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 
Abstract—Rockfills are widely used in civil engineering, such as 

dams, railways, and airport foundations in mountain areas. A 
significant long-term post-construction settlement may affect the 
serviceability or even the safety of rockfill infrastructures. The creep 
behavior of rockfills is influenced by a number of factors, such as 
particle size, strength and shape, water condition and stress level. 
However, the effect of particle shape on rockfill creep still remains 
poorly understood, which deserves a careful investigation. 
Particle-based discrete element method (DEM) was used to simulate 
the creep behavior of rockfills under different boundary conditions. 
Both angular and rounded particles were considered in this numerical 
study, in order to investigate the influence of particle shape. The 
preliminary results showed that angular particles experience more 
breakages and larger creep strains under one-dimensional compression 
than rounded particles. On the contrary, larger creep strains were 
observed in he rounded specimens in the direct shear test. The 
mechanism responsible for this difference is that the possibility of the 
existence of key particle in rounded particles is higher than that in 
angular particles. The above simulations demonstrate that the 
influence of particle shape on the creep behavior of rockfills can be 
simulated by DEM properly. The method of DEM simulation may 
facilitate our understanding of deformation properties of rockfill 
materials. 
 

Keywords—Rockfills, creep behavior, particle crushing, discrete 
element method, boundary conditions. 

I. INTRODUCTION 

OCKFILLS have been widely used in civil engineering, 
such as dams, railways and airport foundations in 

mountain areas since last century. A large number of field 
observations concerning rockfill behavior showed that the 
mechanical behavior of rockfill is time-dependent, and the 
post-construction settlement continues for many decades [1], 
[2]. It is widely accepted that particle breakage is the main 
cause of rockfill creep behavior, and much effort was put into 
testing rockfill samples in the laboratory to investigate the 
effects of particle size, strength and shape, water condition and 
stress level [3]. However, the microscopic mechanism of 
rockfill creep behavior still remains poorly understood. 

Compared to physical experiments, the particle-based DEM 
provides the possibility to observe and monitor the microscopic 
rockfill response at an individual particle level. Considering 
that the particle breakage is the main cause of rockfill creep, 
there are mainly two ways to simulate rock aggregates: (1) 
using a breakable bonded cluster to model the particle [4], (2) 
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replacing the original unbreakable disk or clump with a set of 
smaller disks [5], [6]. To simulate the time-dependent behavior 
of rockfill, Alonso et al. [7] developed a DEM model in which 
grains are characterized by clumps and the breakage criterion 
involves the subcritical propagation of fissures in the grain. 
Tran et al. [8] and Potyondy [9] modeled rockfill creep by 
incorporating bond-ageing models into particle mechanics 
method, reducing either parallel bond strength or bond 
diameter. 

The above achievements demonstrated that the 
particle-based DEM is able to model the rockfill creep 
behavior. In recent studies, Zhao and Song and Zhou and Song 
investigated the effect of water condition and stress levels on 
rockfill creep behavior [10], [11]. As one of the important 
properties of rockfill, the influence of particle shape on rockfill 
behavior has been rarely studied. Zhou et al. [12] studied the 
effect of particle shape on peak strength of rockfill using a 3D 
DEM. However, the influence of particle shape on creep 
behavior has not been reported in the previous studies. The 
main objective of this paper is to investigate the influence of 
particle shape on rockfill creep behavior under different 
boundary conditions. 

II. METHODOLOGY 

In this study, the commercial software Particle Flow Code in 
two dimensions (PFC2D, Itasca, 2008) was used to simulate 
rockfill aggregates. In order to simulate particle breakage, rock 
can be represented by clusters, which consist of a number of 
disks that bonded together. Considering the contact force and 
moment in a cluster, parallel bond was used. Each parallel bond 
has five parameters: normal and shear stiffness, normal and 
shear strength and radius. Once the normal or shear stress 
exceeds bond strength, the bond breaks, and a micro-crack 
appears. More details about the bond model can be found in 
Potyondy and Cundall [13]. 

To simulate the rockfill creep due to particle crushing, a few 
bond-ageing models have been proposed in [8], [9], [14], [15]. 
According to Zhao and Song [10], all those bond-ageing 
models can be used to simulate rockfill creep with appropriate 
empirical parameters. In this study, the bond-ageing model 
proposed by Tran et al. [8] was used, i.e. reducing parallel bond 
strength with time. 
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Equation (1) is the mathematical expressions.  and  are 

the short- and long-term normal strength, respectively;  and 
 are the short- and long-term shear strength, respectively; , 
 and  are three empirical parameters, which depend on 

particle size, shape and material properties.  controls the 
magnitude of activation stress. If the applied normal stress  is 
below the activation stress , the strength reduction is not 
activated. If  is larger than the activation stress but smaller 
than the short strength, the strength reduction is activated, then 
the parallel bond strength decreases with time according to (1). 
When  exceeds short strength, the parallel bond breaks and a 
micro-crack appears. In this study, the time step in bond 
degradation calculation was fixed at a constant value of 100 
seconds. 

III. MODELLING 

The numerical square specimens had an initial side length of 
200 mm. Two different particle shapes were used: rounded 
particles proposed by Zhao and Song [10] and angular particles 
proposed by Zhou and Song [11]. Defining the longest distance 
between two points in particle as diameter, the diameter range 
of rockfill aggregates in both rounded and angular specimens 
was 6.82 mm to 11.18 mm, with the average of 9.18 mm. With 
an initial porosity of 0.3, 120 rounded particles and 213 angular 
particles were generated respectively. The main 
micro-parameters are listed in Table I. More details about the 
preparation of specimens can be found in [10], [11]. 

 
TABLE I 

MICRO-PARAMETERS FOR ROCKFILL AGGREGATES 

Micro-parameter Unit Value 

Number of aggregates - 
120(rounded)
213(angular) 

Density kg/m3 2230 

Contact modulus GPa 4.0 

Ratio of ball shear to normal stiffness - 0.4 

Contact friction coefficient - 0.3 

Parallel bond radius multiplier - 1.0 

Parallel bond modulus GPa 4.0 

Ratio of parallel bond shear to normal stiffness - 0.4 

Parallel bond normal strength, mean MPa 10.0 

Parallel bond normal strength, standard deviation MPa 3.0 

Parallel bond shear strength, mean MPa 10.0 

Parallel bond shear strength, standard deviation MPa 3.0 

Empirical parameters and  - 
0.4, 40 and 

5×10-11 

 
After the specimens were created, one dimensional 

compression and direct shear test were simulated. During one 
dimensional compression, the lateral and bottom walls were 
fixed while the top wall moved down at a certain velocity to 
attain a desired stress level. A servo algorithm was employed to 

maintain a constant normal stress during creep. For the direct 
shear test, the desired normal and shear stresses were attained 
through moving the upper box. Then, the stresses kept constant 
using the servo algorithm. The lower box was fixed during the 
whole process. Once the creep simulation began, the force 
chains, the breakage of rockfill aggregates and the specimen 
deformations were monitored during the whole test. 

 

        

(a) Rounded specimen           (b) Angular specimen 

Fig. 1 Numerical rockfill specimens 
 

    

(a) One-dimensional                     (b) Direct shear   
                         compression    

Fig. 2 Different boundary conditions 

IV. RESULTS 

A. One Dimensional Compression 

The normal stresses used in 1D compression were 400 kPa, 
600 kPa, 800 kPa, 1000 kPa, and 1140 kPa, respectively. Eight 
angular specimens and six rounded specimens with different 
packing arrangements and bond strength were created by 
varying the seed of the random-number generator during 
material genesis.  
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(b) Angular specimens 

Fig. 3 Rockfill deformation under one-dimensional compression 
 

 

(a) Rounded specimens 
 

 

(b) Angular specimens 

Fig. 4 Creep deformation under one dimensional compression at 
t=10000s 

 
Fig. 3 shows the typical creep displacement-time curve 

under each constant normal stress. Both specimens showed an 
increasing normal displacement with the applied normal stress. 
Compared with rounded specimens, the angular ones 
experienced larger creep strains under the same normal stress. 
The normal displacements at 10000 seconds are compared in 

Fig. 4. Both angular and rounded particles showed an 
increasing average normal displacement with the applied stress; 
however, the increments of angular specimens were more 
significant. Fig. 5 shows the bond force distribution and 
micro-crack distribution under the normal stress of 0.8 MPa. 
Angular specimen had a more uneven distribution of force and 
experiences more breakages than rounded one, which could be 
responsible for the larger normal displacements of angular 
specimens. 

 

 

 

(a) Rounded specimen      (b) Angular specimen 

Fig. 5 Bond force and micro-crack distribution under one-dimensional 
compression 

B. Direct Shear Test 

In the case of direct shear test, a constant normal stress of 
1.14 MPa was applied on the upper box. The shear stress varies 
from 0.2 MPa to 0.6 MPa, and the interval is 0.1MPa. As in the 
previous case, eight angular specimens and six rounded 
specimens with different packing arrangements and bond 
strength were created. 

Fig. 6 shows the typical displacement-time curves under 
different shear stresses. The deformation characteristics 
strongly depended on shear stress and particle shape. When the 
shear stress was low, both normal and shear displacements 
increased rapidly and then nearly remained constant, which 
could be considered the primary creep and secondary creep 
phases. At high shear stress, normal displacement was more 
significant than shear displacement. Both normal and shear 
displacements increased with the increasing shear stress; 
however, the increments of shear displacement of rounded 
specimens were more significant. 

Fig. 7 shows the bond force and micro-crack distributions at 
t=10000 s under the shear stress of 0.5 MPa. In the rounded 
specimen, bond force was statistically more uniformly and 
micro-cracks formed mainly in the corner of particles. However, 
more micro-cracks appeared in the angular specimen, and more 
total fragmentation (particle splitting) was found on the force 
chains. 
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(a) Rounded specimens 
 

 

(b) Angular specimens 

Fig. 6 Rockfill deformation under direct shear test 
 

 

 

(a) Rounded specimen      (b) Angular specimen 

Fig. 7 Bond force and micro-crack distribution under direct shear test 
(shear stress=0.5 MPa) 

 
All results at 10000 seconds are shown in Fig. 8, which 

includes the normal displacements from each test with lines 
joining the average values at each normal stress. Both angular 

and rounded particles showed an increasing average shear 
displacement with the applied shear stress. The average normal 
displacement that indicates the shear-induced contraction or 
dilatancy, however, did not exhibited a similar trend for angular 
and rounded particles. The average normal displacement of 
angular particle was nearly constant with increasing shear 
stress, while the normal displacement of rounded particles 
significantly increased with increasing shear stress. It is 
believed that the key particle plays an important role in the 
creep process in rounded particles. 

 

 

(a) Rounded specimens 
 

 

(b) Angular specimens 

Fig. 8 Creep deformation under direct shear test at t=10000s 
 

 

(a) At t= 10 mins 
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(b) At t= 30 mins 
 

 

(c) At t= 40mins 
 

 

(d) At t= 50 mins 
 

 

(e) At t= 60 mins 

Fig. 9 Changes of bond force and micro-crack distribution (shear 
stress= 0.5 MPa) 

 
In the force chain, a particle whose breakage could cause a 

chain reaction eventually leading to the failure of the sample 
can be defined as a key particle. Fig. 9 shows how the key 
particle works in rounded specimen during creep process. At 
t=10 mins, the force chain was stable and few micro-crack 
appeared. At t=30 mins, total fragmentation was found; 
however, the displacements were still small which meant that 
the specimen was still stable. At t=40 mins, the key particle was 
broken, leading to the change of force chains and resulting in 
lots of breakage in the next 10 minutes. 

V. CONCLUSIONS 

In this study, the influence of particle shape on the creep 

behavior of rockfills with different boundary conditions was 
investigated using particle-based DEM. To simulate the creep 
behavior, the bond-ageing model proposed by Tran et al. [8] 
was used. Some detailed conclusions are drawn as below: 
(1) Under one-dimensional compression, the normal 

displacement increased with normal stress. The 
displacements of angular specimens were more significant. 

(2) Under direct shear test, both the normal and shear creep 
displacements of rounded particles were larger than that of 
angular ones. 

(3) Key particle exists in both rounded and angular specimens; 
however, it plays a more important role in rounded 
specimens. 
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