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Abstract:

This study presents a seismic analysis_ that includes comprehensive
geotechnical and numerical assessment of aging earth-fill dams (Al-Moshanaf
earth-fill dam) in southern Syria where expansive clay soils is widespread
that dam has’ experienced upstream slope failure in recent years, Field
sampling and laboratory testing were conducted to evaluate soil variability
across dam zones, revqalln%_ﬂgm_flcant_ heterogeneity in consolidation and
swelling behavior. Using Tield investigations, lab "tests, and simulation
techniques, the study characterizes compressibility behavior, variations in
moisture content, unit Welf]ht and specific gravity in geotechnical anomalies
zones across the dam. Twelve representative samples underwent consolidation
testing (ASTM _ D4546) and (ASTM D243%), showing variability in
compression indices (Cc'= 0.23-0.37) and swelling ratios (Cs/Cc = 5-56%),
between samples located directly under upstream face and samples from
inside dam body at the same level, exhibiting significant fine particles loss and
lower moisturé content due to long-term eXposure and seepage-induced
suffusion. To simulate the dam'’s response under different loading Conditions,
advanced numerical modeling using FLAC3D v6 was performed, employing
both Mohr-Coulomb and Maodified Cam-Clay (MCC) constitutive models.
Interface elements were introduced to simulate inter-zonal discontinuities.
Static analysis under gravity and reservoir loading revealed that zones with
high Compl’ESSIbllltY and “swelling index ratios underwent substantial
diSplacements. Results revealed settlements up to 14.4 cm under gravity and
reservoir loads, with effective stress reductions up to 62% when pore pressure
effects were included. Dynamic simulations under seismic loading showed,
that in the case of applying elastic constitutive model, dam failure oCcurs after
5 sec and acceleration is amplified 42 times at dam crest, while in the case
MCC model, failure occurs after 1.88 sec and acceleration is amplified 3.7
times at the crest which. by comparing both cases, elastic constitutive model
analysis showed maximum displacements toward downstream, and at dam
crest 3.5m, toe 7.8m, while at dam heel displacements were toward upstream
by 0.8m. in the case of MCC model, displacements occur in toward
downstream, and at dam crest 0.65m, toe 1.2m, while at dam heel the
maximum displacements occur toward upstream by 32m, which is the more
realistic results taking into consideration static anal¥§1s and actual field
conditions. as a result, the MCC model better rep

) C icated the observed
deformation behavior, mcludln(t; plastic displacements and collapse, supported
by laboratory-derived paramefers. This study demonstrates that spatially
résolved material zoning improves predictive accuracy, validates the use of
MCC for seismic analysis in heterogeneous dam structures, and establishes a
reliable methodological foundation Tor future dynamic safety evaluations.
Keywords: Earth-fill dam, Geotechnical andomalies, Consolidation tests,
Coimparative analysis, Cyclic wetting, Mohr-coulomb, Modified Cam-Clay,
finite difference method.
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Introduction:

Earth-fill dams play a critical role in water retention, flood protection, and irrigation systems. Their long-term
performance, however, is often compromised by geotechnical irregularities, including heterogeneous soil
properties, material interfaces, and consolidation-induced deformations. The Al-Moshanaf Dam, located in
southern Syria, has shown signs of structural distress, including upstream slope instability. Understanding the
root causes of these deformations requires an integrated approach that combines experimental characterization
with advanced numerical modelling techniques. This study builds on previous laboratory investigations by
incorporating static and dynamic numerical analyses using FLAC3D v6 to simulate the dam’s behaviour under
gravity, reservoir, and seismic loading. The application of both the Mohr-Coulomb and Modified Cam-Clay
models enables a comparative assessment of linear versus nonlinear soil behaviour in capturing real-world
deformation mechanisms.

1. Experimental Assessment:

Twelve specimens were systematically extracted from boreholes located along the dam’s longitudinal axis,
spanning the crest, upstream face, and downstream face. The geotechnical parameters derived from these
samples would be assigned to corresponding irregular zones within the dam model by cross-referencing their
positions with the dam’s cross-sectional layout. This spatial correlation enabled a comparative analysis with
historical records of dam material properties, highlighting variability in soil composition attributable to
environmental exposure and hydraulic influences. The results of these laboratory investigations provide a
foundation for assessing material compatibility in dam evaluation and rehabilitation efforts. A comprehensive
series of laboratory tests was conducted on soil samples extracted from multiple sections of dam embankments
in southern Syria, focusing on moisture content, density variations, grain size distribution, Atterberg limits,
and compressibility characteristics. Consolidation tests. To ensure comparative analysis, newly extracted
samples were systematically compared to historical records of dam material properties, highlighting variability
in soil composition due to environmental exposure and hydraulic influences. The findings from these
laboratory investigations serve as a foundation for understanding material compatibility in dam evaluation and
rehabilitation efforts. A comparison of the moisture content of old and new samples revealed a significant
reduction in the moisture of recently collected samples due to the dam drawdown between 2018 (immediately
after the slip occurred on the front face) and 2024 (when the new samples were taken), Fig.1. A comparison of
the bulk natural density of new and old samples reveals an increase in the bulk density of the new samples,
with average variations not exceeding 6%, Fig.2 A comparison of the specific gravity of new and old samples,
Fig.3, indicates a reduction in the specific gravity of the new samples compared to the old ones, with the largest
decrease (23%) observed in sample 2-2 located at the upstream toe of the dam.

In general, newly extracted soil samples exhibited lower specific gravity values compared to historical records,
indicating material degradation and particle loss, particularly within zones exposed to seepage, Horikoshi et al
[26].

0Old VS New Moisture content

®Wnold

=Wnnew

Moissture content
]

mWnold | 4029 | 4693 | 3566 | 37.69 | 3524 | 4224 |
[mwnnew| 1157 | 1912 | 1064 | 700 | 192 s4 | 809 | 89 | 89 | 82 | 979 | 712 | 569 | s

Fig (1) comparison of the moisture content of old and new samples.
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Old VS New Density

myn

myn

33 43 44 22 43 52 11 31 31 41 42 51 21 32
u¥n 1.81 171 1.85 1.86 1.84 177 191 2 1.86 1.93 18 2.02 157 1.83
u¥n 2.07 185 19 1.94 1.85 2.06 193 1.98 1.98 214 197 21 198 1.99

Fig(2) comparison of the bulk natural density of new and old samples.\

Old VS New specific gravity

mYs

mYs

Specific gravity

33 43 a4 | 2.2 a3 52 | 11 31 31 a1 a2 5.1 21 32 |
uys 2.69 2.63 2.65 2.82 263 2.64 277 28 2.81 277 278 2.78 2.77 2.78
mys 2.62 2.58 2.59 259 258 261 2.61 2.69 2.69 2.59 264 2.56 2.63 27

Fig(3) comparison of the specific gravity of new and old samples

Consolidation tests conducted on embankment soil samples provided critical insights into settlement trends,
compressibility behaviour, and structural stability of earth-fill dams. Using ASTM D2435 (standard one-
dimensional consolidation test) and ASTM D4546 (evaluation of wetting-induced volume change), the study
quantified swelling tendencies, compression indices, and differential expansion effects across embankment
zones. ASTM D4546-14 is particularly relevant for evaluating the behaviour of earth-fill dams under wetting-
induced deformation. In this test, specimens are examined in their natural moisture state and subjected to
gradual loading equivalent to the overburden pressure of the soil column above them. Following this, they are
inundated, simulating the first filling of a dam reservoir.

The loading-unloading cycle during the initial phase replicates the response of the soil structure to first
reservoir filling, while the subsequent cycle mimics second reservoir filling, ensuring the test conditions
closely resemble real-world site behaviour. Consequently, all consolidation tests are conducted in accordance
with ASTM D4546-14. The greater compression, occurs during the first loading cycle corresponding to the
initial filling and drawdown phase of the dam (i.e., the highest compression and thus the largest settlement
would occur during the first filling), a comparison of the swelling-compression ratio (Cs/Cc) between the first
and second loading cycles (corresponding to the second phase of filling and drawdown) , Fig .4, indicates that
repeating the second cycle of filling and drawdown would induce greater relative compression and swelling.
This would result in an increased probability of crack initiation and propagation over time, Guo et al [25].
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First cycle Vs Second cycle (Cs/Cc)

0.80
0.70
0.60
0.50
0.40
030
0.20
0.10
0.00

%Cs/Cc

113

1-1 2-1 2-2 3-1 core 3-1 3-2 3-3 4-2
upstream

m first cycle 0.14 0.14 0.15 0.21 0.10 0.07 0.07 0.08
m second cycle 0.56 0.50 0.40 0.39 0.67 0.30 0.37 0.29
Fig (4) comparison of the swelling-compression ratio (Cs/Cc) between the first and second loading cycles
The most significant variation is observed in samples (1-1) and (3-1 upstream): for sample (1-1) during the
first loading cycle, the swelling-to-compression ratio is 14% of the compression ratio, whereas it rises to 56%
in the second loading cycle. for sample (3-1 upstream) during the first loading cycle, the swelling-to-
compression ratio is 10% of the compression ratio, whereas it rises to 67% in the second loading cycle, Fig. 4.
comparison of the compression and swelling indexes (Cc, Cs) between the first and second loading cycles are

demonstrated in Fig.5 and Fig.6.

First cycle Vs Second cycle (Cc)
0.40
0.35
0.30
0.25
8 0.20
0.15
0.10
0.05
0.00
3-1
1-1 2-1 2--2 3--1 core 3--2 3-3 4--2
upstream
m first cycle 0.25 0.23 0.27 0.25 0.24 0.34 0.31 0.32
m second cycle 0.11 0.09 0.13 0.12 0.08 0.13 0.14 0.15
Fig (5) comparison of the compression index (Cc) between the first and second loading cycles.
First cycle Vs Second cycle (Cs)
0.07
0.06
0.05
" 0.04
(8]
0.03
0.02
0.01
0.00
1-1 2-1 2-2 3--1 core 31 3-2 3-3 4-2
upstream
W first cycle 0.03 0.03 0.04 0.05 0.02 0.02 0.02 0.02
m second cycle 0.06 0.05 0.05 0.05 0.05 0.04 0.05 0.04

Fig (6) comparison of the swelling index (Cs) between the first and second loading cycles.
To achieve a clearer understanding of the relationship between the compressibility characteristics of
representative samples from different zones within the dam body and how these characteristics influence their
mutual behaviour, the locations of these samples in the dam body were correlated with their compressibility
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Seismic Performance Modeling in Earth-Fill Dams with Geotechnical............ Donia, Hammoud& Shouker
properties and the crack previously observed on the upstream face of the dam. A comparison of the results
from the first set of oedometer tests reveals a correlation between samples (2-1) and (2-2), located on the same
cross-sectional plane at the initiation of the slip surface, Fig .7.

2-1
2-2
4() '] " > 3 s
5 ». ‘-Q\\_\ = 5_”' o
'n - »\ ‘1’(”‘% @
g ,_M; Ty ===
oo |t b '
» f (3) es
20“.0
<X Re.ahes il
- 30.0 @-"-"=-

Fig (7) location of samples 2-1 and 2-2
Comparing the swelling percentage during saturation (first reservoir filling) shows that the swelling percentage
in zone (2-1) is (0.15%), that is lower than that in zone (2-2) (1.5%), Fig .8. Furthermore, comparing the
compression index (Cc) values between the first loading cycle (initial filling), of samples (Cc 2-1 = 0.23) and
(Cc 2-2 =0.27), and the second loading cycle (Cc 2-1 = 0.09) and (Cc 2-2 =0.13) , Fig .5, demonstrates that
the compressibility of the zone represented by sample (2-2) is higher than that of the overlying zone, This
explains the development of the slip surface at the interface between these two zones, Fig .7.

comparison of swelling percentage at first filling

1.60%

1.40%
[
@ 1.20%
€
3 1.00%
3 0.80%
-"1]
£ 0.60%
E 10,
2 0.40%

0.20%

ooow NN

2-1 2-2

\ = swelling 0.15% 1.50%

Fig (8) comparison of the swelling percentage between samples 2-1 and 2-2.

A comparison of the results from the first set of oedometer tests establishes a correlation between samples (3-
1), (3-2), and (3-3), situated on the same cross-sectional plane at the slip surface, Fig .9. Analysis of the
swelling percentage during saturation (initial reservoir filling) indicates that the swelling percentage in zone
(3-1) is (0.2%), while zones (3-2) and (3-3) exhibit deformation in the compression direction, Fig .10, that is
correlated with higher value of swelling index of zone (3-1), Fig. 6. Furthermore, comparing the compression
index (Cc) values between the first loading cycle (initial filling), of samples (Cc 3-1 =0.245), (Cc 3-2 =0.342)
and (Cc 3-3 =0.31), and the second loading cycle, of samples (Cc 3-1 =0.118), (Cc¢ 3-2 =0.135) and (Cc 3-3
=0.137), Fig .5, reveals that the compressibility of the zone represented by sample (3-1) is lower than that of
zones (3-2) and (3-3). This differential compressibility explains the formation of the slip surface at the interface
between these zones.
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Fig (9) location of samples 3-1, 3-2 and 3-3.
comparision of swelling percentage at first filling

0.25%
R 0.20%
a
&
S 0.15%
H
o 0.10%
£
3
2 0.05%

0.00%

3-1 3.2 3.3

| m swelling 0.20% 0.00% 0.00%

Fig (10) comparison of the swelling percentage between samples 3-1, 3-2 and 3-3.
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In addition to variations in the geotechnical properties of samples based on the zone they represent; the spatial
variability of these samples significantly influences their swelling and compressibility behaviour. This is
reflected in parameters such as the indexes of compressibility and swelling. The most pronounced changes
occur in samples extracted from upstream face of the dam, Fig .11, amplifying inconsistencies in swelling

behaviour between adjacent zones and even within a single zone

| 3-1 upstream ‘
|3-1
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Fig (11) location of samples (3-1) and (3-1 upstream).

The consolidation test results, demonstrates that the sample corresponding to the upstream soil undergoes the
swelling percentage during saturation (first reservoir filling) shows that the swelling percentage in zone (3-1
core) is (0.2%), that is lower than that in zone (3-1 upstream) (0.3%). Furthermore, comparing the compression
index (Cc) values between the first loading cycle (initial filling), of under-crest sample (Cc 3-1 core =0.25)
and upstream sample (Cc 3-1 upstream =0.24), and the second loading cycle (Cc 3-1 core =0.12) and (Cc 3-1
upstream =0.08), demonstrates that the compressibility of the zone represented by sample (Cc 3-1 core) is
higher than that of the adjusting zone (Cc 3-1 upstream), Fig .5. A comparison of the swelling index (Cs) for
the two samples, reveals that during the first loading cycle, (Cs 3-1 core =0.03) and upstream sample (Cs 3-1
upstream =0.02), and the second loading cycle (Cs 3-1 core =0.049) and (Cs 3-1 upstream =0.053). This
indicates that the spatial positioning of the samples (and consequently the applied weight of the overlying soil
weight) leads to distinct mechanical behaviour during the initial filling-drawdown phase and the second filling-
drawdown phase, Fig .6. Consolidation tests, revealed adaptation of swelling potential over multiple wetting
cycles, demonstrating that initial inundation exerts greater influence than later saturation events, which
emphasized nonlinear response in the zones of dam, illustrating how repeated saturation events influence soil
stabilization rates, a factor that is critical for predicting long-term dam performance.

2. Numerical Analysis:

The three-dimensional model was constructed using FLAC-3D software by generating it from one of the cross-
sections of the dam. FLAC3D (Fast Lagrangian Analysis of Continua in 3 Dimensions) Version 6 is a three-
dimensional finite difference program designed for advanced geotechnical analysis. It excels at modeling the
nonlinear, large-strain behavior of soils, rock, and other geomaterials. The program discretizes the model into
volumetric zones. Internally, these zones are subdivided into tetrahedra for numerical calculation.

FLAC3D supports several zone types for building complex geometries: Brick (Hexahedral): Eight-node
elements ideal for structured volumes like dam cores. Wedge: Six-node prismatic elements useful for
transitions and slopes. Tetrahedral: Four-node elements for conforming to highly irregular shapes.
Pyramid: Five-node transitional elements. Mesh Sizing requires balancing accuracy and computational speed.
A finer mesh is essential in areas of high stress gradients (e.g., dam cores, interfaces) to capture behavior
accurately, while a coarser mesh can be used in areas of low interest (e.g., far-field foundation).

A common practice is to use a graded mesh, refining it in critical zones and coarsening it elsewhere. The
numerical model considers the variations in geotechnical properties of the zones the dam, as well as the
changes in foundation elevations and the contact surface between the dam base and the foundation interface,
Pardoen et al [9]. Each zone in dam body is related to geotechnical properties of the corresponding specimen,
Fig .12.

The three-dimensional model was exported to FLAC3D V6 and processed using the FISH programming
language. For the first model that represent the dam as one material, geotechnical properties were derived from
the statistical analysis of field and laboratory data and were classified into three zones: the dam body, the rock
foundation layer directly beneath the dam body, and the remaining rock foundation strata, Table.1.

The second model represent variation in dam zones according to laboratory tests. Initial constitutive behavior
laws were assigned within the analytical models corresponding to each zone, to account for the variability in
compressibility characteristics across different zones of the dam structure within static analysis, stiffness values
(K) and shear modulus (G) were computed for each zone under the assumption of linear elastic behavior. This
approach requires the evaluation of several parameters, most notably the coefficient of volume compressibility
(M v) and the constrained modulus (D ), both of which are critical for defining the elastic response of
geomaterials, Hardin et al [29].

The methodology is considered suitable for representing compressibility effects within a framework based on
the Mohr-Coulomb constitutive model, particularly when direct incorporation of nonlinear consolidation
behavior is not feasible. All geotechnical properties are mentioned in Table.2.
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The Mohr-Coulomb failure criterion is a widely used linear elastic-perfectly plastic model to represent the
shear strength and failure behavior of soils and rock-like materials. Its primary function is to define a yield
envelope beyond which the material undergoes irreversible plastic deformation. The failure condition is
governed by the following relationship between the major (c1) and minor (c3) principal stresses at failure:

1+ sing 9 cos ¢

gy =0 " + 2¢ .
31—8111(;5 1—sing
Where:
) c is the cohesion of the material, representing its inherent shear strength under zero confining pressure.
. ¢ is the angle of internal friction, defining the increase in shear strength with increasing normal stress.

In terms of shear stress (1) and normal stress (o,) on a failure plane, the criterion can be expressed as:
T=c+o,tan¢

Within the FLAC3D simulation, prior to reaching this yield envelope, the material deforms elastically
according to the defined shear modulus (G) and bulk modulus (K) derived from the compressibility parameters.
Once the stress state satisfies the Mohr-Coulomb failure criterion, plastic strains develop, and the stress state
is projected back onto the yield surface, simulating plastic flow and permanent deformation.

This model, while not capturing complex nonlinearities such as hardening or post-peak softening, provides a
robust and computationally efficient framework for assessing the onset of yield and the general stability of
geotechnical structures like dams under static loading conditions.

" Body6 ~ Body8

Foundafion 1 '

Foundation 2

Fig (12) Three-dimensional models, homogeneous dam, and dam with anomalies (varying geotechnical
Properties).

Table (1) Materials properties for homogenous dam and foundations.
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N Group- Cohesion  Friction Density Ifigfgi?i_ Max shear modulus Constitutive
0 region (Kpa) (degree)  (t/m3) 2v) G=E/2*(1+v) model
1 Body 67 28 1.88 2.3¢7 5¢6 mohr-
coulomb

2 Foundation - - 1.94 1e9 Se8 elastic

Left - - 1.94 1e9 5e8 elastic
abutment

Right - - 1.94 1e9 5e8 elastic
abutment

Table (2) Materials properties for dam body with anomalies.

First cycle Second Cycle
TEST D Mv K G D Mv K G
1--1 8370.33 0.00012 4185.16 3138.87 18067.5 S5.5E-05 9033.74 6775.3
1--2 8370.33 0.00012 4185.16 3138.87 203259 4.9E-05 10163 7622.21
2--2 7200.18 0.00014 3600.09 2700.07 13373.6 7.5E-05 6686.82 5015.12

3--1 modified 8955.76 0.00011 4477.88 3358.41 18578.5 5.4E-05 9289.27 6966.95

3--1 upstream 7033.91 0.00014 3516.95 2637.72 21500.9 4.7E-05 10750.4 8062.83

3--2 6516.93 0.00015 3258.46 2443.85 18060.8 5.5E-05 9030.42 6772.81
3--3 6578.04 0.00015 3289.02 2466.77 16066.1 6.2E-05 8033.04 6024.78
4--2 7126.21 0.00014 3563.11 2672.33 14689 6.8E-05 7344.5 5508.37

Comparison of Stress and Displacement Responses under Static Loading

Conditions:

This analysis evaluates the impact of self-weight and hydrostatic loads induced by the reservoir on the dam
structure under static conditions. The study includes a comparative assessment of stress distribution and
displacement patterns for two dam section configurations: A homogeneous cross-section characterized by
uniform geotechnical properties. A stratified or heterogeneous cross-section exhibiting spatially varying
geotechnical specifications. The aim is to quantify how geometric and material discontinuities influence the
dam's static response to gravitational and water-induced loading, providing insight into deformation behaviour
and internal stress evolution across both design scenarios. Boundary conditions were imposed at the base of
the model to restrict horizontal movement, while permitting vertical displacement along the remaining
peripheral surfaces. The simulation revealed vertical settlements distributed along the dam axis, with maximum
displacement occurring at the upper portion of the dam—directly beneath the crest on the upstream (water-
facing) side—and in cross-sections exhibiting the greatest height. In case of dam's model with varying
properties, the recorded settlements reached magnitudes up to 14.4 cm at upstream face and 8.4 cm at
downstream face, while in case of dam's model with homogenous section, the recorded settlements reached

10 »~ 19



Seismic Performance Modeling in Earth-Fill Dams with Geotechnical............ Donia, Hammoud& Shouker
magnitudes up to 6.8 cm at upstream face and 5 cm at downstream face, Fig .13. accompanied by an increase
in vertical stress in case of dam's model with varying properties, with peak values up to 500x10° Pa comparing
t0 92x10° Pa in case of dam's model with homogenous, Fig .14. Notably, these settlements and stresses spatially
conform with the onset of sliding observed on the upstream face of the dam.

varying geotechnical Properties section V Homogenous section V
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Zone X Displacement
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Fig. 13 vertical settlements distributed along the dam axis in both models.
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Fig (13) maximum vertical stresses under upstream face, in both models.

Comparison of Steady-State Seepage Analysis for both Models:

Seepage behavior within the dam body and its foundation layers was analyzed under steady-state flow
conditions. Differential hydraulic conductivity values were assigned to the foundation strata, with distinct
permeability characteristics specified for the upper 10-meter zone beneath the dam, based on results from in-
situ permeability tests, Table.3. These tests indicated the presence of fissures in this layer, whereas deeper
strata exhibited significantly lower permeability, suggesting increased tightness.

Boundary conditions were applied by imposing a variable pore water pressure distribution along the upstream
face and lakebed, corresponding to the hydrostatic pressure exerted by the reservoir. Meanwhile, zero pore
water pressure was prescribed along the downstream face, enabling the simulation to dynamically resolve the
realistic flow path associated with steady-state conditions. Pore pressure evolution was monitored and recorded
at two designated history points within the dam body, providing insight into internal hydraulic response and
potential zones of elevated seepage pressure, Fig .15. In case of dam's model with varying properties, the
recorded PWP reached magnitudes up to 91 Kpa at dam centre face and 62 Kpa at downstream face, while in
case of dam’'s model with homogenous section, the recorded PWP reached magnitudes up to 52 Kpa at dam
centre face and 38 Kpa at downstream face.
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Fig (15) Pore pressure evolution in dam body, in both models.

Table (3) permeability properties
Group Name Porosity Permeability (m/s)

Dam Body
body1 0.5207 327 x107°
body2 0.4948 2.696 x 1078
body3 0.4948 2.696 x 1078
body4 0.4948 2.696 x 1078
body5 0.4948 2.696 x 1078
body6 0.4939 1.50 x 10
body7 0.4137 2.01 x 107
body8 0.4137 2.01 x 107

Foundation

foundationl 0.3000 1.00 x 1071°

foundation2  0.4144 2.78 x 107

By incorporating pore-water pressure in displacement analysis of dam's model of varying geotechnical
properties, the recorded vertical settlements reached magnitudes up to 15 cm at upstream face and 11 cm at
downstream face, while the horizontal displacements reached very big values indicating failure at upstream
face, Fig .16.
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Fig (16) Displacements in dam body of varying geotechnical properties when incorporating pore-water pressure.

Validation of the 3D Model Against Actual Field Static Conditions

The analysis using Mohr-Coulomb and MCC constitutive models indicated significant sliding along the
upstream toe of the dam, characterized by large displacements, and in the MCC analysis substantial
displacements positioned spatially with the zone of observed failure along the upstream face in cross-sections
with maximum dam height. In addition, the models did not reveal any signs of sliding on the downstream face,
which is consistent with the real-world failure event that occurred in 2018 on the upstream side. However,
Mohr-Coulomb constitutive model did not reflect the varying consolidation behavior and varying permeability
coefficients that is proved by experimental assessment, that is emphasize the importance of choosing modified
cam-clay model. That validate MCC constitutive model for analyzing dams with spatial geotechnical
variability under static conditions, and make the base for future seismic analysis, Fig .17.

Dynamic Analysis of the 3D Dam Model:

The primary objective of the dynamic analysis was to evaluate boundary conditions and governing variables
by simulating the response of a simplified three-dimensional model subjected to a seismic event. The Loma
Prieta Earthquake (1989) record was selected for this purpose. This record is a well-documented, real-world
motion that provides a realistic broadband frequency content, essential for exciting the diverse dynamic modes

of a large, flexible earth fill dam and its foundation system.
- : | 5 FLAC3D 6.00

g 5 |- - 2 | 2019 tssea Consuitng Group, Ine.

magnitude displacements
1.3000E-01

=l Y ~ ‘5\'“ 'S ;'. ?S

»

Fig (17) comparative assessment between the results of the analysis and the model

Vi

Its moderate peak ground acceleration (PGA) of approximately 0.11 g is suitable for a serviceability-level
evaluation, allowing for the assessment of seismic performance and the development of deformations without
inducing immediate collapse, which aligns with the initial phase of dynamic model validation. Furthermore,
the record's significant duration of 40 seconds enables the observation of cumulative effects, such as pore
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pressure build-up and ratcheting displacements, while its dominant frequency of 2.47 Hz is within a range that
can potentially interact with the fundamental period of typical embankment dams, making it a pertinent and
widely referenced motion for seismic geotechnical analysis, Fig. 18. Boundary conditions of the Free-field
type were implemented, to prevent wave reflection and ensure accurate simulation of outward energy
dissipation, Seed et al [31]. The seismic input was applied at the base of the model, effectively mimicking the
upward propagation of seismic waves through the underlying rock foundation. Results of this dynamic
simulation were compared dam response when using Mohr-Coulomb or Modified Cam-Clay (MCC)
constitutive models. Table 4 summarizes MCC properties of dam Body zones and foundations. Fig .19. showed
that a distinctive behavior of the dam when using elastic or MCC model under seismic conditions. In the case
of applying elastic constitutive model, dam failure occurs after 5 sec and acceleration is amplified 42 times
from 0.009g at model base to 0.38g at dam crest, while in the case of applying MCC constitutive model, dam
failure occurs after 1.88 sec and acceleration is amplified 3.7 times from 0.009g at model base to 0.034g at
dam crest which is a more realistic scenario. Antoine et al [19]. by comparing displacements of both cases, in
the case of applying elastic constitutive model, maximum displacements occur in horizontal direction toward
downstream, at dam crest 3.5m, toe 7.8m, while at dam heel displacements were toward upstream by 0.8m. in
the case of applying MCC constitutive model, displacements occur in horizontal direction toward downstream,
at dam crest 0.65m, toe 1.2m, while at dam heel the maximum displacements occur toward upstream by 32m
representing major failure of the upstream face, Gautham et al [17], which is the more realistic results taking
into consideration static analysis and actual field conditions, Fig .20. as a result, Elastic model performance in
seismic analysis failed to capture the actual behavior of the dam. The significant reduction in acceleration
amplification observed with the Modified Cam-Clay (MCC) model, compared to the Mohr-Coulomb model,
can be attributed to its fundamental ability to simulate energy dissipation through plastic deformation. While
the Mohr-Coulomb model exhibits a primarily elastic-perfectly plastic response, the MCC model incorporates
a hardening/softening yield surface and critical state soil mechanics principles. As seismic energy enters the
dam, the MCC model allows for the development of progressive, irreversible plastic strains from the onset of
cyclic loading. This intrinsic material damping mechanism effectively absorbs a portion of the input seismic
energy, converting it into permanent deformations rather than amplifying it as elastic vibration. In contrast, the
simpler Mohr-Coulomb model, without a hardening law, tends to transmit a greater proportion of the energy
elastically until the sudden, global yield condition is met, leading to the unrealistically high acceleration
amplification observed. Therefore, the MCC model provides a more physically realistic simulation of
the dynamic energy absorption and inelastic material response of saturated or partially saturated earth fill
materials under cyclic loading.

Input Accelerogram

-

FLAC3D 6.00
2010 Rasca Consuling Geou, e

) ) o
& 5
S ° 2 =

&

Horizontal acceleration (g) x10”-4
2
L

- S
° =
N

T T T T T T
L5 20 25 30 35 4.0 X
Time (sec) x10"1

°
°
o
n
°

Fig (18) earthquake with a peak ground acceleration (PGA) of 0.11g, and boundary conditions.

Table (4) Modified Cam-Clay properties
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3.  Conclusions

The findings of this research underscore the critical role of geotechnical irregularities in earth-fill dam
embankments, particularly in regions with high seepage exposure and environmental fluctuations.

Under static situation and gravity loads, and in case of dam's model with varying properties, the recorded
settlements reached magnitudes up to 14.4 cm at upstream face and 8.4 cm at downstream face, while in case
of dam's model with homogenous section, the recorded settlements reached magnitudes up to 6.8 cm at
upstream face and 5 cm at downstream face, Fig .13. accompanied by an increase in vertical stress in case of
dam's model with varying properties, with peak values up to 500x103 Pa comparing to 92x103 Pa in case of
dam's model with homogenous section. Under steady state seepage analysis, and in case of dam's model with
varying properties, the recorded PWP reached magnitudes up to 91 Kpa at dam center face and 62 Kpa at
downstream face, while in case of dam's model with homogenous section, the recorded PWP reached
magnitudes up to 52 Kpa at dam center face and 38 Kpa at downstream face.

By incorporating pore-water pressure in displacement analysis of dam's model of varying geotechnical
properties, the recorded vertical settlements reached magnitudes up to 15 cm at upstream face and 11 cm at
downstream face, while the horizontal displacements reached very big values indicating failure at upstream
face.

Under seismic conditions, and in the case of applying elastic constitutive model, dam failure occurs after 5 sec
and acceleration is amplified 42 times from 0.009g at model base to 0.38g at dam crest, while in the case of
applying MCC constitutive model, dam failure occurs after 1.88 sec and acceleration is amplified 3.7 times
from 0.009g at model base to 0.034g at dam crest.

by comparing displacements of both cases, in the case of applying elastic constitutive model, maximum
displacements occur in horizontal direction toward downstream, at dam crest 3.5m, toe 7.8m, while at dam
heel displacements were toward upstream by 0.8m. in the case of applying MCC constitutive model,
displacements occur in horizontal direction toward downstream, at dam crest 0.65m, toe 1.2m, while at dam
heel the maximum displacements occur toward upstream by 32m. MCC model analysis results proved more
realistic results taking into consideration static analysis and actual field conditions more than Elastic model,
that failed to capture the actual behavior of the different zones of varying geotechnical properties of the dam
under static and seismic conditions.
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