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Abstract The post-construction settlement of rockfill
dams and high filled ground of airport, which is a phe-
nomenon of much significance, is mainly caused by the
time-dependent breakage of the rockfill material. In this
paper, a random virtual crack DEM model is proposed for
creep behavior of rockfill in PFC2D according to the theory
of subcritical crack propagation induced by stress corrosion
mechanisms. The bonded clusters are adopted to represent
the rockfill particles so as to simulate their irregular shapes.
Virtual cracks are set at the bonds of the clusters, and the
length of the crack is considered as a random value, which
leads the crushing strength of a single particle to follow the
Weibull’s statistical model and the corresponding size
rules. Oedometric creep tests for rockfill are simulated by
using this proposed model. The results show that the
model, validated preliminarily by some test data, can
reflect qualitatively the creep mechanism as well as the size
effects reasonably. Particles can develop various breakage
patterns during creep, including global breakage, local
breakage and even complex mixed breakage. The increase
in stress levels and particle size will lead to an obvious
growth of the creep strain and creep rate of the rockfill. The
scale effects on the creep behavior of rockfill are analyzed
through 35 specimens, and formulas including the effects
of scales and stress levels are tentatively proposed.
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1 Introduction

It has been demonstrated through long-term observations
that the rockfill dams and high filled ground in mountain-
ous areas show significant time-dependent post-construc-
tion settlement, which has become a major threat to the
serviceability and safety of these structures and deserves
much concern [55, 56]. The time-dependent breakage
behavior of rockfill material that is attributed to the large
size and angular shape of particles is the major cause of this
phenomenon [43, 47]. The particle breakage and creep
behavior of rockfill materials have been widely studied in
terms of laboratory test, constitutive modeling and
numerical simulation [10, 36, 50, 51]. Among these stud-
ies, the DEM simulation has gained more and more
attention because it is capable of modeling the discrete
structures of granular materials and particle breakage by
considering the interaction of separate elements [13, 15].
Prominent advantages of DEM models have been demon-
strated in the studies of laboratory test simulation, micro-
scopic mechanism analysis, size effects and so on [1, 4, 13,
17, 25, 26, 32, 34, 51, 54, 58].

Several methods for considering the particle breakage
phenomenon in PFC2D/3D models can be found from the
literature review: (1) the breakage of clusters which are
formed by attaching some disks/spheres together with
deformable and breakable bonds. If the shear or tensile
force reaches the corresponding strength, the bond will
break and the disk/sphere will depart from the cluster.
Robertson and Bolton [51] and Cheng et al. [13] develop a
cluster model in PFC3D for simulating the crushing
behavior of sand particles. Shao et al. [54] and Jiang and
Xu [25] adopt clusters to model the breakage of rockfill
particles as well; (2) the breakage of clumps: Lobo-Guer-
rero and Vallejo [32], Lobo-Guerrero et al. [34],
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Deluzarche and Cambou [17] and Alaei and Mahboubi [1]
use clumps formed by attaching several disks or spheres
that cannot have any relative displacement during cycling,
to simulate the rockfill particle. The clump will be replaced
by predefined finer grains if the tensile stress calculated
from the loading conditions of the clump exceeds the
predefined tensile strength. This model cannot simulate the
various breakage patterns owing to the stress concentration
of irregular particles, despite its higher efficiency than the
cluster models; (3) particle removal: Couroyer et al. [16]
proposed that if the maximum normal contact force of a
particle reaches its crushing strength value, the particle is
considered as broken and is removed from the assembly.
Particle removal is thought to represent cases where the
parent grain crushes into dust that falls into the large inter-
particle void space; and (4) reducing the contact stiffness of
a grain: Marketos and Bolton [39] introduced the stiffness
reduction to simulate the situation where the fragments can
still carry some force immediately after breakage, with
deformation of inter-fragment voids making the local
response less stiff.

Compared to the modeling of particle breakage, the
simulation of creep gained relatively less attention. Soil
creep may be caused by delayed grain breakage [4, 28, 49]
and reorientation or time-delayed sliding of particles [27].
For rockfill materials, particle breakage is more pro-
nounced. Therefore, in this paper, the main focus is on
creep due to delayed particle breakage, which is also
widely suggested for rockfill material. Tran et al. [58] made
the strength of the bond decay with time in PFC2D based
on the time-independent model proposed by Deluzarche
and Cambou [17] so that the delayed failure of particles
and creep can be simulated. The parameters related to the
time-dependent strength decay need to be calibrated
according to creep tests which are performed up to failure
on rock blocks. However, the calibration is quite difficult
due to the limited amount of test data. Alonso et al. [4]
developed a useful and novel DEM model in PFC3D based
on the creep theory of rockfill proposed by Oldecop and
Alonso [47, 49]. This DEM model can consider the delayed
particle breakage phenomenon on the micro level by
incorporating the theory of subcritical crack propagation
into the model. The particle was modeled as a pyramid
clump consisting of 14 elementary spherical particles. Only
one crack was placed at a fixed position in each clump,
where the maximum tensile stress was obtained by
assimilating the clump to spheres of equivalent radius. The
maximum length was limited to half of the particle’s size
and was assumed to simply follow a distribution with
uniform probability density function. The tensile stress and
stress intensity factor of the cracks were then calculated,
and the crack propagation velocity could be determined
directly. When the crack length reached the mean
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dimension of the particle, the particle was assumed to be
broken into two new particles of approximately equal
shape and size (14 — 8+6; 8 — 4+44; 6 — 343;
4 — 2+42;2 — 141). The model was used to simulate the
oedometric creep behavior including the stress—strain
relationship and the evolution of particle size distribution.
In addition, the evolution of the short-term compressibility
and creep indexes was studied in terms of the particle size.

Actually, the particles of rockfill material are often of
angular shape and may result in complex breakage patterns
including the global breakage of particles, the local
breakage of vertices and various mixed breakage patterns,
which cannot yet be fully considered by the model pro-
posed by Alonso et al. [4]. The length of defects attributed
to the particles is a key parameter and should be carefully
studied and determined. In addition, the detailed creep
mechanism of rockfill material still needs to be carefully
studied. One important problem related to the creep
mechanism of rockfill material is the size scale effect on
the creep [3, 37, 40, 41]. Without knowing clearly the scale
effect, creep tests in laboratory, where test samples with
much reduced size particles have to be used due to the
limitation of test equipments, cannot be used for practical
engineering projects, such as rockfill dams and foundations
where rockfill material with much larger particles is usually
used.

Therefore, this paper proposes a further improved DEM
model for the complex breakage and creep behavior of
rockfill, by using the bonded clusters and introducing vir-
tual cracks with random lengths. The model is able to
simulate the complex breakage pattern including the
breakage of the main body of the particles and angularity
abrasion, as well as to reflect the scale effects on the
breakage and creep behavior. Numerical single particle
crushing tests are first conducted to carefully determine the
statistical distribution of crack lengths according to Wei-
bull’s statistical model of brittle failure and corresponding
rules describing the size effects. Oedometric creep tests for
rockfill are simulated by using this proposed model, and the
results are compared to test data. The effects of stress
levels are revealed, and the scale effects on the creep
behavior are analyzed through the calculations of 35
specimens. Based on these analyses, preliminary formulas
reflecting the effects of scales and stress levels are tenta-
tively proposed.

2 Creep mechanism

2.1 Breakage of rockfill particles

The mechanical behavior of rockfill is affected by particle
breakage because of the relatively large particle size and
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angular particle shape [1, 4, 17, 21, 23, 25, 31, 35, 41, 49,
54, 58]. Larger particles usually possess more defects and
faults than smaller particles and are often subjected to
higher contact forces as well [1, 9, 29, 33]. Angular par-
ticles are found to experience more breakage than rounded
particles because angular particles suffer stress concentra-
tion at their vertices [1, 20, 29, 30]. As shown by the
photograph of breakage of the rockfill particle [2] in Fig. 1,
two types of fragmentation can be commonly observed,
including the local breakage, i.e., crushing of particle
vertices or angularity abrasion, and the global breakage,
i.e., cracking across a particle that divides it into several
pieces [52, 53]. Nakata et al. [46] and Altuhafi and Coop
[5] found that different gradings result in different types of
particle breakage and compressive behavior. For uniformly
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graded samples, the particles mainly suffer abrupt splitting.
For well-graded sand, there is a distinct difference in the
crushing behavior. The larger particles will mainly suffer
from asperity breakage, and there will be little particle
splitting. Even in the single particle crushing test, due to
the irregular shape, the particle breakage can be very
complicated, which has been summarized by Cavarretta
and O’Sullivan [11] as initial rotation, damage related to
the asperity breakage, elastic response, fragmentation
caused by the missing of parts of the bulk and the final
crushing. It is therefore believed that in the case of rockfill
that is characterized with particles of large size and irreg-
ular shape, the complex breakage patterns are very sig-
nificant, which should be carefully considered in the
simulation of creep behaviors related to particle breakage.

P,

Fig. 1 Stress corrosion, subcritical crack propagation and breakage patterns in rockfill [2, 28, 49]
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2.2 Stress corrosion and subcritical crack
propagation

The general creep mechanism of rockfill and the detailed
definition and calculation method, such as the definition of
stress intensity factor, the judgement of subcritical cracks
and the crack propagation velocity based on the stress
corrosion mechanism, are introduced here as the most
important theoretical basis of the proposed model, which
can also be found in Oldecop and Alonso [48, 49]. As
illustrated in Fig. 1, it is assumed by the general mecha-
nism for the creep behavior of rockfill that the broken
fragments generated by the time-dependent breakage of
particles can fill the voids more efficiently, causing den-
sification and settlement. The delayed breakage is found to
be closely related to the crack growth in the particles,
which is induced by the combined action of the applied
stresses and water at the crack tip, known as the stress
corrosion mechanism.

In stress corrosion, the chemical reaction between the
rock and the water filling the crack is determined by the
stress state at the crack tip. In linear elastic fracture
mechanics [9], the stress intensity factor K is generally
used to characterize the stress concentration in the vicinity
of the crack tip. According to the stress intensity factor K
as well as the fracture toughness K. and stress corrosion
limit K, the state of a crack can be divided into three cases:
(1) The crack does not develop at all if K < K, because
stress corrosion is prevented; (2) the crack propagates at a
velocity V if Ky < K < K., which is also called the sub-
critical crack propagation; and (3) the crack fails and the
particle breaks suddenly if K > K. For case 2, the velocity
V can be calculated by the following phenomenological
model proposed by Charles [12]:

V:VO(KECY (1)

where K. and K can be considered as material properties.
Vo and n are the parameters of the equation, usually
obtained by fitting experimental data. Experimental data
reported by Wiederhorn et al. [60] suggested that the
parameter n is not affected by the air relative humidity
(RH) for a usual range of values (say 20-100 %). In
addition, Freiman [19] suggested that V is almost positively
linearly correlated with RH based on the test data, that is,
the parameter V, includes the effect of RH. Therefore,
when the rockfill material and relative humidity change,
the corresponding effects can be considered by changing
the two parameters in Eq. (1). Based on the propagation
velocity of subcritical crack, the lifespan of the crack, i.e.,
the time elapsed between the instant of load application
and the final breakage of the crack, can be derived as
follows [49]:
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2.3 Statistical variation and size effect of particle
crushing strength

As is well known, the crushing strength or the character-
istic tensile strength of particles with the same diameter
shows significant statistical variability due to the effect of
flaws or weak zones [1, 13, 33, 42, 44, 45]. Since every
specimen is unique with specific crack distribution
including the crack location, direction, number and length,
the tensile strength varies obviously, which leads to the
survival probability for materials subjected to a specific
tensile stress g. The Weibull’s distribution function is
proved to be able to describe this phenomenon mathe-
matically [13, 33, 44, 45]. Weibull [59] proposed that for a
block of a material under a uniform tensile stress o, the
probability of survival P for the block is given by Eq. (3).

oo ()]

Infln(1/P,)] = min (i)

00

(3)

where o is the characteristic stress in which 1/e (37 %) of
the samples survive; m is the Weibull modulus, which
quantifies the scatter of strength values (i.e., high values of
m indicate low scatter), as shown in Fig. 2. When a/69 = 0,
all particles surely survive and thus Pg is 1. When o/
increases, more and more particles will fail, and P
decreases.

On the other hand, the larger the particle is, the higher
will be the probability of having more and large-size cracks
within the particle [6, 33]. In macroscopic view, larger
particles may crush more easily under the same stress.
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Fig. 2 Weibull’s distribution function for tensile strength
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Based on the weakest link proposition, Weibull [59] pro-
posed that for a block of a material of volume V under a
uniform tensile stress o, the probability of survival P is
given by Eq. (4).

Py(V) = exp [ v <i) m} (4)

Vo \ oo

Here V, is the characteristic volume. Mcdowell and Amon
[42] further proposed the following relationship between
characteristic tensile strength o, and particle diameter d,

004 = (aodg/m)d_3/m (5)

where 0y, is the characteristic tensile strength of particle
with volume V. It is indicated from this formula that the
logarithm tensile strength has a negative linear relationship
with the logarithm particle size with slope 3/m. This rela-
tionship has been validated by Lobo-Guerrero and Vallejo
[33], who conducted more than 390 point load tests on
samples made from two different rocks: a red Biotite
Gneiss and a gray Quartzite.

3 Model proposed

According to the above analysis of the creep mechanism,
the time-dependent breakage of rockfill particles can be
easily considered by incorporating the subcritical crack
propagation theory into the DEM model [2, 53]. Based on
the theory, the cracks and their growth in the particle can
be calculated and the delayed particle breakage is thus
simulated. On the other hand, the complicated breakage
phenomenon of the rockfill particle can be comprehen-
sively simulated by the cluster model [13, 25, 26, 51, 54].
Therefore, it is proposed in this study to combine the
cluster model with the subcritical crack propagation theory,
which finally leads to a new DEM model with random
virtual cracks to fully consider the angular shape, the
complex breakage pattern and subcritical crack propaga-
tion in rockfill particles.

3.1 DEM model with random virtual cracks

As shown in Fig. 3, four typical shapes are chosen based on
the observation of actual rockfill particles and corre-
sponding clusters are adopted to model the particles to
reflect its irregular shape in PFC2D [24]. It should be noted
that the number of disks formulating the cluster determines
the resolution of the model and has significant influences
on the computational time for large-specimen DEM sim-
ulation. Because one of the objectives of this paper is to
investigate the creep behavior of laboratory specimen in
DEM and the virtual cracks that are introduced into the
model will cause a large amount of additional calculation
time, the number of particles that constitutes clusters must
be small to run simulations in a reasonable time. In the
model proposed by Cheng et al. [13] and Cil and Alshibli
[14], totally 57 and 69 sub-particles are adopted to form an
agglomerate, which is found to be sufficient to simulate the
breakage behavior reasonably. In this study, the initial
cluster is first created by bonding 61 individual disks
together to form a regular assembly in hexagonal close
packing (HCP). The final four kinds of clusters reflecting
the different shapes are generated by removing some disks
from the initial cluster, and in each of these clusters, there
will be 29-53 disks.

The contact bond in PFC2D is adopted in the proposed
model for simplicity. Although this type of bond is point
contact, it represents actually an adhesion surface of finite
size between different parts within a particle. It can also be
conceived as a parallel bond with the bending moments
being neglected, which is reasonable when the disk diam-
eter is relatively small. Then it is proposed here that the
stress in the bonds can be calculated from the normal and
tangential contact forces:

15 = Fy/2r (6)

where r is the radius of the disks that form the clusters; g,
and t¢ are, respectively, the normal and shear stresses
acting at the bond in the plane tangential to the contact

Op = ,1/27';

Initial HCP cluster
61 disks

(d) 43 disks

Fig. 3 Four different clusters for rockfill particles
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Fig. 4 DEM model with virtual cracks

point; F,, and F; are, respectively, the normal and tangential
forces in the contact bonds.

To simulate time-dependent breakage of particles, virtual
cracks are randomly placed at the bonds within the clusters
(particles) according to the characteristics of the rockfill as
well as the disk size. The initial directions of the cracks are
assumed to be perpendicular to the normal direction of the
bonds, which is illustrated in Fig. 4. In the numerical
example presented in Sect. 5, all the bonds are assumed to
contain an initial crack. For general practical simulation, a
probability value can be given for any bonds within a par-
ticle to contain an initial virtual crack. Then for each type of
particles, all the bonds are numbered sequentially, and a
proportion of these numbers are randomly generated
according to the equal-probability principle that determines
which bonds should contain an initial crack. For a bond with
initial cracks, the stress intensity factor at the crack tip can
be calculated by using the stresses calculated above when
the normal stress is in tension:

K1 = pio,v/ma
Kn = pytsv/ma

where a equals half the length of the crack; f is a non-
dimensional factor that reflects the influence of the position
and the relative size of the crack in the particle, the
geometry of the grain and the direction and position of the
applied loads; and ¢, and 74 are, respectively, the calcu-
lated normal and shear stresses across the crack without
considering the cracks in the particle, which is in accor-
dance with the theory in linear elastic fracture mechanics
(see for instance Ref. [9]).

It is worth noting that the coefficient f§ varies with dif-
ferent particle shapes and crack locations and is usually
very difficult to find [57]. However, it can be found that in
cases where the length of cracks is relatively small com-
pared to the particle size, § usually approaches one. So in
this model, it is assumed that f always equals to one for
simplicity.

(7)
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3.2 The maximum tangential stress theory

Cracks in rockfill particles are usually subjected to com-
bined shear and tension, which is different from the
assumption of simple tension state made by Alonso et al.
[4] and Shao [53]. In addition, Kwok and Bolton [28]
emphasized that crack growth in rocks is influenced by
both the tensile force and the shear force. In this study, the
maximum tangential stress theory proposed by Erdogan
and Sih [18] is adopted as the failure criteria, which
assumes that a crack propagates perpendicular to the
direction of the maximum tangential tensile stress based on
experimental observations. In 2D models, the stress at the
crack tip can be expressed in polar coordinates:

1 0 0
0y = ——— |Kj(3 — cos0) cos=+ Kpp(3cos — 1) sin—
22y [M10 T o0 cosy K )i
1 0
090 = ———=cos = [K1(1 + cos ) — 3Ky sin 0]

2V2nr 2
1 0
09 = ———cos—|Kysin 0 + Kyy(3cos 0 — 1
= Km0 Kl )
(8)

where o, 0gg and o9 are, respectively, the radial, tan-
gential and shear stress component; K; and Ky are,
respectively, the stress intensity factor of cracks of mode I
and II; r and 0 are the polar coordinates.

The theory stipulates that: (1) The crack propagates
along the direction 0, perpendicular to the direction of
Ogomax- FOr cracks of mode I, Kj; = 0 and 0, = 0, the crack
will propagate along its own direction; for cracks of mode
I, Ky = 0 and 6y = —70°32" and for cracks of mixed type,

Ki/Ku + \/ (Ki/Kn)” + 8
(Ki/ i/ )" +38) )

(2) The crack will fail when the equivalent stress intensity
factor K, reaches Kjc.

0y = 2arctg

1
K. = ECOS% [Kl(l -+ cos 00) — 3Ky sin 00] (10)
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The tensile and shear strength of contact bonds within a
particle should be set as very large numbers, even when
virtual cracks are placed there, so that the bond will not
break until the crack is judged to be broken according to the
maximum tangential stress theory. When the stress intensity
factor exceeds the limit, the direction of the crack
propagation can be judged approximately by using Eq. (9)
with consideration of the distribution of the adjacent bonds.
Figure 4 illustrates so-determined breakage line for an
initial crack where the stress intensity factor exceeds the
limit. The cluster is then divided by the line into two parts,
and the bonds lying between the two parts are all removed,
i.e., the strengths are set to zero. As a result, the cluster is
broken into two sub-clusters. If more than one crack in a
cluster fails, the treatment is the same as above for each of
the cracks; thus, complex breakage patterns can be realized.

One should notice that the breakage pattern in the pro-
posed model may result in very angular sub-clusters that
would be locked in space and lead to a high apparent
friction. This may cause increased friction angle of the
specimen, increased dilation, etc. The phenomenon is
unavoidable in modeling particle breakage by clusters,
because the angularity of the fragments is controlled by the
size of disks/balls that formulate the cluster, except that the
disks/balls are small enough. But in actual tests as shown in
Fig. 1c, saw teeth or angularity can be observed on the
fracture surface of fragments. Therefore, it seems that this
high apparent friction is not too artificial.

3.3 Cracks in the model

As is stated in Sect. 2.3, the particle crushing strength
shows significant statistical variability with the same
diameter and obvious size effect with different diameters,
due to the complex distribution of cracks. However, it is
very difficult and unnecessary to fully consider all the
factors reflecting the statistical variability of the crushing
strength. In this study, the location and direction of cracks
are set to be closely related to those of the bonds, and the
number of cracks is determined by a certain proportion of
the bond number, and then, the crack length is the only
parameter that controls the crushing strength for simplicity.
The ratio of the virtual crack length to particle diameter
o = I/d (I = 2a) is attributed randomly between 0 and A
with a Gaussian distribution in which the mean value is
0.5A4 and the standard deviation is s. To reflect the size
effect, l,.x should be larger when the particle size
increases.

Inax = Ad (11)

The crack lengths in a specific particle are thus controlled
by parameters A and s.

It should be mentioned that by adopting the Gaussian
distribution for the crack length ratio o« = I/d unaccept-
able values, i.e., values larger than /,,, or less than zero,
may be taken for the crack length. In the simulation model
that will be directly prohibited. The error due to this
treatment is believed to be negligible, as the probability for
taking those unreasonable values is obviously very low.

Based on the crack length, which will be determined by
numerical single particle crushing test in the next section,
the crushing and time-dependent breakage of the rockfill
particles can then be directly simulated with some addi-
tional basic property constants of rocks (i.e., Vo, n, Ky, K).

4 Behavior of single particle crushing

The model developed above is now used to conduct the
single particle crushing test to show the complex breakage
pattern, the crushing strength that follows the Weibull
statistics (Eq. 3) and corresponding size rules (Eq. 4) and
to propose a routine method for determining the crack
parameters.

4.1 Simulation of single particle crushing test

Single particle compression tests, in which just one particle
is compressed between two rigid horizontal platens, are
widely used as an index test to examine the susceptibility
of a given rockfill particle to breakage. These tests can also
help calibrate the DEM models that can capture the
crushing and size—strength relationships [1, 5, 11, 13, 46].
In this study, the clusters are crushed between two smooth
and stiff platens under displacement-controlled compres-
sion. Due to the variability of crack lengths, different peak
stresses can be obtained.

Figure 5 presents typical results of the crushing tests for
four different particle shapes (D = 1.8 cm). The normal
and tangential stiffness are set to 1.5 x 10® N/m, and the
local friction coefficient is set to 0.7. K. is set to
1 MPa m®’ according to Oldecop and Alonso [49]. It is
observed from the DEM results that different breakage
patterns can be simulated. The different peaks on the
force—displacement relationships are attributed to the par-
ticle rotation, vertex breakage, global breakage of clusters
and secondary breakage of sub-clusters.

4.2 Determination of crack parameters
In the crushing test of single rockfill particle, the crushing
strength is found to match the Weibull’s distribution [1, 13,

33], which can be achieved by changing the crack length of
the particle model proposed above. In 2D cases, the
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Fig. 5 DEM simulation of single particle crushing test

maximum tensile stress (crushing strength) in the particle is
assessed as [1]:

c=P/(dx1) (12)

where P is the peak load that is applied to the block by the
loading plate; d is the distance between two loading plates;
and the thickness is equal to unity due to the model’s 2D
background.

The survival probability of a batch of clusters can be
calculated using the mean rank position [1, 13].

Pi=1—i/(N+1) (13)

where i is the rank position of a grain when the grains are
sorted into increasing order of peak stress and N is the
number of tests (here N = 30). The survival probabilities
under increasing stresses are N/(N + 1), (N — D/(N + 1),
.., /(N + 1). The characteristic stress oy can then be
determined, and the Weibull modulus can be obtained by
carrying out a least-squares regression according to the
second formula in Eq. (3).

Figure 6 illustrates the relationship between the crack
parameters A and s and the Weibull distribution parameter
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go. It can be found that gy decreases obviously with the
increase in A, while s has very little effects on gy. In
addition, the correlation between crack parameters A and
s and the Weibull modulus m is shown in Fig. 7, where the
particle with shape c (see Fig. 3) is considered. The cor-
relations for clusters of the other shapes are very similar. It
is found that the Weibull modulus m is directly influenced
by both A and s, that is, m will increase with the increase in
A and decrease in s. Based on the above analysis, the fol-
lowing method for determining the crack parameters can be
drawn: The characteristic stress gy and Weibull modulus
m are obtained by fitting the test data; then, the parameter
of mean crack length A can be determined by the charac-
teristic stress o, and finally, the standard deviation s can be
obtained according to the Weibull modulus m.

4.3 Size effect of the crushing strength

Numerical single particle crushing tests for different par-
ticle size are also conducted and the results are shown in
Fig. 8, where shape c is selected for the particle with A and
s equal to 0.5 and 0.1, respectively. An obvious linear
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decrease tendency of the logarithm crushing strength o
with the increase in logarithm particle diameters can be
found. The regression formula is also plotted in Fig. 8. The
value of m is found to be 5.7, which is just the same as that
obtained by calculation of the survival probabilities
(Fig. 7). Therefore, it is indicated that the introduction of
the Gauss distribution of crack length can reflect not only
the Weibull distribution of single particle strength with
similar sizes, but also the quantitative size effect of single
particle strength with different sizes.

5 Simulation of creep tests under oedometric
condition

The model developed is now applied to simulate the
oedometric creep tests, and the results are compared to test
data. The effects of stress levels are revealed. The micro-
scopic behavior, such as the evolution of particle breakage
and load chains, is also analyzed.
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5.1 Experimental information

Confined compressive creep tests were conducted on the
broken limestone from the construction site of the

@ Springer



836

Acta Geotechnica (2016) 11:827-847

100 L q I

—&— prototype grading

—&— test grading
80
60 \\
40
20

L

0
1000 100 10 1
Particle size (mm)

Percentage passed (%)

Fig. 9 Particle grading of the prototype specimen and scaled test
specimen

Kunming New Airport [10, 61]. In this high filled ground
project, the maximum altitude difference is about 210 m
and the maximum filled height is about 54 m. The gravel
coarse aggregate used in the high filled ground includes
clastic rock and carbonatite rock. The construction method
for the rockfill includes hierarchical dynamic compaction
and rolling compaction. Due to the dimension limitation of
the test equipment, the maximum particle size of the pro-
totype specimen has to be reduced from 600 to 40 mm and
the grading of the material is thus changed, which are
presented in Fig. 9. Both the height and the diameter of the
specimen for the oedometric creep tests are 200 mm. The
ratio between the specimen size and maximum grain
diameter is 5, which just satisfies the limit suggested by
Head [22]. The dry density is 1.98 g/cm’ and the void ratio
is 0.33. The load is applied step by step, and the loading
levels are, respectively, 0.14, 0.34, 0.54, 0.74, 0.94 and
1.14 MPa. The load lasts for 1-2 h for 0.14 and 0.54 MPa,
while 6-7 days for 0.34, 0.74, 0.94 and 1.14 MPa. The
measured creep strain versus log time curves are shown in
Fig. 10, which indicates that the initial strain rate and creep
strain become larger with the increase in stress level gen-
erally, except stress level 0.94 MPa. In addition, the creep
strain increases almost linearly with log time.

5.2 Sample creation

Now, test simulation by the proposed DEM model is
conducted. In generating numerical test samples, the
grading curve is truncated at a particle diameter of 5 mm to
avoid small particles, as they may cause a large augmen-
tation of the number of particles and consequently the
computation time. The sample is created by following the
steps: (1) The initial disks that match the particle grading
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Fig. 10 Measured creep results by Cao [10]

are generated by using the radius expansion method
(Fig. 11a); (2) these disks are randomly replaced by four
kinds of clusters as shown in Fig. 3 (Fig. 11b). The number
proportion for each of the four shapes is set to be equal in
this simulation; (3) the sample was compacted by moving
the upper and lower plates until the sample’s void ratio
reached the desired value (Fig. 11c). In Fig. 11c, the par-
ticles, which are in contact and with the same color, are in
the same cluster. In addition, a few small grains are seen
floating. This is because it takes a long time to deposit the
small grains completely. Considering that these small
grains stay in the void between large particles and usually
have little influence on the load distribution and transfer of
the sample, this deposition process is not fully comple-
mented so that the DEM simulation can be faster. When the
sample is prepared, a random crack length is given to each
of the bonds in all clusters. The crack length follows a
normal distribution determined by the parameters A and
s. During all the stages of sample preparation, crushing is
prohibited according to the simulation method.

In addition, two more different samples are generated
according to the same principle (Fig. 12) in order to check
whether simulations by using such generated model can
give representative results.

The parameters in the DEM model can be divided into
three categories: (1) rock property parameters which can be
determined by corresponding tests, including the fracture
toughness K., stress corrosion limit K, and the parameters
in Charles law V|, and n; (2) particle contact parameters in
DEM, including the normal and tangential stiffness and the
friction coefficient; and (3) crack parameters, A and s,
which can be determined according to some single particle
crushing tests. Here, the parameters of the Charles law
Vo = 0.1 m/s, n = 25, are chosen, being well within the
range of the experimental data summarized by Oldecop and
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Fig. 11 Numerical sample preparation

Sample 2

Fig. 12 Two additional random samples

Alonso [49]. A fracture toughness K. = 1.0 MPa m®? is
used, which is within the range of values reported
(0.78-2.06 MPa m"°) in the literature for limestones [7].
The stress corrosion limit is assumed to be Ky = 0.3 K, as
proposed by Atkinson and Meredith based on some theo-
retical considerations [8]. Since no single particle crushing
tests have been conducted for similar limestones, and some
typical values of m reported in the literature are 2.75 and
4.23 for the red Biotite Gneiss and the gray Quartzsite,
respectively [33], the value of A and s is chosen to make
the Weibull modulus equal to 3.7, as shown in Fig. 7.
Table 1 lists all the parameters in this DEM simulation.

(c¢) sample

Sample 3

In the present study, two-dimensional models are used.
In fact, simulations by using three-dimensional models
should be more realistic. Comparing a two-dimensional
model with a three-dimensional model, we may mention
the following differences: (1) In 2D models, the particles
are treated as plane strain disks, which cannot consider the
actually existing particle interaction out of the plane. Then,
the force transmission in a two-dimensional model will be
also different from reality, whereas a 3D model may pro-
vide more possibility for a better simulation of the particle
interaction and inter-particle force transmission; (2) 3D
models may better simulate the actual complex particle
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Table 1 Parameters used in the DEM model

Input parameter Value Input parameter Value
Particle grading (mm) 5-40 K. (MPa m®) 0.5
Sample porosity (before test) 0.33 Ko (MPa m®?) 0.15
Specific gravity (kN/m3) 2640 Vo (m/s) 0.1
Local friction ratio 0.7 n 25

ko (N/m) 7e8 A 0.1

ks (N/m) 7e8 s 0.05
Number of modeled clusters 550 Number of modeled disks 22,307

breakage pattern than 2D models; and (3) the calculated
specimen behavior at particle crushing may be also of some
difference. Since broken particles will be subjected to more
constraints from surrounding particles in 3D models than in
2D models, the creep strain caused by breakage may be
less. Despite these shortcomings, it is believed that two-
dimensional analysis is at least of qualitative values. Based
on these considerations, two-dimensional model is used as
a first step of creep simulation for the time being.

5.3 Discussion of time step and calculation
procedure of the model

In a creep simulation, two independent times can be
defined, i.e., numerical time and creep time [58]. Numer-
ical time is the time consumed to make the system reach
the balanced state after some particles break and can be
evaluated by multiplying the number of calculation cycles
by the time steps. In PFC2D, the time step is chosen
carefully based on an estimation of the critical time step,
which is related to the period of the system and usually is
very small (1077 s in this study) to ensure the computa-
tional stability because the motion equations are solved by
an explicit time-stepping scheme [24]. On the other hand,
creep time is the real time during which the propagation of
each subcritical crack is predicted. The timescale of critical
crack growth, i.e., the life of the subcritical crack, ranges
from several seconds to hundreds of years, much larger
than the numerical time step.

The simulation of creep consists of the two types of
time steps alternately: (i) When breakage occurs, numer-
ical time is needed to make the new system with broken
clusters come to a new balanced state, and the macro-
scopic deformation is calculated. As this calculation is a
process approaching gradually to the new stable deforma-
tion state, a convergence criterion is needed, and the
tolerated error is set to be 0.001 (the ratio between strain
increment in the current step to the accumulated strain till
the last step) based on a compromise between efficiency
and accuracy, and (ii) after the system balance
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calculation, creep time is applied to calculate the crack
growth until the next breakage appears. To improve the
calculation efficiency, the life spans of all the subcritical
cracks are obtained at this step according to Eq. (2) and
the minimum life 7., is determined as the creep time
step. During this stage, no numerical calculation is con-
ducted and no change occurs in the system. All these
calculations are purely mathematical for the virtual
cracks: (1) The type of crack is judged according to the
obtained stress conditions; (2) for each subcritical crack,
the life span is calculated; (3) for all these life spans, the
minimum is selected as f.,,; (4) the corresponding crack
is set to be broken and corresponding bonds in the cluster
are removed according to the position of the crack; (5)
tmin 1S added into the total creep time. That is, the whole
simulation will proceed by a jump of time to time + #,;,
after a subcritical crack break; and (6) numerical calcu-
lation begins, that is, all the particles begin to move, and
the force distribution in the system changes.

Figure 13 shows the whole procedure for the calculation
with this model. The calculation of stress, stress intensity
factors and the failure criteria for particles have been all
implemented into the program PFC2D via the FISH lan-
guage [24].

5.4 Simulation results and verification

Before the creep simulation, a predefined pressure is
applied on the sample by moving the top and the bottom
platens. During all testing stages, the velocities of the top
and bottom platens are controlled automatically by a
numerical servo-mechanism to maintain a constant pres-
sure on the sample, and the left and right walls are kept
fixed. The loading scheme follows the experiment by Cao
[10]. Figure 14 shows the deformation—time records for the
load levels of 0.34, 0.74, 0.94 and 1.14 MPa, for which the
laboratory tests lasted for 67 days. The simulated creep
curves by using the generated samples are compared with
the test data by Cao [10]. It can be seen from the com-
parison that the creep strain correlates reasonably with the
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Fig. 13 The whole procedure of the proposed virtual crack DEM model

test results in general. The creep curves calculated by using
the three different randomly generated samples are also
compared in Fig. 14, which shows that relatively large
difference exists among these calculated creep curves for
three samples, although the general shape and the final
creep strain are similar. That may indicate more particles
are required for generating the sample, and the particle
shape as well as its size gradation should be also modeled
more close to reality. For the time being we just used the

|

l

|

|

| ;
| | Increase the creep time by i
|

|

|

|

|

to zero

first sample for the subsequent calculation to illustrate the
proposed procedure.

5.5 Analysis of stress level influence and mesoscopic
creep mechanism

Now, the same test specimen is simulated to creep under

different vertical stress levels, respectively, including 0.54,
0.74, 1.14, 1.34, 1.54, 1.74 and 1.94 MPa. The creep
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Fig. 14 Comparison of creep curves between test and DEM with different random samples

simulation is assumed to be finished when no subcritical
cracks exist or the creep time reaches 1 x 10'” s (about
300 years). As shown in Fig. 15, all the time history
records show a similar pattern—an instantaneous defor-
mation is followed by a delayed accumulation of strains.
The number of broken particles and vertical strain during
the instantaneous strain phase for each stress level is
plotted in Fig. 16. It can be found that generally the higher
the stress level is, the larger are the number of broken
particles and the instantaneous strain. This figure shows
that the instantaneous deformation of rock fills is usually
much larger than the later developed creep deformation
even after a relatively long time period, which agrees with
the test results. Here it has been checked that there is no
overlap of particles, which should be prevented by the
computation procedure as well as the very large stiffness of
the bonds.

To investigate the grading variation of the sample due to
particle breakage, the particle grading of the sample before
the test and after the creep simulation is presented in
Fig. 17a. To verify this particle grading variation, the grain
size change of the test by Cao [10] is also plotted in
Fig. 17b. It can be seen from the figure that the simulated
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results have a similar evolution of grain size distribution
with the test results. An increase in the fines content and a
decrease in its average size can be observed from both
experimental results and model prediction. Because the
load lasts only 1-2 h in the experiment, which is obviously
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less than the simulated time, the grain size distribution in
the test is found to have a less significant variation than that
in the simulation. The comparison between the tests with
different vertical stress levels demonstrates that a larger
stress level results in higher particle breakage and
increased variation in particle grading.

Long-term deformations are found (Fig. 15) to be
almost linearly related to log(time). The long-term com-
pressibility index is therefore calculated and compared
with the test results reported by Cao [10], Ortega [50] and
Oldecop and Alonso [49] and simulation results by Alonso
et al. [4], as shown in Fig. 18.

v, = Ae/In(t /1)) (14)

where ¢, is the time value corresponding to the point on the
strain—time curve that denotes the start of creep strain after
the instantaneous deformation and 1, is the total simulation
period.

It is found that the simulated and test results correlate
well and the long-term compressibility index generally
increases with the stress level, which can be explained
from the microscopic behavior of the specimen, as illus-
trated in Fig. 19. The behavior of specimens under vertical
stresses of 1.14 and 1.94 MPa is compared and analyzed. It
can be found that more subcritical cracks appear under
1.94 MPa, which leads to more breakage in the sample and
larger number of sub-clusters in the same simulation per-
iod. Therefore, the macro-strain and the long-term com-
pressibility index of the specimen subjected to vertical
stress of 1.94 MPa are larger.

In Fig. 20, the creep behavior under stress level of
1.94 MPa is intensively analyzed to investigate the creep
mechanism. The load chains in the sample before and after
the creep simulation are compared in Fig. 20a, b. It can be
found that particle breakage has influences on the load
chains and thus leads to some changes of the load transfer.
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The load chains can be more dispersed, and the corre-
sponding contact forces are reduced due to breakage. In
addition, the detailed breakage pattern can be observed in
Fig. 20c. Thanks to the application of clusters to model the
particle breakage, the complex breakage pattern is well
simulated. It is demonstrated in Fig. 20c that particles can
develop various breakage patterns (Particle 1 and 2),
including global breakage, local breakage and even com-
plex mixed breakage.

As is well known, the sliding movement of sub-clusters
after breakage is the main cause of macro-strains of the
specimen. It can be observed from Fig. 20c that some of
the sub-clusters cannot slide after breakage. Therefore, the
breakage of these clusters cannot contribute to the macro-
strain (Particle 1). Only those clusters that break and
develop obvious sliding can lead to significant macro-
strain, which is closely related to the pore structure of the
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sample (Particle 2). This mechanism can be further
demonstrated from the comparison between the evolution
of number of sub-clusters and strain magnitudes shown in
Figs. 15 and 19. The steps on the creep strain—time curves
(t = 3 s and 5000 s) that show large increase in strain are
corresponding to the breakage of only one or two clusters.
On the other hand, a large number of breakage (1 &~ 10 s)
may cause less obvious strain increase. It should be noted
that the reason that the sub-clusters cannot slide is not only
the constraint from adjacent particles but also the very
angular fragments that may lock in space. This may cause
increased friction angle of the specimen, increased dilation,
etc. This phenomenon cannot be avoided in modeling
particle breakage by clusters, because the angularity of the
fragments is controlled by the size of disks/balls that for-
mulate the cluster. In order to reduce this effect, the disks/
balls need to be small enough, especially for large clusters.
Therefore, to improve the model, it is suggested to use the
same disks to generate the clusters with different sizes, i.e.,
the large clusters should consist of more disks/balls.

6 Scaling effects of rockfill creep

Rockfill is often used in the construction of large infras-
tructures such as embankments, dams and high filled
ground of airports. The particle size in the rockfill can be
over a meter. Common Dsq size in rockfill dams is in the
range 10-40 cm. However, the largest testing apparatus
reported [37, 38, 40, 41, 47] is only capable of testing
aggregates with maximum particle size of 15-20 cm.
Therefore, published experimental data for the mechanical
behavior of rockfill are based on tests on scaled grain size
distributions.
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Fig. 19 Analysis of microscopic behavior of specimens under stress levels of 1.14 and 1.94 MPa. a Number of sub-clusters. b Number of

subcritical cracks
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It has been proved by tests conducted on rockfill mate-
rial with ‘similar’ grain size distributions but a varying
mean grain size that the rockfill behavior is significantly
influenced by particle size scale [3, 37, 40, 41]. Therefore,
in this section, the proposed DEM model is used to simu-
late and discuss the important scale effect and to demon-
strate the advantage of the model, which is a direct result
coming from the application of the subcritical crack
propagation theory in DEM.

In order to investigate the scale effect, the size of the
specimen and all particles for sample 1 in Sect. 5.2 is
increased with the same scale (2, 3, 6 and 12) to compare
their creep behavior qualitatively (stress levels = 0.54,
0.74, 1.14, 1.34, 1.54, 1.74 and 1.94 MPa). The differences
between the samples are the size of the specimen and all
particles and the crack length. As the grain size changes,
the crack parameters A and s remain the same, but the crack
length (=Ad) will be larger for increased grain size.

The results of specimens with different scales (stress
levels = 1.14 MPa) are compared in Figs. 21 and 22. It is

found that the creep strain, the long-term compressibility
index and the number of sub-clusters increase with the
scale. As is emphasized in Sect. 2.3, specimen with larger
size has larger particles and longer cracks in the particle,
making the particle break more easily under the same stress
level. So the number of sub-clusters increases, causing
larger creep strain and long-term compressibility index.

The creep velocities of all the 35 samples with different
scales (1, 2, 3, 6 and 12) and stress levels are plotted in
Fig. 23. The effect of stress levels has been demonstrated in
Sect. 5.5 for scale 1 and is further verified for larger scales in
this section. On the other hand, the larger the scale is, the
higher is the creep rate. Two formulas can be developed to
calculate the effect of stress levels and size scale on the creep
rate. First, a formula that only includes the stress effect is
proposed by using the regression method:

v =ag® (15)

where a and b are parameters related to the particle size,
and o is the stress level (MPa). The DEM results in Fig. 23
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and test data from Ortega [50] in Fig. 17 are fitted by
Eq. (15). The regression results are listed in Table 2. Then,
the two coefficients a and b are further fitted with the
maximum particle size d,:
a=8.192d,\"* x 1077

max (16)
b = —0.875Indpnax + 5.56
The accuracy of the proposed formulas for the long-term
compressibility index for different stress levels and particle
sizes is illustrated in Fig. 24. As can be seen, the formula
can give reasonable prediction for the long-term com-
pressibility index of rockfill under oedometric and dry
conditions.

7 Conclusions

This paper proposes a random virtual crack DEM model
for rockfill creep in PFC2D, which is used to simulate the
oedometric creep tests of rockfill material. The creep
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Fig. 23 Long-term compressibility index for different sample scales
and stress levels

behavior and mechanism are investigated. In addition, the
effects of scaling are analyzed. The following conclusions
can be drawn from this study:

1. To simulate the irregular shape and complex breakage
pattern of rockfill particles more accurately, the
bonded clusters can be adopted to represent the rockfill
particles. Time effects can be considered by placing
virtual cracks with random lengths that are closely
related to the particle size in the bonds of the clusters.
The maximum tangential stress criterion can be
employed to calculate the propagation direction of
cracks under combined tension and shear.

2. The statistical distribution of crack lengths can be
determined by numerical single particle crushing tests
according to Weibull’s statistical model of brittle
failure and corresponding size rules. It is shown that
the complex breakage pattern, statistical variation and
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Fig. 22 Breakage and particle grading of specimens with different particle sizes. a Number of sub-clusters. b Particle grading
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Table 2 Regression results for Eq. (15)
data DEM DEM DEM DEM DEM Test [50] Test [50] Test [50]
(scale = 1) (scale =2) (scale =3) (scale =6) (scale =12) (15-20 mm) (25-30 mm) (3040 mm)
Coefficient a 5.31E—05 1.78E—04 2.13E-04 6.80E—04 9.68E—04 9.80E—05 2.03E-04 2.52E-04
Coefficient b 2.41918 1.63811 1.44668 0.52797 0.31986 0.86236 0.54809 0.73980
R? 0.90937 0.94091 0.93498 0.76469 0.87187 0.99404 0.90005 0.97124
16 : ; ; particles should be used, and at the same time, the particle
size gradation of the rockfill and the proper sliding along
o® cracks are all need to be considered carefully. Besides, the
[} . . . . .
~ 12} % . effects of water, which are proved to be quite significant in
= 0% @ ° engineering, should be carefully studied and incorporated
2 S in the model to simulate practical engineering problems.
2 °
g 8r . -20% T
RS ° e Acknowledgments The work reported in this paper is financially
E o @ supported by the National Key Fundamental Research and Develop-
5 s ment Program of China (Project No. 2014CB047003).
4 . ¢® ° Formula/Numerical: .
’ * ° Average value=0.979
I ?"o Standard deviation=0.262
o 2 ' % 5 16 References

Numerical results (10°%)

Fig. 24 Accuracy of Egs. (15) and (16)

size effects of crushing strength of a single particle can
be reflected quantitatively by the proposed model.

3. The model is used to simulate the oedometric creep
tests of rockfill material and is validated by some test
data. The analysis of stress effects on the oedometric
creep behavior indicates that the long-term compress-
ibility index, creep strain and particle breakage
generally increase with the stress level. The meso-
scopic analysis reveals that particles can develop
various breakage patterns, including global breakage,
local breakage and even complex mixed breakage.

4. The study of the effects of scaling on the oedometric
creep behavior indicates that the creep strain, long-
term compressibility index and the number of sub-
clusters increase with the scale of the samples.
Formulas are developed to estimate the effect of stress
levels and size scale on the long-term compressibility
index, which can give a reasonable and practical
prediction of the creep rate of rockfill under oedomet-
ric and dry conditions.

However, it should be noted that the study is an initial
step for the simulation of creep by using the discrete ele-
ment method. The main points of this paper are given to
illustrate the proposed simulation procedure, and the con-
clusions are mainly of qualitative value. For more refined
analysis, three-dimensional models with much more
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