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Abstract 10 

 Rockfill materials experience gradual deformation over time, which can cause 11 

serious problems in rockfill structures, especially in dams. This deformation may 12 

lead to reduced confinement of the dam core by the shells, resulting in large 13 

deformations within the dam body, as well as cracking in filters and core, a loss of 14 

freeboard, and damage to associated facilities. The creep behavior of rockfill 15 

materials is influenced by various factors, such as stress level, material composition, 16 

aggregate shape, particle size, and moisture content. This study presents the 17 

application of the Soft Soil Creep model to simulate both volumetric and shear creep 18 

in rockfill materials. The model parameters were determined from large-scale 19 

oedometer tests using an integrated procedure that combines experimental data with 20 

numerical back-analysis, ensuring a physically consistent parameter set. 21 

Furthermore, the study analyzes the influence of these parameters on rockfill 22 
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behavior, highlighting their role in controlling the creep deformations. As a case 23 

study, the creep behavior of the rockfill shells in the 177-m-high Masjed Soleyman 24 

Dam is investigated. The study confirms the model reliability in predicting dam 25 

settlement patterns through comparison with measured data and observations. 26 

Localized computed shear strain in upper level of the dam exceeded 50 % aligning 27 

with what accrued in the prototype. 28 

Keywords: Creep, Rockfill, Masjed Soleyman Dam, Soft Soil Creep Model, 29 

Numerical Analysis 30 

1. Introduction 31 

Rockfills are coarse-grained materials, with high shear strength and significant 32 

permeability. Due to the availability of rockfill materials in nature, their ability to 33 

absorb seismic loads and their adaptability to various resistance and deformability 34 

conditions, they are utilized in earth-rockfill dams and rockfill concrete dams (RCD), 35 

airport subgrades, foundations of large industrial structures, and ground 36 

improvement projects. Moreover, the accessibility to heavy machinery along with 37 

economic feasibility have led to increased use of rockfill materials. 38 

One of the significant characteristics of rockfill materials is their time-dependent 39 

creep displacement, which is influenced by several factors such as stress level and 40 

directions, material composition, aggregate shape, particle size, and moisture 41 
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content [1-11]. Creep deformations in rockfill structures in case of exceeding 42 

allowable limits, can disrupt the performance of the structure. For instance, the 43 

Atatürk Dam in Turkey, the Cechena Dam in Australia, and the TSQ-1 Dam in China 44 

have shown significant long-term settlements [12-15].  45 

While the long-term dam deformations are affected by factors beyond creep, such as 46 

rockfill softening due to water infiltration, weathering caused by wet-dry cycles, and 47 

reservoir water level fluctuations, a substantial share of these deformations is linked 48 

to creep and its influencing factors. Therefore, given the importance of dams and 49 

their performance, it is essential to properly assess and consider the creep 50 

phenomenon in rockfill dams, predict deformations and ensure their safety to prevent 51 

excessive deformations. 52 

Creep is the deformation of materials under constant stress over time, which consists 53 

of three phases ( 54 

 55 

Figure Captions 56 

Figure 1). Depending on the applied volumetric or shear stress, it can be classified into 57 

two types: volumetric creep and shear creep. Generally, volumetric creep occurs in 58 

the first phase, while shear creep, depending on the magnitude of the shear stress, 59 

can occur in any of the three creep phases [16]. 60 
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Several constitutive models have been developed for modeling the creep of rockfill 61 

materials. These models can generally be divided into two categories: rheological 62 

models and empirical models [17]. Rheological models are derived from the 63 

combination of simple mechanical models such as elastic springs, plastic elements, 64 

and Newtonian ideal viscous fluid elements. Several rheological models are 65 

developed to model creep behavior in rockfills [18,19]. The Burger model is one of 66 

the common rheological models used in rockfill creep modeling. The Burger model 67 

is created by combining the Kelvin and Maxwell models in series. The Kelvin model, 68 

consisting of a spring and a dashpot arranged in parallel, represents elastic 69 

deformation with a time delay, effectively simulating the initial phase of creep. The 70 

Maxwell model, on the other hand, is the result of combining a spring and a dashpot 71 

in series and models the initial elastic deformation and the steady-state viscous flow. 72 

The Burger model does not simulate the third phase of creep ( 73 

 74 

Figure Captions 75 

Figure 1) and volumetric creep [20]. 76 

Empirical models are derived from laboratory data analysis, defining a functional 77 

relationship to represent creep. One such example is an elastoplastic creep model 78 

based on a power function, which was developed to assess the creep behavior of the 79 
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Shibuya Dam during both its construction and operational periods [21]. In recent 80 

decades, several other models have also been proposed to estimate the stress-strain 81 

behavior of rockfill materials using numerical simulation [22-30]. The Hardening 82 

Soil (HS) model is one of the widely used models for simulating the characteristics 83 

of rockfill materials. It is generated based on elastoplasticity theory with double 84 

yield surfaces. Originally designed for soil behavior, this model lacked the capability 85 

to simulate creep in rockfill materials, prompting several modifications to make it 86 

suitable for such applications. The modifications involve modeling substantial 87 

volumetric changes under high stress conditions and integrating the influence of 88 

particle breakage [31, 32]. Additionally, some of the proposed models for creep 89 

modeling are based on the Discrete Element Method (DEM), which allows for more 90 

detailed simulations but include high computational costs, especially for large 91 

structures such as dams [1, 33- 34]. 92 

Most current models for calculating creep in rockfill materials often rely on complex 93 

equations that are not available as built-in features in engineering software. 94 

Furthermore, a significant limitation of these models is their inability to concurrently 95 

simulate both volumetric and shear creeps, resulting in reduced accuracy and an 96 

incomplete representation of the true mechanical response of rockfill materials. 97 

Thus, there is a clear need for a model that overcomes these limitations and enables 98 

a more comprehensive analysis of rockfill material behavior. This study investigates 99 
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the capability of Soft Soil Creep (SSC) model, which features fewer parameters, is 100  

built into software, and considers both shear and volumetric creep, for simulating 101  

the rockfill material creep behavior. 102  

2. Soft Soil Creep Model 103  

The Soft Soil Creep (SSC) model is a constitutive model specifically developed to 104  

capture the time-dependent behavior of soft soils under long-term loading 105  

conditions. This model is an extension of the Soft Soil (SS) model and simulates 106  

both primary and secondary creep behaviors. The SSC model simulates time-107  

dependent deformation, incorporates stress-level-dependent stiffness, differentiates 108  

between loading and unloading-reloading paths, employs a shear yield surface based 109  

on the Mohr-Coulomb criterion, and utilizes a volumetric yield surface based on the 110  

Modified Cam-Clay criterion. Figure 2 provides a visual representation of the yield 111  

surfaces within this model. [35]. 112  

The basis of this model is derived from the Bjerrum and Janbu theories. All non-113  

elastic strains in this model are assumed to be time-dependent, and consequently, the 114  

total strain is the sum of elastic strain and time-dependent creep strain. The total 115  

strain equation is derived from the concept of time resistance in one-dimensional 116  

creep and is expressed as Eq. (1), capturing the relationship between creep strain and 117  

time under constant effective stress. 118  
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(1) ε = εe + εc = –a ln (σ'/ σ'0) – (b – a) ln (σpc / σp0) – c ln ((τc + t')/ τc) 

In this equation, ε denotes the total strain, εe represents the elastic strain, and εc  119  

signifies the creep strain. σ'0 corresponds to the initial effective stress before loading, 120  

while σ' indicates the final effective stress after loading. σp0 and σpc refer to the pre-121  

consolidation stress before loading and after consolidation is complete, respectively. 122  

The parameters a, b and c are illustrated in Figure 3. Unlike clay soils, rockfill 123  

materials do not exhibit a distinct consolidation settlement. However there exists a 124  

stress level at which the material achieves its maximum compaction. Consequently, 125  

the concept of pre-consolidation stress also utilized to characterize this behavior in 126  

rockfill materials. 127  

The parameters κ* (modified swelling index), λ*(modified compression index), and 128  

μ* (modified creep index) replace parameters a, b and c in the model respectively. 129  

The relationship between these parameters defined by Eqs. (2)-(4). The 130  

recommended values for the ratio of the compression index to the creep index range 131  

between 15 and 20, while the ratio of the compression index to the swelling index is 132  

suggested to be between 2.5 and 7 [35]. 133  

κ*≈ 2/3 (1+2K0) a (2) 

λ*=b (3) 

μ*=c (4) 
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Figures 4 and 5 illustrate the calculation method for the aforementioned parameters 134  

in the provided diagram. In this diagram, the time at which creep begins after the 135  

consolidation period, which can be neglected for rockfill materials, is represented. 136  

Studies on rockfill materials show that the modified compression index parameter 137  

typically ranges from 2×10⁻³ to 10⁻¹, while the modified creep index ranges from 138  

10⁻6 to 5×10⁻2. Additionally, the ratio of the creep index to the compression index, 139  

as calculated in various studies for different types of rockfill materials, is generally 140  

reported to range from 4×10-3 to 5×10-2 [36-37]. 141  

3. Creep Model Calibration for Rockfill Materials 142  

The validation of the SSC model for rockfill materials is carried out using data 143  

obtained from oedometer tests. In this section, the creep parameters of the dam 144  

materials are derived from two sets of oedometer tests. Subsequently, the tests were 145  

numerically simulated using the SSC model, and the outcomes of the model were 146  

compared with the experimental results. The materials used in these tests were 147  

extracted from the rockfill borrow source for Zone 3B of the downstream shell at 148  

Masjed Soleyman Dam. In the large-scale oedometer tests at the Darmstadt Research 149  

Institute [38], samples with a diameter of 1 meter and a height of 0.5 meters were 150  

subjected to axial stresses up to 2.5 MPa. The maximum particle size in these tests 151  

was 150 mm. The specimens were initially subjected to loading under dry 152  

conditions. Subsequently, saturation was obtained at three distinct axial stress levels: 153  
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2.5 MPa, 1.7 MPa, and 0.85 MPa.  After saturation, loading and unloading were 154  

applied under the corresponding stress conditions. The corresponding results are 155  

presented in Figure 6 [38]. 156  

In the other tests conducted by Sadeghian [38], samples were prepared by placing 157  

materials in five layers (each layer 5 cm thick) within the inner cell of the oedometer 158  

and compacted using an electric hammer. The number of layers was selected such 159  

that the ratio of the maximum particle size to the height of each layer was 1/2, and 160  

scratches were made on the surface of each layer to ensure continuity between the 161  

layers. After preparation, a constant stress was applied to the sample by placing a 162  

weight to the device. The samples were originally made in a dry state and loaded for 163  

24 hours. Subsequently. the samples were submerged for 7 days. The oedometer 164  

device used in these tests had a diameter of 15 cm and a height of 25 cm and the 165  

axial stresses of 0.45, 1.35, 2.25 MPa were applied to the samples [38]. The results 166  

of these tests are shown in Error! Reference source not found.. Figure 8 displays 167  

the particle size distribution of the materials in the test samples, as well as those from 168  

the dam shell materials. 169  

The parameters λ* and κ* are calculated using the results from the Darmstadt tests. 170  

However, due to the lack of creep data in these tests, the parameter μ* is determined 171  

from the oedometer test results reported by Sadeghian [38]. 172  
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 The parameters λ* and κ* are obtained from the loading and unloading curves in the 173  

strain versus ln(σ) diagrams for the three oedometer tests, as illustrated in Figure 9. 174  

The resulting values are summarized in Table 1. 175  

By excluding the dry sample loading phase from the plots in Figure 7, μ* values for 176  

different stress levels were determined from the Strain versus ln(t) diagram as 177  

illustrated in Error! Reference source not found.. The derived values are presented 178  

in Table . 179  

A comparative analysis of strain-time behavior was performed between numerical 180  

simulations and experimental measurements from Sadeghian oedometer tests to 181  

validate the creep characteristics of the dam shell rockfill materials. Figure 11 182  

validates the PLAXIS-modeled creep behavior against experimental strain-time 183  

curves from Sadeghian tests. Using the parameters specified in Table 1 and Table , 184  

the numerical simulations show consistent agreement at applied stresses of 2.25 and 185  

1.35 MPa. While effectively simulating creep at higher stresses, the model shows 186  

divergence at 0.45 MPa. It should be noted that Sadeghian did not conduct test 187  

repetitions at stress level 0.45 MPa. Consequently, the result discrepancy may also 188  

stem from the imprecision of the single test performed at that level. 189  

Moreover, discrepancies observed during the initial 24-hour period arise because the 190  

model parameters were calibrated exclusively for saturated conditions, while the 191  
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experimental tests included an initial dry-loading phase that was not accounted for 192  

in the numerical simulation. 193  

4. Masjed Soleyman Rockfill Dam 194  

Masjed Soleyman Dam is a rockfill dam with a vertical clay core and maximum 195  

height of 177 meters from the foundation. It is located 160 kilometers northeast of 196  

Ahvaz, and 25.5 kilometers northeast of Masjed Soleyman city, on the Karun River. 197  

The dam was constructed between 1997 and 2000 and the reservoir was filled in 198  

three stages, between December 2000 and August 2002. The materials used in the 199  

different parts of dam are introduced in Error! Reference source not found. and 200  

Table . 201  

4-1- Modeling procedure and the model parameters 202  

The behavior of the Masjed Soleyman Dam has been examined in many studies, 203  

including the study and modeling of saturation collapse in the dam shell [39-40], 204  

analyzing the abutment effect on the stress-strain behavior of the dam [41-42], and 205  

the examination of low-stress areas in the dam core [43]. 206  

The 2D modeling has been performed in the finite element software PLAXIS in three 207  

phases: construction, impounding, and operation. The model is plane strain and the 208  

section at 260 (the highest section of the dam) has been simulated. The foundation 209  
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of the dam is modeled only in the upper 80 meters. The meshing of the model is 210  

triangular with 5209 elements, as shown in Error! Reference source not found.. 211  

To simulate the construction stage, the soil was modeled in 36 layers, with each layer 212  

being constructed over a period of 36 days. The behavior of the dam during the 213  

construction period was examined using consolidation analysis and the HS model, 214  

and the material properties are defined in Table . 215  

During the impoundment phase, the rise in the upstream water level was modeled as 216  

a linear function, with the water level increasing over a period of 557 days. A fully 217  

coupled flow-deformation analysis was employed in this phase. Assuming that the 218  

saturation-induced collapse in the upstream shell of the dam during impoundment 219  

behaves as a form of creep, the materials were characterized using the SSC model. 220  

Additionally, the operational phase was simulated using consolidation analysis over 221  

7300 days (20 years) with the SSC model.  222  

The final model parameters for simulating the Masjed Soleyman Dam's behavior 223  

during impoundment and operation were obtained through a comprehensive 224  

calibration process. This involved back-analysis of laboratory test results (presented 225  

in Section 3) and field monitoring data, along with validation against observed dam 226  

performance to ensure model reliability; a parametric study was conducted to 227  

evaluate their individual influence on creep strain development in the dam model. 228  
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 Accordingly, two of the three main parameters (λ*, κ* and μ*) in the SSC model were 229  

held constant while the third was varied across its plausible range, allowing isolation 230  

of each parameter's effect on the time-dependent of the Dam deformation behavior. 231  

Assuming that the values of κ*=0.00047 and μ* =0.00006 are constant, the values of 232  

λ* changes as shown in Figure 13-a. As observed, the variations in crest settlement 233  

over the 20-year operational period are negligible within the assumed parameter 234  

values. However, it is evident that an increase in the compression coefficient leads 235  

to a reduction in crest settlement. 236  

Given that the values of λ*=0.002 and μ* =0.00006 remain constant, the values of κ* 237  

vary as illustrated in Figure 13-b. As shown, an increase in this parameter results in 238  

an increase in settlement. Since the swelling parameter is varied over a broad range 239  

and the dam model exhibits relatively small displacement, the influence of this 240  

parameter can be considered negligible. 241  

Assuming that the values of λ*=0.002 and κ*=0.00047 are constant, the values of 242  

parameter μ* changes as shown in Figure 13-c. Initially, a rapid increase is observed, 243  

and the increment becomes more pronounced as the creep coefficient rises. 244  

Moreover, an increase in the creep coefficient causes an increase in the rate of 245  

displacement. Given the minimal changes in this parameter, it is observed that 246  

compared to the compression and swelling coefficients, this parameter has a greater 247  

effect and is the main factor for creep over time. 248  
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To understand the cause of the sudden displacement increase observed in Figure 13 249  

and the factor affecting the slope of the deformation-time curve, the variations in the 250  

creep (μ*) and compression (λ*) coefficients are examined, while maintaining their 251  

ratio (μ*/ λ*)  constant. The value of κ*=0.00047 is assumed in this section. The range 252  

of the ratio (μ*/ λ*) considered here is based on the results of calibration with the test 253  

results in Section 3. As shown in Figure 14, if the ratio of these two parameters falls 254  

within a specific range, the sudden increase observed in Figure 13 disappears. In this 255  

regard, some sources have proposed a range for this ratio [37, 38]. 256  

The compression and swelling coefficients, determined from previous calibrations, 257  

are employed to estimate the dam parameters during the impoundment phase. To 258  

model the saturation-induced collapse in the upstream shell, the compressibility 259  

coefficient is set higher than the values derived from the oedometer tests. This 260  

discrepancy is attributed to the smaller scale of laboratory samples compared to the 261  

actual dam materials, as well as constraints related to time. Accordingly, the 262  

parameters were calibrated through an iterative trial-and-error approach by 263  

comparing 2D model results with field measurements, while incorporating the 3D 264  

valley effects as demonstrated in the 3D numerical modeling study of the dam [39]. 265  

The creep parameter in the SSC model during the operational phase is assumed to 266  

be greater than the values obtained from the oedometer tests conducted by Sadeghian 267  

[30], owing to the larger scale of the dam materials and the extended duration of 268  
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creep in the dam compared to the laboratory tests. Based on the preceding analysis, 269  

it has been established that the dam's creep behavior is independent of both the 270  

swelling and compression coefficients. Consequently, while maintaining the 271  

swelling coefficient at its experimentally determined value, the compression 272  

coefficient was increased to preserve the (μ*/λ*) ratio within acceptable limits, and 273  

consequently to prevent sudden discontinuities in the strain-time relationship. 274  

Parametric sensitivity analysis across stress level reveals minimal variation in 275  

material parameters. Consequently, for modeling the Masjed Soleyman Dam shell 276  

behavior, the influence of stress level on parameter values can be neglected. 277  

The final SSC model parameters applied during the impoundment and operational 278  

phases are as mentioned in Table .  279  

4-2- Result of the analyses 280  

The maximum settlement at the end of the construction of the Masjed Soleyman 281  

Dam was 3.69 m in the upper third of the dam height at the central cross-section 260. 282  

As shown in Figure -a, this value was obtained as 4.12 meters in the 2D numerical 283  

model. During the impoundment phase, the dam underwent considerable settlement 284  

caused by wetting-induced collapse in the upstream rockfill Shell. Field 285  

measurements recorded approximately 2.3 meters of settlement on the upstream side 286  

of the crest. As illustrated in Figure -b, the numerical model predicted a slightly 287  
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higher settlement of 2.9 meters at the end of the impoundment phase. Additionally, 288  

the maximum long-term settlement of the dam crest (including impoundment-289  

induced settlement) reached approximately 5.8 meters after 20 years of monitoring. 290  

The numerical model, however, estimated a higher settlement value of 7.9 meters, 291  

as shown in Figure -c. 292  

The displacement pattern in the model agrees well with the actual behavior observed 293  

in the dam body. The higher settlement values obtained from the numerical model—294  

reaching up to approximately 36% in post-construction settlements—are due to the 295  

three-dimensional constraining effect of the valley topography on displacements, 296  

which is not accounted for in the current 2D model. 297  

Considering the necessity for comprehensive parametric studies to determine the 298  

parameters of the SSC model (as presented later in this section), employing a 3D 299  

model would have required excessive time and computational costs. Thus, despite 300  

full awareness of the 3D valley effect on the dam's behavior, this study adopted a 2D 301  

modeling approach. 302  

Micro-geodetic monitoring operations were conducted at an average frequency of 303  

once per year during the operation period of Masjed Soleyman Dam. The obtained 304  

results have been utilized as reliable data for comparison with numerical modeling 305  

outputs. The locations of the monitoring points are indicated in  306  
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Figure . 307  

Figure  and Figure  display the measured settlement trends of the dam, comparing 308  

monitoring data with numerical model predictions. The figures demonstrate good 309  

agreement between the calculated and observed settlement rates, indicating the 310  

model's potential utility for forecasting future dam settlements under the assumption 311  

of continuing deformation trends. However, the model predicts settlements that are 312  

approximately 26% higher than measured values during the impoundment phase and 313  

36% greater during the creep phase. These discrepancies are primarily attributable 314  

to the inherent limitations of two-dimensional analysis, particularly its inability to 315  

account for the constraining effects of three-dimensional valley topography. 316  

Figure  displays the total shear strain distribution in the dam body after twenty years 317  

of operation. The analysis reveals that multiple sliding surfaces have developed in 318  

both upstream and downstream zones during this period. The strain contours 319  

highlight areas of concentrated shear intensity, particularly within the downstream 320  

shell. The maximum shear strain computed in the shear zones exceeds 55%. 321  

The high excess pore water pressure in the core remained from the construction 322  

period has reduced the effective stress and, consequently, the shear strength of the 323  

core, particularly in its central zones. The creep-induced deformation of the shells 324  

has also led to a reduction in confining stress around the central core levels. Due to 325  
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the core's relatively low resistance, this stress redistribution has generated distinct 326  

shear zones within the core structure, resulting in high shear strains in the core, 327  

according to the mechanism shown in Figure 19 [31]. The surface outcrops of these 328  

shear zones correspond to the berm formations visible in Figure, observed in both 329  

upstream and downstream shells near the crest elevation. 330  

Notably, the numerical model shear strain contours (Figure ) clearly delineate these 331  

internal shear zones within the dam body. The elevation of these modeled shear 332  

zones shows good alignment with the observed berm formations, confirming the 333  

model capability to capture the dam's deformation mechanisms.  334  

Figure  shows a comparison between the calculated and measured piezometric water 335  

level changes in the central areas of the dam section, demonstrating a reasonable 336  

agreement of the results. The plausible values of pore water pressure, alongside the 337  

comparison of settlement values, indicate the validity of the model's solution in the 338  

effective stress space during different dam loading stages. 339  

Previous studies have demonstrated that the hyperbolic function fails to adequately 340  

predict future dam settlements, as its estimates progressively deviate from measured 341  

values. Consequently, this function proves unsuitable for reliable prediction of the 342  

dam's long-term behavior. The studies on the micro-geodetic data suggested two 343  
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functions to predict the crest settlement (S(t)) of Masjed Soleyman Dam which are 344  

introduced in Eqs. (5)-(6) [39]. 345  

S(t) =abttc (5) 

St(t) = at / (b + t) (6) 

In the above equations, a, b, and c represent constants derived from micro-geodetic 346  

data, and t denotes time in years. The results of the settlement measurements of the 347  

dam crest at section 260 based on the mentioned functions are presented in Figure . 348  

Due to the absence of geodetic measurements during the initial stages of 349  

impoundment, the model output has been time-adjusted for comparison. The red 350  

curve in the figure represents the dam crest settlement predicted by the SSC model, 351  

indicating an estimated settlement of approximately 8 meters over a 70-year period. 352  

The discrepancy between the numerical modeling and the results obtained from the 353  

functions can be attributed to the following reasons: 354  

1. Two-Dimensional Modeling: The use of a two-dimensional model limits the 355  

ability to capture the influence of abutments and complex valley geometry. 356  

While this approach was necessary to manage the computational cost required 357  

for the extensive parametric studies and sensitivity analyses involved in 358  

calibrating the constitutive model parameters, this simplification may 359  
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contribute to an overestimation of settlement due to the absence of three-360  

dimensional confinement effects. 361  

2. Estimated Parameters: A further limitation was the need to determine the 362  

model parameters from two separate sets of laboratory tests due to the 363  

unavailability of a complete dataset from a single source. This required 364  

additional computational effort for calibration and integration to achieve the 365  

necessary accuracy. On the other hand, this approach of using multiple data 366  

sources provided a higher degree of confidence in the final parameter set, as 367  

the results were cross-verified against independent experimental outcomes.  368  

3. Exclusion of Environmental Load Effects: The effects of wet-dry cycles, 369  

changes in the reservoir water level, and material weathering were not directly 370  

incorporated into the model. 371  

To provide a clearer overview of the adopted methodology, Figure  presents a 372  

flowchart illustrating the integrated procedure followed in this study, from 373  

laboratory parameter determination to the numerical simulation and validation of the 374  

Masjed Soleyman Dam behavior. 375  

5. Conclusion 376  

This study investigates the creep characteristics of rockfill materials in the 377  

Masjed Soleyman Dam and assesses the efficacy of the Soft Soil Creep (SSC) 378  
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model for long-term deformation analysis of rockfill dams. The integrated 379  

procedure of laboratory testing, parameter calibration, and numerical simulation 380  

led to the following key findings and lessons learned: 381  

 The SSC model effectively represented the developed deformation pattern and 382  

internal shear zones in the dam body, aligning with observed surface berms 383  

capturing both volumetric and shear creep mechanisms and enabled accurate 384  

simulation of time-dependent settlement patterns within the dam structure.  385  

 Parametric studies revealed that the creep coefficient (μ*) is the dominant 386  

parameter governing displacement rates, while the compression (λ*) and 387  

swelling (κ*) coefficients of the rockfill zones exhibited negligible influence. 388  

Numerical stability and realistic creep behavior require maintaining an 389  

appropriate μ*/λ* ratio. 390  

 The combination of economical large-scale oedometer testing and the SSC 391  

model minimal parameters provides a practical and reliable approach for 392  

rockfill creep analysis, validated through field monitoring data that confirms 393  

result reliability. 394  
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Figure Captions 539  

Figure 1- Different phases of creep in geotechnical materials [13] 540  

Figure 2- yield surfaces of SSC model [35] 541  

Figure 3- Ideal stress-strain curve from oedometer test with separation of elastic and creep strains [35] 542  

Figure 4- Definition of the modified compression index and modified swelling index parameters using a standard 543  

oedometer test [35]. 544  

Figure 5- Introduction of the modified creep index parameter using a standard oedometer test in the diagrams: a) 545  

creep strain versus logarithmic time, b) inverse creep strain rate versus time [35]. 546  

Figure 6- Stress-strain diagram of large-scale oedometer tests on the materials from the Masjed Soleyman Dam shell 547  

at Darmstadt Institute [38]. 548  

Figure 7- Strain-time diagram of oedometer tests on the materials from the Masjed Soleyman Dam shell [38]. 549  

Figure 8- Comparison of the particle size distributions in Sadeghian and Darmstadt test samples and the dam shell 550  

materials [38] 551  
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Figure 9- Calculation of the model parameters based on oedometer test results: a) Modified compression index (λ*) 552  

b) Modified Swelling index (κ*) 553  

Figure 10- Saturated-phase strain-time curves from oedometer tests (Sadeghian, 2024) for modified creep index 554  

parameter (μ*) calculation in Masjed Soleyman Dam shell materials. 555  

Figure 11- Comparison of creep behavior between experimental results and Soft Soil Creep (SSC) model 556  

simulations of Sadeghian (2024) oedometer tests on rockfill materials at σ' = 0.45, 1.35, and 2.25 MPa. 557  

Figure 12- a) Zoning and mesh generation of the Masjed Soleyman main dam section model, b) Valley cross-section 558  

at the dam site [41] 559  

Figure 13- Effect of model parameters on the creep strain of the dam crest at section 260 over time a) Compression 560  

coefficient, b) Swelling coefficient, c) Creep coefficient 561  

Figure 14- Comparison of crest settlement over time for an approximately constant ratio of creep coefficient to 562  

compression coefficient (μ*/ λ*≈0.08-0.09) 563  

Figure 15- Contours of settlement in the Dam a) During construction phase b) During impoundment phase c) During 564  

impoundment and 20 years of operation phases 565  

Figure 16- Geodetic network on the Masjed Soleyman dam; 25 target points installed on the crest and downstream 566  

surface at various cross-sections [39] 567  

Figure 17- Validation of numerical model results against field monitoring data: Comparison of simulated and 568  

measured crest settlement at instrumentation point S21 569  

Figure 18- Validation of numerical model results against field monitoring data: Comparison of simulated and 570  

measured settlements at downstream shell instrumentation points a) S22 b) S23 c) S24 d) S25 571  

Figure 19- Creep phase shear strain at section 260 calculated 20 years after impoundment 572  

Figure 20- Manifestation of shear zones as surface berms: a) Downstream (D/S) slope of the dam, and b) Upstream 573  

(U/S) slope of the dam [40] 574  

Figure 21- Comparison of calculated and measured piezometric water level in piezometer PPE 213 575  
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Figure 22- Predicted settlement trends of the dam crest using microgeodetic data compared with the calculated 576  

results 577  

Figure 23- Flowchart illustrating the research methodology, including laboratory parameter calibration, numerical 578  

modeling stages, and validation against field data in this study. 579  
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 584  

Table Captions 585  

Table 1- Modified compression (λ*) and swelling (κ*) indices obtained from large-scale oedometer tests (Darmstadt 586  

Institute). 587  

Table 2- The calculated values of modified creep index parameter μ*
 in different stresses 588  

Table 3- Materials used in different zones of the body of the Masjed Soleyman Dam [39] 589  

Table 4- Parameters of the Masjed Soleyman Dam Model [39] 590  

Table 5- Creep and compression coefficients with a relatively constant ratio 591  

Table 6- Creep parameters in different zones of the shell of Masjed Soleyman Dam during the first impoundment 592  

and operation stages 593  
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Table 1 659  

κ* λ* Applied stress 

(MPa) Number 

0.000472 0.0255 2.5 1 

0.002876 0.019 1.7 2 
0.000894 0.01348 0.85 3 

 660  

Table 2 661  

μ* Applied stress 

(MPa) 
Number 

0.001274 2.25 1 

0.000866 1.35 2 

0.000769 0.45 3 
 662  

 663  

Table 3 664  

Material Symbol Zone 

Clay 1 Core 

Conglomerate with fine and coarse sand 2A Fine-grained Filter 

Conglomerate with coarse to medium gravel 2B Coarse-grained Filter 

Conglomerate with fine rockfill 2C Transition materials 

Conglomerate 3A Rockfill shell 

Conglomerate mixed with sandstone and intrusive 

bodies of mudstone / clay-bearing mudstone 3B Rockfill shell 

Conglomerate mixed with sandstone 3C Rockfill shell 

Mudstone and shale and the sequence of 

conglomerate and sandstone 4 Foundation 

 665  

 666  
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Table 4 667  

e0 γsat k E50
ref Eoed

ref Eur
ref c' φ' ψ Pref m K0 Zone 

 (kN/m2) (cm/s) (MPa) (MPa) (MPa) (kPa) ( ̊ ) ( ̊ ) (kPa)    

0.42 22 5.8×10-3 22 12 75 10 39 2 100 0.5 0.43 2A 

0.52 21.2 4.6×10-3 40 18 120 20 40 6 100 0.5 0.36 2B 

0.42 22 5.8×10-3 22 12 75 10 39 2 100 0.5 0.43 2C 

0.43 21.7 5×10-9 11 11 33 80 22 0 100 0.35 0.52 Core 

0.2 24.2 9.8×10-3 60 38 180 70 38 3.5 100 0.15 0.34 3A 

0.2 24.2 1×10-2 45 45 130 30 31 1 100 0.17 0.6 3B 

0.2 24.2 9.8×10-3 60 38 180 70 38 3.5 100 0.15 0.34 3C 

- 25 1×10-9 7500 - 45 700 40 6 - - - Foundation 

 668  

Table 5 669  

  *λ /*μ *μ *λ Model No. 
0.08 0.002 0.025 1 
0.089 0.0025 0.028 2 
0.08 0.005 0.0625 3 
0.087 0.007 0.08 4 

 670  

 671  

Table 6 672  

*μ *κ *λ Stage Zone 
3-10×9 4-10×4.7 1-10×1 Impoundment 

3A 
3-10×2 4-10×4.7 2-10×1.5 Operation 
3-10×9 4-10×4.7 1-10×1 Impoundment 

3B 
3-10×1.5 4-10×4.7 2-10*1.3 Operation 

3-10×9 4-10×4.7 1-10×1 Impoundment 
3C 

3-10×1.5 4-10×4.7 2-10*1.3 Operation 
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