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Numerical modelling of uniaxial compressive
strength laboratory tests

Phu Minh Vuong a,*, Andrzej Walentek a, Petr Waclawik b, Kamil Sou�cek b,
Michał Antoniuk c

a Central Mining Institute, Katowice, Poland
b Institute of Geonics, Czech Academy of Sciences, Ostrava, Czech Republic
c Bogdanka Coal Mnie, Puchacz�ow, Poland

Abstract

In the last decades, numerical modelling has been widely used to simulate rock mass behaviour in geo-engineering
issues. The only disadvantage of numerical modelling is the reliability of required input data (e.g. mechanical param-
eters), which is not always fully provided due to the complexity of rock mass, project budget, available test methods or
human errors. On the other hand, it was proven in many cases that numerical modelling is a helpful tool for solving such
complex problems, especially when coupled with the results of laboratory and in-situ tests. This paper presents an
attempt to determine the proper numerical constitutive model of rock and its mechanical parameters for further
simulating rock mass response based on the outcomes of laboratory testing. For this purpose, the available constitutive
models, including mechanical parameters, were taken into account. The simulation performance with the selected
constitutive models is demonstrated by matching the numerical modelling results with the uniaxial compressive
strength laboratory tests of rock samples from the Bogdanka coal mine. All numerical simulations were carried out using
the finite difference method software FLAC3D.

Keywords: uniaxial compressive strength (UCS), numerical modelling, constitutive model, fracture mode

1. Introduction

T he Uniaxial Compressive Strength (UCS) test is
one of the most common procedures to directly

define the intact rock strength, Young's modulus and
Poisson ratio [1e4]. The failure modes in this test
have been explained and hypothesised in compli-
ance with damage evolution, such as micro-crack
generation [5e11], propagation [12e14] and coales-
cence [15,16] in rocks under uniaxial compression. It
should be noted that it was impossible to capture
complete fracture mode leading to specimen failure
under uniaxial compression due to the limit of
specimens and type of geo-material. Further studies
should be considered in order to verify the hypoth-
esis more objectively than a single experimental
study using a sophisticated real-time device.
With the rapid advance in computer science and

numerical modelling, a number of studies have

been carried out to simulate the laboratory tests to
understand the characteristics of rock mass behav-
iour. Authors have employed various numerical
methods and numerical constitutive models to
simulate various geo-materials given under the
uniaxial compression tests. A brief summary of case
studies is drawn in Table 1.
It can be noted that the constitutive model and its

parametric components, which represent the geo-
material behaviour, have played a key role in
modelling of the uniaxial compression strength
tests.
This paper presents an attempt to implement the

uniaxial compression test simulation. Initially, the
mesh quality analysis were conducted to define the
mesh number of zones, and the mesh pattern suit-
able for further analysis. Subsequently, the selected
built-in constitutive models available in the software
FLAC3D [33] were simulated. The results were
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analysed by comparing them with the indoor tests’
results to define the proper constitutive model for
further simulating rock mass response. As a final
result, an appropriate material model and its
component parameters can be determined for
further modelling analysis of rock mass response.

2. Laboratorial uniaxial compression test

2.1. Method and test equipment

The methodologies of determination of physico-
mechanical properties were based on common
technical norms (�CSN-EN-1926) [34] and the Inter-
national Society for Rock Mechanic e ISRM [1,2].
Standard laboratory device equipment was used for
the determination of physico-mechanical proper-
ties. The compressive strengths and deformation
properties of rocks were determined by the ZWICK
1494 mechanical press machine with a special load
cell. The LVDT (Linear Variable Displacement
Transformer) sensor is installed in the load cell.
Four sensors are used to measure longitudinal
deformation, and eight to measure transversal
deformation (Fig. 1).

2.2. Selection and preparation of sample materials

The geotechnical station was located in the
longwall panel G6 within the overlying strata of
coal seam No. 385 at the Bogdanka coal mine. The
G6 longwall panel equipped with the plough
technology was situated at a depth of 875e920 m
below the surface. The extracted coal seam thick-
ness varied from 1.15 to 1.5 m. The rock mass was
characterised using exploratory borehole No. BR-
59/20 before installation of the geotechnical sta-
tion. The average RQD parameter value deter-
mined from the whole footage of the BR-59/20
borehole reaches only 34%, which is practically
“poor” rock quality in terms of the classification by
Deere [35,36]. The siltstone predominates in the
overlying strata of coal seam No. 385. Coal or
sandstone are represented only locally. The char-
acter of the rock mass and its quality is shown in
Fig. 2.
Due to the poor quality of the rock mass, the

choice of drilled core for the preparation of testing
samples was limited. The length of cylindrical
samples was then adjusted to the required dimen-
sion of testing samples; the bases were sharpened.
Bodies with a slenderness ratio of 2:1 were used for

Table 1. Numerical studies on the compressive tests of rock samples.

Author, year Type of numerical code Application note

Stefanizzi et al., 2009 [17] 2D ELFEN (the explicit finite
element method-based)

Modelling of compressive tests of rock samples (an
idealized homogeneous isotropic rock)

Mahabadi et al., 2014 [18] 3D FDEM (hybrid
finite-discrete element method)

Modelling of development of the excavation damaged
zone (EDZ) around tunnels in a clay shale formation

Tatone and Grasselli, 2015 [19] Combined finite/discrete
element method (FEMeDEM)

Modelling of the brittle fracture process in geo-materials
(flowstone mortar material) for the uniaxial compressive
test

Mardalizad et al., 2018 [20] Finite element method coupled
smooth particle hydrodynamics
technique (in LS-DYNA)

Numerical simulation of the unconfined compression
test of sandstone sample with an advanced material
model (Karagozian-Case Concrete model)

Xiong et al., 2019 and 2021 [21,22] Different element method
software FLAC3D

Numerical modelling on artificial jointed rock samples
with two parallel equal-length joint fractures to study
the strength characteristics of jointed rock mass (classic
Mohr-Coulomb model)

Oliveira et al., 2020 [23] Hybrid numerical models
(Finite/discrete element
methods)

Modelling of transition from continuous to discontin-
uous of physical laboratory tests of andesites

Pająk et al., 2021 [24] 3D meso-scale modelling Numerical investigations of three types of self-com-
pacting concrete in Split Hopkinson Pressure Bar
compression tests (Johnson-Holmquist constitutive
model)

Kucewicz et al., 2020 and 2021 [25,26] Finite element method
(FEM) hydrocode LS-DYNA

Simulation of dolomite rock using the Johnson-Holm-
quist constitutive model and Karagozian-Case Concrete
constitutive model

Li and Wong, 2012; Yang et al., 2014;
Bahaaddini et al., 2014;
Zhao et al., 2015; Haeri et al., 2019;
Zhang et al., 2020;
Ma et al., 2022 [27e32]

Particle Flow Code Uniaxial compression numerical simulation of marble,
red sandstone, and rock-like material with joints
specimens
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the determination of uniaxial compressive strength.
The testing samples were dried at 105 �C to stabi-
lised humidity and then a uniaxial compressive test
were performed.

2.3. Test results

The results of mechanical properties determina-
tion are presented in the following Table 2. An ab-
solute majority of tested intact testing samples
exhibits the uniaxial compressive strength in the
range of 35e80 MPa. Therefore overlying rocks of
coal seam No. 385 at the Bogdanka coal mine can be
classified into classes of rocks with a moderate to
medium strength (average 62 MPa) in terms of
known strength classifications [37,38]. The uniaxial
compressive strength exceeds 100 MPa for only one
testing sample (16e914/1). These samples have a

different lithological composition, containing fine-
grained sandstone and sandy siltstone. Typical fail-
ure-deformation characteristics are shown in Fig. 3.
From the visual comparison of testing samples, it

can be concluded that the values of uniaxial
compressive strength and Young's modulus depend
on the samples' composition and the orientation of

Fig. 1. Mechanical press machine with a load cell.

Fig. 2. The rock mass characterisation of the geotechnical station GS1.

Table 2. Results of testing samples.

Testing sample No. UCS [MPa] Esec50 [MPa] msec50 [-]

16-914/1 111 32,043 0.13
16-914/2 63 18,187 0.09
16e915 59 20,062 0.09
16-916/1 32 19,976 0.17
16-916/2 47 22,242 0.11
Arithmetic mean 62 22,502 0.12
Standard deviation 27 4941 0.03
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the lamination to the test loading. The values of the
Poisson ratio reach an average of 0.10.

3. Numerical analysis

In this study, a finite difference method software
FLAC3D [33] was employed to model Uniaxial
Compressive Strength (UCS) laboratory tests. Nu-
merical models represent the geometry of actual
samples mentioned in chapter 2. Cylindrical sam-
ples with a height-to-diameter ratio of 2:1
(h ¼ 122 mm and d ¼ 61 mm) were used for the
uniaxial compression test. All numerical models
were fixed at the bottom in appropriate directions
(perpendicular to individual planes). The models
were originally developed as elastic to achieve the
primary stress state (pre-loading state). Then the
displacements and velocity vectors were zeroed. In
the next step, a uniform velocity is applied at the top
of the cylindrical sample, moving down in the lon-
gitudinal direction to induce compression of the
sample.

3.1. Mesh quality assessment

High-quality meshes are often required for the
accuracy and reliability of results in numerical
simulations. A number of studies have been carried
out to determine the proper mesh quality metrics
[39e44]. These studies indicated the importance of
the mesh's high-resolution and well-shaped on the
final result accuracy. However, the design of finite
difference meshes for solving three-dimensional
problems is always a compromise between accuracy
and computation time. Hence, a mesh sensitivity
analysis was performed. To capture the effects of the
element number and shapes on the final results, the

sample modelling was calculated with two mesh
patterns with the average zone length set to 10, 5, 3
and 1.5 mm. Two mesh patterns (I e Primitive mesh
shape and II e Modified mesh shape) are shown in
Fig. 4. Primitive mesh shape is an approach to grid
generation in FLAC3D that involves patching
together grid shapes of specific connectivity to form
a complete model with the required geometry
(wedges and bricks). A modified (manually) mesh
shape is used to be formed in the other software
programs and then imported to FLAC3D (only
bricks).
The number of zones due to mesh patterns and

the average zone length is shown in Table 3.
A comparison of the compressive strength value

due to the mesh pattern and the average zone
length is presented in Table 4. Relative errors indi-
cate the slight effect of a number of zones on the
yield strength value. Relative errors in the case of
mesh pattern II were lower than the ones in case of
mesh pattern I. It confirms the well-known state-
ment: in terms of accuracy, a structured hexahedral
mesh usually results in the best-shaped elements.
The final model should be designed in the form of

mesh pattern II. The average zone length for further
analysis was set to 3 mm (Fig. 5). This value can be
considered as a compromise between accuracy and
time calculation.

3.2. Selection of material models for testing samplee
constitutive models

Numerical solution schemes in FLAC3D face
several difficulties when implementing constitutive
models to represent geomechanical material
behaviour. There are three characteristics of geo-
materials that cause particular problems: the

Fig. 3. Results of the uniaxial compressive test for the 16e916/1 sample.
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physical instability, the path dependency of
nonlinear materials, and the nonlinearity of the
stressestrain response. A constitutive model in-
troduces and describes the stressestrain behaviour
in response to applied loads relevant to post-failure.
This model is used to predict the plastic and elastic
straining of the material and the physical properties
of a given material [33]. In pre-failure, most consti-
tutive models have simple linear elastic behaviour,
and complexity occurs in the post-failure region. So
the rate of change of the strength of the material is a
significant factor and should be considered in
modelling the materials [45]. The behaviour of rock
materials generally evolves in three possible ways

Table 3. Number of zones due to mesh patterns and the average zone
length.

Average zone length, mm 10 5 3 1.5

Mesh pattern I 960 6720 22,800 204,800
Mesh pattern II 792 5976 22,480 202,320

Table 4. Yield strength value due to mesh pattern and the average zone length.

Mesh pattern I Mesh pattern II

Average zone
length, mm

Yield strength,
Pa

Relative error in the
number of zones, %

Average zone
length, mm

Yield strength,
Pa

Relative error in the
number of zones, %

1.5 32,264,700 0 1.5 32,190,700 0
3 32,109,200 0.482 3 32,099,900 0.282
5 32,108,900 0,483 5 32,080,500 0.342
10 32,069,100 0,606 10 32,017,700 0.537

Fig. 4. An example of a mesh shape with an average zone length of 10 mm a) mesh pattern I, b) mesh pattern II.

Fig. 5. Final mesh designing with an average zone length of 3 mm.
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related to the unstable physical system. A hard,
good-quality rock material tends to show an elastic-
brittle behaviour, in which the strength drops
rapidly once the material is introduced to plastic
straining. An averagequality rock material tends to
show a strain-softening behaviour after the failure
occurred. It has been assumed that post-failure
deformation occurs at a constant stress level,
defined by the compressive strength of the broken
rock mass. A very poor quality rock material shows
an elastic-perfectly plastic behaviour. This means
that it continues to deform at a constant stress level
and that no volume change is associated with this
ongoing failure [38,46]. A consequence of the
nonlinearity of the stressestrain relations caused by
failure criteria is categorised in a plastic group. The
different models are characterised by their yield
function, hardening/softening functions and plastic
flow. The plastic flow formulation is based on basic
assumptions that the total strain may be divided
into elastic and plastic parts. The flow rule specifies
the plastic strain increment vector's direction as that
normal to the potential surface. Different plasticity
models are classified based on shear yield, potential
functions, non-associated flow rules, and stress
corrections [33].
In FLAC3D, there are 15 basic mechanical

constitutive models provided in Version 5.0
including 1 null model, 3 elastic models and 11
plastic models. The choice of a constitutive model,
depends on the characteristics of modelled material
and the intended application of the constitutive
model [33]. The potential constitutive plastic models
taken into consideration to simulate the uniaxial
compression test are summarised in Table 5.
In the numerical simulation, the mechanical pa-

rameters of the selected constitutive models were
calibrated to obtain such results that matched the
laboratory testing results. The mechanical

parameters of siltstone adopted for modelling are
based on the laboratory results, as shown in Table
2. The basic mechanical parameters of the strain-
softening model and ubiquitous joint model are
based on the Mohr-Coulomb model. In addition,
the plastic strain parameter at the residual strength
ep and the mechanical parameters of the weakness
plane (joint friction angle, joint cohesion, joint
tension limit) will be adopted and simulated for the
strain-softening model and the ubiquitous joint
model, relatively.

4. Results comparison and discussions

The simulation results were presented in the form
of stressestrain plots and contours of shear-strain
rate indicating failure (fracture) of the sample. Due
to the large number of results, only selected maps
for individual models are shown. Elastic parameters
of the cylindrical sample were adopted based on the
results of the laboratory tests given in Table 2.

4.1. Mohr-Coulomb model

Compression simulation was conducted for the
classic Mohr-Coulomb model with different shear
strength sets given in Table 6. The value of friction
angle and cohesion were calculated due to formula
(1) of compressive strength [47]:

sc¼2c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sin q

1� sin q

r
ð1Þ

where sc e compressive strength, c e cohesion, q -
friction angle
Stressestrain plots and fracture patterns for

compression of Mohr-Coulomb sample with
different shear strength set are shown in Fig. 6.

Table 5. Built-in plastic constitutive models in FLAC3D [33].

Constitutive model Representative material Example application

Mohr-Coulomb Loose and cemented granular material: soils, rocks, concrete General soil and rock mechanics
Ubiquitous joint Laminated material with strength anisotropy Excavation in closely bedded strata
Strain-softening Granular material that exhibits nonlinear material hardening or

softening
Studies in post-failure

Table 6. Mechanical parameters of the Mohr-Coulomb model adopted for modelling.

Bulk modulus, K (GPa) Shear modulus, G (GPa) Friction angle, q (deg.) Cohesion, c (MPa) Tensile strength, Rt (MPa)

10 8.5 30 9.2 3.2
35 8.3
40 7.5
45 6.6
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Elastic region plots for all sets are identical and
matched with the laboratory results; however, post-
failure (plastic region) behaviours differ. The frac-
ture pattern for set III seems to be the closest one to
the laboratory fracture pattern (Fig. 7). Results

comparison indicates that the best match is the
shear strength set with the cohesion of 7.5 MPa and
friction angle of 40 deg.
In the next step, the best-match strength param-

eters were reduced and recalculated in order to

Fig. 6. Stressestrain plots comparison for compression of Mohr-Coulomb sample with different shear strength set.

Fig. 7. Fracture pattern comparison for compression of Mohr-Coulomb sample with different shear strength set.
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match the laboratory fracture pattern. Stressestrain
plots for compression of the Mohr-Coulomb sample
with the Reduction Factor (RF) are shown in Fig. 8.
Reduction of tensile strength only: FLAC3D re-

sults are close to the laboratory results in the elastic
region. Tensile strength has only an impact on the

plastic region of the sample. Fracture patterns were
not matched the laboratory fracture pattern.
Reduction of strain and strength simultaneously:
with the unreduced (RF ¼ 1), FLAC3D results are
close to the laboratory results. With the adopted
RF, FLAC3D results show the lower yield strength

Fig. 8. Stressestrain plots comparison for compression of Mohr-Coulomb sample with Reduction Factor (RF): a) for only tensile strength (RF¼1, 2, 4,
8, 10); b) for both strain and strength parameters (RF¼1, 2, 4, 6, 8, 10).
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Fig. 9. Fracture pattern comparison for compression of Mohr-Coulomb sample.

288 JOURNAL OF SUSTAINABLE MINING 2023;XX:280e294

R
E
S
E
A
R
C
H

A
R
T
IC

L
E



of the sample. In the case of RF ¼ 6, 8, 10, the
behaviour of the sample is close to perfectly plas-
tically behaviour. These results are not matched
with the laboratory results. Fracture pattern com-
parison also confirmed such a tendency of sample
behaviour. The FLAC3D fracture patterns are way
different from the laboratory fracture pattern
(Fig. 9).
Based on the analysis of the results, the Mohr-

Coulomb model can be considered inappropriate
for modelling the given uniaxial compressive
strength laboratory test.

4.2. Strain-softening Mohr-Coulomb model

Stressestrain plots for compression of strain-
softening Mohr-Coulomb sample with different
values of the residual strength and values of plastic
strain parameter at the residual strength (Table 7).
Simulation variations shown in Table 7 were run

for the shear-softening sample, tensile-softening

sample and both shear- and tensile-softening
samples.
An example of stressestrain plots for compression

of shear-softening Mohr-Coulomb sample is shown
in Figs. 10 and 11.
FLAC3D results are close to the laboratory results

in the elastic region. However, fracture patterns
were not matched the laboratory fracture pattern.
The same tendency was obtained for the compres-
sion of the tensile-softening sample and both shear-
and tensile-softening samples. Hence, the strain-
softening model can also be considered inappro-
priate for modelling the given uniaxial compressive
strength laboratory test.

4.3. Ubiquitous joint Mohr-Coulomb model

Compression simulation was conducted for the
ubiquitous joint Mohr-Coulomb model with
different shear strength sets of a weak plane given
in Table 8. Values of friction angle and cohesion of
weak plane were calculated due to the following
formulas (2) and (3) [47]:

sc¼
2cj

k$sin 2 b
ð2Þ

k¼1� tan qj$tan b ð3Þ

where: b is the weak plane angle, cj and qj are the
cohesion and friction angle of weak plane.

Table 7. Simulation variations for compression of strain-softening
Mohr-Coulomb sample.

Values of the
residual strength

Values of plastic strain parameter at
the residual strength

0.001 0.005 0.010

�25% I II III
�50% IV V VI
�75% VII VIII IX

Fig. 10. Stressestrain plots for compression of shear-softening Mohr-Coulomb sample.
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Stressestrain plots indicate that FLAC3D results
were close to the laboratory results in the case of
high shear strength of a weak plane (variation V)
(Fig. 12). However, the FLAC3D fracture patterns
were closed in case of low shear strength of a weak
plane (I and II) (Fig. 13). To find the compromise
case to match the FLAC3D results and the labora-
tory results, simulations were carried out for low
friction angle e high cohesion and high friction
angle e low cohesion. The best case is shown in

Fig. 14. Values of shear strength were 24 deg. of
friction angle and 5.5 MPa of cohesion. The
FLAC3D results were in good agreement with the
laboratory results in term of Stressestrain plot and
major fracture plane. However, it still cannot model
the micro-cracks that occurred in the laboratory
tests.
Ubiquitous joint model can be considered appro-

priate for modelling the given uniaxial compressive
strength laboratory test. The mechanical parameters
of the rock sample and the weak plane can be cali-
brated and defined after the results matching the
Stressestrain plot and the macro fracture pattern of
the given rock sample.
In general, all selected constitutive models

managed to model the elastic behaviour (pre-fail-
ure) of a rock sample by adopting the deformation
parameters (Young's modulus and Poisson's ratio)

Fig. 11. Fracture pattern comparison for compression of shear-softening Mohr-Coulomb sample.

Table 8. Shear strength sets of a weak plane for modelling (for the weak
plane angle of 70 deg.).

Shear strength of
weak plane

I II III IV V

cj, MPa 2.3 3.5 4.7 6 7.3
qj, deg. 24 26 28 30 32
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obtained from the laboratory tests. The fracture
pattern that occurred in the laboratory tests was not
fully modelled. None of the selected constitutive
models did manage to model the micro-fractures

due to the heterogeneity of natural rocks. Techni-
cally, it is possible to model these micro-fracture
parameters or create a new constitutive model
including all detailed parameters. However, many

Fig. 12. Stressestrain plots comparison for compression of ubiquitous joint Mohr-Coulomb sample with different shear strength sets of a weak plane.

Fig. 13. Fracture pattern comparison for compression of ubiquitous joint Mohr-Coulomb sample with different shear strength sets of a weak plane.
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micro-fracture parameters cannot be easily
measured or determined. Moreover, taking all the
complex parameters into account would make the
calibration an over-determined issue. Only the
ubiquitous joint constitutive model managed to
model the macro-fracture of rock samples. There-
fore, the ubiquitous joint constitutive model is
considered an appropriate constitutive model that
fulfils expectations of the research purpose.

5. Conclusions

Dozens of simulations of the cylindrical sample
compression were carried out using FLAC3D, taking
different constitutive models and their mechanical
parameters into consideration in order to model the
uniaxial compression test of rock samples (siltstone).
Based on the results, some conclusions can be
drawn.

- Constitutive models and their input properties
have played an important role in the final re-
sults. It has also confirmed in other studies.

- The elastic behaviour (pre-failure) of the rock
sample can be modelled by using all selected
constitutive models. However, the fracture mode

(post-failure) was not fully modelled. Only
ubiquitous joint constitutive model managed to
model the macro fracture of the rock sample by
assuming the weak plane with an adequate
angle.

- In the case of the ubiquitous joint constitutive
model, the strength parameters of the rock
sample and the shear strength of weak plane can
be approximately determined.

- All selected constitutive models failed to fully
represent the microscale fractures of samples
that occurred in laboratory testing. It should be
noted that rock mass is a natural heterogeneous
structure, and the rock samples vary from each
other due to composition and the orientation of
the lamination. Further studies should be
focused on this aspect to improve and verify the
results of such a case of modelling.

- Laboratory results are not so common for the
estimation of post-failure parameters. Research
on the post-failure behaviour of rocks should be
conducted and reported in order to verify and
confirm the modelling results.

- This study is expected to provide a reference for
other cases of modelling of UCS laboratory
tests.

Fig. 14. The FLAC3D results and the laboratory results in good agreement for compression of ubiquitous joint Mohr-Coulomb sample.
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