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ABSTRACT: The slaking of geomaterials often causes some unexpected geohazards, such as slope failures, 

debris flows, rockfalls, and so on. In particular, the process of slaking is highly enhanced when the geomaterials 

include swelling clay minerals such as montmorillonite and saponite. In order to investigate the mechanisms 

of the slaking phenomenon from a microscopic point of view, this study presents a particle simulation model 

based on the discrete element method (DEM) that can reproduce the slaking process of geomaterials that 

include swelling clay minerals. The properties of swelling and shrinking are modeled by changing the diameter 

of the DEM particles which are assumed to comprise the swelling clay minerals and several sand particles. A 

series of simulations of the deformation of mudstone under a wet-dry cyclic condition is performed in both two 
and three dimensions. As a result of the analyses, the applicability of the proposed model to the slaking 

phenomenon is confirmed. 
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1. INTRODUCTION 

 

The slaking phenomenon is described as the 

process in which compacted soils or rocks gradually 

disintegrate into fine fractions under a wet-dry 

cyclic condition. The slaking of geomaterials often 
contributes to the risk of some geohazards, such as 

slope failures, debris flows, rockfalls, and so on [1]. 

In particular, when the geomaterials include 

swelling clay minerals, such as montmorillonite and 

saponite, which are classified in the smectite group, 

the slaking phenomenon is highly enhanced and the 

potential for geohazards increases considerably. 

Previous researches have revealed that many factors 

can trigger the slaking phenomenon [2], [3], but 

each factor has not yet been systematically defined. 

In order to investigate the mechanisms of the 
slaking phenomenon from a microscopic point of 

view, this study presents a particle simulation 

model based on the discrete element method (DEM) 

that can reproduce the process of the slaking of 

geomaterials that include swelling clay minerals. In 

the model, the characteristics of swelling and 

shrinking are modeled by changing the diameter of 

the DEM particles which are assumed to comprise 

the clay minerals and several sand particles. In 

addition to this model, a model of cohesion is 

introduced to the contact logic between the DEM 

particles so that cohesive materials, such as 
compacted soils and rocks, can be reproduced in the 

framework of the DEM.  

A series of simulations of the deformation of 

mudstone, subjected to cycles of wetting and drying, 

is performed in both two and three dimensions. As 

a result of the analyses, the applicability of the 

proposed model to the slaking phenomenon is 

confirmed.  

The present paper is organized as follows. At the 

beginning of the paper, the numerical methods are 

firstly described. Details of the results of the 

numerical simulations and discussions are then 
given in the following sections. A summary and the 

limitations of the proposed numerical model are 

presented in the final section. 

 

2. MODEL OF SWELLING AND 

SHRINKING  

 

A numerical model which can simulate the 

characteristics of the swelling and shrinking of clay 

minerals is developed on the basis of the 

conventional DEM [4]. In the proposed model, the 
DEM particles are assumed to represent the area 

where several sand particles and clay minerals exist, 

as shown in Fig. 1, where the dotted circles indicate 

the DEM particles. When the soil contains water, 

the clay minerals swell and are pushed inside the 

pores of the sand particles; and thus, they enlarge 

the size of the DEM particles. When the soil is 

exposed to a dry condition, on the other hand, the 

clay minerals shrink; and thus, the size of the DEM 

particles also shrinks. Such a model, which deals 

with the changing size of DEM particles, is found 

in some literature [5], [6], where the patterns of the 
surface cracks of the clay soils are studied.  

The initial diameter of DEM particles is defined 

as Dini (m). In the following sentences, the direction 

of swelling is negative and that of shrinking is 

positive. The upper limit of the amount of swelling 

is defined as −swDini (m), while the upper limit of 
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the amount of shrinking is defined as shDini (m), as 

shown in Fig. 2. It should be noted here that 

swelling coefficient sw is a negative value and that 

shrinking coefficient sh is a positive value. The 

values for sw and sh are non-dimensional. The 

variation in the diameter of each DEM particle 

against time is assumed to be linear for simplicity.  

The times required to reach the limit value of the 

swelling and the shrinking are Tsw (s) and Tsh (s), 
respectively. When t1 (s) is the starting time of the 

swelling, t2 (s) is the ending time of the swelling, t3 

(s) is the starting time of the shrinking, and t4 (s) is 

the ending time of the shrinking, the diameter of the 

DEM particles at t (s) is obtained as follows: 

 


 (1)

 


< < (2) 

 

where t (s) is the time. The velocity of the 

swelling is −swDini/ Tsw (m/s) from Eq. (1) and the 

velocity of the shrinking is −shDini/ Tsh (m/s) from 

Eq. (2). From the viewpoint of computational costs, 

the values for Tsw (s) and Tsh (s) in the numerical 

simulations are set to be smaller than the actual 

scale of time. 

In this model, the shape of D(t) is linear and it is 

independent of the water content of the soils. A non-

linear model for D(t), which can consider the water 

content or the chemical reactions, is a topic for 

future study because the slaking phenomenon 

includes not only a mechanical process, but also a 

hydraulic process and a chemical process.  

 

3. MODEL OF COHESION 

 

3.1 Contact Logic 

 

In addition to the model of the swelling and 

shrinking, a model of the cohesion is introduced to 

the contact logic in order to express the compacted 

soils or rocks.  The model of the cohesion is 

composed of two models, namely, the linear contact 

bond model and the rolling friction model. The total 

of the three input parameters is attached to the 

model of the cohesion. 
The DEM permits the neighboring particles to 

be bonded together by springs which can transmit 

both attractive and repulsive forces. Among these 

bond models, the linear contact bond model [7], [8] 

requires only two micromechanical parameters for 

a transformation from the unbonded case to the 

bonded case. This bond model is characterized by 

the adaptation of the Mohr-Coulomb failure 

criterion into the Fn
cont−Ft

cont plane, as shown in Fig. 

3, where Fn
cont (N) is the normal contact force and 

Ft
cont (N) is the tangential contact force. The values 

for the slope of the lines in Fig. 3 indicate the 

coefficient of sliding friction . The two kinds of 

input parameters are the contact bond force in the 

tangential direction, c (N), and the contact bond 

force in the normal direction, t (N).  

Furthermore, in order to consider the effect of 

the inter-particle cohesion on the torque of the DEM 

particles, a rolling friction model [9] is also 

introduced. The rolling friction model employed in 

this study is the same as that employed in our 

previous research [9]. The moment of rolling 

resistance, resulting from the rolling friction, is 

defined as a function of the normal contact force, 

Fn
cont (N), and a length parameter to represent the 

contact area, b. Length parameter b is a ratio of the 

width of the virtual contact area to the diameter of 

Fig. 2 Parameters for model of swelling and 
shrinking 

Fig. 1 Model of swelling and shrinking in the 
framework of DEM 

Fig. 3 Model of linear contact bond 
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the DEM particles, and it is the input parameter for 
the rolling friction model.  

 

3.2 Uni-axial Compression Test 

 

Two-dimensional simulations of the uniaxial 

compression test are performed, as illustrated in Fig. 

4 (a), so that the correlations between the 

micromechanical parameter and the uniaxial 

compressive strength can be obtained. In the 

simulation, the upper wall and the lower wall are 

controlled with the same constant velocity in the 
direction of compression. 

The specimen is 100 (mm) in width and 200 

(mm) in height. The specimen consists of 23,397 

DEM particles whose average diameter is 1 mm. 

The density of the circular DEM particles is 2600 

(kg/m2). The contact springs, for both the particle-

particle contacts and the particle-wall contacts, are 

assumed to be linear. The value for kn/ kt = 4 (kn 

(N/m) = 1.0108  and kt (N/m) = 2.5107), where 

kn and kt are the normal and the tangential spring 

constants, respectively. In addition, viscous 

damping is introduced so that the equilibrium state 

can be achieved. The damping was constrained to 
be small enough so as not to have any effect on the 

results presented in this study. The value for the 

coefficient of the sliding friction is 0.5. The value 

for the rolling friction parameter is 0.1. The values 

for the contact bond force in the normal direction, t 

(N), are set to be in the range of 10 to 10,000, while 

those for the contact bond force in the tangential 

direction, c (N), are set to be 0.  

Figure 4 (b) plots the stress – strain curves 
obtained from the uniaxial compression test. The 

results of t (N) = 10, 500, 1000, and 10000 are 

presented here. The maximum values for the 

compressive stress indicate the uniaxial 

compressive stress. It can be seen from the figure 

that the values for the obtained strength depend on 

the contact bond force and vary in the range of 0 to 

1000 (kN/m2). The model of the cohesion is 

appropriate for the purposes of the present research 

because the typical value for the uniaxial 

compressive stress of mudstone often varies in the 

range of 100 to 10000 (kN/m2). It should be noted 

here that further investigations, such as a uniaxial 
tension test and a diametral compression test, in 

addition to the uniaxial compression test, are 

necessary for determining more detailed 

relationships between the micromechanical 

parameters and the micromechanical strength. 

 

4. 2D SIMULATION OF SLAKING 

PHENOMENON 

 

The numerical simulation of the slaking of 

mudstone under a wet-dry cyclic condition in two 

dimensions is performed in order to confirm the 

applicability of the proposed model. The initial size 

of the specimen at t (s) = 0 is 100 mm in width and 

100 mm in height. The number of DEM particles 

which comprise the specimen is 12,998, and the 

average diameter of each DEM particle is 1 mm. 

The time step is 5.0×10-7 (s). The values for the 

normal and the tangential spring constants are 

1.0108 (N/m) and 2.5107 (N/m), respectively. 

The values for  and b are 0.5 and 0.1, respectively. 

The above numerical conditions are almost the 

same as those used in the uniaxial compression test. 

In terms of the model of the swelling and 

shrinking, the input parameters are set as described 

in Fig. 5: sw = −0.1, Tsw (s) = 2.0, sh = 0.1, and Tsh 

(s) = 2.0. The cycle of swelling and shrinking is 

repeated two times, i.e., the total time of the 

simulation is 8.0 s. In the first cycle, the shrinking 

Fig. 4 Simulation of uniaxial compression test 
 

(a) 

(b) 
Fig. 5 Parameters for simulation of wet-dry 

cyclic condition 
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process is started immediately after the end of the 

swelling process. At the beginning of the second 

cycle, the swelling process is started immediately 

after the end of the shrinking process. 

Figure 6 shows the snapshots of the cases of 

contact bond force, t (N) = 10, 50, and 100, in 

which three different patterns of slaking are 

obtained. When the value for t (N) is larger than 

100, the specimen shows little change from the 

initial state. Neither deformations nor small cracks 

can be observed inside the specimens in such cases.  

At first, Fig. 6 (a) shows the case of t (N) = 10 

where the contact bond is very small. From the 

illustrations, it can be seen that the specimen 

already begins to collapse at t (s) = 2.0 and largely 

collapses at t (s) = 8.0. With this pattern of the 

slaking phenomenon, the magnitude of the collapse 

is very large and the soil specimen cannot retain the 

original shape at the end of the second cycle. 

Next, the case of t (N) = 50 is presented in Fig. 

6 (b). Based on the snapshots, there are neither 

cracks nor deformations inside the specimen at the 

end of the first cycle. However, at the end of the 

second cycle, it can be seen that the specimen has 

changed a little in shape. From the enlarged drawing 

at t (s) = 8.0, which is illustrated in Fig. 7 (a), there 

are some voids inside the specimen, i.e., cracks are 

generated. In the second pattern of the slaking 

phenomenon, the soil specimen deforms to a small 

extent and a lot of cracks appear at the final state. 

Finally, Fig. 6 (c) shows the case of t (N) = 100. 

In this case, the shape of the specimen remains 

square at the end of the second cycle. From Fig. 7 

(b), it can also be observed that there are no cracks 

or deformations. When the value for t (N) is larger 

than 100, the specimen shows the same trends as the 

case of t (N) = 100. In the third pattern of the 

slaking phenomenon, the soil specimen retains the 

original shape, even though it is subjected to two 

cycles of wetting and drying. 

In order to discuss these changes in the 

mudstone in detail, the evolution of the number of 

bonded contacts between the DEM particles is 

presented in Fig. 8 (a). For all cases, in the first 

cycle of the wet-dry condition, a lot of the bonded 

contacts are broken in the swelling process in 

comparison to the shrinking process. In particular, 

in the cases of t (N) = 10, the same trends are also 

obtained in the second cycle. However, in the cases 

of t (N) = 50 and 100, the variation in bonded 

contacts has a different tendency from that in the 

first cycle. From Fig. 8 (b), which is the extended 

view of Fig. 8 (a) in the second cycle, the decrease 

in bonded contacts in the shrinking process is larger 

than that in the swelling process. It is believed that 

the microscopic mechanisms of slaking at a particle 

resolution may also be different from the patterns of 

the macroscopic deformations.  

As stated in the above discussions, the presented 

simple numerical model can obtain three types of 

slaking behavior of the mudstone that depend on the 

parameters of the contact bond. However, the 

Fig. 6 Snapshots of simulation: (a) t (N) = 10. 
(b) t (N) = 50. (c) t (N) = 100 

 
 

Fig. 7 Enlarged illustrations at t(s) = 8.0: (a) t 
(N) = 50 (b) t (N) = 100. Magnification 
ratio of the figure is about 20 
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numerical conditions of t (N) = 10, 50, and 100 do 

not correspond to the actual uniaxial compression 

strength of mudstone, as discussed in the previous 

section. To solve this problem, a model of the 

cohesion which varies according to the water 

content is needed in the future.  

 

5. 3D SIMULATION OF SLAKING 

PHENOMENON 

 

In addition to the investigation in two 

dimensions, the results of the three-dimensional 

simulation are discussed briefly in order to validate 

the applicability of the proposed model in the 3-D 

condition. The simulation demonstrates the 

deformation of a cylindrical sample of mudstone 

taken by a boring exploration in a core box, as 

shown in Fig. 9. The mudstone sample includes 

swelling clay minerals and is subjected to wetting 

and drying in the same manner as the investigation 
in the 2-D condition. 

At the initial state, the diameter of the specimen 

is 50 (mm) and the length of it is 320 (mm). The 

interior of the core box has the same length. The 

number of DEM particles which comprises the 

specimen is about one hundred thousand, and the 

average diameter of each DEM particle is 2 (mm). 

The time step is 2.0×10-7 (s). The values for the 

normal and the tangential spring constants are 

1.0107 (N/m) and 2.5106 (N/m), respectively. 

The values for , b, t (N), and c (N) are set to be 

0.5, 0.1, 100, and 50, respectively.  

The parameters for the model of the swelling 

and shrinking are listed below: sw = −0.1, Tsw (s) = 

1.0,  sh = 0.1, and Tsh (s) = 1.0. The cycle of 

swelling and shrinking is repeated only one time. 
The total time of the simulation is 2.0 (s). The 

shrinking process is started immediately after the 

end of the swelling process. This calculation is 

performed on a graphic processing unit.  The 

parallelized algorithm for the DEM [10] is 

incorporated into our in-house code. 

Figure 9 shows snapshots of the results of the 

numerical simulation. In the figure, the specimen 

positioned in the back shows the initial state at t (s) 

= 0 and that in the front shows the final state at t (s) 

= 2.0.  It can be found that the left part of the 

specimen largely deforms. This is because shear 
stress acts on the specimen due to the restriction of 

the fixed side boundaries in the swelling process. In 

fact, such a deformation pattern can be observed in 

the actual soil sample taken by a boring exploration. 

On the other hand, a linear crack is generated on the 

surface of the lateral side of the cylinder. Several 

layered cracks are also observed in the actual soil 

sample, but this investigation cannot reproduce 

them.  

 

6. SUMMARY 

 

This paper has presented a simple discrete 

particle simulation model for the slaking 

phenomenon of geomaterials that include swelling 

clay minerals. In the investigation in two 

dimensions, three types of slaking behaviors of 

mudstone, that depend on the parameters of the 

contact bond, were successfully obtained. In the 

investigation in three dimensions, it was 

demonstrated that there are future prospects in the 

application of the model to 3-D problems. In a 

future study, it will be necessary for both the model 
of the swelling and shrinking and the model of 

cohesion to consider the effect of the water content 

and the chemical reaction. It will also be important 

to develop a detailed method to determine the input 

parameters from the results of laboratory 

experiments. 
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