
1. INTRODUCTION 

The time-dependent (creep) behaviour of rocks is an 

essential factor of many geotechnical projects (see e.g., 

Tang et al., 1994; Zhao et al., 2012; Zhang et al., 2015). 

Creep is a progressive deformation that many materials –

e.g., soils, rock, etc.– exhibit under a state of constant 

stress (Kuhn and Mitchell, 1992). An idealized creep 

behaviour consists of the following process (see Fig. 1): 

first, an initial and almost instantaneous elastic strain 

occurs associated to a load increase (A→B) until a 

specified stress value; next, if the stress value is kept 

constant, the following three stages could be noted: the 

strain increases with a decreasing strain rate (primary 

creep, B→C), followed by a secondary creep with 

constant strain rate (C→D), and finally, if the stress value 

is high enough, the strain rate accelerates and rock failure 

occurs (tertiary creep, D→E) (Hamza and Stace, 2018). 

Laboratory tests are often employed to study creep, 

because it is easier to provide and control the required 

conditions, and because their associated cost is often less 

than the cost of in-situ tests (Dusseault and Fordham, 

1993; Roy and Rao, 2015). In the last decades, several 

laboratory creep tests have been commonly conducted to 

study the time-dependent behaviour of different types of 

intact or fractured rock (e.g., He et al., 2016; Hamza and 

Stace, 2018). Results of these laboratory creep tests 

suggest that there are several main factors affecting rock 

creep behavior, such as: (i) relative humidity (Liu et al., 

2018), (ii) water content (Min et al., 2014), (iii) deviatoric 

stress (Zhang et al., 2015; Liu et al., 2018; Hamza and 

Stace, 2018), (iv) temperature (He et al., 2016; Li et al., 

2017, 2018;), and (v) clay content (Liu et al., 2018). 

Based on such available experimental data, several 

mechanisms have been proposed to represent the time-

dependent behavior associated to creep. Many of these 

creep models include empirical creep laws, rheological 

models, and laws based on fundamental physical 

mechanisms (Dusseault and Fordham, 1993). The Burger 

model –which results as a combination of the Maxwell 

model and Kelvin model– is usually employed to simulate 

the rock creep behaviour (Zhan et al., 2015; Hamza and 

Stace, 2018). However, this model cannot reproduce 

nonlinear characteristics of the tertiary creep behaviour 

(Xu et al., 2013; Hu et al., 2016). 

The rate process theory (Eyring 1936) describes the 

sliding velocity between particles as a function of the ratio 

of tangential-to-normal forces acting on them, among 
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ABSTRACT: Rock creep behavior is an essential factor of many geotechnical projects, such as dam foundations, tunnels, rock-bolt 

or rock-socketed piles. Creep is a progressive deformation that many materials exhibit under a state of constant homogeneous stress. 

In the last decades, several laboratory creep tests have been conducted to study the creep behaviour of different types of intact or 

fractured rock samples. Based on experimental data several creep models have been proposed to reproduce the creep behaviour 

observed empirically; however, these approaches often do not reproduce all phases of creep behaviour satisfactorily. In this work, a 

numerical model in PFC2D is employed to simulate a compression multistage creep test on slate rock using an implementation of the 

rate process theory proposed by Kuhn and Mitchell (1992) and a hybrid contact model –with the Linear Model and the Flat Joint 

Contact Model– to represent the behaviour of contacts between particles. The numerical results are compared with experimental data 

of a uniaxial compression multistage creep test conducted on slate. DEM2D results suggest that the rate process theory is able to 

reproduce all phases of creep behaviour on slate, particularly the tertiary creep. 

 

 



others factors. And Kuhn and Mitchel (1992, 1993) 

demonstrated that the rate process theory could be 

employed to describe the creep behaviour of geotechnical 

materials such as sands. Additionally, numerical methods 

–such as the Distinct Element Method (DEM)– have also 

gained attention in recent years to study creep behaviour 

or fracturing process in rocks and rock masses (Kemeny, 

2005; Lisjack and Grasselli, 2014). In particular, the 

DEM approach, in conjunction with the rate process 

theory (Kuhn and Mitchel, 1992, 1993; Kwok and Bolton, 

2010), have been shown to be useful to model all stages 

of creep of soils. 

 

Fig. 1. Stages of creep behaviour under constant homogeneous 

stress: (a) strain versus time, (b) log(strain rate) versus 

log(time) (modified from Kwok et al., 2010). 

This work investigates the applicability of the rate process 

theory implementation proposed by Kuhn and Mitchell 

(1992, 1993) to simulate rock creep behaviour with 

DEM2D. To do that, a DEM numerical model is employed 

to simulate a compression multistage creep test 

(UCMCT) on an intact slate sample, comparing its results 

with experimental data. 

2. CREEP MODELLING WITH RATE PROCCES 

THEORY IMPLEMENTATION IN PFC 

2.1. Rate process theory 
Kuhn and Mitchel (1992, 1993) proposed that creep strain 

is due to sliding between particles, so that the sliding 

velocity (�̇�) at each contact between particles depends on 

the tangential-to-normal force ratio (𝑓𝑡 𝑓𝑛⁄ ) at such 

contact. The relationship between sliding velocity and 

tangential-to-normal force ratio can be obtained from the 

principles of rate process theory, which was proposed by 

Eyring (1936). The constitutive equation of the rate 

process theory can be written as: 

�̇� = 𝜆
2𝑘𝑇

ℎ
𝑒

−Δ𝐹

𝑅𝑇 sinh (
1

2𝑘𝑇

1

𝑛1

𝑓𝑡

𝑓𝑛)               (1) 

where 𝜆 is flow unit, 𝑘 is Boltzmann’s constant (1.381 ×
10−23 J K−1), 𝑇 is the absolute temperature (K), ℎ is 

Planck’s constant (6.626 × 10−34 J s), Δ𝐹 is the 

activation energy, 𝑅 is the universal gas constant 

(8.314 × 10−3 kJ K−1 mol−1), 𝑛1 is the number of bonds 

per unit of normal contact force (bonds N⁄ ), and 𝑓𝑡 𝑓𝑛⁄  

can be expressed as a function of friction coefficient at 

contact particles (𝜇 = 𝑓𝑡 𝑓𝑛⁄ ) (Kuhn and Mitchel, 1992). 

2.2. Numerical implementation 
The Particle Flow Code (PFC) (Itasca Consulting Group 

Inc., 2014) is the commercial implementation of DEM 

used in this paper. PFC simulates the behaviour of a 

collection of rigid and finite-sized particles that can 

translate and rotate independently to each other. The 

particles interact at pair-wise contacts with internal forces 

and moments. Newton’s second law, together with a 

force-displacement law, are employed to control the 

interactions between particles and to assess the contact 

forces and to compute particle displacements (Itasca 

Consulting Group Inc., 2014). 

PFC provides a Bonded-Particle Model (BPM) to mimic 

the macroscopic behaviour of cohesive or bonded 

materials, such as concrete or rock (Potyondy, 2015). The 

BPM can include several possible contact models –e.g., 

Linear Model (LM), Flat Joint Contact Model (FJCM), 

etc.–, that are useful to reproduce the macroscopic 

behaviour of such materials. Following Li et al. (2017), 

the rock creep behaviour has been simulated in this work 

using a DEM2D model with a hybrid model of contact 

between particles, that employs both the linear and flat-

joint contact models (LM and FJCM, respectively). 

Additionally, the rate process theory (using Eq. (1)) has 

been implemented into the DEM2D numerical model as a 

Visual C++ function compiled as Dynamic Link Library 

(DLL) file; this provides significantly improved 

efficiency, as compiled C++ functions can generally 

execute 10 to 100 times faster than the equivalent function 

implemented in PFC internal programming language 

(FISH) (Itasca Consulting Group Inc. 2014). Table 1 lists 

the values employed for the rate process theory 

parameters. For additional details about the 

implementation of the rate process theory in DEM 

numerical model see Kuhn and Mitchell (1992, 1993) and 

Kwok and Bolton (2010). 

2.3. Set-up of the numerical uniaxial compression 

multistage creep test in DEM 
To conduct the numerical UCMCT, the calibration of the 

micromechanical parameters of the LM and the FJCM is 

needed first. The laboratory UCMCT conducted on a slate 

sample can be used as a benchmark for that. The rock data 
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used herein was taken from a natural slate drilled in the 

Nogueira Group located at the Galicia-Trás-Os-Montes 

Zone (North of Spain). The calibration procedure is 

described next. 

Table 1. Values employed for the rate process theory (according 

to Kuhn and Mitchell 1992, 1993) 

 

2.3.1 Calibration of micromechanical parameters of 

intact materials 

There are several procedures to calibrate 

micromechanical parameters employed in DEM 

modelling with PFC (see e.g., Potyondy and Cundall, 

2004). In this work, the methodology proposed by 

Gutierrez-Ch et al. (2018) is used, with variations to 

consider the specific features of the UCMCT. 

The calibration is an iterative process which starts 

matching the macroscopic Poisson’s ratio (𝜈) of the 

elastic part of the stress-strain relationship, that mainly 

depends on the particle and flat-joint normal-to-shear 

stiffness ratio (𝑘∗ and 𝑘∗); next, the macroscopic Young’s 

modulus (𝐸) –again, of the elastic zone–, is calibrated 

modifying the particles and flat-joint effective modulus 

(𝐸∗ and 𝐸∗); finally, the cohesion (𝑐) and tensile strength 

(𝜎𝑡) of the flat-joint are adjusted to reproduce the 

maximum stress value (𝜎𝑝𝑒𝑎𝑘) reached at the UCMCT 

(see Section 2.3.2). (For more details, see Gutiérrez-Ch et 

al., 2018). The particle effective modulus (𝐸𝐿𝑀
∗ ) and 

normal-to-shear stiffness ratio (𝑘𝐿𝑀
∗ ) for the LM were the 

same employed for the FJCM. Table 2 lists the 

micromechanical parameters obtained after calibration, 

and Table 3 compares the macroscopic UCMCT results –

𝜎𝑐 , 𝐸, 𝜈– obtained in the laboratory with those computed 

with DEM2D. 

2.3.2 Uniaxial compression multistage creep test 

(UCMCT) 

To simulate the UCMCT with DEM, the numerical 

sample is generated first using the procedure proposed by 

Potyondy and Cundall (2004): first, a container consisting 

of four planar frictionless walls is filled with an assembly 

of randomly placed particles; second, an isotropic initial 

stress is applied to reduce the magnitude of the locked-in 

forces and to get a better distribution of contacts; third, 

“floating” particles with less than three contacts are fixed 

increasing their radii until all particles away from the 

specimen boundaries have at least three contacts; next, 

LM and FJCM are installed to each particle-particle 

contact; finally, the lateral walls are removed. (For 

additional details see Potyondy and Cundall, 2004). 

Table 2. Micromechanical parameters fitted for the DEM 

employed to reproduce the UCMCT conducted on a slate rock 

 

Table 3. Comparison between macro-mechanical properties 

obtained for the UCCT on a slate rock sample by laboratory test 

and by a DEM2D numerical model 

 

Next, the following three steps are employed: 

(a) Initial stress: the numerical sample was initially 

loaded in vertical direction until an initial stress 

value (𝜎𝑖) (see Fig. 2(a)). To do that, the axial 

deformation (𝜀1) of the laboratory rock sample 

after the first loading stage is used as benchmark. 

The elastic axial 𝜀1 and transverse 𝜀3 deformation 

obtained in this stage were neglected. 

(b) Compression phase: the numerical sample was 

loaded in the vertical direction at a constant 

vertical strain rate of 5 %/s until a specified axial 

stress 𝜎1 of the laboratory test is reached (see Fig. 

2(b)). 

(c) Creep phase: the rock sample was allowed to 

creep while 𝜎1 was kept constant for a specified 

time interval (see Fig. 2(c)). 

For UCMCTs, steps 2 and 3 must be repeated until 

the maximum stress value (𝜎𝑝𝑒𝑎𝑘) is reached and rock 

failure occurred. During the UCMCT, the axial stress 

(𝜎1) is obtained dividing the average force reaction on 

the top and bottom walls by the sample width, while 

the axial deformation (𝜀1) is computed by the relative 

displacements of such walls. Since the lateral walls 

needed to generate the sample are deleted, the 

transverse strain (𝜀3) has been measured tracking the 

displacement of two gage particles –i.e., a particle at 

the right of the model and another at the left– (see Fig. 

2). 

Variable Value 

Boltzmann’s constant, 𝑘 (J/K) 1.381 × 10−23 

Planck’s constant, ℎ (J.s) 6.626 × 10−34 

Universal gas constant, 𝑅 (kJ/(mol.K) 8.314 × 10−3 

Absolute temperature, 𝑇 (K) 293 

Flow unit, 𝜆 (m) 3 × 10−10 

Activation energy, Δ𝐹 (kJ/mol) 100 

Number of bonds per unit of normal 

Contact force, 𝑛1 (bonds/N) 
1 × 109 

 

Particle micromechanical properties 

𝐸∗(GPa) 21.75 

𝑘∗ = 𝑘𝑛 𝑘𝑠⁄  2.70 

Friction angle ∅ (º) 30 

Ball density, 𝜌(𝑘𝑔 𝑚3⁄ ) 2647 

Minimum radius, 𝑅𝑚𝑖𝑛  (mm) 0.60 

𝑅𝑚𝑎𝑥 𝑅𝑚𝑖𝑛⁄  1.50 

FJCM micromechanical properties 

𝐸∗   (GPa) 21.75 

𝑘∗    2.70 

c (MPa) 29.00 

𝜎𝑡  (MPa) 7.972 

LM micromechanical properties 

𝐸𝐿𝑀
∗  (GPa) 21.75 

𝑘𝐿𝑀
∗  2.70 

Hybrid model 

LM-to-FJCM contact ratio (%) 2.75 

 

Macroproperties Laboratory DEM2D 

𝜎𝑝𝑒𝑎𝑘  (MPa) 31.35 31.35 

𝐸 (GPa) 26.00 23.60 

𝜈 0.28 0.28 

 



 

Fig. 2 Numerical uniaxial compression creep test on DEM2D 

with the evolution of the axial strain during the test: (a) initial 

stress installation, (b) compression tests, (c) creep tests. (Black 

lines represent FJCM, green lines represent LM, blue balls 

represent the gage particles). 

3. RESULTS 

3.1. Creep strain-time response  
A uniaxial compression multistage creep test (UCMCT) 

was conducted with DEM2D to try to reproduce the creep 

behaviour on a slate rock with the procedure explained in 

Section 2.3.2. Because the laboratory test time is different 

to the simulation time used in the DEM2D numerical 

model, the times of both tests have been normalized with 

respect their maximum total time; thus both curves can be 

plotted together in the same plot. 

The axial strain (𝜀1) and the axial stress (𝜎1) plotted 

against normalized time (𝑡) under different loading steps 

are plotted in Fig. 3. As it can be observed, the behaviour 

of DEM2D numerical simulation was quite similar to the 

laboratory results. (There are some slight differences in 

the first loading steps due to non-constant axial strains 

along the height of the sample at the beginning of the 

laboratory test). Furthermore, the obtained DEM2D results 

are consistent with the results reported by Zhang et al. 

(2015) and by Hamza and Stace (2018) in which a 

fluctuating behavior is not present, demonstrating that 

creep strain is continuous over time. 

Fig. 3 shows that DEM model is suitable to simulate the 

theoretical creep behaviour presented in Fig. 1. For lower 

loading stages the firsts strain phases of creep are 

observed: i.e., instantaneous elastic strain due to a rapid 

load increase, primary creep in which the strain decreases 

rapidly, and secondary creep with a low constant strain 

rate. The tertiary creep was also noticed under the last 

loading step of 𝜎1 = 31.35 MPa, when the rock fails. This 

result suggests that, in agreement with the results of Kuhn 

and Mitchell (1992, 1993) and Kwok and Bolton (2010) 

for soils, a DEM formulation implemented with the rate 

process theory can reproduce all phases of rock creep 

behaviour. 

 

Fig. 3. Creep axial strain against normalized time obtained on a 

slate rock. 

3.2. Creep strain-rate behaviour  
Fig. 4 shows the logarithm of vertical axial strain rate (𝜀1̇) 

against the logarithm of the normalized time (𝑡). A quasi-

linear decrease of strain rate with the logarithm of time 

(primary creep) occurs at the beginning of each loading 

step, followed by another period of approximately 

constant strain rate (secondary creep). This occurs, with a 

different degree of relative relevance of both phenomena, 

in all loading steps, except for the last loading step of 

(higher) stress, in which tertiary creep with accelerating 

strains occur until the 𝜎𝑝𝑒𝑎𝑘 is yielded and the rock 

sample fails. 

 

Fig. 4. Axial strain rate curve computed with DEM2D during 

the uniaxial compression multistage creep test on a slate rock. 

4. CONCLUSIONS 

This paper demonstrates that the DEM2D framework for 

numerical modeling can be, after proper calibration, 

successfully employed to satisfactorily simulate the creep 

behaviour of slate rock subjected to laboratory uniaxial 

compression multistage creep tests. To that end, the rate 

process theory is implemented, together with a hybrid 
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model combining the Flat Joint Contact Model and the 

Linear Contact Model. 

In addition, results suggest that the proposed 

methodology using DEM2D is able to reproduce the 

tertiary creep in rocks. This represents a significant 

advance with respect to previous theoretical or numerical 

approaches in the literature (e.g., those based on the 

Burgers model), as they cannot reproduce tertiary creep. 
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