water began by the end of 1985. Using
dam tools instrumentation for data monitoring consisted of
magnetic inclinometers/taseometers (listed from 1 DZ to
12 DZ as shown in the legend of Figure 9), fixed at the top
of the dam, on the core and the downstream and upstream
recharge, settlements and deformation of the structure
were recorded. The crest settlement histories, between
1987 and 2004, are presented in Figure 9(a)-(b) "*.
The cumulative settlements in the period have reached
450 mm in the middle of the backfill, with a rate of around
15 mm/year. It should be noted a differential settlement
of around 150 mm between the upstream and downstream
marks of the right bank profile. The cumulative settlement
has reached about 6 mm per m of backfill since 1987.

Y
.
,g -5U = 1DZ
g 100
= as0 £ 4pz
= - r
é 200 5Dz
5 250 r 6DZ
5 300 x ; e = 7DZ
w ™ - °
350 : =T 9Dz
-400 . +11DZ
-450 ¥ - 12Dz
=500
86 87 83 89 90 91 92 93 94 95 96 97 98 98 00 01 02 03 04 05 06
Years
()
0 -—
.
50 |
-100 )
~ L,
g -150 n
< 200
= W
E -250
5 -300
o
£ 350
% 400

Of the dam from 1987 to
b) Downstream Mark

5.3 Deformations

Considering the two stages, before and after water
filling, and using the two models (1) and (2), the dam
response in terms of deformation is presented in Figure 10
and Figure 11. It shows an increase in deformation with
the dam axis. The deformation variation in XY and YZ
directions seems to be low, with an insignificant increase
value at the top of the dam. Deformation is negligible in
the other directions of the structure.

~

=

o
e
~

h/H
\lc \lo
b o
N

—&—NModel 2

odel 1

-1,00E-08 -5.00E-09 0.04 -09 1,00E-08

...... & Model 2

...... -+ Model 1

-5,00E-09 0.00E4+00 5.00E-09 1.00E-08 1.50E-08
Deformation rate XY

(®)

Figure 10. Dam deformation considering Model (1) and
(2) in XY Direction

5.4 Pores Pressure Variation

The variation in pore pressures with the dam axis
(base, middle and top) in the dam core and the upstream
rockfill, accordingly to the models (1) and (2) (Figure
12(a)-(b)). Pore pressure is more important at the base of
the dam body and decreases with the dam axis. We can
see identical values of pressure in the dam core and the
rockfill for model (1). However, for model (2), the pore
pressure varies according to the nature of the material (core
or rockfill).
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The coupled analyseoncerns the response of the dam
to the Boumerdes 2003 earthquake record. Geotechnical
properties are summarized in Table 1. The foundation is
assumed to be stiff with a Young’s Modulus E= 4.10" MPa
and the permeability and porosity of the core are equal to
1.10"* m/s and n=0.8.

The seismic loading induces a maximum displacement
in the seismic excitation X-direction at the dam core and
downstream rockfill, which attains 10.4 cm (Figure 13).
We can see the displacement variation with the dam axis
(base, middle and top) under the maximum of the seismic

22

Pore pressure (*ES)

(b)

Yvariation in the dam for the two Models (a) Core (b) Upstream rockfill

excitation. The displacement increases with the distance
from the base of the dam body with an approximative
stabilization in the middle and the top of the dam. Figure
14 shows the maximum vertical displacement under the
earthquake, which correspond to a very slight increase
at the top of the dam, but remains insignificant "
It is worth noting that the permanent static vertical
displacement is not considered in dynamic response.
Figure 15 shows the induced acceleration in the dam
under the seismic excitation. It can be observed a quasi-
stabilization of the acceleration from the base to the top
of the dam, except at the middle of the core where it



Journal of Architectural Environment & Structural Engineering Research | Volume 05 | Issue 02 | April 2022

increases. Figure 16 provides the pore pressure evolution
in the dam under seismic loading. It can be observed that
the seismic excitation induces an increase in the pore
pressure in the base of the dam body, with an excess pore
pressure ratio of 1.14 compared the static state ", This
increase remains not significant to produce liquefaction
or instability of the dam. The impermeable clay core
has oriented to the upstream face, which indicates more
stability.

Finally, it was observed that the core clay affected the
dam behaviour under earthquake effect. It was noted that
the dissipation of the pore pressure is fast during and after
construction due to increasing of stresses and settlement
at the end of construction.

Displacement [m]
o

Figure 13. Dam displacement in the X direction under
seismic loading

Contour of z Disptacement [m]

Figure 14. Dam displacement i
seismic load,

nnnnnnn
1.6956E401

Figure 15. Dam accelCration [m/s?] in the X direction
under seismic loading
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F 7 o000es05
8.0000E+05
9.0000E+05
1.0000E+06
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Figure 16. Pore pressure variation [Pa] in the dam under
seismic loading

6. Conclusions

This paper presents the static and seismic examinations
of earth dam utilizing finite difference method. Mathe-
matical examination of the Keddara dam, situated in
Boumerdes district (Algeria), is directed utilizing FLAC
3D program, with the target to characterize its static and
dynamic way of behaving, as far as settlement, distortion
and pore pressure variety during its construction and
operation .

+ The dam’s response is described using an elastic
model and an elastoplastic constitutive model with
the Mohr-Coulomb failure criter

settlement is found in the da
* The displacement vl

dam’s to
calculati

mensional seismic analysis of Keddara

as conducted using Boumerdes earthquake

record.

orizontal and vertical displacements rise with
istance from the dam body’s base to the top;

maximum displacement, acceleration, and pore

pressure remain insignificant for dam instability.
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