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Abstract: This paper investigates the time-dependent influence on the shear failure behavior of 

parallel rock joints in the echelon arrangement due to chemical weathering, which can be treated 

as a generalized time dependency of the rock material. A time-dependent parameter α, identifying 

the accumulated relative mass removal of bonding material, has been implemented into a novel 

DEM bond contact model. This model is based on a series of mechanical test on bonded aluminum 

rods with different bond geometries. The numerical direct shear test results of echelon rock joints 

characterized by different values of α show that increasing time-dependent parameter α can lead 

to a lower crack initiation and peak stresses. This is accompanied by a growing ratio of the 

microscopic compressive-shear-torsional bond failure (CST) number of bond failures to the total 

number of failures, except for the case without weathering influence. High values of α render the 

material bridge a weaker part to be cut through, generating a large number of compressive-shear-

torsional bond breakages along the central shear axis. 
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1. Introduction 

Time-dependent alterations in the physical and mechanical properties of the bedrock due 
to chemical weathering has arisen great attention from geological researchers and engineers 
(Chigira & Oyama, 2000). These alterations cause deterioration of the rock and instability in 
the rock mass, which is a potential threat to large-scale rock engineering projects, e.g. high cut-
slope, huge bridge-anchorage, underground power stations, carbon dioxide sequestration, 
underground storage of radioactive waste, etc. Time-dependent behavior normally refers to 
creep, a continued deformation in cases of high point loads, aggressive chemistry or tensile 
stresses leading to time-dependent fracture growth (Dusseault & Fordham, 1993). This means 
that during creep, the physical and mechanical properties of rock material change, as in the 
process of chemical weathering. Being a natural process under specific physico-chemical 
circumstances and dominant among all kinds of degradations in humid subtropical and tropical 
regions, chemical weathering can thus be classified as one kind of generalized time-dependent 
behaviors of rocks and rock masses.  

In previous studies, most researchers focused on how to evaluate the weathering extent of 
the rock sample (e.g. Duzgoren-Aydin et al., 2002; Ohta & Arai, 2007; Price & Velbel, 2003) 
and the relationship between weathering rate and time (e.g. Hachinohe et al., 2000; Velbel, 1993; 
White & Brantley, 2003). This kind of time-dependency due to weathering is too complex to 
fully obtain the laws for alterations of the macroscopic properties on the basis of current 
experimental and field data, with two processes both intrinsic to the varied minerals composing 
the rock material and extrinsic to the weathering environment. Some researchers tried to 
investigate this issue from the microscopic level (e.g. Ciantia et al., 2013; Ciantia & Hueckel, 
2013), through employing different techniques: X-ray micro-computer-tomography (MCT), 
scanning electron microscope (SEM) analyses and mercury intrusion porosimetry (MIP). By 
observing the rock material at micro scale, numerous grains with distinctive inter-particle bonds 
can be recognized. Consequently, the time-dependent behavior due to chemical weathering can 
be simplified into the process of mass dissolution and removal, finally configuring the 
debonding among those cemented grains (Buscarnera, 2012; Ciantia et al., 2013). This 
simplified debonding law can be implemented into a distinct element method (DEM) 
microscopic contact model, making this model a suitable tool to analyze this time-dependency 
of rock behavior, which is one primary motivation of this academic work.  

Furthermore, discontinuities within the rock mass dominate the behavior −especially 
failure− of the rock mass (Tang et al., 1998; R. H. Wong & Chau, 1998). Rock joints in the so-
called echelon arrangement, characterized by the parallel and laterally displaced separated 
joints (Gehle & Kutter, 2003), have been widely observed in situ. Therefore, investigation of 
the breakage of echelon rock joints enables understanding of the much more complex failure of 
the rock mass due to the large number of possible interactions among the discontinuities. 
Although some promising experimental and numerical results have been obtained for 
specimens containing non-persistent joints under different geometrical and loading conditions 
(e.g. Gehle & Kutter, 2003; Ghazvinian et al., 2012; Sarfarazi et al., 2014; R. Wong et al., 2001; 
Zhang et al., 2006), the influence of the time-dependent factor on the failure of rock joints is 
not yet clear. Also, because experimental results are very sensitive to sample-preparation 
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processes and boundary loading conditions, any small change in the contact conditions between 
sample and loading platens may result in different failure modes for the sample. Thus, a 
numerical approach seems to be suitable for studying crack propagation and coalescence in 
rock, due to the mechanical and geometrical complexity of this kind of problems. 

Therefore, this paper aims to investigate the time-dependency of failure among echelon 
rock joints through a novel DEM model by incorporating the weathering effect in a DEM 
contact law. The complex time-dependency is simplified as the bond material degradation 
happens homogenously within the rock sample. Four scenarios with different values of the time-
dependent parameter are compared with each other to analyze the influence of time-dependency 
on the failure of the parallel joints in the echelon arrangement. Those comparisons are presented 
from both macroscopic and microscopic viewpoints, e.g. shear stress and displacement 
relationship, the number of bond failures of two types, force chains, principal stress vector and 
bond breakage distributions. 

2. Bond contact model incorporating weathering effect 

The conceptual bond contact model, as illustrated in Fig. 1, is characterized by the radii of 
two cemented disks with diameters D1 and D2 and the dimensions of the bond (i.e. bond width 
B and bond thickness H). In order to introduce the slight chemical weathering effect into the 
DEM microscopic contact model, it is simply assumed that the chemical dissolution reactions 
happen only on the bonding material cementing adjacent grains instead of a complex alteration 
in the particle geometries. A time-dependent parameter identifying the ratio of dissolved bond 
mass to the initial mass α is implemented into the function of the bond width in a two-
dimensional context: 

2(1 )i
cri

B B α
α

= × −                              (1) 

where Bi is the very initial width of the bond before any weathering processes take place; αcri is 
the critical ratio of dissolved bond mass to the initial one, which is assumed to be 80% in the 
following simulation. Since the main focus of this study is how shear behavior of rock joints 
changes with varying microscopic time-dependent parameter α, how α changes with time is not 
considered in this numerical work. 

The mechanical responses are similar to the contact model characterized by bond rolling 
resistance elucidated by Jiang et al. (2006). Contact forces are assumed to be transferred through 
not only the bond but also the inter-particle contact, since the adjacent particles are in touch 

with each other, i.e. Fn=Fb 
n +Fp 

n , Fs=Fb 
s +Fp 

s , M=Mb +Mp, where Fb 
n , Fb 

s  and Mb are the normal 

force, the shear force and the moment transferred through the bond, respectively, while Fp 
n , Fp 

s  

and Mp are the corresponding components transferred through the inter-particle contact. The 
initial inter-particle contact forces, existing before the bond forms, are not involved in the force 
distribution as bonds generate. The inter-particle mechanical responses can be formulated in 
the same way as the inter-particle rolling contact model, while the bond contact forces can be 
expressed as: 
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Figure 1. Schematic illustration of bonded grains 
 
 

where min[•] is the operator taking the minimum; un, un0, us, θ are the overlap, the initial overlap 

when the bond forms, the shear displacement and the relative rotation angle, respectively; Kb 
n , 

Kb 
s =Kb 

n /Constant and Kb 
m=0.2B2Kb 

n  are the normal, shear and rolling contact stiffness, evaluated 

based on the experimental data of mechanical test on bonded rods; Rcb, Rtb, Rsb and Rrb are the 

normal compressive, normal tensile, shear and rolling bond strength. Kb 
n  is related to the 

Young’s modulus of the bonding material, Eb: 

b
n b

avg

BK E
H

= ×                                 (5)
 

A generic bond strength envelope derived from the experimental test results of cemented 
aluminum rods with different bond geometries is employed in this contact model. The 
compressive and tensile strengths Rcb, Rtb are functions of both the macroscopic strength of the 
bonding material and the geometries of the bonded granules: 

0.52
0.65 H

B
cb c

BR B L e
D

σ
− × = × × × × 

 
                   (6) 

0.840.40( )
H
B

tb t
BR B L e
D

σ
×

= × × × ×                       (7) 

where σc, σt are the macroscopic compressive and tensile strength of the bonding material; L is 
the length of the bond in the direction perpendicular to the paper; D is the common diameter of 
the two disks with diameters D1 and D2: D=2D1D2/(D1+D2). 

The projection of the envelope in Fb 
s -Mb, Fb 

s -Fb 
n  and Mb-Fb 

n  planes can be expressed as: 
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2 2
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b b
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+ =                               (8) 

10.34 [1 2 ln( )]sb cb
BR R f
D f

= × × × × + ×                    (9) 

10.1 1 2 (ln )rb cbR B R f
f

 
= × × × × + × 

 
                   (10) 

where f = (Fb 
n +Rcb)/(Rcb+Rtb) is defined as the stress ratio, which can be used to define the type 

of bond failure: when f = 0, compressive failure occurs; when 0 < f < 1, tensile-shear-torsional 
(TST) failure (Fn < 0) or compressive-shear-torsional (CST) failure (Fn > 0) occurs; when f = 
1, tensile failure occurs. If un-un0 ≥ 0, the post-failure mechanical behavior can be expressed as: 

b
n cbF Rλ=                                    (11) 

min[ ,0.34 ]b b
s s s c

BF K u R f
D

=                           (12) 

min[ ,0.1 ]b b
m cM K BR fθ=                             (13) 

where λ is evaluated between 0 and 1. Otherwise, the contact forces drop to zero. 

3. Numerical simulation of a direct shear test on jointed rocks 

3.1 Intact rock material 

Calcarenite, a typical kind of soft rock (Ciantia et al., 2013) is chosen as the target material 
for the DEM simulation. In order to obtain such an intact rock material in DEM modeling, the 
procedure of parametric calibration, characterized by two classic experiments −Brazilian and 
uniaxial compression tests−, has been finished before the simulation of the direct shear test of 
jointed rock samples. Before these two tests, a homogenous sample is generated by the Multi-
layer with Under-compaction Method (Jiang et al., 2003), with an initial void ratio of 0.20 and 
the particle diameter distribution shown in Fig. 2. The final values of these microscopic bond 
contact model parameters are listed in Table 1. There are overall 8 parameters: four of them 
regarding the particle: kn and ks are the normal and shear stiffness; μp and βp are the friction and 
rolling resistance coefficient of particles. The other four are in relation to the cementing material: 
Eb is the Young’s modulus of bonding material; spb=B/D is the ratio of the bond layer width to 
the diameter of the particle; σc and σt are the macroscopic compressive and tensile strength of 
the cementing material. The macroscopic mechanical properties of this DEM rock material, 
compared with the target soft rock material are presented in Table 2. 
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3.2 Simulation of direct shear test on echelon rock joints 

Prior to the DEM simulation of direct shear test on echelon rock joints, a 21.9 cm × 13.1 
cm DEM rock sample composed of 30000 particles was generated in the same way as it was 
mentioned in the previous sub-section (Fig. 3). Joints are identified as layers of particles 
−within the rock sample− with a thickness of four times the minimum particle diameter. Joints 
are assigned with microscopic contact properties (shown in Table 1) including no bond effect. 
The two-dimensional rock joint constellations are characterized by three geometrical 
parameters, i.e. the inclination angle i (the angle between the joint and negative direction of the 
horizontal axis, positive if the angle is clockwise), the length l and the spacing e. Since the key 
point of this paper is to analyze the time-dependency of breakage within the jointed rock during 
the shear process, the influence of these geometrical parameters and loading conditions will be 
further discussed in another future academic paper. In this simulation, the inclination angle, the 
scale and degree of separation l/e and the normal stress are 45°, 0.6 and 0.1 MPa, respectively. 
As for the time-dependency, four weathering scenarios, characterized by the ratio of the 
dissolved bond mass to the initial mass α (i.e. the time-dependent parameter), are described in 
the following section. During the direct shear tests, a constant normal stress was maintained by 
the horizontal rigid walls #1 and #4, and a shear load was applied to the bonded granular 
assembly by moving the vertical rigid walls #2 and #3 relatively to each other at a constant 
quasi-static velocity. 
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Table 1. Parameters of the contact model of DEM analyses 
Parameter Value 

Particle 

Density ρ (kg/m3) 2700 

Normal stiffness kn (N/m) 3.0×108 

Shear stiffness ks (N/m) 1.2×108 

Friction coefficient μp 1.0 

Anti-rotation coefficient βp 1.5 

Cementing material 

Modulus Eb (N/m2) 8.27×106 

Compressive strength σc 

(N/m2) 
232.4×106 

Tensile strength σt (N/m2) 16.6×106 

Spreading ratio spb 0.15 

 
Table 2. The macroscopic properties of the intact soft rock material. 

Properties Target DEM 

Young’s modulus E (GPa) 0.28 0.28 

Poisson ratio υ 0.3 0.29 

Compressive strength σc (MPa) 2.16 2.23 

Tensile strength σt (MPa) 0.33 0.32 

 

4. Results 

In this section, the time-dependency of the failure of the echelon rock joints during a direct 
shear test is analyzed in three aspects: 1) macroscopic shear behavior presented with 
microscopic bond failure numbers, 2) crack initiation shear and peak stresses and 3) post-failure 
configurations of the rock joint constellations. In this study, the time-dependent parameter α 
has been given four different values: 0%, 5%, 10% and 20%, considering the potential slight 
chemical weathering condition in the practical rock engineering projects.  

Figure 4 shows the relationships between shear stress (and microscopic bond failure 
numbers) and shear displacement during the shear test on the DEM jointed rock samples under 
varied weathering circumstances. All these four samples share the same shear behavior 
composed of four typical stages, i.e. elastic shearing phase, crack propagation, failure of rock 
bridge and through-going discontinuity. During the elastic shearing phase, no microscopic bond 
failure happens. When the microscopic bond failures occur, the cracks initiate then propagate, 
and eventually transect the material bridges with the peak shear stress reached. Finally, a 
through-going discontinuity appears and cuts through the set of the inclined echelon joints, 
represented by the drop of the shear stress from the peak to a lower residual strength. During 
the shear process, TST failures dominate the microscopic bond failures, which experience a 
sharp increase as the shear stress reaches the peak and then stay rather stable during the post-
peak residual stage. 
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Figure 4. Relationships between shear stress (and microscopic bond failure numbers) and 
shear displacement with different α: (a) 0%, (b) 5%, (c) 10% and (d) 20% 

 
 
Figure 5 illustrates the shear loading capacity of the echelon joints with different α. Both 

the crack initiation stress and the peak stress decrease with the increasing α, which can prove 
that the microscopic alterations of the bonding material can result in great changes of the 
macroscopic mechanical responses. 
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Figure 5. Shear loading capacity of the echelon joints with different α 

 
 
Figures 6, 7, 8 and 9 present the post-failure configurations of echelon rock joints in terms 

of force chains, principal stress vectors, bond and bond breakages. From Figures 6 and 7, it can 
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be seen that the major principal stress is almost perpendicular to the orientation of the joints, 
and the parameter α has a great impact on the stress distribution among those material bridges, 
e.g. a larger α makes the stress concentrate into a smaller part of the bridge, even though the 
bond degradation is homogenously distributed within the rock sample. Figures 8 and 9 show 
the bond breakage among these rock joints. With a higher accumulated relative mass removal 
of the bond, α, the material bridge between parallel joints tends to be transect from the mid of 
the bridge, forming a complete discontinuity along the central shear axis. While for those with 
lower α, some wing cracks initiate from the tip of the joint and develop towards the adjacent 
tip of the neighboring joint. In Figure 9, the bond breakages of both CST (blue) and TST (red) 
failure types are shown within the jointed rock sample, reaffirming the bond failure numbers 
presented in Figure 4. Most of the CST bond breakages are located along the central shear axis, 
especially for the case with higher α. 

 

 
(a) α = 0%         (b) α = 5%         (c) α = 10%         (d) α = 20% 

Figure 6. Force-chain distributions of four cases with different α 
 

 
(a) α = 0%         (b) α = 5%         (c) α = 10%         (d) α = 20% 

Figure 7. Principal stress vector fields of four cases with different α 
 

 
(a) α = 0%         (b) α = 5%         (c) α = 10%         (d) α = 20% 

Figure 8. Bond distributions of four cases with different α 
 

 
(a) α = 0%         (b) α = 5%         (c) α = 10%         (d) α = 20% 

Figure 9. Bond breakage distributions of four cases with different α 
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5. Conclusions 

This paper analyzes the time-dependent behavior of parallel rock joints in the echelon 
arrangement caused by slight chemical weathering through introducing a time-dependent 
parameter identifying the accumulated relative mass removal of the bond material cementing 
rock grains. This debonding law has been implemented into the DEM bond contact model on 
the basis of the experimental data extracted from mechanical test on bonded aluminum rods 
with different bond geometries. The main conclusions are as follows: the shear behaviors of 
samples with different time-dependent parameters are similar, except for some characteristic 
values such as crack initiation and peak shear stress. Both of them decrease with the growing 
time-dependent parameter α. A higher α always makes the material bridge weaker to assume 
the loading transferred though it, rendering it easier to be transected by the crack initiating from 
the mid of the parallel joints. From the microscopic level, the ratio of CST bond breakage 
number to the total one increases with the growing α except for the non-weathered case, which 
means that the material bridge with higher α is biaxial compressive state-like instead of 
Brazilian test-like loading state for cases with lower α. Overall, the DEM simulation 
characterized by a novel bond model has been proved to be a feasible tool to numerically 
investigate the time-dependent behavior of the rock material. 
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