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This study aims to numerically and experimentally investigate the response of a medium strength rock
material under unconfined compression loading up to failure. The unconfined compressive strength
(UCS) is one of the most important parameters in characterising rock material behaviour. Hence the UCS
is crucial in understanding the failure mechanism of fractured rocks. An effective approach to determine
the UCS and to investigate the behaviours of rock materials under unconfined compression is essential in
the majority of research fields of rock mechanics. The experimental configuration for the unconfined
compression test, suggested by the protocols of the ASTM standard, has some limitations which affect the
accuracy in determination of the real UCS. Among several alternative configurations proposed, the Mogi’s
configuration seems to be the most appropriate one. Therefore, the ASTM and Mogi’s configurations were
used to perform the tests on a medium strength rock material, i.e. Pietra Serena sandstone. The results
using two configurations were discussed in terms of the differences. The tests were also replicated in LS-
DYNA using a finite element method (FEM) coupled smooth particle hydrodynamics (SPH) technique.
This technique is employed in this study due to its capabilities to cope with large deformation issues
related to the rocks. An advanced material model, called the Karagozian and Case Concrete (KCC) model,
is implemented in the numerical simulations. The KCC model consists of three independent fixed failure
surfaces and it can consider the damage accumulation based on the current state of stress among these
failure surfaces. An equation-of-state (EOS) is used in conjunction with KCC material model for decou-
pling the volumetric and deviatoric responses. The numerical and experimental results were finally
compared with the focus on the stressestrain diagram and the failure patterns. The comparison shows
that the numerical results are in good agreement with the experimental results.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

This article presents experimental and numerical investigations
in the rock mechanics domain with a focus on the oil and gas re-
quirements. Comprehensive knowledge about the mechanical be-
haviours of rock materials in sub-aqueously deep well drilling
applications is mandatory (Pepper,1954; Lacy and Lacy,1992; Brady
and Brown, 2013). The mechanical behaviour of rock at material
scale is generally controlled by the geometric arrangements of the
mineral particles and voids in combination with the microcracks.
However, the microflaws often significantly influence the rock
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mechanical behaviours (Åkesson et al., 2004; Szwedzicki, 2007;
Basu et al., 2009). The failure modes of brittle crystalline rock
materials under compression loading are rather complex and
difficult to be predicted (Santarelli and Brown, 1989). This
complexity originates from different sequential processes, which
are discussed in this paper for the case of uniaxial compression
loading (Martin, 1993; Malvar and Crawford, 1998; Li et al., 2003;
Jaeger et al., 2007). Therefore, investigation on the failure mode
of the rock material, a medium strength rock material (i.e. uncon-
fined compressive strength (UCS) in the range of 40e80 MPa
(Attewell and Farmer, 1976)) can advance our understanding and
facilitate the future design in this domain.

The UCS is one of the most significant parameters to charac-
terise the rock materials and it plays an important role in pre-
dicting the boreability of the material (Kahraman, 2001; Ceryan
et al., 2013; Nazir et al., 2013). Boreability is used widely in
analysis, design and classification of rock materials and is
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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expressed by the maximum principal stress that the material can
sustain under uniaxial compression. Due to this, a precise
approach for UCS measurement is necessary in most fields of rock
mechanics. Basically, a cylindrical specimen loaded by two
compressive platens in parallel to its main axis is considered
conventionally as the configuration of unconfined compression
test. This conventional test suggested by the standard ASTM
D7012-04 (2004) has its drawback, mainly due to the radial
shear stressed generated at the contact interface when applying a
compressive load. The undesired radial stresses appear due to
different elastic properties of the steel of the testing machine
platen and the rock specimen. Mogi (1966, 2007) suggested
another arrangement to design the specimen in order to address
this problem. The experimental and numerical analyses in this
context show that the Mogi’s suggested method can measure the
UCS more precisely. The experimental results reveal that the
variability of the results obtained by Mogi’s configuration is much
lower than that of conventional configuration. Later, numerical
simulations also confirm it when stress concentration is consid-
ered at the rock-steel (of compressive platen) interface using
conventional configuration (Mogi, 2007).

An alternative to expensive field testing is available due to the
rapid development of numerical analysis technology in conjunction
with advanced computer facility. Several numerical methods have
been recently employed (Kochavi et al., 2009; Anghileri et al., 2011;
Jaime, 2011; Wu and Crawford, 2015; Zhao et al., 2016) for simu-
lating the mechanical behaviours of quasi-brittle materials, e.g.
concrete and sandstones. The finite element method (FEM) is the
most commonly used numerical technique in the research fields as
well as in industrial applications. The implementation of the FEM
for solving the solid mechanics problems, which are analysed in the
continuum domain, is still one of the most accurate numerical
simulation techniques. The presence of highly distorted solid ele-
ments in the numerical modelling of fractured rock is often
encountered, which is one of the main drawbacks of Lagrangian
FEM. The smooth particles hydrodynamics (SPH) is a mesh-less
Lagrangian method which can discretise a system as a number of
particles (or “mesh-points”) carrying the field variables. The capa-
bility of the SPH method to cope with high distortion has been
proved as the nodal connectivity is not fixed in this method
(Anghileri et al., 2011; Olleak and El-Hofy, 2015; Bresciani et al.,
2016). However, the performance of the FEM in terms of accuracy
and time consumption is generally higher than that when the SPH
particles are used. Therefore, inspired by the study of Bresciani et al.
(2016), an approach was implemented to take advantage of both
Fig. 1. Various configurations of rock specimens
the FEM and the SPH methods in exploiting the finite element
software.

Exploitation of efficient and realistic constitutive models has
become one of the essential tools in structural analyses. A material
model, called Karagozian and Case Concrete (KCC) model, was used
in this study. The KCC model was developed by Malvar et al. (1994,
1996, 1997, 2000). Finally, the results of the numerical models were
compared with the experimental data.

2. Experimental programme

The unconfined compression test is conventionally performed
by applying axial load to a cylindrical specimen with a specific
length to diameter ratio. Various arrangements have been devel-
oped to perform the unconfined compression tests as indicated in
Fig. 1. The short cylindrical specimen represented as type 1 is in
direct contact with the compressive platens, which is a configura-
tion suggested by the ASTM standard. The different mechanical
behaviours of the rock specimen and the steel of compressive
platens result in radial shear stresses at their interfaces, which is a
focus in this context. The two configurations represented as types 2
and 3 were developed to overcome the shortcomings of the type 1.

In the configuration type 2, various types of lubricants were
basically applied at the interfaces to eliminate the friction forces.
Due to the frictionless boundaries, it may seem that this configu-
ration is a preferred one. The sample end conditions are principally
plan, and the stress state will not vary throughout the specimen
and the deformation can be considered homogeneous. However,
during the testing, a number of vertical cracks propagate starting
from the outer surfaces of the rock, which is induced by the
intrusion of soft lubricator into the specimen (Mogi, 2007).
Therefore, the idea of using lubrication to produce frictionless
boundaries is not practical.

The dog-bone specimen, represented as type 3, was suggested
by Brace et al. (1966) to avoid extending the effect of a mismatch at
the ends of the specimen into the region of the specimen where
fracture occurs. The Brace specimen is however unsuitable for
performing the unconfined compression test mainly due to two
drawbacks: difficult fabrication procedure and presence of bending
stresses. Therefore, Mogi (2007) proposed another configuration,
represented as type 4, to overcome the shortcomings existing in the
other configurations. The merits and drawbacks of the Mogi’s
configuration will be discussed in Section 2.2.

The merits and drawbacks of the configurations types 1e4 un-
der uniaxial compression conditions are summarised in Table 1. The
under uniaxial compression (Mogi, 2007).



Table 2
Dimension of the specimens e the ASTM standard.

Specimen Length, L0 (mm) Diameter, D (mm) L0/D

A1 41.3 20.4 2
A2 40.9 20.4 2
A3 40.8 20.4 2
B1 44.8 20.5 2.2
B2 44.9 20.4 2.2
C1 49.9 20.4 2.4
C2 49.8 20.4 2.4

Table 1
Merits and drawbacks of different arrangement types under unconfined compres-
sion (Mogi, 2007).

Type Merit Drawback

1 Easy fabrication Stress concentration, and clamping effect
2 Easy fabrication Vertical cracking at the end surface
3 No stress concentration,

and low clamping effect
Bending, and difficult fabrication

4 No end effects, no bending,
and easy fabrication
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present paper concentrates on two experimental testing pro-
grammes, i.e. types 1 and 4, as the methods of testing rock samples.

The Mogi’s arrangement (type 4) was suggested to counteract
the stress intensification at the interface between the steel plates
and the specimen. Therefore, the Mogi’s configuration is expected
to have two advantages with respect to the standard configuration:
the precise determination of material strength, and the reduction of
the variability of the material strength.

Rock failure modes are complex and difficult to be predicted.
Several studies have been carried out in this regard; however, un-
derstanding rock breakage is still under investigation (Basu et al.,
2013). Bieniawski (1984) suggested that physical models of the
rock may provide useful information particularly when the failure
modes are examined at laboratory scale, since there is no
straightforward numerical (or mathematical) analysis model that
can ascertain the nature of fracture development in rock materials.
Based on the investigation of the failed rock specimens of sand-
stones and dolomite under triaxial compression tests, Santarelli
and Brown (1989) concluded that failure can manifest itself in
different ways depending on the microstructure of the rocks. A
survey conducted on schist (anisotropicmetamorphic rock), granite
(brittle crystalline igneous rock) and sandstones (porous sedi-
mentary rocks) by Basu et al. (2013) shows that rock failure mode in
a uniaxial compression test may be one of the four types as shown
in Fig. 2.

The uniaxial loading condition can impose tensile stresses on
the specimens so that the cracks initiate and propagate from the tip
of the microcracks and other defects when the tensile stresses
exceed local tensile strength at that tip. These propagating cracks
are called wing cracks. The predominant failure mode of the ASTM
arrangement is expected to be axial splitting since wing cracks
cannot be tolerated and eventually be aligned parallel to the
maximum principal stress (Basu et al., 2013). However, the failure
mode of the Mogi’s arrangement is supposed to be another type.
When the wing crack propagation is inhibited, the coalescence of
adjacent wing cracks, or of wing cracks in close proximity
Fig. 2. Schematic representation of different failure modes under unconfined compression
fracturing, (e) failure along foliation, and (f) Y-shaped failure (Basu et al., 2013).
generated from the tips of suitably oriented microcracks, takes
place in order to release the strain energy in the form of shear
fracture. Therefore, it is assumed that the presence of the epoxy cap
stops the propagation of the wing cracks and thus, the specimen
fails in the shear mode (Mogi, 2007).

2.1. ASTM standard specifications

The first series of the unconfined compression tests was per-
formed according to the protocols of the standard ASTM D7012-04
(2004). According to the standard, the specimens must have a cy-
lindrical shape with a length to diameter ratio, L0/D, between 2 and
2.5. The specimen diameter must also be greater than ten times the
maximum grain size. According to Eni (2007), the sandstone is a
medium-grained clastic sedimentary rock, with a sand size be-
tween 0.06 mm and 2mm. The geometry data of the specimens are
reported in Table 2.

The testing apparatus used for the standard configuration is
shown in Fig. 3. The cylindrical specimen is compressed between
two steel plates. The upper compressive platen (which is spheri-
cally seated) is displacement-controlled and the lower platen is
fixed. The seating sphere must be properly lubricated and centred
on the specimen faces. The seating sphere diameter should be
greater than or equal to the specimen’s diameter but less than its
double. The platens should have a diameter at least the same as the
specimen’s diameter and a minimum of thickness to diameter ratio
of 0.5. The upper platen should be displaced vertically at a constant
rate of 0.1 mm/min. In this way, the time at specimen failure may
occur between 2 min and 15 min as prescribed by the standard. An
axial extensometer is placed at the mid-height of the specimen to
measure the axial strain. Due to the presence of friction forces, the
stress state can vary throughout the specimen and the deformation
is thus not completely homogenous. Therefore, the gauge length of
the axial extensometer used for the ASTM configuration is equal to
8 mm (less than 50% of the length of the shortest specimen) in
order to guarantee that the axial deformation at this span remains
: (a) axial splitting, (b) shearing along single plane, (c) double shearing, (d) multiple



Fig. 3. Unconfined compression test apparatus e the ASTM configuration.
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homogeneous. The applied loading amounts as well as the cross-
head displacement were measured automatically by the testing
apparatus.
2.2. Mogi’s enhanced layout

Due to the difference in the elastic properties of the platen steel
of the testing machine and the rock specimen, radial shear stresses
are generated at the contact interface after compressive load is
applied. These stresses can produce an undesired clamping effect at
the end of specimen, which will raise two issues. The first one is
that due to sudden shear stress transferring unexpectedly, stress
concentration occurs at the specimen outer edge near the interface.
The second is that if a crack propagates into the outer edge near the
interface, the corresponding fracture growth is potentially pre-
vented. These two issues may affect the true strength of a rock. As
the stress concentration tends to decrease the strength, prevention
of fracture growth tends to increase rock strength. However, the
factors will almost never eliminate each other’s effect (Mogi, 2007).

The drawback raised by the undesirable shear stresses can be
significantly reduced by an enhanced arrangement designed by
Mogi (2007) (see type 4 in Fig. 1). It consists of a cylinder connected
to two aluminium end pieces by epoxy. The thickness of the epoxy
is gradually decreased towards themiddle of the specimens to form
a smooth fillet in order to eliminate the stress concentration on the
rock-steel contact interface. Nevertheless, it is not necessary to
obtain the exact surface of the fillet since the epoxy has an elastic
property lower than that of most rocks.

The main disadvantage of Mogi’s configuration is that the state
of stress varies throughout the specimen. Due to this, the defor-
mation is not homogeneously distributed along the entire length of
the specimen. This inhomogeneity is more observed near the end
surfaces with a large span around the mid-height of the specimen;
however, the displacement is almost homogeneous in a global
sense. Therefore, in this study, we tried to overcome this drawback
by using an axial extensometer (located around the mid-height
section) with gauge length much shorter than the length of spec-
imens. In this way, it is expected that the measurement of the
extensometer will be the (almost) homogeneous displacement.

An alignment cover was designed and fabricated in order to
perfectly adjust the axis of the cylinder, i.e. the specimen and the
steel end pieces guarantee that the two end surfaces are parallel.
The structural adhesive 3M Scotch Weld DP490 was used to attach
the end bases to the specimens. Fig. 4 indicates the procedures for
preparing the specimens of the Mogi’s configuration. The outer
edges were smoothed initially by sandpaper, and then by a fine
rasp, and finally they were cleaned by acetone (see Fig. 4a). The
primary configuration was fixed by using the alignment cover and
one drop of acrylic glue between the end pieces and the specimen
(see Fig. 4b and c). The specimens remained untouched for two
days. Then the secondary gluing was performed using the struc-
tural adhesive 3M Scotch Weld DP490 (see Fig. 4d). Again, the
specimens remained untouched for one week in order to reach the
full curing period of Scotch Weld.

The average values of three measurements for specimen di-
mensions are used and listed in Table 3, including the L0/D values. It
should be noted that the parameter L0 for the Mogi’s configuration
is the distance between the two inner sides of the epoxy layers and
thus differs from that of the ASTM parameter. The specimen C3 has
a slightly lower L0/D value and is used to investigate if any differ-
ence occurs between the two tests. The minimum suggested L0/D
value should be greater than 2 according to Mogi (2007). As re-
ported below, the experimental result of specimen C3 was unac-
ceptable, therefore, it was not considered for further investigation.

The testing apparatus for the improved configuration is shown
in Fig. 5 (which is identical with the standard configuration).
However, the diameter of upper platen is larger because the
diameter of the steel end base of the Mogi’s specimen has a larger
diameter than the one used in the standard configuration. An axial
extensometer with a longer gauge length (20 mm) was used for
specimens E1 and E2.

2.3. ASTM experimental results

According to the protocols of the standard ASTM D7012-04
(2004), the elastic modulus can be obtained from the experi-
mental stressestrain diagram according to the following methods:

(1) The tangent modulus at a given percentage of the failure
stress, E%, e.g. E25 and E50.

(2) The average slope of the straight line of the stressestrain
curve, Eav.

(3) The secant modulus from zero to the failure stress, Es.

The UCS of a material, suc, can be calculated as P/A, where P is
the maximum load measured by the testing machine and A is the
cross-sectional area of the specimen. Each experimental result is
reported as an average value and a repeatability limit. The
repeatability limit, r, is equal to 2

ffiffiffi
2

p
Sr , where Sr is the repeatability

standard deviation (the standard deviation of the values was ob-
tained with the same testing apparatus and the same material). By
definition, the probability of two identical tests which do not
differ from one another by more than the repeatability limit
should be about 95%. The stressestrain diagrams for the ASTM
standard configuration specimens are shown in Fig. 6. As can be
seen in Fig. 6 (and also other experimental diagrams obtained in
this study), the post-failure behaviour is not recorded in the
stressestrain diagrams due to the limitation of testing apparatus.
As discussed in Hudson and Harrison (2000), it may be possible to
obtain the complete stressestrain curve (i.e. the post-failure
behaviour) for the rock materials, if the stiffness of the appa-
ratus is greater than the absolute value of the slope at any point on
the descending portion of the stressestrain diagram. In this case,
the system is continuously stable which permits reaching the
post-failure area. Unfortunately, it seems that the stiffness of the
testing apparatus used for this experimental campaign is not high
enough to capture these data.

The UCS and different extrapolations of the elastic modulus for
each specimen, listed in Table 4, were obtained from the experi-
mental data as shown in Fig. 6.

Since the ratio between the repeatability limit and the average
value of a parameter can be considered as a benchmark to measure



Fig. 4. The pre-processing preparation of the Mogi’s layout specimen: (a) The outer edges were smoothed initially by a fine rasp; (b) One drop of acrylic glue was applied to the end
piece and the specimen interface; (c) The primary configuration was fixed via an alignment cover; (d) The structural adhesive 3M ScotchWeld was applied for the secondary gluing;
and (e) The specimens remained untouched for one week.
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its variability, some of the experimental data (and their ratios to the
average values) obtained for the Pietra Serena sandstone by both
the ASTM and Mogi’s configurations (see Table 5) are listed in
Table 6.

The high variability of E25 (the ratio of testing value to the
average is 0.63) of the Pietra Serena sandstone measured in this
work demonstrates an undesired issue as shown by Fig. 6, where a
nonlinear regime is presented at the beginning of almost all the
stressestrain diagrams. Moreover, the results of experimental tests
on different specimens at this regime are not the same and differ
significantly. This response may have two main causes: (1) very
smooth surface finishing on rock specimens is difficult to be ob-
tained and the upper compressive platen therefore needs to be
adjusted automatically and aligned to the surface of the specimens
at the beginning of the test; and (2) the presence of the large
number of pre-existence microcracks in the specimens created
during their fabrication process. It is worth mentioning that the
density of these microcracks is much higher near the outer edges of
the specimens than that in the middle region.

We tried to reduce the effect of this phase (that is more related
to specimen issue) by means of a post-processing step. For this, the
linear elastic regimewas determined first. Then the elastic modulus
E50 of each specimen was measured. The elastic regime was sub-
sequently expanded with the same elastic modulus up to the null
stress level. Finally, the whole curve was shifted along the strain
axis to start of the origin. The results of the post-processing pro-
cedure are shown in Fig. 7.

The fractured specimens of the ASTM arrangement are shown in
Fig. 8, exhibiting an almost identical failure mode for all the spec-
imens. A crack initiates at the edge of the specimen and propagates
mainly in the vertical direction (parallel to the axis), demonstrating
that the failure mode of the ASTM configuration test is in
accordance with the definition of the axial splitting failure mode as
represented in Fig. 2.

2.4. Mogi’s layout experimental results

The stressestrain diagrams of the Mogi’s specimens are shown
in Fig. 9. The UCSs and different extrapolations of elastic modulus
for each specimen are also given in Table 5. Identical mechanical
properties provided by the ASTM configuration (Table 5) can be
measured for the Mogi’s arrangement, as reported in Table 6. The
stressestrain diagram and the mechanical properties of specimen
C3, as expressed in Fig. 9 and Table 5, respectively, show inappro-
priate responses. This approves the Mogi’s suggestion about the
range of the L0/D ratio (L0/D ratio of specimen C3 is equal to 1.8).
Therefore, the experimental data related to this specimen are not
considered for computing the average values in Table 6.

The fractured specimens of the Mogi’s arrangement are shown
in Fig. 10. Unlike the specimens of the ASTM configuration, shear
planes are observed and the crack propagates through them. The
fracture patterns of all the specimens are very similar, which is in
accordance with the shearing along a single (or double) plane
failure mode as represented in Fig. 2.

2.5. Comparison of the ASTM and Mogi’s configurations results

As can be seen in Table 6, the average UCS of the Mogi’s
arrangement is almost equal to (or slightly higher than) the one of
the ASTM standard configuration. The variability of the 25% tangent
modulus, E25, of the ASTM configuration is significantly higher than
that of the Mogi’s configuration, while the variability of the 50%
tangent modulus, E50, is almost equal for the two layouts. The
Mogi’s approach therefore prevents the undesired effects of the



Table 3
Dimensions of the specimens e Mogi’s layout.

Specimen Length, L0 (mm) Diameter, D (mm) L0/D

C3 37.2 20.4 1.8
D1 46.8 20.4 2.3
D2 45.2 20.4 2.2
D3 49.1 20.4 2.4
E1 65 20.5 3.2
E2 68.7 20.3 3.4

Fig. 5. Unconfined compression test apparatus e the Mogi’s configuration.

Fig. 6. The stressestrain curves of unconfined compression tests e the ASTM’s layout.

Table 4
Uniaxial compressive strengths and elastic moduli for the standard configuration
specimens.

Specimen suc (MPa) E25 (MPa) E50 (MPa) Eav (MPa) Es (MPa)

A1 62.72 12,587 15,679 15,522 11,050
A2 72.73 8663 13,224 12,804 10,121
A3 72.34 9411 15,039 14,525 9400
B1 61.2 13,809 16,349 16,046 13,778
B2 59.443 15,925 18,766 18,534 17,309
C1 70.94 14,664 16,575 16,308 13,260
C2 48.73 15,549 17,648 17,339 15,351

Table 5
Uniaxial compressive strengths and elastic moduli for the Mogi’s specimens.

Specimen suc (MPa) E25 (MPa) E50 (MPa) Eav (MPa) Es (MPa)

C3 60.66 11,303 12,195 12,012 8980
D1 69.83 15,954 21,452 21,105 18,721
D2 72.66 15,342 17,055 16,798 12,994
D3 66.85 13,474 15,355 15,123 12,321
E1 72.32 15,022 17,220 17,196 13,776
E2 76.19 16,094 17,943 17,657 12,873
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pre-existence microcracks close to the ends of the specimens. The
Mogi specimens do not show the initial nonlinear behaviourmainly
due to their larger length. The Mogi’s layout consists in longer
specimens; therefore, the measurement of the displacement is less
affected by the presence of the microcracks, which are concen-
trated near the end bases of the specimen (where the glue fillet is
also presented). If the specimen is long enough, the cracks due to
machining at the bases are not presented in the zone where the
extensometer is applied. Therefore, the nonlinear deformation due
to the presence of the cracks is not recorded by the extensometer. In
addition, the glue fillet covers partially the zone where these cracks
are presented. Indeed, longer ASTM specimens (B and C series) also
show lower initial nonlinear phase. Moreover, due to the utilisation
of steel end pieces at the Mogi’s layout and their significant surface
finishing, the upper compressive platen is almost perfectly aligned
from the beginning of the test. The effects of these features are
clearly visible in comparison of Fig. 11a and b, where the post-
processed stressestrain curves of the ASTM configuration exhibit
an almost identical behaviour as that of the Mogi’s arrangement.

As previously discussed, the two types of specimens show
different failure modes. The Mogi’s specimens have a shear failure
mode (see Fig. 10), while the compressive failure mode (vertical
crack propagation parallel to the loading axis) was observed for the
standard arrangement (see Fig. 8).
3. Numerical modelling techniques

Many numerical modelling techniques have been developed for
stress analyses of solid mechanics in the continuum domain.
Among these, the conventional Lagrangian FEM offers advantages,
including high accuracy and convenient time consumption cost.
However, a disadvantage lies within the reduced performance of
grid based numerical methods to cope with highly distorted
meshes and large fragmentation, since the mesh usage for solving
the problems consists of free surface, deformable boundary and
moving interface, which could conduce to various struggles.
3.1. Smooth particle hydrodynamics

At present, the SPH is one of the most efficient numerical
methods for dealing with continuum problem subjected to large
deformations and fracture. The SPH is a “true” mesh-free method
that represents the state of a system by a set of particles. These
particles hold the material properties and interact in a range which
is controlled by a smoothing (kernel) function. The kernel
approximation for any two given particles, i and j, is determined as

f ðxiÞ ¼
Z
U

f
�
xj
�
W

�
xi � xj;h

�
dxj (1)

where xi and xj are the coordinates of the particles in the problem
domain U, h is the distance between the two particles, andW is the
smoothing function given as follows:



Table 6
The mechanical responses of the ASTM and Mogi’s layouts under unconfined compression for Pietra Serena sandstone.

Layout suc E25 E50

Average (MPa) Test (MPa) Test/Average Average (MPa) Test (MPa) Test/Average Average (MPa) Test (MPa) Test/Average

ASTM 64.02 24.7 0.38 12,944 8191 0.63 16,183 5075 0.31
Mogi 71.57 9.84 0.14 15,177 2966 0.19 17,805 6360 0.35

Fig. 7. The standard configuration results of unconfined compression tests after post-
processing. Fig. 9. The stressestrain curves of unconfined compression tests e the Mogi’s layout.
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W
�
xi � xj; h

� ¼ 1

h
�
xi � xj

�dq0�xi � xj
�

(2)

where d is the number of space dimension, and q0 is an auxiliary
function (see Fig. 12). Since the connectivity between the particles
is considered as a part of the computation process, a straightfor-
ward handling of problems with extreme deformations is allowed
by implementing the SPH method (Liu and Liu, 2010).

3.2. Finite element method-smooth particle hydrodynamics
technique

A numerical scheme, namely FEM-SPH, has been developed to
account for both the FEM and SPH method. Within this numerical
technique, the Lagrangian solid elements are deleted after reaching
Fig. 8. The broken specimens e
a certain criterion and are adaptively transformed to SPH particles.
These SPH particles inherit exactly all of the mechanical properties
of the failed mesh elements, i.e. mass, kinematic variables, and
constitutive properties.

Implementation of this technique in LS-DYNA is done by calling
the keyword ADAPTIVE_SOLID_TO_SPH. However, most of the
material keywords available in LS-DYNA material library, i.e. the
ones used in this study, do not have any internal eroding algorithm,
and thus an external eroding algorithm needs to be implemented in
conjunction with this keyword. The element erosion of the models
used in this work was obtained using MAT_ADD_EROSION and
specified a certain value for the maximum effective strain at failure
(EFFEPS). Therefore, each hexahedral solid element which meets
this criterion is eroded, and then by defining the two input pa-
rameters of the ADAPTIVE_SOLID_TO_SPH keyword as ICPL¼ 1 and
the ASTM configuration.



Fig. 10. The broken specimens e the Mogi’s configuration.

A. Mardalizad et al. / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 197e211204
IOPT ¼ 1, the software automatically replaces that eroded element
with a certain number of SPH particles. The number of particles can
be controlled by the users, i.e. it can be 1, 8 or 27 in case of hex-
ahedral elements (see Fig. 13). In this study, the failed solid ele-
ments were converted into one SPH particle to keep the time
consumption low.
3.3. Material modelling

The material model utilised for the numerical simulation of rock
specimens is called the KCC model. This KCC model, presented in
the material library of LS-DYNA by MAT_CONCRETE_DAMAGE_R3
(or MAT_072R3), is a material model developed by Malvar et al.
(1994, 1996, 1997, 2000). The failure function of the KCC material
model can be derived by the following equation in terms of the
Haigh-Westergaard stress invariants:

f ¼ f ðx; r; qÞ ¼ fcðx; rÞbr ½JðpÞ; q� (3)

where x, r and q are the Haigh-Westergaard coordinates; fcðx; rÞ
corresponds to the failure surface in the triaxial compression state
of stress when the Lode angle q is equal to 60�; and the dimen-
sionless function br½JðpÞ; q� is the ratio between the current radius
of the failure surface and the compressive meridian. Eq. (3) is dis-
cussed in detail below.

The KCC model takes advantage of the three fixed independent
failure surfaces in the compressive meridian (x-r plane), which
correspond to the yield, ultimate and residual strengths of the
material (see Fig. 14), respectively. Hence, the function fcðx; rÞ is
defined for each one of these failure surfaces separately as follows:

ðrÞy ¼
ffiffiffiffiffiffiffiffi
2=3

p
a0y þ

ffiffiffi
2

p
x0

3a1y þ
ffiffiffi
3

p
a2yx

0

x0 ¼ x� 0:55ffiffiffi
2

p ðrÞm; ðrÞm ¼ 0:45ðrÞy

9>>>>=
>>>>;

(4)

ðrÞm ¼
ffiffiffiffiffiffiffiffi
2=3

p
a0 þ

ffiffiffi
2

p
x

3a1 þ
ffiffiffi
3

p
a2x

(5)

ðrÞr ¼
ffiffiffi
2

p
x

3a1f þ
ffiffiffi
3

p
a2fx

(6)
The stress invariants for an axisymmetric loading condition,
when s1 ¼ sa (the axial stress) and s2 ¼ s3 ¼ sl (the lateral
stress), can be rewritten as

x ¼ I1
. ffiffiffi

3
p

¼ ðsa þ 2slÞ
. ffiffiffi

3
p

r ¼
ffiffiffiffiffiffiffi
2J2

p
¼

ffiffiffiffiffiffiffiffi
2=3

p
ðsa � slÞ

cosð3qÞ ¼ 1

9=
; (7)

Therefore, the equations of the three failure surfaces for the
axisymmetric state of stress can be respectively written as

Dsy ¼ a0y þ
p0

a1y þ a2yp
0

p0 ¼ p� 0:55
3

Dsm;Dsm ¼ 0:45Dsy

9>>>=
>>>;

(8)

Dsm ¼ a0 þ
p

a1 þ a2p
(9)

Dsr ¼ p
a1f þ a2fp

(10)

where p is the pressure (positive in compression), and the ai-pa-
rameters are user-defined input parameters that can precisely
define the failure surfaces of the KCC model.

The damage accumulation is also considered based on the cur-
rent state of stress among these failure surfaces bymeans of a linear
interpolation function. The model was described in detail in Malvar
et al. (2000). An EOS is used for decoupling the volumetric and
deviatoric responses. It gives the current pressure as a function of
current and previous compressive volumetric strains. The EOS
keyword in LS-DYNA implemented in conjunction with the KCC
model is called EOS_TABULATED_ COMPACTION, inwhich up to ten
pairs of pressure-volumetric tabular data can be input to describe
the rock compaction behaviour.

Two different calibration procedures are used for the numerical
modelling presented in this study, which are called here as “full
input mode” and “automatic mode”. The “full input mode” cali-
bration of KCC requires 22 input parameters and another set of
independent tables, which are attributed to the damage evaluation
parameters (l) corresponding to the current failure surface (h)
(Hallquist, 2014). However, the most significant improvement,
presented in the third release of this model, provides an automatic
input parameter generation opportunity for the users, based only



(a)                   (b)

Fig. 11. Comparison of the Mogi’s configuration with (a) the original results, and (b) the post-processed results of the ASTM layout.

Fig. 12. SPH particles in a two-dimensional problem domain.
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on a few parameters, i.e. the UCS, the density and the Poisson’s
ratio. Therefore, it is possible to perform a primary simulation just
based on three (or even two, excluding the Poisson’s ratio) pa-
rameters, which is called in this article as the “automatic mode”.
Apart from the numerical results obtained directly from the
Fig. 13. Transformed SPH particles from a hex
“automatic mode”, LS-DYNA also generates all the input parameters
(required for the “full input mode”) automatically and writes them
into the “MESSAG” file. Therefore, some of these parameters (i.e.
the damage parameters) can be used in addition to other param-
eters that can be obtained from other resources.

The “automatic mode” of KCCmodel was originally developed to
simulate the response of concrete, and although the response of
sandstone is expected to be similar to that of concrete, the auto-
matic input mode results are only a rough estimation for sand-
stones. The “automatic mode”was used initially in this study due to
the overwhelming number of input parameters which are difficult
to be obtained from current resources. The authors could not find
any information about the mechanical response of Pietra Serena
sandstone; however, an extensive literature review (Coli et al.,
2002, 2003, 2006) revealed the presence of another rock mate-
rial, called Berea sandstone, with similar mechanical properties to
Pietra Serena sandstone. Berea sandstone is a sedimentary rock
with high porosity and permeability, and is mostly composed of
sand-sized grains (Khodja et al., 2010). Therefore, a first trial was to
calibrate this material model according to the experimental data
provided for Berea sandstone obtained from ASTM D7012-04
(2004), as shown in Table 7.

The parameters RSIZE and UCF are the unit conversion factors,
and NOUT is called the “output selector for effective plastic strain”.
According toHallquist (2014), whenNOUT¼ 2, the quantity labelled
ahedral three-dimensional solid element.



Fig. 14. The three independent failure surfaces of KCC material model in compressive
meridian.

Table 7
The experimental data provided for the automatic mode.

Density, RO
(t/mm3)

Poisson’s
ratio, PR

UCS, A0
(MPa)

NOUT RSIZE UCF

2 � 10�9 0.34 �62 2 0.03937 145
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as “plastic strain” by LS-PrePost is actually the one that describes the
“scaled damage measure, d ” which varies from 0 to 2. When the
value of d is still lower than one, no element (which has the KCC
materialmodel) reaches the yield limit;when the value is equal to 2,
the corresponding elements meet the residual failure level. It is
worth mentioning that only at the automatic mode of MAT_072R3
keyword (when amaximumnumber of six parameters are defined),
A0 should be defined as a negative value to represent the UCS. For
example, �62 in Table 7 means that the UCS is equal to 62 MPa.

After performing the initial simulation, some of the generated
input parameters (i.e. B1, B2, B3, u, Sl and LOC-WIDTH) were kept
constant and used at the “full input mode” (see Table 8), where the
parameters B1 and B2 govern the softening in compression and
uniaxial tensile strains, respectively, whereas the parameter B3
affects the triaxial tensile strain softening. The parameters u, Sl,
Edrop and LOC-WIDTH correspond to the frictional dilatancy, stretch
factor, post-peak dilatancy and three times of the maximum
aggregate diameter, respectively.

Almost all of the EOS tabular data were also used for the full
input calibration mode. Only the “Pressure02” parameter from EOS
keyword was changed to 26.1 MPa to reach the same bulk modulus
Table 8
The results obtained from the automatic input generation mode of MAT_072R3.

B1 B2 B3 u Sl Edrop LOC-WIDTH

1.1 1.35 1.15 0.5 100 1 1.35

Table 9
The ai-parameters provided for the full input mode.

a0 (MPa) a1 (MPa) a2 a0y (MPa) a1y (MPa) a2y a1f (MPa) a2f

34.458 0.65629 0.00097 21.621 1.11569 0.00251 0.7563 0.00097

Table 10
The specifications of the full input mode of the KCC model implemented for Pietra Seren

Density, RO
(t/mm3)

Poisson’s
ratio, PR

NOUT RSIZE UCF B1 B2 B3 u Sl Edrop LOC-WI

2 � 10�9 0.34 2 0.03937 145 1.1 1.35 1.15 0.5 100 1 1.35
(and accordingly the elastic behaviour) as the Pietra Serena sand-
stone. The details are described in Mardalizad et al. (2016). The
tensile strength parameter was investigated in another recent
study by the same authors (Mardalizad et al., 2017), where the
Brazilian tensile test was performed on Pietra Serena sandstone and
the tensile strength was determined as 5.81 MPa. The input pa-
rameters corresponding to the damage function, indicated by the
set of h-l data, were changed to the values reported in Markovich
et al. (2011).

The ai-parameters can bedeterminedbymeansof the least square
curve fitting method from the triaxial compression tests (Jaime,
2011). The experimental data of the triaxial compression test per-
formed at four different confining pressures were reported in Ding
(2013), hence, the ai -parameters are computed, as shown in Table 9.

Therefore, the specifications of the final calibrated material
model are summarised in Table 10.
3.4. Replication of experimental tests

Two numerical models were developed in LS-DYNA to replicate
the unconfined compression tests in both the ASTM and the Mogi
configurations (see Fig. 15). All the geometry parts were generated,
assembled and meshed by ABAQUS explicit software and then
imported in LS-PrePost to specify the required keywords. The mesh
convergence studies were performed based on the elements’ sizes
of the specimens, and 1mmwas considered for these elements. The
mesh sizes of the other components were determined by consid-
ering the requirements of the contact treatments, i.e. the element
size of the slave parts was considered lower than that of the master
ones. The numerical models of rocks in the replicated ASTM and
Mogi’s configurations have the same geometries with the speci-
mens of classes C and D, respectively.

The numerical model of the ASTM configuration consists of five
parts including two rigid platens (representing the compressive
platens), one elastic sphere, one elastic cylinder (representing the
spherical seat), and the specimen. The displacement-controlled
a sandstone.

DTH a0
(MPa)

a1 (MPa) a2 a0y
(MPa)

a1y (MPa) a2y a1f (MPa) a2f

34.458 0.65629 0.00097 21.621 1.11569 0.00251 0.7563 0.00097

Fig. 15. Numerical models developed in LS-DYNA to replicate (a) the ASTM configu-
ration, and (b) the Mogi’s configuration.



Fig. 16. Comparison of the kinetic energy-time and internal energy-time diagrams of (a) the ASTM configuration, and (b) the Mogi’s configuration.

Table 11
Material keywords and their corresponding mechanical properties for both the ASTM and Mogi models.

Material Keyword Density, RO (t/mm3) Elastic modulus, E (MPa) Poisson’s ratio, PR CMO CON1 CON2

Upper compressive platen (ASTM and Mogi) MAT_RIGID 7.85 � 10�9 2.1 � 105 0.3 1 4 7
Lower compressive platen (ASTM and Mogi) MAT_RIGID 7.85 � 10�9 2.1 � 105 0.3 1 7 7
Sphere and the spherical seat (ASTM and Mogi) MAT_ELASTIC 7.85 � 10�9 2.1 � 105 0.3 e e

Aluminium cylindrical end pieces (Mogi) MAT_ELASTIC 2.4 � 10�9 7 � 104 0.3 e e

Epoxy profile MAT_ELASTIC 1.4 � 10�9 2.8 � 104 0.35 e e

Fig. 17. Distribution of the scaled damage parameter after failure: (a) the ASTM configuration, and (b) the Mogi’s configuration (unit: ms).
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compression loading was imposed by the upper platen and the
lower platen was fixed (zero degree of freedom). The numerical
model of the Mogi’s configuration consists of nine parts, five of
them identical to those of the ASTM configuration, plus two
aluminium cylinders and two round profiles (representing the
profile of the epoxy). Displacement-controlled loading is applied to
the upper compressive platen (for both models) at a rate of
0.45 mm/ms, and the simulations are terminated after 5 ms. This
loading rate (0.45 mm/ms) has been considered since it is more
convenient to reduce the computation cost in the quasi-static an-
alyses by the time-scaling approach. However, in this case, the ki-
netic energy should be monitored to ensure that the ratio of kinetic



Fig. 18. Magnified distribution of the scaled damage parameter after failure: (a) the
ASTM configuration, and (b) the Mogi’s configuration.

Fig. 20. Comparison of experimental data and numerical results.

A. Mardalizad et al. / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 197e211208
energy to internal energy does not become too large (typically less
than 10%). Fig. 16 shows the diagrams of kinetic energy-time and
internal energy-time of both the ASTM and Mogi’s configurations.
As can be seen, the amount of kinetic energy in both cases is
negligible (less than 1%); therefore, it suggests that the loading rate
is acceptable.

The material keywords and their corresponding mechanical
properties for both models are reported in Table 11. The combina-
tion of CMO, CON1 and CON2 expressed in Table 11 determines the
degree of freedom of a rigid body in LS-DYNA. The rigid body
considered for the upper compressive platen has only one trans-
lational degree of freedom in z-direction, while the lower
compressive platen has no degree of freedom.

The hexagonal solid elements, with constant stress element
formulation, were implemented for all the FEM’s geometry parts.
The SPH section was set by the default values of LS-DYNA. The
automatic penalty based contact was applied to both the solide
solid and the SPH-solid contacts. The static friction coefficient
was equal to 0.4 for all the contact keywords containing the rock
specimen (as their slave segments). The static friction coefficient of
the contact between the spherical seated cylinder and the upper
aluminium end piece of the Mogi’s configuration was set to 0.45.
Since the seating sphere was covered by grease during the exper-
imental tests, the static friction coefficients of all the contact
Fig. 19. The distribution of the axial compressive stress of (a)
keywords containing this sphere were set to 0.05. However, the
constraint-based contact was considered as the contact treatment
between the sections related to the epoxy profile.

The adaptive conversion of mesh elements to the SPH particles
was applied only to the specimens. The EFFEPS, which is considered
as the conversion limit, should be defined as the final step for the
numerical simulation. For this purpose, the simulation should be
first run without the MAD_ADD_EROSION implementation to
examine the presence of highly distorted elements and to identify
the EFFEPS at that time step. In this study, the EFFEPS was set to
0.03.

3.5. Numerical results

In order to obtain the numerical stressestrain diagram, the
stress was calculated from the reaction force between the platens
and the specimen. The axial strain was computed starting from
the axial displacements measured at 8 mm and 20 mm length
spans (in the middle cross-section of the specimens) for the ASTM
and Mogi’s configurations, respectively (similar to the gauge
lengths of their extensometers). The distributions of scaled
the ASTM configuration, and (b) the Mogi’s configuration.



Table 12
Comparison of the UCS values obtained by numerical simulation and experiments.

Model suc (MPa) Error (%)

Experimental Numerical

ASTM e automatic mode 64 54.2 15.3
ASTM e full input calibration mode 64 67.4 �5.3
Mogi e automatic mode 71.6 59.7 16.6
Mogi e full input calibration mode 71.6 67.2 6.1

Table 13
Comparison of E50 values obtained by numerical simulation and experiments.

Model E50 (GPa) Error (%)

Experimental Numerical

ASTM e automatic mode 16.1 37.8 �134.8
ASTM e full input calibration mode 16.1 14.6 9.3
Mogi e automatic mode 17.8 36.4 �104.5
Mogi e full input calibration mode 17.8 14 21.3
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damage measure, d, of the calibrated (full input) model for both
the ASTM and Mogi’s configurations are captured at one time step
after failure and indicated in Fig. 17 to express the crack propa-
gation patterns.

The SPH particles which are in charge of dealing with severe
deformation in Fig. 17 represent the crack propagation pattern. The
critical parts of the specimens in Fig. 17 are magnified in Fig. 18 to
indicate more clearly the crack pattern. As can be seen in Fig. 18a,
c

Fig. 21. The numerical stressestrain diagrams of the ASTM model

c

Fig. 22. The numerical stressestrain diagrams of the Mogi mod
the numerical model results of the replicated ASTM configuration
do not demonstrate any ordered crack pattern. This failure is caused
by the lack of nodes at either the top or bottom of the specimens
fixed in tangential direction. This is one of the conditions that yield
disordered crack patterns described in detail in Murray et al.
(2007). However, the presence of some vertical cracks can be
considered as an acceptable agreement with the crack propagation
pattern obtained by the experimental tests.

As can be seen in Fig.18b, a series of X-pattern cracks follows the
double diagonal damage bands, which proves the presence of shear
failure planes. Therefore, the failure of the Mogi’s configuration
model represents the double-shear failure mode in Fig. 2. Although
this is not the same as the failure mode obtained from the exper-
imental tests (i.e. shearing along single plane failure), the diver-
gence can be justified based on the (ideal) symmetrical condition,
e.g. loading, contact interfaces, and boundary conditions, exerted
by numerical modelling. It has been tried to overthrow the full
symmetry of the system, but it neither changed the failure mode,
nor achieved stable results. Therefore, the precise failure mode
obtained from the experimental tests cannot be reproduced by this
numerical simulation technique.

The stress distributions along the axial direction (compressive
stress) for both the ASTM and the Mogi’s configurations are
expressed in Fig. 19. The presence of the stress concentration at the
outer edge of the specimen, which was expected based on the
research of Mogi (2007), is visible in the ASTMmodel. However, the
Mogi’s model exhibits a more uniform stress distribution.
c

in (a) the automatic mode, and (b) the full calibration mode.

c

el in (a) the automatic mode, and (b) full calibration mode.
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4. Comparison of experimental and numerical results

The stressestrain diagrams of the KCC models (both the ASTM
and the Mogi models) in the automatic input generation mode and
the full input calibration mode are compared to the experimental
results, as shown in Fig. 20 and Tables 12 and 13. As expected, the
results obtained by the automatic input mode are not in agreement
with the experimental data. This is more critical in the elastic
regime, in which the numerical model overestimates the average
Young’s modulus by more than twice the values obtained experi-
mentally (see Figs. 21 and 22). However, the ultimate failure level
can be acceptable. This rough response of the KCC model in its
automatic mode indicates the different behaviours of concrete (to
which the model is addressed) compared with sandstone, espe-
cially in the elastic regime. The numerical results obtained by the
fully calibrated mode of KCC model, on the other hand, show sig-
nificant agreement with the experimental data. Therefore, it can be
concluded that the KCC is an efficient material model for numerical
simulation of the rock materials, in particular for sandstones.
5. Conclusions

Experimental tests were performed based on the protocols of
the ASTM standard and on the Mogi’s enhancement configuration.
The average experimental UCS of Pietra Serena sandstone was
measured as 67 MPa. The results of Mogi and ASTM configurations
are comparable, and it shows that the Mogi’s configuration reduces
the variability of results and the sensitivity to the specimen
geometrical deviations.

A numerical model using the FEM in conjunction with the SPH
was implemented using the KCC material model. The KCC model
shows a significant improvement when the material input param-
eters are calibrated and directly inserted into the material keyword,
instead of the automatic input generator mode. The specifications of
the calibrated material model are summarised in Table 10.

The numerical model developed by the KCC automatic input
mode underestimates the UCS by 16.6% and overestimates the
elastic modulus by 104.5%, while these values significantly decrease
to 6.1% and 21.3%, respectively, after implementing the calibrated
input mode.

The coupling SPH and FEM technique is proved to be a reliable
method to simulate crack generation. The numerical results are still
expected to be improved by a direct material identification based
on the Pietra Serena sandstone, i.e. the triaxial compression and
isotropic compression tests. However, the numerical simulations in
this study prove the functionality and reliability of the KCCmaterial
model in the replication of the unconfined compression test.
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