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Abstract: The adequate fracture investigation of geological materials, that show brittle behaviour with
a large difference in tension and compression, is a persistent challenge especially when aiming
to purposely build a reliable numerical modelling technique. The mechanical characteristics
of a middle strength rock, namely Pietra Serena sandstone, are therefore investigated numer-
ically in this study by means of a model that replicates the Brazilian splitting tensile test. An
advanced material model implemented in LS-DYNA, namely the Karagozian and Case Con-
crete (KCC) model, is exploited and the results are compared to the conventional Mohr-Cou-
lomb material model to show the capability of this model. Finally, the simulation results are
validated by experimental data.

1. Introduction

This research work aims to investigate the mechanical characteristics of a middle strength rock
with the focus on the tensile behaviour until to the formation of a crack. Brazilian Disk tests
have been conducted for this purpose and the results are compared with the numerical simula-
tions.

The maximum principal tensile stress is one of the most important parameters in the deforma-
bility of rocks. Due to several issues, including the poor tensile resistance of rocks, the perfor-
mance of a conventional direct tensile test is particularly difficult. However, the tensile strength
of a brittle material can be measured indirectly by means of the Brazilian test. The test consists
in compressive loading applied to the cylindrical disk periphery. This loading condition initi-
ates a fracture along the compressive diametral direction, where the maximum principle tensile
stress is dominant. Therefore, the splitting tensile strength measured by the Brazilian test is
representative of the maximum principle tensile strength of the material. The identification of
the location where the maximum tensile strain takes place is another challenging issue. It can
be described by a transition failure mode between a tensile failure mode that refers to the di-
ametral splitting fracture, and a shear failure mode, associated to the parts close to loading
platens [1].

The use of numerical modelling of materials in conjunction with realistic constitutive models
is essential in stress analyses. In this application the numerical solver, LS-DYNA software, has
been used due to the presence of a large library of material cards and the solvers capability to
deal with a strong nonlinear case. The Finite Element Method (FEM) coupled to Smooth Par-
ticle Hydrodynamics (SPH) has been implemented as the numerical modelling technique of
this study and the cylindrical specimen has been first modelled by Lagrangian solid elements.
The elements who meet a certain failure criterion are subsequently eroded by means of an
external eroding algorithm, and are then replaced with SPH particles. The FEM-coupled to the
-SPH technique takes advantage of the accuracy of the Lagrangian finite elements (before the
occurrence of high distortion) and of the capability of the SPH in dealing with large defor-
mation, mesh distortion, etc.
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Focusing on the material constitutive law, the material model developed by Malvar et al.,
namely the Karagozian and Case Concrete (KCC) model has been used. It is one of the best
models for interpreting the nonlinear stress-strain response of rocks [2]. In the third release of
this material model in LS-DYNA, an automatic input parameter generation method, based on
the unconfined compression strength was developed which facilitates the utilization of this
model for most users.

The numerical results of the Brazilian test replicated by the KCC model are then compared
with the conventional Mohr-Coulomb (MC) constitutive law. Finally, the mechanical proper-
ties of the Pietra Serena sandstone, experimentally investigated by means of a Brazilian test
program, are used to validate these numerical analyses.

2. Methodology and Results

The experimental tests were conducted on four cylindrical specimens with a 40 mm diameter
and a 20 mm length. All of these tests were performed according to ASTM standards [3].

The numerical modelling was performed by implementing two different material models, the
KCC and the MC model. The KCC model, consists of three non-linear independent failure
levels and twenty-two input parameters in the full input version mode. In the meantime two
sets of independent tables are associated; one table is related to the Equation-of-State (EOS)
for describing the rock compaction behaviour, and the other one is attributed to the damage
evaluation parameters (4) corresponding to the current failure surface (n) [4]. The input param-
eters of this material model, were previously calibrated for Pietra Serena sandstone under Un-
confined Compression Test (UCT), which are described in [5]. However, the damage function
(indicated by the set of n — A data) was changed to what is reported in [6]. The tension cut-off
parameter (f;) was calibrated in this study, whereas the UCT was unable to perform this cali-
bration. The analyses performed for a wide range of f; (3 to 9 MPa) showed that f, = 7MPa
has the best convergence with the experimental results.

The MC model implemented in LS-DYNA, represents the granular materials and has one linear
shear failure surface. The input parameters of this material model were also calibrated for Pietra
Serena sandstone under UCT in [5]. Identical with the KCC, a tension cut-off (f;) equal to 7
MPa was considered here.

The ultimate failure loads (f;,,) from the experimental tests as well as the corresponding values
form the numerical models are reported in Table 1. The Mohr-Coulomb model underestimated
the average experimental results by an error of about 20%, while the Karagozian and Case
Concrete model showed a precise response.

Test#1 Test#2 Test#3 Test#4 Test#5 KCC MC
fulkN] 7.083 7.172 6.442 9.071 6.692 7.104 5772
Average of Experimental results ﬁexp [kN] 7.292

Table 1. The ultimate failure loads of experimental tests and the numerical simulations

The stress distribution at the surface of Brazilian disk specimen in both the horizontal (perpen-
dicular to the loading direction) and the vertical (parallel to the applied load) directions are
shown in Figure 1. The stress concentration due to local contacts are located near the upper
bearing surface as well as the lower compressive platen. The contours of the horizontal stresses,
see Figure 1.a), are almost uniformly distributed, in particular in the diametral direction of the
disk. However, the vertical stresses in this direction are increased from the center of the disk
towards the loading points. The stress contours shown in Figure 1 are in accordance to the
distribution of the stress analytic solution based on the Hondros equations reported in [7].

As visible in Figure 2.a), the crack is propagated almost along the diametral direction, where
the principle tensile stress reaches its maximum values. The same is true for the numerical
results shown in Figure 2.b), which is captured just one step after the failure. The shear failure
mode located near the bottom contact point is shown in Figure 2.c) as well.
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Figure 1. Distribution of the numerical stress solutions at the surface of the Brazilian disk specimen
obtained by the KCC material model; a) horizontal stresses, b) vertical stresses.

a)

Figure 2. The crack propagation patterns; a) after experimental test, b) and c) one and two time steps
after the failure of the numerical model (KCC), respectively.

4. Conclusions

The numerical modelling of the Brazilian (tensile splitting) test has been successfully devel-
oped. The Karagozian and Case Concrete model exhibits a significant improvement in numer-
ically replication of the experimental test, in comparison to the conventional Mohr-Coulomb
material model. Hence, the numerical simulations prove their capability to cope with the repli-
cation of the Brazilian disk test.

References

[1] D. Li, L.N.Y. Wong. The Brazilian Disk Test for Rock Mechanics Applications: Review and New
Insights, Rock Mech. Eng. 2013; 46:269-287.

[2] M.C. Jaime, Numerical Modeling of Rock Cutting and its Association Fragmentation Process Using
the Finite Element Method, University of Pittsburg, 2011.

[3] ASTM D3967-08. Standard Test Method for Splitting Tensile Strength of Intact Rock Core Speci-
mens, ASTM International, 2008.

[4] LSTC, “LS-DYNA Keyword User’s Manual: Volume II”, r: 7155, 2011.

[5] A. Mardalizad, A. Manes, M. Giglio, An investigation in constitutive models for damage simulation
of rock material, AIAS 2016-685.

[6] N. Markovich, E. Kochavi, G. Ben-Dor, An improved calibration of the concrete damage model,
Finite Elements in Analysis and Design. 2011; 47:1280-1290.

[7] Y. Jianhong, F.Q. Wu, J.Z. Sun. Estimation of the tensile elastic modulus using Brazilian disc by
applying diametrically opposed concentrated loads, International Journal of Rock Mechanics & Min-
ing Sciences, Vol 46, Issue 3, 568-576, April 2009.



	1. Introduction
	2. Methodology and Results
	4. Conclusions
	References

