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A two-dimensional gain-based lattice approach, is developed here, driven by the needs for modelling
strategy of rock salt (halite). In this scheme, considering crystalline micro-structure, halite is discretized
into polygonal grains by smooth joint logic, in which mass nodes with micro-rotation are connected by
springs. The contacts between grains are in a point-to-point manner, which can avoid complex contact
definition (point-to-edge, or edge to edge, etc.) in classical numerical simulations. Breakage and creation
of interactions in dynamic spring network is applied to implement the dislocation and diffusion within
grains in addition to crystal plasticity.
Brazilian tensile test, unconfined and triaxial compression tests are presented for a guideline of param-

eter identification and a consistent simulation set-up. Relatively comparable results including brittle-
ductile transition could be reproduced, revealing the potential to study and quantify the interplays of
mechanical deterioration of halite.

� 2016 Published by Elsevier Ltd.
1. Introduction

Rock salt is also known as halite, which is a kind of salt and
exhibits isometric crystal structure. It was found to have a low per-
meability and porosity [1,2], excellent sealing capacity of faults [3]
and possess a creep behaviour under a low stress level [2]. Due to
those incredible characteristics, rock salt has been widely used in
many fields. For instance, early engineering studies of rock salt
were driven largely by the need to design safe salt mines [2]. Then,
it was applied into oil or hydrocarbon gas storage [4], and even it
was considered to have the possibility to host a deep geological
repository for radioactive, high-level waste from nuclear facilities
[5], such as Waste Isolation Pilot Plant of USA [6]. Based on the eco-
nomic and environment-friendly importance, in order to provide a
scientific basis for proper stability evaluation and safe design, con-
struction and operation, it’s necessary for us to study deeply on
halite rocks.

In recent decades, scholars and researchers have made a lot of
efforts from the perspectives of experimental tests, theoretical
analysis and numerical simulation, which have influenced posi-
tively on current research and future potential applications. Exper-
imental measurement is a kind of direct methodology. Some static
and dynamic material parameters of rock salt specimens were
obtained by this method [7–11]. Time [2,12,13] and temperature
[14,15] dependent properties were observed and studied in the
past. As for the aspect of theoretical studies, some mathematical
models and contact laws were developed based on the in-situ mea-
surements and laboratory tests to predict short-term as well as
long-term mechanical responses [16–19]. Nevertheless, numerical
simulation may be regarded as a bridge between theoretical meth-
ods and experiments. It could provide valuable reference data and
prediction for engineering design or practical applications in a
more economic and efficient way. Additionally, it may complete
some experiments which are hard or even impossible to cope with
by other approaches [20]. With the great improvement of com-
puter performance, numerical methods are playing an increasingly
important role in the current research. For salt-rock, exploration of
advisable constitutive models and modelling strategy is still an
ongoing task [21].

Generally, the numerical simulations could be further divided
into two categories: continuum and dis-continuum based meth-
ods. Within continuum researches, as early as 1989, Evans and
Nunn [22] used the finite difference method (FDM) assessed the
driving convection mechanisms near salt dome [22]; In 1998,
FDM was used to model the development of the salt structure
[23]. Also, finite element method (FEM) has been applied to study
the mechanical properties of rock salt. For example, in 1972, based
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Fig. 1. Constitutive model (including Mohr-Coulomb criterion).
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on FEM, Thoms et al. [24] tried to model the creep behaviour of
rock-salt pillar samples for predicting the closure of rooms in salt
domes or bedded salt [24]; recently, Moghadam et al. [25] utilized
elasto-visco-plastic constitutive model into FEM equations to
explore the dilatancy, short- and long- term failure of rock salt.
While, due to the limitations of the continuum assumptions, these
methods may barely handle some problems related to large-scale
fractures, complex discontinuities, or microscopic mechanism [26].

Therefore, the dis-continuum based methods, like molecular
dynamics (MD) and discrete element method (DEM), were devel-
oped. MD, whose basic elements are actual ions, atoms and mole-
cules, mainly deals with the problems at micro- or nano- scale. This
scale feature and complex potential functions may limit its
research and engineering applications. Based on the initial concept
of MD, DEM was first proposed by Cundall [27] to study rocks and
other geo-materials. Early, it used bonded particle model, consist-
ing of circular or spherical elements [28], to simulate grains. Obvi-
ously, these rounded shape particles are not proper candidates for
rock salt simulation, based on halite’s physical and chemical
micro-structure. For now, polygonal-shaped elements in two-
dimensional or three-dimensional have been developed and
widely used in the salt-rock study [29,30]. These means could be
utilized to capture the inter-crystalline deformation and failure
behaviours of rock salt, but it seems to be difficult to simulate
the micro-cracks opening, propagation and proliferation within
crystalline gains. Besides, the implementation of those methods
are so complex that it may highly penalize calculation efficiency
[28].

Meanwhile, the concept of lattice models (LM) was established.
In theory, lattice models are based on the atomic lattice models of
materials [31]. In contrast to DEM, the elements are replaced by
point masses instead of spherical particles and the contacts
between elements by simple springs or beams. These characteris-
tics make LM flexible to model both granular media and contin-
uum systems [31]. The scale of specimens in research may be
extended by a coarser lattice idea (larger than real atomic scale)
that could be dated back to Hrennikoff [32]. This model is well suit-
able to emulate the fractures in rock and other engineering mate-
rials. However, it seems to be hard to simulate the cracking or
sliding along the grain boundaries, which exactly exist in rock salt.

Based on the physical and chemical nature of salt-rock, a grain-
based lattice scheme is developed here, that might be regarded as a
kind of granular media with polyhedral elements incorporating
micro-rotation and breakage/creation of interactions within crys-
talline grains. The whole sample is discretized into nodes with
given masses connected by normal and shear springs with Mohr-
Coulomb criterion. Some points of departure from the available lat-
tice models are the introduction of given micro-rotational inertia
independent of lattice spacing, smooth joint logic (SJL) and cre-
ation of new interactions. They could be used to control the size-
dependent effect, capture grain sliding and implement the disloca-
tion and diffusion within grains in addition to crystal plasticity,
respectively.

The aim of this research is to attempt to establish an alternative
and promising modelling strategy for rock salt at grain scale in a
more realistic and simpler way. A guideline for parameter identifi-
cation and a consistent simulation procedure is presented. Com-
plementary insights and a deeper understanding of confinement
effect on mechanical deterioration are explored systematically
and quantitatively from the perspectives of compressive strength,
volume changes, fabric tensors and failure modes. The rest of this
paper is organized as follows. Firstly, basic methods we used are
described in Section 2, including the general idea of lattice
approach, a review of the concept of SJL, parameter identification
and the calculation process. Then, numerical simulations and
results are presented in Section 3 compared with experiments to
validate the model and calibrate material parameters by Brazilian
tension and uniaxial compression simulations, explore the confin-
ing pressure effect by varying confinement levels in biaxial com-
pression tests; also, the capability in predicting mechanical
behaviour of rock salt is discussed and evaluated. Finally, some
conclusions are highlighted in Section 4.

2. Basic methods

Previously, lattice model was mainly used to model elastic and
brittle media [33]. While, some researches show it has the poten-
tial to emulate ductile materials [34,35] as well. Therefore, we
extend it to represent a kind of cohesive-frictional medium, includ-
ing brittle-to-ductile transition, rock salt. Lattice networks stand
for the interior of crystalline grains, and the SJL accounts for the
movements along grain boundaries. The interactions between
polygonal grains generated by PolyMesher code [36] are in a sim-
ple point-to-point manner, which may take less time consuming
than that polyhedral interaction logic in DEM [37]. In particular,
the singularity issues involved in the definition of those complex
contacts, such as the interactions among facets, edges and points
[38], could be avoid [39].

2.1. Interactions in lattice model

A cohesive frictional constitutive law [28] is used to define the
interactions between two nodes. This model takes the linear elastic
behaviour into consideration, with cohesion and friction, and
Mohr-Coulomb plasticity surface is also included.

Under the condition of a small deformation, rock salt behaves
elastically and linearly. During that process, contact forces, includ-
ing normal force Fn and tangential force Fs, for every pair of inter-
action, are applied here, and the contact model is shown as Fig. 1.
Normal force Fn between two nodes, can be written as

Fn ¼ kn � Dd; ð1Þ

Dd ¼ deq � d;

d ¼ x
!
2 � x

!
1

� �
l
!
12;

ð2Þ

where kn;deq;d; x
!
1; x

!
2; l

!
12 is the normal spring stiffness and the

equilibrium distance, the distance, coordinate vectors and the nor-
mal of the spring between two nodes as shown in Fig. 2,
respectively.

In the case of tension, we define a maximum acceptable tensile
force Fn;max. When drupture < Dd < dtensile, a soft coefficient ksf is
introduced, and then the tensile force Fn can be displayed as



Fig. 2. Normal force between two nodes.
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Fn ¼ �kn � ksf � Dd� drupture
� �

;

drupture ¼ dtensile � Fn;max

kn � ksf ;

dtensile ¼ � Fn;max

kn
:

ð3Þ

The normal force is set to zero, after the value of relative distance
Dd is smaller than drupture, namely the springs between two nodes
are removed.

For tangential force Fs smaller than a maximum shear force
Fs;max (Fig. 3) calculated from the Mohr-Coulomb criterion, we
use the expression,

Fs ¼ ks � Dus Fs 6 Fs;maxð Þ;
Fs;max ¼ Fc þ Fn tanub;

ð4Þ

where Dus; ks; Fc and ub is shear displacement increment in the last
time step, the shear spring stiffness, cohesive force and local
frictional angle, respectively. It leads to the micro-rotation of the
elements, due to the included shear force.

When the tangential force Fs exceeds its corresponding maxi-
mum tangential force Fs;max, shear rupture occurs, and then the
maximum shear force Fs;max drops to another value Fs;max

� �
new for

new created frictional interactions obtained by

Fs;max
� �

new ¼ Fn tanuc; ð5Þ
where uc is the local residual frictional angle.
Fig. 3. Tangential force between two nodes.

Fig. 4. DEM-DFN model (a); DEs on the either side of the discontinuity
2.2. Smooth joint logic (SJL)

The smooth joint logic (SJL) is based on the development of the
Synthetic Rock Mass model [40]. Originally, it was used to simulate
the pre-existing cracks and faults in DEM samples [29,41–43] as
shown in Fig. 4. While, in this paper, we apply it to the simulation
of the movements along grain boundaries inside of rock salt,
namely crystalline structure. The forces acting on the nodes cross-
ing the joints use the similar expressions described in Section 2.1.
Fig. 4 shows the differences between elements contact orientation
and movements induced by shearing with and without SJL using
DEM. The elements on either side of the discontinuity plane (yel-
low) are distinguished by different colours, blue and purple, and
the green ones represent the DEs consisting of the matrix. Fig. 4
(c) and (d) exhibit the movement trajectories of one DE around
the other one, whose interaction is across the pre-existing crack
in classical contact orientation and modified contact orientation
that is perpendicular to the normal of the joint, respectively. In
order to show the difference clearly, in these figures, only the
movements between two elements of one interaction crossing
the plate are considered, and one of the elements is assumed to
be fixed, while actually is supposed to move to the opposite
direction.

Therefore, some diminutive modifications are necessary for the
interactions crossing the discontinuities. In general, the direction
vector of contact between two nodes is given by

l
!
12 ¼ x

!
2 � x

!
1

x
!
2 � x

!
1

��� ��� : ð6Þ

The modified contact normal is collinear with that of the surface n
!

j,
so the definition of d in Eq. (2) should be adjusted as well, shown as
follows,

d ¼ x
!

2 � x
!
1

� �
n
!

j; ð7Þ

when the dilatation due to sliding occurs, d is written as

d ¼ x
!

2 � x
!
1

� �
n
!

j þ Dus tanw; ð8Þ

where w is the dilatation angle from the input parameters. Fig. 5
depicts the SJL inserted in this lattice model. The interactions
between two polygonal grains are in simple point-to-point way,
which may eliminate the extensive time-consuming from the poly-
hedral interaction logic [37].

2.3. Parameter identification

Material parameter identification can be treated as an inverse
problem, which is a key step in numerical simulations. Here, a
NL2SOL algorithm in Dakota analysis toolkit [44] is applied to
plane (b); the movements without and with SJL of one DE (c), (d).



Fig. 5. Visualization of grain-based lattice model in two dimensions.
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obtain optimal solutions that minimize a sum of the squares resid-
uals (the relative errors between the simulation model and the
given data) shown as below [44],

RðxÞ ¼
XN
i¼1

ai xð Þ � a0
a0

	 
2

þ
XN
i¼1

bi xð Þ � b0

b0

	 
2

þ . . . ;

xLower 6 x 6 xUpper;

ð9Þ

in which x is an n-dimensional vector of input parameters and xLower

and xUpper are the lower and upper bounds, respectively; aiðxÞ and
biðxÞ are the simulation data; a0 and b0 are corresponding experi-
mental data; N is the number of objective data for calibration.

In order to reduce the iterations, reasonable initial guess values
and the lower and upper bounds should be chosen. The relations
between springs’ parameters and macroscopic material constants
can be obtained, based on the conservation law of strain energy
described as follows [31],

Ucell ¼ Ucontinuum; ð10Þ
where Ucell is the energy of lattice unit cells, and Ucontinuum is the
equivalent value in continuum concept. Then the elastic modulus
is estimated from the following expression:

Cijnm ¼ @2Ucell

@eij@enm
: ð11Þ

The order of Cijnm is reduced from fourth to second one by the Voigt
notation, and become [31]

C ¼ 1
8a2D

3kn þ ks kn � ks 0
kn � ks 3kn þ ks 0

0 0 kn þ ks

0
B@

1
CA; ð12Þ

in which a2D ¼
PNi

i
l2ð Þi

At , and l;A and t is the length of springs, the
area and the thickness of the sample, respectively. Then, the macro-
scopic elastic parameters can be described as

kn ¼ 2E
a2Dð1� vÞ ;

ks ¼ 2ð1� 3vÞE
a2Dð1� v2Þ ;

ð13Þ

m ¼ kn � ks
3kn þ ks

;

E ¼ kna2D

2

	
1� kn � ks

3kn þ ks



:

ð14Þ

We set the initial values and bounds of elastic constants according
to the relations. After multiple iterations, the ‘‘best” values under
given objective functions will be approached.

2.4. Calculation process

At first, the coordinates of the lattice mass nodes are generated
within every polygon. Secondly, the nodes are connected by nor-
mal and shear springs in pre-determined way that is different from
the bonded-particle model [45]. Then the movement orientations
of nodes crossing the grain boundaries are modified according to
the discontinuity planes’ normal. The forces and moments acting
on every node are calculated. According to a central difference
scheme, the motion of nodes [37] is computed as follows,

_d
ðtþDt

2 Þ
i ¼ _d

ðt�Dt
2 Þ

i þ
P

Fi
ðtÞDt
m

;dðtþDtÞ
i ¼ dðtÞ

i þ _d
ðtþDt

2 Þ
i Dt;

xðtþDt
2 Þ

i ¼ xðt�Dt
2 Þ

i þ
P

Mi
ðtÞDt
I

;

hðtþDtÞ
i ¼ hðtÞi þxðtþDt

2 Þ
i Dt;

ð15Þ

where I is the given micro-rotation inertia that is independent of l
and from inputs to quantify size-dependent effect. In order to get
quasi-static solutions, a non-viscous damping is utilized to dissipate
kinetic energy [46,47]. The damped force DFdamped of node i may be
written as follows,

DFð Þidamped

Fi
¼ �n � sgn _d

ðt�Dt
2 Þ

i þ
€di � Dt
2

 !
: ð16Þ

After updated position of every node is set, if new frictional interac-
tion is created or not will be determined by searching for neigh-
bours. Then, the forces acting on every spring are calculated from
the relative displacements of the nodes by the relations described
in Sections 2.1 and 2.2. After the nodal forces are reset, whether
new cracks occur will be detected. Spring networks will be updated
on every time step according to the detection. The flowchart of the
whole calculation process is illustrated in Fig. 6.

3. Simulations and discussions

For simplicity, we emulate a halite sample in two dimensions
(2D) with a high-resolution (at least 80 nodes across its smallest
dimension) to reduce the mesh sensitivity [48] and minimize the
anisotropy caused by lattice orientation. Firstly, it’s necessary to
calibrate the mechanical properties of this 2D lattice model. This
part is mainly accomplished by solving inverse problems from
Brazilian tension and uniaxial compression tests using the materi-
als properties [8,49–51] listed in Table 1. From that table, we can
see the material parameters of rock salts vary in a large range
and halite rocks bear tension considerably worse than compression
[52]. The ratio of the compressive strength versus tensile strength
can be more than 20. This calibration procedure will verify the cor-
rection of this algorithm by comparing with the failure modes and
data from experimental tests. Besides, the uni-axial compression
test results may help to predict where the transition from brittle
failure mode to ductile one will appear, which plays an important
role in confinement effect issues. Then, according to the prediction,
several biaxial compression tests, the counterparts of triaxial com-
pression tests in 3D, are conducted. The key topics in confining
pressure effect on mechanical deterioration of rock salt are dis-
cussed based on the numerical results. It’s worth mentioning that,
in this paper, we are trying to study the short-term mechanical
properties of halite. That means the viscous damping and temper-
ature dependence involved in creep behaviour is beyond the scope
of this research.

3.1. Calibration procedure

The input parameters of rock salt include elastic parts and plas-
tic ones. To accelerate calibration process, some reasonable
assumptions are applied here. Mass nodes representing the matrix
and the grain boundaries share some same inputs, like kn; ks;m; I
and Fc. Also, they have some different parameters, i.e. ub and only
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Fig. 6. Flowchart of this grain-based lattice scheme with SJL.

Table 1
Macroscopic mechanical properties of rock salt.

Material parameters Values

Young’s modulus E (GPa) 25:65� 6:65 [7];
5:15� 0:75 [49];
25:2� 1:9 [51]

Poisson’s ratio m 0:28� 0:11 [7];
0.31 [49];
0:37� 0:11 [51]

Uniaxial compressive strength rUCS (MPa) 28:9� 3:6 [7];
18:67� 1:61 [49];
34:7� 2:2 [51]

Brazilian tensile strength rBTS (MPa) 1:5� 0:4 [50,51]
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along the grain boundaries does dilation angle and tensile failure
exist [30]. The optimal parameters of the inputs could be attained
by minimizing the values of Eq. (16) by iterations.

3.1.1. Basic elastic parameters
In this part, basic elastic parameters, kn; ks; I, are chosen by com-

pression tests without micro-cracks (Fc and Fn;max are extremely
large). Then, objective functions in NL2SOL algorithm takes the for-
mation as follows,

R1ðx1Þ ¼
XN
i¼1

� exx
eyy

� �
i
x1ð Þ � m

m

0
@

1
A

2

;

x1 ¼ kn ks Ið Þ;

ð17Þ
where exx; eyy and m are transverse and axial strain from lattice sim-
ulations, and target poisson ratio, respectively. The initial guess of
normal and shear stiffness of springs could be estimated from Eq.
(13), based on the Young’s modulus and Poisson’s ratio from exper-
imental tests [49]. After getting the ‘‘best” values, the fitted slope of
the axial-force to axial-strain curve could be written as,

k ¼ Scross � E; ð18Þ
where E is the target Young’s modulus and Scross is constructed
cross-section area. Every node is given the mass by,

m ¼ qH2DScross
Nnodes

; ð19Þ

in which q;H2D and Nnodes are target density, height of two-
dimensional sample and the nodes number, respectively.

3.1.2. Plastic tension parameters
The plastic parts of inputs in tension cut-off conditions, such as

the maximum tensile force of the springs crossing the grain bound-
aries Fn;max and the soft coefficient ksf , can be gotten by the Brazil-
ian tension tests. Widely, the Brazilian test is used for indirect
measurement of tensile strength of rocks and other materials.
The tensile strength can be back calculated by

rBTS ¼ 2P
pDt

; ð20Þ

where P;D; t is the applied load, diameter and thickness of the sam-
ple. The average grain size of rock salt is about 3–5 mm [12] and the
specimen diameter in this kind of test shall preferably be at least 10
times of the grain size [53]. Therefore, this numerical test is
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performed on a circle disc with the diameter of 40 mm, consisting of
79 polygons with a mean size of 4 mm.

As aforementioned, the non-viscous damping and strain rate
may influence the numerical results, so a reasonable damping
and rate should be chosen at first. Fig. 7 recapitulates the various
response curves of different numerical damping, from 0 to 1.0.
Accompanied with the same other parameters, the tensile strength,
Young’s modulus and strain at the failure peak increase with the
damping. It can be seen from Fig. 8 that strain rate poses a greater
effect on the mechanical behaviours with respect to increasing
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Fig. 8. Strain rate effect at diffe
damping value. Consequently, 0.2 seems to be an ideal numerical
damping value for this model.

Based on these tests, optimization values of Fn;max and ksf are
calculated to fit the macroscopic mechanical properties of rock salt
using the objective function,

R2ðx2Þ ¼
XN
i¼1

rð Þi x2ð Þ � r0

r0

	 
2

;

x2 ¼ Fn;max ksfð Þ:
ð21Þ

As illustrated in Fig. 9(c), cracks accumulate along the grain
boundaries and failure surface is nearly parallel to the loading
direction. That deterioration mode and stress-displacement ten-
dency agree with the results [50] from laboratory measurements
(Figs. 9 and 10).

3.1.3. Plastic shear parameters
Substituting available inputs, a series of uni-axial compression

tests are continued for the inelastic shear parameters in Mohr-
Coulomb criterion. The tests are performed on a rectangle speci-
men with a width of 40 mm and a length of 80 mm, including
184 polygonal grains with average grain size of 4 mm. Load is
applied through displacement boundary conditions, moving the
upper nodes equally and slowly. Fig. 11 summarizes the strain rate
effect on mechanical properties tests with the non-viscous damp-
ing of 0.2: the vertical axis is signaled as ‘‘ratio” standing for the
parameters versus reference values at strain rate equal to
0.50 lm/s. Young’s modulus/Poisson’s rate increases/decreases
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Fig. 9. Lattice model of Brazilian tension test compared with lab measurement.
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nearly linearly with regard to strain rate, respectively; whereas,
the uniaxial compressive strength, the Brazilian tensile strength
and their ratio generally revealed a general trend of rise with a tri-
fling fluctuation. When strain rate is slower than 5.0 lm/s, all the
relative errors are within 3%. Therefore, strain rate of 5.0 lm/s
may be treated as a balance between accuracy and efficiency.

Input parameters, i.e. cohesive force, dilation/friction angle and
the tensile strength for both lattice matrix and grain boundaries,
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Fig. 12. Stress-strain curve obtained from uni-axial compression test simulations
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mutually decide the macroscopic compressive strength [54].
Hence, the objective function can be concluded as

R3ðx3Þ ¼
XN
i¼1

rð Þi x3ð Þ � r0

r0

	 
2

;

x3 ¼ FC ubð ÞMatrix ubð ÞGB wð Þ:
ð22Þ

Due to brittle or quasi-brittle failure mode in most of unconfined
compression tests of rock salt, the experimental data after reaching
the stress peak, tending to be too ductile is filtered out. Fig. 12
shows the comparison results with all optimal values. At the begin-
ning, the stress-strain relationship behaves in a linear and elastic
way. The plastic deformation starts with increasing axial strain
eyy. When the value of eyy exceeds 0.52%, the curve drops sharply
with the compressive strength of 21.22 MPa.

Fig. 13 shows the local differential stress distributions of the
specimen at different axial strain levels. It reveals that most of
the cracks nucleate at the grain boundaries and largely parallel
to the direction of the axial compression. Longitudinal splitting
predominates in the failure mode of this sample. The reasons caus-
ing the phenomenon combined with low confinement tests is
explained later. Response curves and deformation/failure modes
are nearly in accord with experimental evidences [49]. As a sum-
mary, input parameters used in the simulations are listed in
Table 2.
Fig. 13. Cracking along the grain boundarie
3.2. Confinement dependence

When rock salt is buried under the ground, serving as resources,
nuclear waste or industrial waste repository, its confining pressure
increases with the burial depth. Usually, deterioration mechanism
can be changed by that varied confinement level. Failure modes
may transit from brittle faulting to plastic flow with rising pressure
[55], which is an important behaviour in many geologic situations,
such as the tectonics of faulting or deformation band formation, or
even some engineering contexts [55,56]. Hence, it is necessary to
study the dependence of rock salt under various confinement
levels. The biaxial compression tests are carried out on the same
sample to use confining pressures between 0.2 and 20 MPa. In
order to achieve desired response curves, the maximum moving
velocity of lateral displacement boundary conditions controlling
the confinements is adjusted separately during the biaxial com-
pression process.

3.2.1. Effect on compressive strength
As observed in Fig. 14, a non-linear failure envelop is obtained

by reasonable adjustments of initial and boundary conditions even
based on a linear Mohr-Coulomb criterion [28]. The confinement of
10 MPa was referred to as the onset of the brittle-ductile transition
as mentioned in Ref. [49]. Wong and Baud ever discussed this tren-
dency [55] and argued it might imply a transition to cataclastic
flow or crystal plasticity. They attributed the cataclastic flow to
two factors: friction and porosity changes caused by re-
arrangement of the fragments [55]. While, the crystal plasticity
was used to describe slip and twinning within grains. To further
investigate the mechanical deterioration changes during that pro-
cess, four typical biaxial tests with confinement of 0.2 MPa, 5 MPa,
10 MPa and 20 MPa are analyzed in more details.

Fig. 15 indicates the deviatoric stress q varies with the axial
strain eyy. Elastic behaviour dominates q� eyy curves in a small
deformation process. After axial stress ryy achieves the strength
criterion, the plastic deformation starts. Some interactions fall in
tension or shear and new frictional contacts are created. This
inelastic phase is no longer reversible. Rising confinement levels
tend to improve the compressive strength, from about 21.22 MPa
of the unconfined compression test to 23.32 MPa, 48.02 MPa and
61.47 MPa for 0.2 MPa, 5 MPa and 10 MPa confining pressure,
respectively. At confinement of 10 MPa, the deviatoric stress is sta-
bilized roughly with axial strain. Presumably, that’s because the
induced stress due to compressive strain and new created interac-
s under uniaxial compression process.



Table 2
Input parameters.

Material parameters Lattice matrix Grain boundary

Friction Angle ub (�) 20 18
Dilation Angle w (�) 0 10
Maximum Tensile Force Fn;max (N) n 0.12
Cohesive Force Fc (N) 1.44 1.44
Residual Friction Angle uc (�) 20 18
Soft Parameter ksf (–) n 0.05
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Fig. 14. Failure envelope of biaxial compression tests compared with lab
measurement.
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tions just make up the stress relief caused by broken springs. When
the confinement exceeds 20 MPa, the strain generally hardens after
the samples deform up to yield, contrary to the strain softening at
lower pressures.

3.2.2. Effect on volume changes
The volume change eV � eyy results are illustrated in Fig. 16. Two

opposing effects make contributions to the changes in the deforma-
tion. At the elastic phase, volume decreases in an approximately lin-
earway. The axial compressive strain values are larger than the their
transverse expansion, and their coefficient is 1=m due to Poisson
effect. At the plastic phase, springs breakage causes the collapse of
lattice cells, continuing to reduce the volumetric strain. With
increasing deviatoric stress, micro-cracking and sliding between
grain boundaries occurs, which leads to dilate in volume. At low
pressures of 0.2 MPa and 5 MPa, volume increases dramatically at
about 0.67 and 2.00 per cent axial strain when failure occurs. There
appears a near infinite slope after reaching theminimumof eV where
the compressive strain is so small relatively that can be neglected.
On the contrary, the changes at high pressures of 10 MPa and
20 MPa are about 0.02% and �0.60% at the axial strain of 2.00%,
respectively. Accordingly, itmay be predicted that the confinements
incline to postpone the extremumand thendecline in slope value. At
the confinement of 20 MPa, it’s noteworthy the axial strain happens
to compensate for the transverse deformation, volumetric strain
approximately a constant value, after the specimen yield.

These tendencies of deviatoric stress versus the axial strain and
volumetric strain to axial strain curves are comparable with exper-
imental results [49,21]. Currently, similar q� eyy curves have ever
been attained by other numerical methods in limited studies of salt
rock, but eV in those simulations can’t fully correspond to labora-
tory tests, which has been commented by Müller et al. [30]. Mostly,
those approaches didn’t involve neither the micro-crack openings
within crystal grains nor updated frictional contacts that actually
exist and may cause the volume changes as well. While, in this
scheme, these axial strain values are a little bit smaller than the
experimental data. That’s because the deformation process may
have already involved the time-dependent impact [30], such as
creep deformation, in laboratory, even for relatively short term
experiments with the strain rate order of 10�5=s [49,21]. Besides,
a different specimen configure, e.g., size, shape [55] and ratio of
height to width, may contribute to those differences as well.

3.2.3. Effect on fabric tensors
In the above sections, the compressive strength, axial shorten-

ing, volumetric strain, etc., have been analyzed. While, not only
do these scalar quantities involve in confinement tests, but also
vector and tensor quantities [57]. Pre-existing discontinuities and
stress-induced micro-cracking and micro-crack growth in prefer-
ential directions [58] may render the solid anisotropic. Usually, this
anisotropy or fabric is effectively characterized by the use of distri-
butions of directional data, termed as fabric tensors [57,59]. It can
be computed by

Fij ¼ 1
N

X
ninj; ð23Þ

which may help us to perceive the interplays.
To get the dependence of fabric tensors on confinements, we

record every nodal force and gather statistics of the directional dis-
tributions. Rose diagrams within the XY-plane of force normals for
mass nodes at the compression peaks are illustrated in Fig. 17. The
lateral orientation, X axis, is set as the 0� reference. At the confine-
ment of 0.2 MPa (Fig. 17(a)), forces’ orientations prefer the direc-
tions of 0�=180�. For the 5 MPa test (Fig. 17(b)), angles in range
from 0� to 90� and 180� to 270� occupy larger proportions, whereas
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(a) At confinement of 0.2 MPa.
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(b) At confinement of 5 MPa.
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(c) At confinement of 10 MPa.
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(d) At confinement of 20 MPa.

Fig. 17. Normal distributions at the compressive strength at different confinements.
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their fabrics at confining pressure of 10 MPa (Fig. 17(c)) and
20 MPa (Fig. 17(d)) almost align with the deviatoric compression
axis. These changes hint at different failure patterns.

3.2.4. Effect on failure modes
How do failure modes change at different confinement levels?

What kind of cracks cause failure, tensile or shear? Does crack type
switch with the transition from brittle to ductile? So far, these
questions still remain significant and hot topics in the field of
halite studies and applications. This section, we focus on those
points, combine the lattice simulation with previous opinions
and try to provide a more comprehensive and reasonable remark.

Fig. 18 depicts the different failure modes with increasing con-
finements. Agree with available literatures [30,21], under low con-
finement, here 0.2 MPa (Fig. 18(a)), the failure mode is similar to
the uniaxial compression test, where the splitting failure is domi-
nant. As far as 1965, in the views of lab experiments, Gramberg
gave tentative explanation [60]. He argued that this fracture mode
was only observed in brittle materials due to tension and called it
tensile brittle fracture, also cleavage fracture [60]. Subsequently,
he and other researchers [61–64] tried to obtain more general
conclusions. Broadly, tensile cracking is believed to be the essential
factor. While, does this process come along with shear failure and
how much percentage do the shear cracks take. Up until now, the
investigation of the answers to those inquiries might still be going
on and it is discussed in this paper later. When the confining pres-
sure reaches 5 MPa, the sample is failed by the formation of a local-
ized shear fracture (Fig. 18(b)). At the confinement of 10 MPa
(Fig. 18(c)) and 20 MPa (Fig. 18(d)), no evident failure macroscop-
icly is found even when the axial strain is more than 3.0%, rela-
tively large compared with lower pressure tests.

Associated local differential stress distributions are illustrated
in Fig. 19 with the same colour bar, which may help to better
understand the failure modes variation. The macroscopic failure
of specimen leads to stress relief. That explains why parts of local
differential stress remains zero in Fig. 13(c), Fig. 19(a) and (b). The
local differential stress at eyy ¼ 4:00% under the confinement of
20 MPa nearly distribute uniformly (Fig. 19(d)). While, at the con-
finement of 10 MPa (Fig. 19(c)), the transitional failure mode, parts
of differential stress along the grain boundaries are zero, which
means cracks also cleavage along the boundaries. That is further
revealed by Fig. 20. In these figures, the crack distributions are
shown and crack types are distinguished by different colours: red
cracks mean causing by tension and yellow ones by shearing.
Fig. 20(a) validates that crack development under low confinement
is predominantly due to tension, which has been demonstrated
before, but not the unique crack type. From our results, we can
know shear cracks do stimulate brittle fracture as well. At the con-
finement of 5 MPa (Fig. 20(b)), shear cracks nucleate along the
diagonal line of this rectangle sample and form a localized shear
band as a consequence of tensile and shear cracking. With the con-
fining pressure of 10 MPa and 20 MPa, cracks exist along inter- and
intra-crystalline grains. However, it’s hard to tell the differences
between Fig. 20(c) and (d).

Therefore, the tensile and shear crack number ratios at different
confinements are plotted in Fig. 21. Here, we choose the total crack



Fig. 18. Displacement distributions after reaching the compressive strength at different confinements.
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number at eyy ¼ 0:67% under confinement of 0.2 MPa as the refer-
ence value. The ratios of crack number to basis value are repre-
sented by vertical axis. In Fig. 21(a), at the beginning, nearly no
cracks occur. Then, at eyy ¼ 0:10%, tensile cracks increase first
and shear cracks develop at eyy ¼ 0:40% later. There is a sharp
boom of both tensile and shear cracks at the axial strain about
0.60%. After failure, the tensile cracks number is four times as
much as shear ones. At the confinement of 5 MPa (Fig. 21(b)), ten-
sile cracks form earlier than the shear ones as well. After the axial
strain reaches about 1.0%, shear cracks number is on the sharp rise,
whereas the tensile cracks stay the same level. When the sample
fractures, there is an abrupt growth of two kinds of cracks
(Fig. 21(b)) as that at confining pressure of 0.2 MPa (Fig. 21(a)).
In contrary, for the crack variations at the confinements of
10 MPa and 20 MPa, the cracks number keep stable at axial strain
more than 3.0%. At the confinement of 20 MPa, during the isotropic
compression stage, the sample has already accumulated almost
10% of tensile cracks (Fig. 21(d)), which notably differs from that
at confining pressure of 0.2 MPa, 5 MPa or 10 MPa. Generally, it
may be concluded that the increasing confinement levels reduce
limitedly the development of tensile cracks from 80% to about
50%, whereas increase the shear cracking largely. In addition,
higher confinements help to stabilize the propagation and prolifer-
ation of both tensile and shear micro-cracking.

Essentially, based on this research, it may be maintained that
the crack type and proportion caused by external conditions gives
rise to the distinctions of mechanical deterioration among different
confining pressure tests. With the increase of confinement, failure
modes transit from plastic brittle to plastic ductile. In the earlier
work, this plasticity improvement was treated as one consequence
of suppression of micro-cracks opening and propagation along gain
boundaries. Howbeit these simulation results manifest that the
tension influence is quite limited according to the foregoing dis-
cussion. It may be more likely to be attributed to the breakage
and creation of contacts. High stress causes massive mirco-cracks
and the sample tends to be cataclastic. Fractures prefer to appear
along gain boundaries and then the resultant forces acting on the
every whole grain lead to movements around other gains. Within
crystalline grains, residual forces and moments make these mass
nodes slip or may climb and then generate new fictional contacts
with updated neighbouring nodes within the given range. This pro-
cess accounts for the rearrangements of gains, lattice dislocation
and improvement of crystal plasticity. Therefore, this transition
can be a complex consequence of the interplays of multiple defor-
mation mechanisms, including the changes in slip characters [65],
the frictional strengthening [28] and crystal plasticity.
3.3. Evaluation of predictive capability

A consistent simulation procedure for this grain-based lattice is
described in Sections 3.1 and 3.2. In this section, the capability of
the model in predicting mechanical behaviour of rock salt will be
discussed. The objective of our work is to provide a feasible model
to study quantitatively the interplays of rock salt, and make sure
the key points in mechanical deterioration could be captured. For
this purpose, we mainly focus on the comparison of general ten-
dency of stress-strain and volumetric strain to axial strain curves,
strain value at stress peak in calibration tests, stress strength and
macroscopic failure modes with available experimental data.
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Fig. 19. Local differential stress distributions after reaching the compressive strength at different confinements.
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3.3.1. Elastic phase
This phase is mostly controlled by the elastic material con-

stants, like Young’s modulus and Poisson ratio. In this lattice
model, the Young’s modulus is decided by the normal and shear
stiffness. Additionally, Poisson ratio also is dependent on the value
of given mirco-rotation inertia. Due to the simplicity of the opti-



(a) eyy = 0.67% at confinement of 0.2 MPa. (b) eyy = 2.00% at confinement of 5 MPa.

(c) eyy = 3.00% at confinement of 10 MPa. (d) eyy = 4.00% at confinement of 20 MPa.

Fig. 21. Tensile and shear cracks number ratio variation with respect to axial strain at different confinement levels.
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mization function expressed in Eq. (17), relatively reliable elastic
parameters could be calculated by a few iterations. According to
the results shown in the foregoing discussion, the curves in the
elastic phase agree well with the laboratory comparison. It may
be argued that this model has the exact ability to predict the
mechanical behaviour of rock salt within elastic deformation.
3.3.2. Inelastic phase
Generally, our simulations results show that the general ten-

dency of q� eyy; eV � eyy curves, stress strength, macroscopic fail-
ure modes and micro-crack distributions at meso-level are
comparable with the experimental data. However, the axial strain
at the stress peak or yield is slightly deviated from experimental
reference. The reasons for the phenomena are various and directly
related to the inelastic components in constitutive law and the fail-
ure/yield criterion controlling the breakage of the springs. In the
perspective of this model, the material parameter identification
may cause some artifacts as well.

The contact law used in our approach is lack of the inelastic
term, like viscous damping and temperature-dependent effect
[66]. Even if breakage-and-creation mechanism of interactions is
introduced, it may be insufficient to compensate for accumulated
strain generated in the long-term tests. Therefore, advanced inter-
actions need to be further explored. Meanwhile, a Mohr Coulomb
criterion [67] and tension cut-off function accounts for the shear
and tension failure/yield behaviours in this paper. Taking more
complex criteria, like nonlinear parabolic criterion [68], in consid-
eration might be a good attempt. In the calibration stage, the opti-
mization extent of material parameters depends on the objective
function, experimental data and iterations. The function for solving
the inverse problem is in a widely-used form [44,69,70]. Part of tar-
get data needs some reasonable adjustments to fit a statistical ten-
dency, due to the differences existing in the experimental
specimens. With increasing number of iterations on a higher per-
formance computer, better values may be identified.

In summary, even though our model isn’t perfect and still need
polish, fortunately, the core issues in these simulation results could
be comparable with the experimental counterparts. An alternative
and promising approach presents the ability to simulate the halite
at crystalline grain scale in more effective and time-saving way.
Meanwhile, it may help to better understand and explore quantita-
tively the dependence of the mechanical deterioration of inter
crystalline and intra crystal on confinement.
4. Conclusions

The determination of linear elasticity under low stress
conditions, the compressive/residual strength under different con-
finements [71] and associated mechanical deterioration is consid-
ered as one of the crucial processes in the application of rock salt
[30]. Increasing number of projects at great depths generate a large
amount of challenges in the development of the underground
infrastructures, such as salt cavern. Unfortunately, as for the inter-
plays of failure mechanism inside of the crystal structure, the
exploration remains insufficient and limited, despite conventional
approaches, in-situ or laboratory measurements have provided us
with several data. Thus, new techniques and means need to be
developed.
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In this paper, a promising approach, a grain-based lattice
scheme, is developed and the related simulation procedure is
present consistently. The essential features of mechanical deteri-
oration in halite confinement tests can be replicated. Then, to
some degree, the brittle-ductile transition phenomenon was
captured here. Unlike existing methods, experimental tests or
theoretical analysis, the model shows the potential to study
quantitatively and visually on both the inside factors and
meso-mechanisms. Distinct from other numerical simulations,
confining pressure effects on rock salt are analyzed from
multi-perspectives in more efficient and simpler way. The pri-
mary conclusions and advantages of this study are summarized
as follows.

1. This proposed scheme seems to be an alternative choice to
investigate the rock salt at grain scale effectively. Crystal slips
and fractures nucleate along the grain boundaries, and cracks
also could occur within the interior of the crystal grains. Due
to the introduction of this grain-based lattice scheme, the calcu-
lation efficiency is improved from several aspects: firstly, the
nodes of sample and initial interactions generated in pre-
computed way; secondly, the contacts between every two
non-spherical grains are in a point-to-point manner instead of
other complex contacts, such as edge-to-edge, edge-to-corner
and facet-to-corner; also, the approach uses an explicit time
marching formulation, central difference scheme, and simplifies
the integration of motion equations.

2. Preliminary studies show both non-viscous damping and strain
rate affect the response curves and the latter poses greater
impact on the results. Tensile strength is mainly decided by
the tensile strength of the interfaces of crystal grains, and the
macroscopic compressive strength is relevant to cohesion, ten-
sile strength and dilation/friction angle for both grain bound-
aries and the lattice matrix.

3. Increasing confinements strengthen plastic characteristics of
the specimen and then lead to a transition from stress softening
to stress hardening. The stress peak is improved up to
61.47 MPa under the confinement of 10 MPa. It is nearly tripled
compared with the uni-axial compression tests. The sample
tends to be ductile beyond the confining pressure of 10 MPa,
in contrast to the brittle deformation under lower confine-
ments. Different from previous schemes, this model could
achieve a comparable trend of volume-change with experimen-
tal tests. The differences of fabric tensors implicit the different
confinement levels effect on failure patterns.

4. Align with experimental evidences, the failure modes of halite
can be transited from cleavage fracture to ductile deformation
by the aid of sufficiently high confining pressure. The distinc-
tions of failure modes at different confining pressure are the
results of different crack type and proportion. To a limited
extent, the tensile cracks can be reduced by high confinements,
whilst higher confinements stabilize the crack generation. The
scheme can account for multiple deformation mechanisms of
salt-rock in the transitional mode: slip characters, the frictional
strengthening and crystal plasticity.
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