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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, revealing significant heterogeneity in consolidation and 
swelling behavior. Using field investigations, lab tests, and simulation 
techniques, the study characterizes compressibility behavior, variations in 
moisture content, unit weight and specific gravity in geotechnical anomalies 
zones across the dam. Twelve representative samples underwent consolidation 
testing (ASTM D4546) and (ASTM D2435), 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 moisture 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 Modified 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 compressibility 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 analysis and actual field 
conditions. as a result, the MCC model better replicated the observed 
deformation behavior, including plastic displacements and collapse, supported 
by laboratory-derived parameters. This study demonstrates that spatially 
resolved material zoning improves predictive accuracy, validates the use of 
MCC for seismic analysis in heterogeneous dam structures, and establishes a 
reliable methodological foundation for future dynamic safety evaluations. 
Keywords: Earth-fill dam, Geotechnical anomalies, Consolidation tests, 
Comparative analysis, Cyclic wetting, Mohr-coulomb, Modified Cam-Clay, 
finite difference method. 
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 ياس)  لان ال  ييقس ار بي بساس  عستيل  داالنالال شالما اقداال اا د اا ته ياا  بجاث يقسم يرأثر

  بغضلهيا   بررب بلنر له ارادح  بري ياهيل من  بهناباا  بانطقا في يقع ،( ب البي  با نف
 أخذ يا. ب ساااس  لأملمي  با ه ع ى لانهاله  لأخدرة  بسااانا   في  بساااس اترض  قس  لانرفلخاا،

  ن اال  بالتة ا بهداالنالا  بخصاال   في  برجلينل  برقداي مخبريا اهلهب  انفدذ حق اا عدنل 
.    لانرفلخ  لانضاااااااغلطاا يااااااا ا  في اهلنس عسم   ات  برهلهب بدنت حدث  بساااااااس،  ساااااااي

 ياااا ا  ث بجا انل ل  برقااا،  باالكل   اقنال    باخبريا  باق اا  براريل  نرل ج بلياااارخس م
ر غد  بانلط  في  بناعي  باثن   باهاي،  باثن   برربا، هطابا في  برغدر    لانضااااااغلطاا،

  بانلط  ااثل عدنا 21 ع ى  لانضاااااغلطاا اهلهب   ر   اي . بساااااس  ساااااي ت خل  بارهلنساااااا
 بدنت حدث ,ASTM D2435  باا صااااااافا  ،ASTM D4546 باا صااااااافا  باسااااااااد  باخر فا
  بتدنل  من  باأخاذة  بتدنل بدن   لانرفلخ  نسااااااااداا ط لانضااااااااغل قر  ن في اجلينل   بنرل ج
  بارااضاااتا  بساااس  ساااي ت خل من بلبتدنل  مقلهنا ب ساااس  لأملمي  با ه اات مجلشااارة  با قتا
 ايلط بحمن  بسااااس برفريغ نراها  بتدنل  هطابا في لانخفلض إضاااالفا  بانساااااب، نفس ع ى

 عنس  بساااااس  يااااارهلبا برا دل  . ب ااااار حل  بسااااابد  بانلط  هذ  من  بنلعاا  بذه    بهر ب
  بليرخس م (FLAC3D v6) بليرخس م هقاي نااذج بنل  اي  براادل، حللا  باخر ف اترضه

  ببدناا  بساااااااطا  ناذ ا اات.  باتسل كاي  ولم كابامد ماهر يااااااا ا  نااذ ي من كا
 ااالا  ب نراها  بسااااارلاالي  برا دل بدن.  بساااااس  ساااااي ت خل  بارجلينا  بانلط  بدن ب فصااااال
 ارصاااااااف  بري  بانلط   ن ب ساااااااس،  لاملمي  با ه ع ى  بجادرة مل  ضاااااااغ   حاابا  بذ ااا

  برا دل دن ب. كبدرة لانرقللا  اترضااااات قس   لانرفلخ  لانضاااااغلطاا بقر  ن  بنسااااابي بللاهافلع
 . باساااااالمي  بال  ضااااااغ  برأثدر  بفتلبا  لا هلت   في  نخفلض   هباطل ثيلتة في  ب حس ع
 ماهر  ياااااا ا  نااذج  عرالت حلبا  في  نه  بحبح باا  بااالا  برأثدر  بسينلمالي  برا دل بدن

  بحبح باا  بااابا اطبد  من ثا ني 5 بتس  بسااااااس  نهاله ياسع (، بخطي  بساااااا ا ) كابامد
  بحبح بي بلبرساالهع مقلهنا  بسااس قاا ع ى مرة 21 باقس ه  بحبح بي ب رساالهع اضااخاي ياسع حدث

 بتس  بسااس  نهاله ياسع  باتسل، كاي كلم  بالتة ياا ا  نااذج  عرالت احلب في أمل  باطب ،
  باقلهنا. مرة 783 باقس ه  باللن نفس في  بحبح بي ب رسااااااالهع اضاااااااخاي  ياسع ثلناا 2811

  بخ في ه با  بلاهل   لاعظااا  لانرقللا  الان   بخطي  بس ا  حلبا في  نه يربدن  لانرقللا 
  با ه  بلاهل ماس تة  لاملماا  بقسم  نرقللا  اجقى بدنال  بخ فاا  بقسم بلاهل    بساااس، قاا عنس

  لانرقللا  الان  ،( باخطي  بساا ا )  باتسل كاي كلم نااذج  عرالت حلبا في أمل . لأملمي
 للا  لانرق الان  بدنال  بخ فاا  بقسم بلاهل     بساااااااااس، قاا عنس  بخ في  با ه بلاهل ماس تة 
 بللأخذ   قعاا  لأكثر  بساااااااااااا ا   ها.  لأملمي  با ه بلاهل   لاملماا  بقسم عنس  لأعظااا
  بالتة يااا ا  بريتر ع اه بنل .  باق اا  باقاقاا   بظر ف  بسااارلاالي  برا دل نرل ج بللاعرجله
 الب   لانهاله  ب سنا   لانرقللا   بساااااس، في  بر ااااااهل  يااااا ا  براثدل  لأفضااااال ها  باخطي
 لهبللاعرج بللأخذ  بساااااااااااااس اا دل أن  بجاث هذ  يبدن.  باخبريا  برهلهب نرل ج مع يرا ف 

 بساااا ا  لأفضاااا  انجأ تقا أكثر اا دا ياق   بسااااس  سااااي في ب انلط   بهداالنالاا  برجلينل 
  .ب سس ت  بحبح بي برقداي  ماثاقاا بحيلتة منههاا قلعسة ياق  مال  بسس

هلهب ا  برربا، نضاااااااغلطاا   بهداالنالي،عسم  لانرظلم   برر باا، بساااااااس ت  الكلمات المفتاحية:
. نااذج Mohr-coulomb. نااذج اأثدر  بررطدد  بس هي ب رربا مقلهنا،ته يا   لانضاغلطاا،
Cam-Clay بفر قل   بااس تة.. طريقا  

 73/7/2025: الهيخ  لايس ع
  25/7/1312: الهيخ  بقبال
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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].

 
Fig (1) comparison of the moisture content of old and new samples. 
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Fig(2) comparison of the bulk natural density of new and old samples.\ 

 
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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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.

 
Fig (5) comparison of the compression index (Cc) between the first and second loading cycles. 

 
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 

http://journal.damascusuniversity.edu.sy/index.php/index/index
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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. 

 

 
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.    

 
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. 

 
Fig (10) comparison of the swelling percentage between samples 3-1, 3-2 and 3-3. 

 

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 

 

http://journal.damascusuniversity.edu.sy/index.php/index/index
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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 (σ1) and minor (σ3) principal stresses at failure: 

 
Where: 

 c is the cohesion of the material, representing its inherent shear strength under zero confining pressure. 

 ϕ is the angle of internal friction, defining the increase in shear strength with increasing normal stress. 

In terms of shear stress (τ) and normal stress (σn) on a failure plane, the criterion can be expressed as: 

 
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.

 
 

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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Constitutive 

model 

Max shear modulus 

G=E/2*(1+v) 
Stiffness 

K=E/3*(1-

2v) 
Density 
(t/m3) 

Friction 
(degree) 

Cohesion 
(Kpa) 

Group- 

region 
N

o 
mohr-

coulomb 5e6 2.3e7 1.88 28 67 Body 1 
elastic 5e8 1e9 1.94 - - Foundation 2 
elastic 5e8 1e9 1.94 - - Left 

abutment 3 

elastic 5e8 1e9 1.94 - - Right 

abutment 4 
 

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

 

 First cycle Second Cycle 

TEST D Mv K G D Mv K G 

2--2  1733877 3833321 2215822 7271813 2132385 5.5E-05 4377832 233587 

1--2  1733877 3833321 2215822 7271813 1371584 4.9E-05 23227 3211812 

1--1  3133821 3833322 7233834 1333833 2773782 7.5E-05 2212811 5325821 

3--1 modified 1455832 3833322 2233811 7751822 2153185 5.4E-05 4114813 2422845 

3--1 upstream 3377842 3833322 7522845 1273831 1253384 4.7E-05 2335382 1321817 

1--7  2522847 3833325 7151822 1227815 2132381 5.5E-05 4373821 2331812 

7--7  2531832 3833325 7114831 1222833 2232282 6.2E-05 1377832 2312831 

1--2  3212812 3833322 7527822 1231877 22214 6.8E-05 372285 5531873 

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 
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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 500×103 Pa comparing 

to 92×103 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. 

 
Fig. 13 vertical settlements distributed along the dam axis in both models. 

 
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 (14) Pore pressure evolution in dam body 

 
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 3.27 × 10⁻⁹ 

body2 0.4948 2.696 × 10⁻⁸ 

body3 0.4948 2.696 × 10⁻⁸ 

body4 0.4948 2.696 × 10⁻⁸ 

body5 0.4948 2.696 × 10⁻⁸ 

body6 0.4939 1.50 × 10⁻⁹ 

body7 0.4137 2.01 × 10⁻⁹ 

body8 0.4137 2.01 × 10⁻⁹ 

Foundation   

foundation1 0.3000 1.00 × 10⁻¹⁰ 

foundation2 0.4144 2.78 × 10⁻⁹ 

 

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. 

http://journal.damascusuniversity.edu.sy/index.php/index/index
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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.  

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

 

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 

http://journal.damascusuniversity.edu.sy/index.php/index/index
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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.

 
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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Fig (19) comparison of acceleration amplification at dam crest. 
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Fig (20) Comparison between displacements at the crest, toe anي heel of the dam, Elastic VS MCC models. 

 

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 500×103 Pa comparing to 92×103 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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