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was always 2.0 MPa, and such a pressure condition was not enough to destroy the particles of the
hydrate sediment. Therefore, the interaction between the particles and the relative position did not
change much, which resulted in there being no significant change in the volume of the entire hydrate
sediment sample.

Figure 7. Volume–strain curves of sediments by clay content (%). The first stage represents axial strain
rates of 0–2.2%, the middle stage accounts for rates of 2.2–4.7%, and the final stage represents strain
rates of 4.7–15%. Different colors correspond to different clay contents.

In the second and third stages of the experiments, the axial strain rates were 2.2–4.7% and
4.7–15%, respectively, and the volume of hydrate sediments with different clay contents increased
with the axial strain rate. With the reduction of hydrate content, an important clipping phenomenon
occurred. The volumetric change in the second stage was generally >2.0%, while the shear shrinking
phenomenon was more obvious in the third stage. The change in the volume of the sample with 20%
clay content in the third stage even reached 5.0%. The reason for this may be that the pore pressures of
the hydrate sediment samples in these two stages were lower than the phase equilibrium pressure of
the hydrate at the same temperature, especially in the third stage. Thus, during the shearing process,
the hydrate in the sample gradually decomposed, resulting in the formation of pores in the middle of
the hydrate sediment skeleton. Under the influence of a certain effective confining pressure, some of
the finer particles of clay filled the skeleton under the actions of the free water and gas generated by
decomposition. Additionally, due to the large effective confining pressures in these two stages, some of
the sediment particles may have been shredded. Under the external pressure, the shredded particles
would have experienced larger positional changes, resulting in a change in the skeleton of the hydrate
sediment sample, and ultimately in the volumetric reduction of the entire sample.

With the increase of clay content, the volumetric shearing effect of hydrate sediments became
more obvious, likely because the strength of the clay was less and its compressibility was higher than
that of the quartz sand. Therefore, as the clay content increased, the volume became more compressed.
Figure 8 shows the grain size curve of the sediments before and after the triaxial compressive shearing
of 40–60 μm specimens. It can be seen from this figure that the particle sizes before shearing were
larger than afterward. This means that after shearing, the higher effective confining pressure and axial
load became part of the sand. Additionally, the volume of the hydrate sediment sample suddenly
declined each time the axial load pressure was unloaded during the experiment. This may have been
due to the fact that these two stages comprised a process of hydrate decomposition and drainage. First,
the depressurized hydrate was decomposed, and a certain amount of gas and the free water generated
by decomposition were discharged, such that many pores were generated among the hydrate sediment
samples. Moreover, in the process of free water and gas discharge, sand and clay also underwent
substantial displacement under the movement of the free water and methane gas, which could have
significantly changed the skeletal structure of hydrate sediments, especially when they were not
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decomposed. Finally, the sediment skeleton played a very important role in cementation, and the
originally fixed skeleton was destroyed after decomposition; because of the increase in the effective
confining pressure, the compression of the sample became more pronounced.

Figure 8. Grain size distribution curves of 40–60 mesh particle sizes before (black line) and after
(red line) shear testing.

4. Conclusions

The stress–strain relationship of hydrate sediments containing clay (kaolin) during shearing is
mainly divisible into three stages, namely elastic strain, plastic strain, and the strain yielding stage.
In multi-stage triaxial shear tests with discontinuous depressurization, the mechanical strength varied
with hydrate decomposition. With the increase of the axial strain rate under triaxial compression,
all experiments showed that the elastic strain was gradually transformed into plastic strain. During
the course of these experiments, the strain yielding phenomena changed, which indicates that the
strain of the specimen could be restored at the beginning, but with the progressive loading of the axial
load, the structure of the specimen was gradually destroyed, and the damage became irreversible.

The proportion of clay in the methane sediment affected the mechanical strength of the hydrate
sediment sample. This may have been because the clay particles were smaller and could fill the pores
of the coarser sediment skeleton, while the clay offered less support to the skeleton, and the hydrate
more strongly cemented the skeleton with increasing clay content. As the proportion of clay increased,
the strength of the entire sample gradually decreased. The clay also affected the volumetric strain
during methane hydrate shearing. Regardless of the amount of clay added, the hydrate sediments
shrank, but as the hydrates gradually decomposed, the shrinkage of the sediments became more
pronounced as the clay content increased. The reason for this may be that the strength of the clay was
less than that of the quartz sand, and the change in volume during the shearing process was greater
than that of the quartz sand. As the hydrate decomposed, the pores between the quartz sand skeletons
gradually increased, and the smaller clay particles filled the pores of the skeleton under the external
shearing force, thereby causing the shearing behavior observed.
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Abstract: Gas hydrates have great potential as future energy resources. Several productivity and
stability analyses have been conducted for the Ulleung Basin, and the depressurization method
is being considered for production. Under depressurization, ground settlement occurs near the
wellbore and axial stress develops. For a safe production test, it is essential to perform a stability
analysis for the wellbore and hydrate-bearing sediments. In this study, the development of axial
stress on the wellbore was investigated considering the coupling stiffness of the interface between the
wellbore and sediment. A coupling stiffness model, which can consider both confining stress and
slippage phenomena, was suggested and applied in a numerical simulation. Parametric analyses were
conducted to investigate the effects of coupling stiffness and slippage on axial stress development.
The results show that shear coupling stiffness has a significant effect on wellbore stability, while
normal coupling stiffness has a minor effect. In addition, the maximum axial stress of the well bore
has an upper limit depending on the magnitude of the confining stress, and the axial stress converges
to this upper limit due to slipping at the interface. The results can be used as fundamental data for
the design of wellbore under depressurization-based gas production.

Keywords: methane hydrate; shear/normal coupling stiffness; slippage at the interface; wellbore
stability analysis; depressurization method

1. Introduction

Gas hydrates are solid crystalline compounds which consist of water and guest molecules [1].
Gas hydrates are formed under certain sets of high pressure and low temperature conditions, outside
of which the gas and water species typically remain in separate phases [2]. The guest molecules
are gas molecules such as methane, ethane, propane, or carbon dioxide. These guest molecules are
combined by hydrogen-bonded water. This natural gas is a premium fuel because it burns cleanly
and produces less carbon dioxide [3]. According to the latest research, approximately 230 natural
gas hydrate deposits have been investigated globally, with reserves of about 1.5 × 1015 m3 of natural
gas [4]. Most natural gas hydrate deposits appears to be in the form of ‘structure I’, with methane as
the trapped guest molecule, and its fraction is more than 90% [5,6].

Methane hydrate is also an important future energy resource for South Korea. The national
projects, Ulleung Basin gas hydrate expeditions 1 and 2 (UBGH1 in 2007 and UBGH2 in 2010), were
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conducted to investigate the hydrate reserves and characteristics of gas hydrate-bearing sediments
of the Ulleung Basin in the East sea of Korea [7–9]. Based on the data of UBGH2, the estimated
amount of natural gas-hydrate deposits in Ulleung Basin ranged from 4.4 × 106 to 9.2 × 109 m3 [10–12].
Recently, Bo et al. [13] suggested deterministic estimation from rock physics modeling and pre-stack
inversion, and estimated the total gas-hydrate and gas resource volume in Ulleung Basin as about 8.43
× 108 m3 and 1.38 × 1011 m3, respectively. These amounts can provide usable energy for more than
thirty years to the whole nation.

Several methods of dissociating the gas hydrate from the hydrate-bearing sediment (HBS) have
been suggested; thermal or inhibitor injection, depressurization, CO2/CH4 exchange and combinations
of these are representative production methods [14,15]. The main mechanisms of production methods
are to dissociate the hydrate in the form of ice-crystals to a gaseous or liquid state by increasing the
temperature or lowering the pressure. Among other methods, depressurization is the most common
method, and has been applied as a major method of production for the field test (e.g., Mallik site in
2002, Nankai Trough in 2013) for gas hydrate production in the reservoir [16,17].

During depressurization to dissociate the methane gas from HBSs, significant ground settlement
occurs. This is because of the strength and stiffness reduction induced by the phase change of hydrate
(e.g., the state of hydrate converts from ice crystal state to liquid or gaseous state), and the increase of
effective stress, which is the stress carried by the soil. Field test for gas hydrate production has several
technical problem according to the complexity of mechanism aforementioned, and needs huge budget.
Thus, it is essential to perform the numerical analysis to ensure the productivity of gas hydrate and
stability of production facilities before the field test. Thermal-hydraulic-mechanical (THM) coupled
numerical analysis should be performed to simulate the mechanism of gas hydrate production [18].
Several numerical coupled simulators based on kinetic and equilibrium model have been developed (e.g.,
TOUGH+Hydrate [19], HydrateResSim [20], MH21 [21], and STOMP-HYD-KE [22]). Kim et al. [23,24]
also developed the THM coupled simulator using FLAC3D, and verified with cylindrical core
experimental data [25]. The input parameters (e.g., boundary condition, intrinsic hydrate reaction rate,
intrinsic permeability, initial hydrate saturation, overall heat conductivity, wellbore heating temperature,
bottom hole pressure, etc.) and constitutive models (e.g., permeability model, stiffness model, and heat
transfer model) for numerical analysis significantly affects both the energy recovery potential and
geological hazards prevention [26–28]. Kim et al. [26] provided a comprehensive estimation for
model parameters and properties based on vast data from field seismic surveys in Ulleung basin
and laboratory experimental results. Numerical studies on the efficiency and productivity of gas
hydrate production have been carried out continuously, while stability analysis for the hydrate-bearing
sediments or wellbore has not been much considered, although stability analysis is essential to field
production [29–34].

As depressurization is applied in a sediment, frictional forces are evolved at the interface
between the production wellbore and the soil layer due to the stiffness differences of materials.
These frictional forces result in axial stresses induced on the production wellbore [35–37]. For this
reason, soil–structure interaction (SSI) analysis should be conducted before the field test to properly
evaluate the stability of the wellbore and HBS. The concepts of shear and normal coupling stiffness
(also called interface stiffness) based on the linear Coulomb shear strength criterion are widely used
to simulate interfacial stress behavior in numerical analysis [38]. The non-linear behavior of the
soil–structure interface and the displacement behavior were investigated according to the interface
models [39]. However, there is not much research on the stability analysis of the interface between
the production wellbore and HBSs, which is related to the complex mechanism of gas hydrate
production in the oceanic environment. Only a few studies have considered the wellbore stability
during gas hydrate production [24]. Geological stability was assessed for vertical and horizontal
well production scenarios from a displacement perspective [40]. Numerical analyses were performed
to investigate the geomechanical behavior of HBS (e.g., pressure, temperature, hydrate saturation,
and volumetric stain) and wellbore stability during methane production [24,41]. Kim et al. [24]
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also restrictively considered the interface properties related to the interaction behavior between the
sediment and wellbore. Previous studies have conducted the numerical analysis using the interface
model, which considers mainly stiffness of sediments ignoring the confining stress change. The stability
analysis during gas hydrate production has to consider the variation of confining stress according to
depressurization. However, the research which conducted the stability analysis considering confining
stress on interface model has not been published yet.

In this study, the authors investigated the effects of coupling stiffness and slippage phenomena on
the stability of the wellbore under gas hydrate production. The present paper describes the concept
of coupling stiffness, and the limitation of coupling stiffness model used in FLAC3D. The coupling
stiffness models considering the confining stress were derived from the results of experimental tests
using artificial Ulleung basin specimen, and applied to the T-H-M simulator developed in previous
research [24]. Qualitative numerical analyses were performed to investigate the effects of coupling
stiffness and slippage phenomena on the stability of wellbore under depressurization. More specifically,
parametric analysis was conducted to investigate the trend of the development of axial stress according
to the shear and normal coupling stiffness, and effects of slippage phenomena on the evolution of axial
stress of wellbore. Additionally, the relationship between the development of axial stress on wellbore
and geotechnical behavior of hydrate bearing sediments under depressurization was investigated.

2. Thermal–Hydraulic–Mechanical Simulation for Wellbore Stability

The mechanism of gas hydrate production from hydrate bearing sediments (HBS) is the complex
reaction related to thermal, hydraulic, and mechanical (T-H-M) behaviors. This section will provide a
brief description of the constitutive models for the T-H-M simulator, which was developed by Kim
et al. [24]. An explanation is also provided of the limitations of the existing coupling stiffness model
used in the FLAC3D software, with a suggestion for a new linear regression model derived through
experimental tests. Additionally, the concept of stress evolution to consider the slippage at the interface
is described.

2.1. Thermal–Hydraulic–Mechanical Coupled Simulator

Constitutive Models for T-H-M Simulator

In this study, a three-dimensional T-H-M coupled simulator, which was developed by Kim
et al. [24], was used for evaluating the development of axial stress on the wellbore. The T-H-M
simulator is based on the commercial finite difference method program, FLAC3D. By solving coupled
thermal, hydraulic, and mechanical constitutive models, the T-H-M coupled simulator can model
phase behavior, flow of fluids and heat transfer of hydrate deposit. The constitutive models used for
simulated T-H-M are briefly described in this section. An elastoplastic Mohr-Columb model is used in
the mechanical analysis. To consider the phase behavior, equilibrium hydrate pressure (Pe) and the
corresponding temperature (T) are calculated by Kamath’s equation [42]:

Pe = exp
(
α+
β

T

)
(1)

where Pe is the equilibrium hydrate pressure (kPa), T is the temperature corresponding to pressure
(K), and the model parameters α and β are 42.047 and −9332, respectively. The rate of hydrate
decomposition can be estimated [43]:

∂ng

∂t
= KdAsnSh(Pe − P) (2)

Kd = K0 exp
[
−ΔEa

RT

]
(3)
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where ng is the moles of methane in the hydrate, Kd is the kinetic constant (mol m−2Pa−1s−1), As is the
specific surface area of the hydrate-bearing sediment (3.75 × 105 m2), n is the porosity, Sh is the hydrate
saturation, Pe is the equilibrium pressure (kPa), P is the present pressure (kPa), K0 is the intrinsic
kinetic constant (1.24 × 105 mol m−2Pa−1s−1), ΔEa is the activation energy, R is the gas constant (8.314 J
mol−1K−1), and T is the temperature (K). A specific value, (−ΔEa/R) = 9400± 545 K, was applied in
this study.

Multi-phase flow was modeled by Darcy’s law [44] and the relative permeability of gas and water
were considered by van Genuchten model (1980) [45]:

kw
r = Sb

e

[
1−
(
1− S1/a

e

)a]2
(4)

kg
r = (1− Se)

c
[
1− S1/a

e

]2a
(5)

where kw
r is the relative permeability of water, kg

r is the relative permeability of methane gas, and Se is
the effective saturation. And a, b, and c are the van Genuchten parameters. The dissociating process of
hydrate is endothermic reaction. To consider the thermal reaction, the energy balance equation was
used as follows:

cT ∂T
∂t

+ ∇qT + ρwcwqw·∇T + ρgcgqg·∇T − qT
h = 0, (6)

cT = ρscs + n
(
Shρhch + Sgρgcg + Swρwcw

)
(7)

qT
h =

∂ng

∂t
ΔH (8)

where ΔT is the change in temperature per unit time (K), cT is the effective specific heat (J/kg/K), q is
the seepage-velocity vector (m/s), ρ is the density (kg/m3), and c is the specific heat (J/kg/K), and the
hydrate dissociation enthalpy change ΔH is 56.9 kJ/mol. The subscripts s, g, w, and h represent the soil,
gas, water, and hydrate, respectively. More detailed overall of development and verification of T-H-M
simulator had been described in Kim et al. [23,24].

2.2. Interface Model

2.2.1. Concept of Force Transfer at the Interface

During dissociation of methane hydrate from HBS by the depressurization method, ground
settlement can occur due to the increase of effective stress, which is induced by decreasing the pore
water pressure. At this moment, the frictional forces are generated at the interface between the
production wellbore and the soil layer due to the stiffness difference of material, and draws the
production wellbore. Therefore, it is essential to consider the interface characteristics for accurate
stability analysis of wellbore during depressurization method. The concepts of shear and normal
coupling stiffness (also called interface stiffness) have been widely used in numerical analysis to
consider the interface characteristics [39,46,47]. In this study, the FLAC3D was used to estimate the
wellbore stability considering the interface characteristics under the methane hydrate production.
FLAC3D provides interfaces that are characterized by Coulomb sliding and/or tensile and shear
bonding. The normal and shear forces at the interface are determined at calculation time (t + Δt)
through the following equations:

F(t+Δt)
n = knunA + σnA (9)

F(t+Δt)
si = F(t)

si + ksΔu(t+(1/2)Δt)
si A + σsiA (10)

where F(t+Δt)
n , and F(t+Δt)

si are the normal and shear forces (N) at time (t + Δt), respectively. un is the
absolute normal penetration of the interface node into the target face (m), and Δusi is the incremental
relative shear displacement vector (m). σn is the additional normal stress added due to interface stress
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(Pa), and σsi is the additional shear stress vector due to interface stress initialization. kn and ks are
the normal and shear stiffness (Pa/m). A is the representative area associated with the interface node
(m2) [38]. The normal and shear coupling stiffness act like spring constants at the interface. The concept
of load transfer at the interface considering the coupling stiffness in numerical analysis is as shown in
Figure 1.

kn

ks

Figure 1. Concept of transferring the normal and shear stress at the interface under the
depressurization method.

2.2.2. Coupling Stiffness Model in FLAC3D

The shear and normal coupling stiffness are usually determined experimentally by measuring the
stress and deformation through the direct shear test or triaxial test [46,48]. In FLAC3D, the shear and
normal coupling stiffness to estimate the frictional force are derived by empirical model (Equation (11)).
This model is a function of the bulk and shear modulus of soil, and considers that the shear and normal
coupling stiffness has equal value:

ks = kn = max

⎡⎢⎢⎢⎢⎣K + 4
3 G

ΔZmin

⎤⎥⎥⎥⎥⎦ (11)

where ks, kn are shear coupling stiffness and normal coupling stiffness (MPa/m), respectively; K and G
are bulk and shear modulus (MPa), respectively; Δzmin is the smallest width of an adjoining zone in the
normal direction; and the max [ ] notation indicates that the maximum value over all zones adjacent to
the interface is to be used [38]. While the coupling stiffness model used in FLAC3D considers only
the stiffness of soil, it reveals that the normal and shear coupling stiffness are largely affected by the
interface properties (i.e., confining stress, roughness, interfacial cohesion, interfacial friction angle,
etc.) [49]. In particular, many studies have found that confining stress has a significant effect on the
coupling stiffness through experimental tests [48,49]. Therefore, it is necessary for the interface model
to consider confining stress for accurate stability analysis of the wellbore.

2.2.3. Linear Regression Models from Lab-Scale Experimental Tests

Laboratory-scale tests were performed to investigate the correlation between shear and normal
coupling stiffness with confining stress. Direct shear tests, which consider the shearing interface
between the wellbore and sediment, were conducted to evaluate the shear coupling stiffness. Figure 2a
shows experiment set-up of direct shear test. In this experiments, artificial specimen of the Ulleung
Basin core sample, which has D10 = 52 um, D30 = 90 um, D60 = 145 um, was used to simulatethe
sediments of the pilot test site (UBGH2-6) and a STS316L disk was used as production wellbore
surface. During the shearing, confining stress was maintained with measuring displacement and
load. In addition, consolidation tests were conducted to determine the effect of confining stress on
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the normal coupling stiffness. Displacement was measured while axial stress was applied on the top
of specimen. Figure 2b presents simple diagram of experiment set-up of consolidation tests on the
simulated interface between artificial specimen and wellbore surface. Normal stress was applied until
650 kPa with measuring displacement of the specimen. The experiment was repeated with various
specimen height from 30 mm to 70 mm.

 
 

 
 

(a) (b) 

Figure 2. Schematic diagram of lab-scale tests: (a) direct shear test; (b) consolidation test.

Figure 3a shows measured data of shear stress and displacement while shearing wellbore surface
and sediments. The shear coupling stiffness can be derived from the measured data from the slope of
the relationship between shear stress and displacement. The slope was calculated from the peak shear
stress point which represents highest stiffness level at the residual stress condition. Figure 3a shows
that the shear coupling stiffness increases with the increment of confining stress.

(a) (b) 

Figure 3. Results of lab-scale tests: (a) stress-displacement curve of the consolidation test; (b) stress-strain
curve of the direct shear test.

Figure 3b shows the expressed stress with the strain rate instead of displacement because
displacement is affected by size of the specimen. Interface stiffness is calculated as stress divided by
displacement, which is derived from strain. The effective distance concept was utilized to convert
strain into displacement, where the diameter of the production wellbore was considered as the
effective distance.

The linear regression interface models derived from the experimental data are as shown in Figure 4.
The shear and normal coupling stiffness have a linear trend with the confining stress. The models of
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the shear and normal coupling stiffness considering confining stress are as shown in Equations (12)
and (13):

ks = 45 · σ′c − 2.13, (12)

kn = 30 · σ′c + 11.9, (13)

where σ’c is confining stress (MPa).

(a) (b) 

Figure 4. Linear regression models with confining stress: (a) shear coupling stiffness model; (b) normal
coupling stiffness model.

The proposed models and existing model used in FLAC3D were compared. As shown in Figure 5,
the existing model shows a constant value with confining stress because it is a function only for the
modulus. In contrast, the proposed models show linear trends with confining stress, and estimate
the shear and normal coupling stiffness differently. Through the results of the direct shear test and
consolidation test, it is regarded that it is more reasonable to use the proposed models for simulating
the stability analysis of interface behavior.

Figure 5. Comparison of interface stiffness models.

2.3. Slippage at the Interface

2.3.1. Concept of Wellbore Stress Evolution

During production of methane gas from the HBS under the depressurization method,
hydrate-bearing sediment is settled with the increase of effective stress. According to Equation
10, the transferred shear stress at the interface is a function of coupling stiffness, shear deformation,
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shear stress vector, and skin area. Therefore, the transferred shear stress at the interface is proportional
to the ground subsidence due to the shear deformation term. This leads to development of the axial
stress on the wellbore due to the normal and shear coupling stiffness during ground subsidence.
According to the Coulomb stress-strength criterion, the shear stress at the interface cannot exceed the
shear strength of soil (Figure 6). Therefore, the shear failure at the interface occurs when the shear
stress at the interface reaches the shear strength. After the shear failure of the sediments, the friction
between the sediments and wellbore is constant, and there is no additional evolution of axial stress on
the wellbore due to the slippage phenomenon on the interface.

Figure 6. Comparison of interface stiffness models.

2.3.2. Maximum Axial Stress

The axial stress on the production wellbore, which is induced by the compaction of sediments,
cannot be developed over the specific upper bound value according to the Coulomb stress-strength
criterion. This critical stress value is defined as the maximum axial stress in this study. The maximum
axial stress on the wellbore varies with confining stress during depressurization because the axial
stress on the wellbore is a function of the confining stress. The axial stress is developed by the shear
stress on the interface area induced by ground subsidence. The maximum axial stress is derived in the
following order. At first, axial stress on the wellbore, [σa]t (Pa), can be estimated as follows:

[σa]t = τ·As/Ac (14)

where τ (τ = f (ks, usi)) is the shear stress (Pa), usi is the displacement in shear direction (m), As is the
skin area (m2), and Ac is the cross-section area of wellbore (m2). When the shear stress reaches the
shear strength of sediments, slippage occurs and the axial stress at this time is the maximum axial
stress. Therefore, the maximum axial stress can be expressed as:

[σa]max = τ f ·As/Ac (15)

where [σa]max is the maximum axial stress of the wellbore (Pa), and τ f (τ f = c + σ′ctanφ′) is the shear
strength in each production period (Pa), c is the cohesion (Pa), σ′c is the confining stress (Pa), andφ′ is the
friction angle (◦). Because the shear stress cannot exceed the shear strength of sediments, the maximum
axial stress converges to a specific value of constant confining stress. However, even in the same
sediment, the shear strength depends on the confining stress, because the shear strength is a function
of confining stress. This means that the maximum axial stress can vary with the confining stress.
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2.4. Algorithm for Stability Analysis of the Wellbore

Procedure for Estimating the Axial Stress on the Wellbore

The present paper suggests an algorithm for estimating the axial stress on the wellbore.
The proposed algorithm consists of the aforementioned constitutive models and the algorithm
for simulating the mechanism of the depressurization method. The flow chart of the proposed
algorithm is shown in Figure 7. The detailed descriptions of each stage are as follows. At the first
stage, initial shear and normal coupling stiffness are evaluated through the initial confining stress
near the wellbore. Second, shear and normal coupling stiffness are updated with changes of pore
pressure and effective stress by depressurization. Third, shear strengths of sediments are evaluated
according to the updated parameters and maximum axial stresses are calculated by shear strength.
Fourth, the maximum stress and axial stress, which is induced by the settlements of HBS, are compared.
If the axial stress generated by the subsidence is larger than the maximum axial stress, then shear
coupling stiffness is set to zero in order to simulate the slippage between the wellbore and sediments.
Otherwise shear coupling stress remains at the same value as in the previous stage and the procedure
of depressurization is continued. These procedures iterate until the analytical flow time is equal to the
target time.
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Figure 7. Algorithm for well-bore stability analysis of simulator.

2.5. Target Site and Input Parameters

Geotechnical engineers in Korea have searched for potential testbed sites for producing gas
hydrate and researched mechanisms during production. UBGH2-6 is one of the sites explored during
the UBGH2 project and has been established as a pilot test site. The geometry of UBGH2-6 and
structure of the production well are shown in Figure 8. The HBS is located at 140 to 160 mbsf (meters
below sea floor) and methane hydrate is buried in sand layers in this range. The depressurization
method was selected as the production method. From the previous research, it is revealed that the
productivity of gas hydrate and stability of hydrate-bearing sediments are significantly affected by
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bottom hole pressure (BHP), and the appropriate bottom hole pressure for the pilot test is 9 MPa
for Ulleung basin [24]. For this reason, we decided UBGH2-6 as a target site for stability analysis,
and depressurization method as a production method. The depressurization was conducted in the
depth range from 140 to 160 mbsf with a depressurization rate of 0.5 MPa/h until the bottom hole
pressure (BHP) was 9 MPa. The input parameters (i.e., properties of wellbore, mechanical, hydraulic,
and thermal properties of HBS) for the numerical analysis were taken from Kim et al. [24,26], and are
summarized in Tables 1 and 2.

Figure 8. Schematic diagram of modeled geometry, hydrate-bearing sediment (HBS), and casing
structure [24].

Table 1. Mechanical properties of the wellbore [24].

Property Conductor 20-in. Casing
13-3/8-in.
Casing

9-5/8-in.
Casing

9-5/8-in. Casing
Screen Part

Cement Grout

Diameter
(inch) 36 20 13.375 9.625 9.625 -

Thickness
(inch) 1.5 1 0.514 0.472 0.472 -

Elastic modulus
(GPa) 200 200 200 200 120 3.47

Density
(kg/m3) 7897 7897 7897 7897 7897 1040

Yield strength
(MPa) 390 390 758 758 454.8 1.74

Cohesion
(MPa) - - - - - 17.39

Friction angle
(deg) - - - - - 30
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Table 2. Thermal, hydraulic, and mechanical input properties used in this study [26].

Category Parameters Value Category- Parameters Value

Geologic
conditions

Hydrostatic pressure at
seafloor (MPa) 21.9

Mechanical
properties

Bulk density of sand (Layer
S; kg/m3) 1700

- Temperature at seafloor
(◦C) 0.482 Bulk density of mud (Layer

M1; kg/m3) 1500

- Geothermal gradient
(◦C/km) 112 Bulk density of mud (Layer

M2; kg/m3) 1610

- Hydrate occurrence zone
(mbsf) 140–153 - Bulk density of mud (Layer

M3; kg/m3) 1640

- Initial hydrate saturation
in sand (Layer S; %) 65 - Methane hydrate density

(kg/m3) 910

- Initial hydrate saturation
in mud (%) 0.0 - Young’s modulus of sand

(Layer S; MPa) 40

- Salinity (wt%) 3.45 - Young’s modulus of mud
(Layer M1; MPa) 15

Thermal
properties

Thermal conductivity of
sand (W/m K) 1.45 - Young’s modulus of mud

(Layer M2; MPa) 18

- Thermal conductivity of
mud (W/m K) 1.00 - Young’s modulus of mud

(Layer M3; MPa) 20

Hydraulic
properties

Porosity of sand
(Layer S; -) 0.45 - Poisson’s ratio of sand

(Layer S; -) 0.25

- Porosity of mud
(Layer M1; -) 0.69 - Poisson’s ratio of mud

(Layer M1, M2, and M3; -) 0.35

- Porosity of mud
(Layer M2; -) 0.67 - Friction angle of sand (Layer

S; deg) 25

- Porosity of mud
(Layer M3; -) 0.63 - Friction angle of mud (Layer

M1, M2, and M3; deg) 22

- Residual water saturation,
Sw

r (-) 0.1 - Cohesion of sand (Layer S;
kPa) 35

-
Residual gas saturation,

Sg
r (-)

0.01 - Cohesion of mud (Layer M1,
M2; kPa) 30

- - - - Cohesion of mud (Layer M3;
kPa) 40

Van
Genuchten
parameters

P0 (kPa) 2.2
Properties
related to

the hydrate
dissociation

Molecular mass of gas, Mg
(g/mol) 16.042

a 0.6 Molecular mass of water,
Mw (g/mol) 18.016

b 0.5 Molecular mass of hydrate,
Mh (g/mol) 124.14

- c 0.5 Hydrate number, Nh 6

- - - Phase equilibrium model
parameters, α, β 42.047, −9332

3. Results and Analysis

This section describes the results of stability analysis of HBS and the parametric study to evaluate
the effectiveness of each parameter. The first part of this section shows the results of the stability
analysis of HBS during gas hydrate production and describes the relationship between the geotechnical
behavior and axial stress evolution on the wellbore. The second section shows the results of the
parametric study regarding the effects of coupling stiffness and confining stress on the axial stress of
the wellbore. The third section shows the effects of the slippage at the interface on the axial stress.

3.1. Stability Analysis of HBS During Gas Hydrate Production

Geotechnical Behaviors Near the Wellbore During Gas Production

This section describes the effects of geotechnical behavior on the development of axial stress on
the wellbore. The ground subsidence occurs due to increased effective stress during the gas hydrate
production from the hydrate bearing sediments (HBS). The stability analysis of HBS was performed to
examine the geotechnical behavior during gas hydrate production, and to determine the relationship
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between the geotechnical behavior and evolution of axial stress on the wellbore. The coupling stiffness
model of FLAC3D (Equation (11)) was applied in this stability analysis. As shown in Figure 9,
x-axis displacements (i.e., lateral displacement) increase during depressurization. Until 12 hours after
depressurization, no significant lateral displacements were observed. At 30 days after the beginning of
gas production, the maximum lateral displacements of about 0.04 m occurred on both sides of wellbore
at HBS.

Additionally, ground subsidence and heave occur with dissociation of hydrate as shown in
Figure 10. Ground subsidence occurs from the seafloor at initial stage of depressurization. From 7 days
after depressurization, ground heave occurs because of suction pressure (i.e., depressurization rate,
0.5 MPa/h) near the production well. The maximum value of subsidence occurs about 0.22 m at
the seafloor, and the maximum value of heave occurs about 0.03 m at the bottom of the production
well. The aforementioned maximum displacement of HBS is about 0.22 m and is 1.1% of the total
depth of HBS. Despite the relatively small displacement, the large axial stress on the production
wellbore can occur due to the high elastic modulus of the wellbore. From the distribution of x- and
z-axis displacements, it can be deduced that the distribution of confining stress will be similar to the
distribution of x- and z-axis displacements and the maximum axial stress will occur at the position
where the z-axis (vertical direction) displacement is zero.

Distribution of confining stress under depressurization is shown in Figure 11. The development
of the confining stress distribution with production period shows a rhomboid shape slightly shifted
downward. Based on the previous results of lateral and vertical displacements, this shape can be
explained. A rhomboid shape is induced by the distribution of lateral displacement, which shows
maximum displacement at the middle of HBS. In addition, the reason for slightly shifting the maximum
value is because of imbalance between the subsidence and ground heave (i.e., the neutral point
appears slightly below from the middle). From these results, it is inferred that compressive stresses
are generated on the wellbore at HBS, and the maximum axial compressive stress will occur at the
point where displacement is zero (i.e., a point slightly below the middle of HBS). For reasons similar
to those mentioned above, the maximum confining stress was about 11.4 MPa at slightly below the
middle of HBS as shown in Figure 11h. Through the stability analysis of HBS during gas hydrate
production, we can predict that the production wellbore at HBS will be subjected to axial compressive
stress according to the ground behavior. In addition, it was confirmed that the coupling stiffness
model considering confining stress should be applied with depth for accurate stability analysis of
the wellbore.
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Figure 9. Distribution of x-axis displacement with production period: (a) after 1 hour; (b) after 6 hours;
(c) after 12 hours; (d) after 1 day; (e) after 7 days; (f) after 14 days; (g) after 21 days; (h) after 30 days.
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Figure 10. Distribution of z-axis displacement with production period: (a) after 1 hour; (b) after 6 hours;
(c) after 12 hours; (d) after 1 day; (e) after 7 days; (f) after 14 days; (g) after 21 days; (h) after 30 days.

64



Energies 2019, 12, 4177

  
(a) 

 
(b) 

Unit: (m) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 

 
(g) 

 
(h) 

 

Figure 11. Distribution of confining stress with production period: (a) after 1 hour; (b) after 6 hours;
(c) after 12 hours; (d) after 1 day; (e) after 7 days; (f) after 14 days; (g) after 21 days; (h) after 30 days.

3.2. Effects of Coupling Stiffness and Confining Stress on Axial Stress of Wellbore

The shear and normal coupling stiffness at the interface are widely used to simulate the interface
behavior in numerical analysis [35,38,39,50]. The shear and normal coupling stiffness act as the

65



Energies 2019, 12, 4177

coefficient of friction of interface between the wellbore and sediments. Typical values of the
shear and normal stiffness for rock joints range from roughly 10 to 100 MPa/m for joints with
soft clay in-filling [48,51,52]. According to the roughness differences between steel plate and rock,
the experimental value obtained in this study is the value for the interface between soil and steel plate,
which can be considered to be an appropriate value based on the aforementioned range (i.e., 10 to
100 MPa/m). Additionally, we confirmed that the shear and normal coupling stiffness vary with the
confining stress (see Section 2.2.3). This section describes the effects of coupling stiffness and confining
stress on axial stress of wellbore.

3.2.1. Parametric Analysis

The effective stress increases with decreasing pore pressure during depressurization. For this
reason, the ground subsidence of HBS take places and induces the axial stress of the wellbore by
pulling the wellbore down during production. A parametric study was performed to determine the
effects of the shear and normal coupling stiffness on the stability of wellbore. Cases were defined based
on the direct shear test data with confining stress of 600 kPa and consolidation test data with confining
stress of 1500 kPa (case I). The effects of confining stress have not been considered in cases I to IV
(using the FLAC3D model). Additionally, case V (using the new model described in Section 2.2.3, i.e.,
the applied coupling stiffness model considering confining stress) was defined to determine the effects
of confining stress on axial stress of the wellbore. The applied cases are summarized in Table 3.

Table 3. Comparison of cases for parametric analyses.

Case
Normal Coupling

Stiffness, kn (Pa/m)
Shear Coupling

Stiffness, ks (Pa/m)
Description

I 57.41 × 106 26.11 × 106 Experimental data
II 5.74 × 106 26.11 × 106 1/10 kn compared to case I
III 28.71 × 106 2.61 × 106 1/2 kn and 1/10 ks compared to case I
IV 57.41 × 106 2.61 × 106 1/10 ks compared to case I
V kn = 30 · σ′c + 11.9 ks = 45 · σ′c − 2.13 Consider confining stress

3.2.2. Results of Parametric Study

The results of the parametric study are shown in Figure 12. The production period for parametric
analyses is 14 days. The distribution of axial stress on the wellbore for case I is shown in Figure 12a.
As shown in Figure 12a, the compressive and tensile stresses on the wellbore are developed due to
the ground subsidence. The distribution of axial stress on the wellbore in other cases also showed
a similar trend to case I. The maximum compressive and tensile stress of each case are shown in
Figure 12b. The yield strength of the production wellbore (9 5/8” casing) is 454.8 MPa in this study.
The compressive axial stress of case I, II and V (Figure 12b) exceed the yield strength of the wellbore
located at the screen parts. By contrast, results of case III and IV show compressive stresses of the
wellbore lower than the yield strength and the tensile stresses are similar for all cases.

The effect of normal coupling stiffness on axial stress can be confirmed through the comparison
between case I and II or case III and IV. Cases I has a normal stiffness 10 times higher than those of
case II. The results show that the compressive and tensile stress increased about 1.2% (i.e., from 739 to
748 MPa) and 0.3% (i.e., from 335 to 336 MPa), respectively, while normal stress increased 10 times.
On the other hand, case III has a normal stiffness twice as high as those of case IV, but show almost no
difference in axial stresses. The effect of shear coupling stiffness can be confirmed by the comparison
between case I and IV. These cases have 10 times difference in the shear coupling stiffness, and show
that the maximum compressive stress significantly increased about 174% (i.e., from 273 to 748 MPa).
From the above comparisons, it can be concluded that the shear coupling stiffness significantly affects
the development of axial stress of the wellbore, while the normal coupling stiffness has little effect.
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In addition, the effect of the confining stress on the axial stress development of the wellbore can be
explained in case V. The maximum axial compressive stress, 1194.6 MPa, of case V was about 2.6 times
greater than the yield strength of the wellbore and significantly greater than those of other cases.
The considerably large development of the maximum axial compressive stress compared to other cases
is due to the large shear and coupling stiffness according to the increase of confining stress. During the
14-day period of gas production, the pore pressure decreased to 9 MPa and consequently the confining
stress increased until about 7.6 MPa. After 14 days of gas production, relatively large shear and normal
coupling stiffness (319.8 and 239.4 MPa, respectively) were derived by the coupling stiffness models
considering the confining stress. This large shear and normal coupling stiffness increased axial stress
on the wellbore. From this result, it is concluded that the consideration of confining stress largely
affects the development of axial stress on the wellbore. Therefore, the variation of confining stress
should be considered in coupling stiffness models for accurate analysis.

 
(a) (b) 

Figure 12. Distribution of axial stresses with depth (non-consideration of the slippage at the interface):
(a) Distribution of axial stress with depth for case I; (b) comparison of the maximum compressive and
tensile stress.

3.3. Effects of Slippage at the Interface

As described in Section 3.1, the confining stress increases during gas hydrate production.
Relatively high maximum compressive stress was derived in Section 3.2 due to non-application
of slippage phenomena. In this section, stability analysis was performed by considering the slippage
phenomenon according to the Coulomb stress–strain criterion (see Section 2.3). Development of
compressive stress with the production period is shown in Figure 13a. The pore pressure (i.e., bottom
hole pressure) near the screen part decreased from the initial state, 23.5 MPa, to target pressure, 9 MPa.
The depressurization rate was 0.5 MPa/h in this study. After 29 hours of gas production, the bottom hole
pressure was reduced to 9 MPa and this pressure spreads out of the production wellbore. Under the
influence of changes in pore pressure, the confining stress also rapidly increased in the initial state.
The compressive stress sharply increased in the depressurization period and converged to a certain
value (334.9 MPa for this study). The shape of the development of axial compressive stress of the
wellbore was similar to the Coulomb stress-strain curve (Figure 6).

Distributions of axial stress with depth of the wellbore under depressurization are shown in
Figure 13b. The maximum axial compressive stress converged to 334.9 MPa from 14 days after the
beginning of depressurization. The generated maximum axial stress is about 74% of the yield strength
of the wellbore, 454.9 MPa. This means that the production well will be stable until 30 days after
the start of production. The maximum compressive stress converges to a constant value, and the
convergence range gradually spreads to the whole range of the production wellbore. This is because
the coupling stiffness applied differently with the depth of wellbore, and is considered to be zero after
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the slippage phenomena (see Section 2.4). Similar to the geotechnical behaviors of the previous section,
the maximum axial compressive stress has been observed from about 153 mbsf in which the neutral
point is described in Section 3.1.

(a) 

 

(b) 

Figure 13. Results of stability analysis considering the coupling stiffness models: (a) Development of
the maximum axial stresses with production period; (b) distribution of axial stress with depth.

4. Discussion

4.1. Comparison of the Models

This section suggests a suitable method for stability analysis of the wellbore based on the results
of the present study. The axial stress on the wellbore was largely affected by the coupling stiffness
and, as shown in the distribution of confining stress (see Figure 11), the confining stress varies with
the depth of the wellbore. From the results of the direct shear test, it was revealed that the coupling
stiffness changes with confining stress. However, the existing model of the shear and normal coupling
stiffness in FLAC3D is the function of the shear and bulk modulus without consideration of the
confining stress. Therefore, it is difficult to obtain accurate stability analysis results using the existing
model in FLAC3D. This study suggests that the stability analysis for the wellbore during gas hydrate
production has to consider the coupling stiffness differently with confining stress according to the
depth. Parametric studies have been conducted to investigate the effect of coupling stiffness change
according to the depth on the development of the axial stress on the wellbore to verify the proposed
stability analysis method.

The previous section described the effects of coupling stiffness and geotechnical behavior on
development of axial stress. In this section, parametric analysis was carried out to understand the
effects of coupling stiffness model and slippage at the interface. Assigned cases for the parametric
analysis are summarized in Table 4.

Table 4. Comparison of cases for parametric analysis.

Case Coupling Stiffness Model Slippage at Interface Production Period

A w/o consideration w/o consideration 14 days

B
With consideration FLAC3D (constant)

ks = kn = max
[

K+ 4
3 G

ΔZmin

] w/o consideration 14 days

C With consideration the confinement dependent model (this study)
ks = 45 · σ′c − 21.4
kn = 30 · σ′c + 11.9

w/o consideration 14 days

D with consideration 14 days
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As a control case, Case A did not apply the coupling stiffness model and the slippage at the
interface. Case B applied the existing FLAC3D model, which is the function of the shear and bulk
modulus without consideration of confining stress, as a coupling stiffness model. Case C applied
the linear regression models derived from this study, and does not consider the slippage at the
interface. Case D applied the linear regression model and also considered the slippage at the interface.
The production period was set to be 14 days for all cases.

4.2. Comparison of Results According to Model Application

Results according to model application are shown in Figure 14a and comparison of the maximum
compressive and tensile stresses of each case are shown in Figure 14b. Case A, which does not consider
the coupling stiffness, showed almost zero axial stress on the wellbore because the transferred stress
from the sediments to the wellbore was too small. Cases B and C yielded maximum axial compressive
stresses of 520.4 MPa and 1194.6 MPa, respectively. This difference of the maximum compressive
stress is due to the difference of coupling stiffness. The shear coupling stiffness of case C (339 MPa/m)
is about 3.72 times larger than that of Case B (91 MPa/m for sand sediment) at the completion of
depressurization (see Figure 5). As a result, the maximum compressive stresses of C is 2.3 times higher
than those of case B. This result tends to be similar to the results of parametric studies to derive the
effects of coupling stiffness (see Section 3.2). The maximum compressive stresses of both Cases B and
C exceeded the yield strength of 9 5/8” casing, 454.8 MPa. Unlike the results of Cases B and C, Case D
shows that the maximum axial compressive stress, 334.9 MPa, of the wellbore was lower than the yield
strength of the 9 5/8” casing.

(a) (b) 

HBS

Figure 14. Results of parametric analyses: (a) Distribution of axial stress; (b) the maximum axial stresses.

Because the coupling stiffness acts as a spring constant at the interface between the wellbore and
soil sediments in the numerical analysis, the large coupling stiffness induces the large axial stress
according to the ground subsidence. Therefore, it is deduced that the case for non-consideration of the
slippage phenomena over-estimates axial stress. From the results of parametric study, it is revealed
that the proposed method, which considers the coupling stiffness differently with depth, can accurately
simulate the stability of the wellbore during the gas hydrate production.

5. Conclusions

The aim of the present study was to evaluate the stability of a production wellbore under the
depressurization method for gas hydrate production from hydrate bearing sediments. In order to
evaluate the stability of the wellbore, it is essential to consider the interface behavior between the
wellbore and hydrate bearing sediments. In this paper, an algorithm for wellbore stability analysis
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was suggested. The effects of the shear and normal coupling stiffness were investigated and coupling
stiffness models, which considered confining stress and slippage phenomena, were suggested and
applied to the algorithm. The key findings from this study are as follows:

• The shear and normal coupling stiffness have to be considered to simulate the interface between
the wellbore and the ground. From the parametric analysis relating coupling stiffness to wellbore
stability, shear coupling stiffness has a significant effect on the development of axial stress of
the wellbore while normal coupling stiffness does not affect the development of axial stress on
the wellbore.

• The shear and normal coupling stiffness are the function of confining stress. This study derived
a coupling stiffness model considering confining stress by performing the direct shear test and
consolidation test.

• The shear coupling stiffness has to be considered differently from the depth of the wellbore to
estimate the actual development of axial stress on the wellbore.

• The compressive stress is induced at the wellbore due to the subsidence and heave of the ground.
• As the effective stress with depressurization for gas hydrate production increases, slippage occurs

between the wellbore and the ground because of shear failure. After shear failure, additional
axial stress on the wellbore is not developed. For this reason, the maximum generated axial stress
converges to a whole range during gas hydrate production.

• Preferentially, the maximum axial stress occurs at the neutral point where displacement is zero,
and gradually converges to the whole range of the wellbore. The final conclusion based on
the key findings is that the coupling stiffness has to be considered differently from the depth
of the wellbore, and the slippage phenomena also has to be considered to performed accurate
stability analysis.

This study contains limitation and the authors suggest further work. In this study, the coupling
stiffness models are valid only for Ulleung basin because the models were derived from the experimental
results using Ulleung basin sediment. In order to improve the applicability of the models, it is necessary
to develop them including factors (e.g., bulk and shear modulus) that can consider the characteristics
of the soil type.
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Abstract: Strength parameters of the host rock is of paramount importance for modelling the
behaviors of underground disposal repository of high-level radioactive waste (HLW). Mobilization of
strength parameters should be studied for a better understanding and modelling on the mechanical
behaviors of the surrounding rock, considering the effect of temperature induced by the nuclear waste.
The granite samples cored from NRG01 borehole in Alxa candidate area in China for HLW disposal
are treated by different temperatures (T = 20 ◦C, 100 ◦C and 200 ◦C), and then are used to carry out a
series of uniaxial and tri-axial compression experiments under various confining pressures (σ3 = 0, 5,
10, 20, and 30 MPa) in this study. With the recorded axial stress—axial strain and axial stress—lateral
strain curves, mobilization of both Mohr-Coulomb and Hoek-Brown strength parameters are analyzed
with the increasing plastic shear strain. It has been found that NRG01 granite samples show generally
similar cohesion weakening and friction strengthening behaviors, as well as the non-simultaneous
mobilization of Hoek-Brown strength parameters (mb and s), under the effect of various treatment
temperatures. Furthermore, the samples treated by higher temperatures show lower initial values of
cohesion, but their initial friction angle and mb values are relatively higher. This should be mainly
owing to the thermally induced cracks in the samples. This study should be helpful for a better
modelling on the mechanical behaviors of NRG01 granite samples as the host rock of a possible HLW
disposal repository.

Keywords: granite; HLW disposal; plastic strain; temperature; CWFS; damage process; yield
condition; strength criterion

1. Introduction

Granite is considered as one of the most important types of host rock for geological disposal of
high-level radioactive waste (HLW) [1–9]. An appropriate modelling on the mechanical behavior
of granite is of great importance for site selection and design of the repository [9–13]. Specially, it
should be noted that the heat induced by the nuclear waste may have considerable influences on the
mechanical behavior of the host rock, so the thermal effect cannot be ignored [8,12,14–17].

There have been extensive studies on the mechanical behaviors of the host rock for HLW
disposal [1,9,18–22]. In many studies, simultaneously mobilized Mohr-Coulomb strength parameters
(cohesion and friction angle) were used in the modelling of the underground excavation [23–27].
In order to describe the plastic strain softening behavior of the rock, they assumed that both cohesion
and friction angle degrade from the initial value to the residual value with the increasing plastic
strain, and piecewise linear models were usually adopted [23–27]. However, based on a series of
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theoretical analyses and laboratory experimental studies on cohesive soil, granite, marble, limestone,
etc., it has been found that the geo-materials always show non-simultaneous mobilization of strength
components, i.e., cohesion will be degraded and friction angle will be enhanced with the increasing
damage or plastic strain during the failure process [26,28–35]. This is owing to the development of
cracks inside the rock decreases the cohesive strength, while the induced crack surfaces make the
frictional strength increases [26,29,36]. Accordingly, the cohesion weakening friction strengthening
(CWFS) model was proposed, and this model with linear equations was used for modelling the failure
process of URL Mine-by tunnel [26,29,36]. A comparison study shows that CWFS model can capture
the failure extent and depth of failure (DOF) of this circular excavation better than the other widely used
models such as elastic model, elastic-perfectly plastic model, elastic-brittle model, etc. [26]. Thereafter,
more linear CWFS models are used in the researches and give reasonable simulations on the stability of
underground openings, pillars, as well as the process of crack propagation [30,37–39]. Nonetheless, it
was pointed out that the linear CWFS model may result in a problematic behavior of the stress – strain
curves, and a fitted non-linear CWFS model with smooth curves was proposed, which was proved
to be able to capture the gradual damage process better [31]. More recently, reference [40] proposed
the guidelines for the parameters selection for CWFS modelling analysis of excavations. Up to date,
the concept of CWFS analyses has widely been accepted in modelling the failure of brittle rocks.

However, the studies on the mobilization of strength parameters mainly focused on the
Mohr-Coulomb criterion. As an actual fact, Hoek-Brown criterion is also widely used in the modelling of
field rock engineering [41,42]. There were some studies using piecewise linear models with simultaneous
mobilization of Hoek-Brown strength parameters (m and s) to analyze rock behaviors [23,24,26,43].
Nevertheless, according to the above-mentioned analyses on the non-simultaneous mobilization of
cohesion and friction angle, we should notice whether the Hoek-Brown strength parameters may also
be mobilized non-simultaneously during the damage and failure process of rock. If the answer is
yes, what is the characteristics of this mobilization? What is the relationship between the mobilized
Hoek-Brown strength parameters and the rock damage or plastic strain? This has not been investigated
in the published researches, and it is required to conduct a detailed study.

In the recent several decades, extensive field and laboratory researches have been carried out in the
site selection of HLW disposal in China [1,2,4,10,15,20,22,44,45]. Alxa candidate area in Inner Mongolia
is one of the three candidate areas with large volume of granitic rock. Figure 1 presents the location of
Alxa area with two sub-areas (TMS and NRG), as well as the main geological structures around this area.
More detailed information about Alxa area has been provided in reference [1]. Field investigations on
the outcrops have been conducted and four boreholes (named as TMS01, TMS02, NRG01 and NRG02)
with the depth of 600 m have been drilled. Laboratory experiments on the cored samples have also been
carried out for studying the mechanical properties of the rock. These researches show that the granite
around NRG01 borehole shows the best rock mass quality in Alxa candidate area [1]. Nonetheless,
further studies should still be conducted on NRG01 granite samples with coarse grains for a better
modelling on the mechanical behaviors. What is the characteristics of the mobilization of cohesion and
friction angle for NRG01 granite samples? How will the heat produced by the nuclear waste affect
the mechanical behavior of NRG01 granite samples during the damage and failure process? Will the
mobilization of Hoek-Brown strength parameters occur for NRG01 granite samples in a simultaneous
or non-simultaneous way? Is there any suitable equations to describe this mobilization? What is
the mechanism?

Based on a series of systematic uniaxial and tri-axial compression experiments on NRG01 granite
samples treated by different temperatures, mobilization of both Mohr-Coulomb and Hoek-Brown
strength parameters have been analyzed in details. This paper is organized as follows: In Section 2,
the physical and mechanical properties of the samples, the experimental setup and methods will be
introduced. The experimental results will be presented in Section 3. Section 4 will provide the systematic
data analyses and discussions on both the mobilization of Mohr-Coulomb and Hoek-Brown strength
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parameters during the failure process of NRG01 granite samples under different heat treatments. Based
on the above-mentioned analyses and discussions, some conclusions will be drawn in Section 5.

Figure 1. Schematic map of main geological structures around Alxa area. Modified after [46]. TMS01,
TMS02, NRG01 and NRG02 are four boreholes drilled in TMS and NRG sub-areas.

2. Samples and Experimental Methods

NRG01 granite samples treated by different temperatures are used to conduct a series of uniaxial
and tri-axial compression tests with various confining pressures. The obtained stress-strain data will
be used for analyzing the mobilization of strength components during the brittle failure of granite
considering the thermal effect.

2.1. Samples

The granite samples are cored from NRG01 borehole, which is one of the four 600 m-deep boreholes
in Alxa area. According to the field investigations on the corresponding outcrops, RQD analyses on
the drilling cores, as well as the mechanical experiments on the cored specimens in laboratory, NRG01
samples show the best structural and strength quality and thus are selected to be used for further
studies [1].

The pink samples are cored from the depth of 500–600 m. The typical samples are presented in
Figure 2a,b. It can be found that the samples are heterogeneous and have coarse particles. According to
the observation on thin sections under polarized microscopy, the mineral contents and the grain
sizes of NRG01 granite samples are analyzed and listed in Table 1 [47]. Based on the mineral
components, the samples should be named as biotite syenogranite. Nevertheless, they are still called
as granite samples in this paper for simplicity. Figure 2c shows a comparison on the strength values
of different granite samples under various confining pressures. Apparently, NRG01 samples have
higher strength than TMS01 granite samples cored from TMS01 borehole in TMS sub-area (shown in
Figure 1) of Alxa candidate area. Compared with BS06 granite samples cored from Beishan candidate
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area in Gansu Province [48], NRG01 samples show a little lower strength under lower confinements
(σ3 = 0–10 MPa), while a little higher strength under higher confinements (σ3 > 10 MPa). Based on peak
strength values fitted with linear Mohr-Coulomb criterion, NRG01 granite samples have the cohesion
of 20.1 MPa, and internal friction angle of 57.5◦. Hoek-Brown criterion is also used to analyze the data,
and the non-linear Hoek-Brown fitting curve is shown in Figure 2c.

m

m

m

Figure 2. (a,b) Typical NRG01 granite samples (Height: 100mm; Diameter: 50mm) [1] and (c) strength
of NRG01 granite under various confinements comparing with TMS01 granite as well as BS06 granite
from Beishan area, Gansu Province [48].

Table 1. Mineral contents and grain sizes of NRG01 granite samples (based on [47]).

Minerals Contents Grain Sizes (mm)

alkali feldspar 45% 2.0–8.0
plagioclase 18% 1.3–3.0

quartz 25% 1.5–4.0
biotite 12% 0.8–1.5

2.2. Experimental Methods

A series of cylindrical NRG01 granite samples are well prepared (listed in Table 2) for uniaxial and
tri-axial compression experiments under various confining pressures (σ3 = 0, 5, 10, 20, and 30 MPa).
Concerning the heat produced by the high-level radioactive waste during the long-term disposal
period, the effect of temperature should also be considered in this study. According to an extensive
review on the conceptual design of repositories [7,49–52], the temperature applied on the host rock
will be no higher than 100 ◦C–120 ◦C. Consequently, this study focuses on the range from 20 ◦C (room
temperature) to 200 ◦C.

The specimens are firstly heated in a heating cabinet to the designed temperatures as shown in
Table 2. The heating rate is set as 2 ◦C/min. When the target temperatures are reached, the heat treated
samples are used for a series of uniaxial and tri-axial compression experiments with the TAW2000
servo-control tri-axial compression test system in Key Laboratory of Shale Gas and Geoengineeirng,
Chinese Academy of Sciences. It should be noted that the rock specimens cannot remain their treatment
temperatures as there is not a heating system during the compression tests. The confining pressures
are applied to the target values as presented in Table 2, followed by the axial loading at a constant
strain rate of 1.0 × 10−5·s−1. During each test, the axial and lateral strain are both measured with a
set of extensometers, and the axial stress is obtained according to the axial load monitored by a force
sensor. Consequently, the axial stress – axial strain curve and axial stress—lateral strain curve can be
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recorded for each test, and the failure characteristics of the specimens will also be observed after the
experiments are completed.

Table 2. Design for the tests under different confinements and heat treatment.

NO. Length (mm) Diameter (mm) Density (g/mm3) Confinement (MPa) Temperature (◦C)

N1-20 100.17 49.55 2.64 0 20
N1-14 100.13 49.51 2.65 5 20
N1-29 99.67 49.99 2.63 10 20
N1-7 100.31 49.99 2.65 20 20
N1-23 100.09 49.46 2.64 5 20
N1-77 100.39 50.17 2.63 0 100
N1-83 100.32 50.03 2.63 5 100
N1-85 100.15 50.02 2.65 10 100
N1-88 100.28 50.14 2.64 20 100
N1-92 100.45 50.11 2.64 30 100
N1-79 100.49 50.21 2.65 0 200
N1-82 100.32 49.74 2.64 5 200
N1-87 100.37 50.13 2.63 10 200
N1-89 100.45 49.72 2.64 20 200
N1-93 98.79 50.14 2.65 30 200

3. Experimental Results

The differential stress—axial strain curves and differential stress—lateral strain curves for all the
tests are presented in Figure 3a–e. It should be noted that differential stress (σ1 − σ3) is used in these
curves in order for a more consistent observation. The peak strength values and the strength envelopes
fitted with Hoek-Brown criterion are shown in Figure 3f. Based on these test results, some features can
be observed as follows:

(1) For the NRG01 granite samples treated by different temperatures (T = 20 ◦C, 100 ◦C and 200 ◦C),
the differential stress – axial strain curves show the similar brittle – ductile transition behaviors
with the increasing confining pressures (σ3 = 0–30 MPa);

(2) According to the experimental results, the heat treatment by temperatures no higher than 200 ◦C
does not have very significant influence on the stress – strain curves of the NRG01 granite
samples under various confining pressures (σ3 = 0–30 MPa). However, if we make a more careful
observation, it can be found that the samples treated by higher temperature show relatively more
ductile behavior during the post-peak stage;

(3) The peak strength values are also very close for the samples treated by different temperatures.
This means that the heat treatment by temperatures no higher than 200 ◦C does not have very
obvious influence on the strength values of the NRG01 granite samples under various confining
pressures (σ3 = 0–30 MPa).

Figure 3. Cont.
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Figure 3. Differential stress—axial strain and differential stress—lateral strain curves of NRG01 granite
samples treated by various temperatures under the confinement of (a) 0 MPa, (b) 5 MPa, (c) 10 MPa,
(d) 20 MPa, (e) 30 MPa; and (f) the fitted peak strength envelops.

4. Data Analyses and Discussion

4.1. Mobilized Mohr-Coulomb Strength Parameters During Failure of NRG01 Granite

4.1.1. Analytical Method

According to the previous studies [26,28,31,33,53], the Mohr-Coulomb strength parameters
(cohesion c and inner frictional angle ϕ) of rock should be mobilized dependent on rock damage or
plastic parameters of geo-materials. The most widely accepted plastic parameter is the plastic shear
strain γp, which can be obtained as the difference between the maximum and minimum principal
plastic strains (εp

1 and εp
3 , respectively) [27,30,33,54]:

γp = ε
p
1 − ε

p
3 , (1)

There are usually two methods to obtain the plastic strain values. One method is to differentiate
the recoverable and irrecoverable strain by taking cyclic loading-unloading experiments. The plastic
strain can be obtained from the irrecoverable strain in each cycle of the tests directly, however, it
is quite complicated to control this type of experiment, and the data is limited by the numbers
of cycles [27,33,54,55]. Therefore, another method is developed based on the assumption that the
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unloading curve in each cycle has the same modulus as the initial deformation modulus. In this
way, a series of plastic strains can be obtained with a series of assumed loading-unloading cycles
by just carrying out conventional uniaxial and tri-axial compression experiments. This method has
been widely accepted and used in many studies [27,33,54] and is also employed here in this research.
Figure 4 gives a sketch to illustrate this method for determining the plastic axial and lateral strains, as
well as the corresponding axial stress values. A series of lines parallel with the tangent lines at the
linear elastic stage of the σ1-ε1 curves are drawn to determine the plastic axial strain εp

1,i and plastic

lateral strain εp
3,i, respectively. The symbol i here is a series of positive integers, showing that a series

of plastic strain values can be collected with this method. It should be noted that there is a gap |OA|
owing to the crack closure stage of σ1-1 curves, so this gap should be removed for determining the
plastic axial strain εp

1,i:

ε
p
1,i = |OB| − |OA|, εp

1,i+1 = |OC| − |OA|, (2)

i+ i
CB

A

i

i
i

i

O

Figure 4. Sketch of the method for determining plastic strains and the corresponding stress values.

Then the plastic shear strain can be obtained as:

γ
p
i = ε

p
1,i − ε

p
3,i, (3)

For each plastic shear strain, the corresponding maximum principal stress σ1 is collected under
different confining pressures σ3. Thereafter, cohesion c and internal friction angle ϕ can be calculated
by drawing Mohr circles or by linear fitting of σ1 and σ3 with the following equation:

σ1 =
2c cosϕ
1− sinϕ

+
1 + sinϕ
1− sinϕ

σ3 (4)

The values of c and ϕ can then be plotted with the increasing plastic shear strain. As the
temperature induced by the high-level radioactive waste may affect the mechanical behavior of the
host rock, the evolutionary characteristics of c and ϕ are also studied for NRG01 granite under different
heat treatment (20 ◦C–200 ◦C).

4.1.2. Data Analyses and Discussion

Based on the stress-strain curves of NRG01 granite under different heat treatment and confinements
presented in Figure 3, as well as the methodology demonstrated in Section 4.1.1, a series of axial stress
at different plastic shear strains can be plotted in Figure 5. For each plastic shear strain, a set of axial
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stress values under various confining pressures can be obtained to calculate the cohesion and friction
angle. These values are shown in Figure 5.

Figure 5. Evolution of maximum principal stresses of NRG01 granite samples treated by different
temperatures: (a) T = 20 ◦C; (b) T = 100 ◦C and (c) T = 200 ◦C.

The results obtained in Figure 6 show that NRG01 granite samples have the generally cohesion
weakening and friction strengthening (CWFS) behaviors for various treatment temperatures (room
temperature to 200 ◦C). According to the published references [26,29,31,36], the cohesion component
should be weakened to the residual value before the full mobilization of friction angle, however, it is
not true for NRG01 granite treated by different temperatures. It is shown that cohesion is weakened
in a gradual manner with increasing plastic shear strain, nevertheless, the friction angle increases to
the peak value more immediately. As an actual fact, the test results similar to this study can also be
found in references [30,31,33]. This difference has also been discussed in [29,36], and it is believed that
the plastic strain limit at which the cohesion reaches the residual value or the friction angle is fully
mobilized is dependent on many factors such as the rock type, grain size, heterogeneity, as well as the
hoop effect owing to the cylindrical shape of the specimens, etc. More systematic studies should be
carried out to learn more clearly about the exact influencing factors and the mechanism.

81



Energies 2019, 12, 4237

Figure 6. Mobilized (a) cohesion and (b) friction angle of NRG01 granite samples treated by
different temperatures.

Based on the characteristics of the mobilized cohesion and friction angle presented in Figure 6,
the generally used linear CWFS model [30,37–39] may not be suitable for NRG01 granite. For a better
description of the rock behaviors, a non-linear model should be used. With the fitting Equations (5)
and (6) proposed in reference [31], the mobilized cohesion and friction angle values can be well fitted
as shown in Figure 6. The fitted coefficients are listed in Table 3.

c = cr + (ci − cr)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣2−
2

1 + exp
(
−5 γ

p

γ
p
c,r

)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (5)

where, ci and cr are the initial and residual values of cohesion, respectively. γp
c,r is the plastic shear

strain when the cohesion is close to the residual value.

ϕ = ϕi + (ϕmax −ϕi)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
2

1 + exp
(
−5 γp

γ
p
ϕ,max

) − 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
− (ϕmax −ϕr)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1

1 + exp
(
−5

2γp−γp
ϕ,r

γ
p
ϕ,r

)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (6)

where, ϕi is the initial value of friction angle, while ϕmax is the maximum value, and ϕr is the residual
value. γp

ϕ,max is the plastic shear strain when the friction angle is close to its peak value, while γp
ϕ,r is

the plastic shear strain when the friction angle is close to its residual value.

Table 3. The fitted coefficients determining the mobilized Mohr-Coulomb strength parameters during
the failure of NRG01 granite samples under different treatment temperatures.

Temperature (◦C) ci cr γp
c,r R2 ϕi ϕmax ϕr γp

ϕ,max γp
ϕ,r R2

20 31.99 18.00 3.93 0.6696 32.78 55.91 48.58 0.31 3.52 0.9864
100 24.67 12.00 11.35 0.8341 34.14 55.74 48.43 0.35 3.23 0.9746
200 28.31 26.26 2.08 0.2001 39.21 53.70 39.89 0.38 4.3 0.9931

According to Figure 6, it can also be observed that the different treated temperatures may lead
to a few different evolutionary behaviors of cohesion and friction angle for NRG01 granite samples.
The more obvious influences are shown for the behaviors of cohesion component, i.e., the sample under
room temperature (T = 20 ◦C) shows an apparently higher initial cohesion value (c = 31.99 MPa), and a
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more obvious decrease with the increasing plastic shear strain, compared with the samples treated by
higher temperatures (c = 24.67 MPa and 25.88 MPa for T = 100 ◦C and 200 ◦C, respectively). This should
be explained by the more thermally induced cracks in the heat treated samples, which decreased the
initial cohesive strength of the specimens. According to Figure 6b, the thermally treated samples by
higher temperatures present higher initial friction angles (ϕ = 38.87 ◦ for T = 200 ◦C, compared with ϕ
= 32.54 ◦ and 33.74 ◦ for T = 20 ◦C and 100 ◦C, respectively), which should also be resulted from the
more thermally induced crack surfaces treated by higher temperatures. Based on these observations,
a general trend can be concluded that higher treatment temperatures may lead to relatively lower
initial values of cohesion (c) and higher initial values of friction angles (ϕ) for NRG01 granite samples.
This phenomenon should be owing to the different amounts of thermally induced cracks inside the
rock under the effects of different temperatures.

This section demonstrates the characteristics of mobilized cohesion and friction angle during the
failure process of NRG01 granite samples treated by different temperatures. The non-simultaneous
mobilization should be considered in the constitutive models when analyzing the stability of the host
rock for site selection or design of a HLW disposal repository.

4.2. Mobilized Hoek-Brown Strength Parameters During Failure of NRG01 Granite

As discussed above, the non-simultaneous mobilization of strength parameters mainly focused
on the linear Mohr-Coulomb criterion. For the widely used non-linear Hoek-Brown criterion, only
simultaneous mobilization of strength parameters (m and s) can be found to be considered in the
published studies [23–26]. It is quite necessary to research the mobilization behaviors of Hoek-Brown
strength parameters during the failure process of rock. This section will present such a study based on
the laboratory experiments on NRG01 granite samples treated by different temperatures.

4.2.1. Analytical Method

The similar method as illustrated in Figure 4 is used here for determining a series of plastic strain
and axial stress values. So the same results presented in Figure 5 can be used in this part of analyses.
For each certain plastic shear strain value, the set of stress values under different confining pressures
are used to fit the Hoek-Brown criterion [26,42]:

σ1 = σ3 + σci

(
mb
σ3

σci
+ s
)a

, (7)

where, σ1 and σ3 are the maximum and minimum principal stresses, respectively; σci is the uniaxial
compression strength of the intact rock; mb, s and a are the constants for the damaged rock specimens.

It should be noted that the parameter s is related to the fracturing degree of the samples.
When σ3 = 0, the uniaxial compression strength of the damaged samples can be obtained as:

σc = σcisa, (8)

As the constant a is defined as:

a =
1
2
+

1
6

(
e−GSI/15 − e−20/3

)
, (9)

where, GSI is the Geological Strength Index indicating the rock quality with the number ranging from
0 (totally fractured) to 100 (intact) [41,42]. It can be seen that for 25 < GSI < 100, the value of a is very
close to 0.5. Therefore, a is reasonable enough to be set as a constant number 0.5 for simplicity in this
study. Thereafter, for the damaged samples at each plastic shear strain, s can be identified based on the
corresponding uniaxial compression strength values presented in Figure 5 by the following equation:

s = (σc/σci)
0.5, (10)
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With the determined s values, a series of mb values can be obtained by fitting the data in Figure 5
with Equation (7). As a result, the mobilized mb and s values varying with plastic shear strain for
NRG01 granite samples treated by different temperatures are presented in Figure 7a,b, respectively.

m s

Figure 7. Mobilized Hoek-Brown strength parameters (a) mb and (b) s of NRG01 granite treated by
different temperatures: T = 20 ◦C, T = 100 ◦C and T = 200 ◦C.

4.2.2. Data Analyses and Discussion

According to Figure 7, for NRG01 granite samples treated by different temperatures (T = 20 ◦C,
100 ◦C and 200 ◦C), several features can be observed as follows:

(1) Similar to the mobilization of cohesion and friction angle, the mobilization of Hoek-Brown
strength parameters (mb and s) is also non-simultaneous during the failure process of NRG01
granite treated by different temperatures no higher than 200 ◦C;

(2) With increasing plastic shear strain, mb increases significantly to a maximum value and then
decreases until a residual value;

(3) s decreases gradually with the increasing plastic shear strain. This is related to the damage and
fracturing process during the tests.

The mobilization of mb can be fitted with Equation (11):

mb = mbi + (mbmax −mbi)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
2

1 + exp

⎛⎜⎜⎜⎜⎜⎝−5 γp

γ
p
mb,max

⎞⎟⎟⎟⎟⎟⎠
− 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

− (mbmax −mbr)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1

1 + exp

⎛⎜⎜⎜⎜⎜⎝−5
2γp − γp

mb,r
γ

p
mb,r

⎞⎟⎟⎟⎟⎟⎠

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦,
(11)

where, mbi and mbr are the initial and residual value of mb, respectively; mbmax is the maximum value
of mb; γp

mb,max is the plastic shear strain when mb is close to its peak value, while γp
mb,r is the plastic

shear strain when mb is close to its residual value.
The mobilization of s can be fitted with Equation (12):

s =
si − sr

1 +
(
γp/γp

0

)n + sr, (12)
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where, si and sr are the initial and residual value of s, respectively. γp
0 is the transitional plastic shear

strain when the s value turns to decrease in a gradual manner. n is a constant determining the shape of
the curve.

The fitted curves are presented in Figure 7, and the fitted coefficients are shown in Table 4.
According to Figure 7a, it can be observed that the mobilization of mb value has very similar
characteristics with the increasing plastic shear strain, for the NRG01 granite samples treated by
different temperatures (T= 20 ◦C, 100 ◦C and 200 ◦C). Based on a more detailed observation on Figure 7a,
we can find that for the NRG01 granite samples treated by the temperature T = 200 ◦C, the initial value
of mb = 7.24. This is apparently higher than the value for the cases of lower temperatures (mb = 3.54
and 2.59, for T = 20 ◦C and 100 ◦C, respectively). It is always believed that mb value is more related to
the frictional strength in Mohr-Coulomb criterion [29,56]. For the case of T = 200 ◦C, there should be
more crack surfaces induced by the heat in the granite samples, and this should be the reason why the
initial values of friction angle and mb are both higher. According to Figure 7b, the mobilization of s
value are also quite similar with the increasing plastic shear strain, for the NRG01 granite samples
treated by different temperatures (T = 20 ◦C, 100 ◦C and 200 ◦C). There are not enough evidence to
prove how heat treatment influence the mobilization of s value based on this study. More systematic
experimental studies should be carried out in order to make clear the characteristics of mobilized s
during the failure process of granite treated by different temperatures.

Table 4. The fitted coefficients determining the mobilized Hoek-Brown strength parameters during the
failure of NRG01 granite samples under different treatment temperatures.

T (◦C) 1 mbi mbr mbmax γp

mb,max
γp

mb,r R2 si sr γp

0 n R2

20 4.64 12.40 43.71 0.56 3.65 0.9947 1.00 −1.00 8.15 1.72 0.9751
100 4.68 13.98 45.64 0.72 3.53 0.9868 1.00 0.45 1.80 2.00 0.9464
200 8.54 4.09 43.08 0.52 4.09 0.9940 1.00 0.63 1.41 1.70 0.9860

1 T means the treatment temperature.

5. Conclusions

NRG01 granite samples cored from Alxa candidate area for HLW disposal were treated by
different temperatures, and then were used to carry out a series of uniaxial and tri-axial compression
experiments under different confining pressures. Complete axial stress—axial strain curves and axial
stress—lateral strain curves were recorded. These data were collected to study the mobilization of
both Mohr-Coulomb and Hoek-Brown strength parameters during the damage and failure of NRG01
granites samples considering the effect of heat induced by the nuclear waste. According to the analyses
in this study, several conclusions can be drawn as follows:

(1) Cohesion weakening and friction angle strengthening occurs during the damage and failure
process of NRG01 granite samples treated by different temperatures. However, compared with
the findings in the previous studies, cohesion decreases in a more gradual manner for NRG01
granite samples, and the friction angle increases immediately to its maximum value before the
cohesion approaching to the residual value. This may be owing to the grain size, heterogeneity,
or even the hoop effect induced by the cylindrical shape of the samples. More systematic studies
are required to make clear the exact influencing factors, as well as the mechanism.

(2) The temperatures of no higher than 200 ◦C do not have significant influence on the characteristics
of mobilized cohesion or friction angle during the damage and failure process of NRG01 granite
samples. However, the samples under room temperature (20 ◦C) have higher initial cohesion
than the samples treated by higher temperatures (T=100 ◦C and 200 ◦C). In addition, the samples
treated by temperature of 200 ◦C have higher friction angle than the samples treated by lower
temperatures. This should be caused by the cracks induced by the heat treatment.
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(3) The Hoek-Brown strength parameters mb and s are also observed to show non-simultaneous
mobilization behaviors during the failure process of NRG01 granite samples treated by different
temperatures. It is found that mb increases significantly to a maximum value and then decreases
until a residual value, and s decreases gradually with the increasing plastic shear strain. The general
characteristics of the mobilized mb and s are similar for NRG01 granite samples treated by different
temperatures, and the fitted equations for modelling the mobilization of both parameters are
proposed. The samples treated by temperature of 200 ◦C have higher initial mb value, this should
also be caused by the cracks induced by the heat treatment.

These findings on the mobilization of strength parameters provide a better understanding on
the strength properties of NRG01 granite samples, and can be used for building a plastic constitutive
model in the next step. This study should also be helpful for guiding the selection and design of HLW
disposal repository in Alxa area in China. This study put forward the research on non-simultaneous
mobilization of strength parameters to Hoek-Brown strength criterion, and more experimental studies
are required to consolidate the results. The methods used in this paper can also be used for this kind of
analyses in the other candidate areas for HLW disposal.
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