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Abstract: This paper demonstrates the importance of a proper contact algorithm selection when a constitutive model is correlated
and validated, especially in the case of brittle materials. A parametric study is carried out to study the influence of contact parameters
on the outcomes of the numerical simulations of a dynamic compression test. The split Hopkinson pressure bar (SHPB) model
is developed, and sandstone rock is considered as a representative material having considerably different properties compared to SHPB
bars. The finite element method (FEM) and smoothed particle hydrodynamics (SPH) were used to simulate specimen behaviour using
a LS-Dyna solver. Two contact types based on the penalty method are analysed: nodes to surface (FEM and SPH) and surface to surface
(FEM only). Furthermore, three approaches of contact stiffness calculation are used for each contact type. The waveform data and failure
patterns are then compared among all simulated cases and the corresponding experimental outcomes. It is found that the soft constraint
stiffness (SOFT = 1) provides the best outcomes, especially in the case of one-way contact, and is nearly insensitive to stiffness scaling
parameters. By contrast, standard (SOFT = 0) and segment-based (SOFT =2) approaches require a substantial effort in adjusting
the stiffness scaling parameters to obtain satisfactory results. This paper provides valuable guidance for correlating and validating
parameters of constitutive models for rock and other brittle materials in the SHPB test.
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1. INTRODUCTION using numerical tools to correlate the selected constitutive model

Brittle materials, such as concrete, rocks or ceramics, have
been extensively studied over the last years (1-11) (1, 2, 11, 3-
10). In the case of dynamic problems, two main loadings scenari-
0s can be distinguished: blast and dynamic impacts. The scholars
mainly investigate the engineering structures of various applica-
tions made of these materials using experimental techniques (12—
16). However, over the last two or three decades the numerical
modelling has been found to be very effective in supporting the
laboratory and field tests (17-21). The credibility of the computa-
tional simulations depends on an efficient numerical model that
provides a reproduction of a simulated phenomenon as close as
possible to the real-world data.

One of the basic experiments to investigate the dynamic brittle
material properties is the split Hopkinson pressure bar (SHPB)
test, which generates a high strain rate compression loading (22,
23). The mechanical properties of various types of brittle materials
have been widely investigated using the SHPB setup. These
studies include rocks (24-26), concrete (10, 27, 28), glass (29) or
ceramics (30). Considering the complexity of the dynamic condi-
tions to which the tested material is subjected, numerical methods
are extremely useful for providing better insights in the material
behaviour and associated failure processes during the SHPB test.
However, a high-fidelity constitutive modelling and a validated
numerical model are needed to provide information that will be
useful for the understanding of material failure phenomena. Nota-
bly, the SHPB setup is a first-choice experiment to be reproduced
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in dynamic conditions, which is then used in subsequent simula-
tions of a material subjected to complex dynamic loadings such as
blasts or impacts. The selected constants of a constitutive model,
usually responsible for strength enhancement and damage, are
modified and adjusted until a proper correlation with failure pattern
of the specimen (31-34) waveform data, consisting of stress vs.
strain curve and/or transmitted and reflected pulses (23, 35, 36),
is achieved. Certainly, physical properties of the material de-
scribed using specific constants of the constitutive model affect
the results. However, other elements can also drastically influence
the response of a discretised material specimen, among which the
mesh properties and simulations parameters should be men-
tioned. These data are usually described in the referenced pa-
pers; however, many of the studies do not show detailed infor-
mation about the numerical models in terms of the contact model-
ling as the sample-bar interface conditions can heavily affect
obtained results, a situation similar to the case of real-world tests.
General information regarding contact type or friction properties is
not enough since the numerical procedures responsible for con-
tact calculations can have a drastic impact on the numerical simu-
lation outcomes.

Compared with previous studies of SHPB numerical simula-
tions of concrete, rock or other brittle materials (23, 31, 40, 41,
32-39), the scientific and novel aspect of this paper includes a
detailed presentation of contact parameters’ effect on the brittle
specimen response in the SHPB numerical simulations. Thus, the
presented paper aims to fill the abovementioned gap between the
correlation of constitutive model parameters and verification of
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other aspects of numerical modelling, including especially contact
definition. Due to the interlinks mentioned above, the lack of such
information raises questions about the validity of the derived
constitutive parameters. The numerical simulations are based on
the SHPB methodology presented earlier (27, 42). During experi-
mental tests a lubricant and polyester foil were used between the
specimen and the bars to minimise friction; thus, it was neglected
both in calculations and theoretical problem description. To make
conclusions more general, two different numerical techniques are
used for the study: Finite Element Method (FEM) and Smoothed
Particle Hydrodynamics (SPH). Both methods are utilised to simu-
late rock behaviour, but from the point of view of the algorithms
describing a continuum, these methods are completely different
(see Sections 2.2 and 2.3). For the both methods, the Johnson-
Holmquist ceramics (JH-2) model proposed by Timothy Johnson
and Gordon Holmquist (4, 8, 43-50) was used, which has been
widely adopted to simulate various dynamic loading problems (4,
7, 43-48). The parameters have been determined for a selected
sandstone using a methodology presented in previous papers (42,
51). The model was validated under various stress conditions
using the simulations of single-elemental tests, SHPB test, drop-
weight impact tests, blast tests and projectile impact tests. The
results of these simulations are not included in this study and they
will be available in a forthcoming publication (52). The present
study mainly aimed to demonstrate a need to correlate both con-
stitutive model and contact procedure parameters, because both
of these have a significant impact on the obtained numerical
results.

The remainder of this article is structured as follows. In Sec-
tion 2, the problem is formulated and the numerical modelling,
including theoretical backgrounds of the FEM and SPH methods,
contact definitions and constitutive model parameters as well as
simulated cases, are described; Section 3 presents the study’s
results and their discussion, where the waveform data and failure
patterns are analysed for different contact parameters; and Sec-
tion 4 presents the conclusions.

2. PROBLEM DESCRIPTION

The SHPB setup is a very popular experimental test used to
evaluate mechanical properties of materials under dynamic condi-
tions and it is widely used in correlation and/or validation of the
selected constitutive model for simulated material. Therefore, the
authors decided to investigate the problem of the contact parame-
ters’ influence on the results based on this setup to highlight the
importance of not restricting the tuning-up to parameters of the
constitutive model only. The numerical studies are conducted
using the commercially available explicit LS-Dyna code. The
choice was made based on the popularity of this particular code
among researchers modelling SHPB tests. At the same time,
contact procedures implemented in LS-Dyna are representative of
the algorithms used in a majority of software packages based on
FEM that are named as a numerical simulation tool in articles
presenting investigations on rock-like materials. Especially, con-
tact procedure steering parameters are typical (although they can
have different names).

This section also contains a short description of the numerical
techniques underlying the presented research. Since the theory of
these techniques is well-known, the authors provide only the brief,
vital information, supported by widely accepted references.
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2.1. SHPB setup and model definition

To achieve this goal, a representative numerical model of the
real-world SHPB setup was developed. In the actual SHPB appa-
ratus, the following main components can be distinguished: an air
gun system; incident, transmitted and striker bars; velocity meas-
urement system; and data acquisition system. The three bars
were made of steel C45 and had diameters of 40.0 mm. During
tests, a lubricant and polyester foil were used to minimise friction
between the bars and the specimen as much as possible. The
effectiveness of this concept has already been demonstrated in
previous studies (42, 53).

In all simulated cases, it was decided to model a full 3D SHPB
setup with the correspondent conditions with the experiments,
with the following assumptions:

— The simulated test procedure is highly dynamic in its nature;
thus, the analyses were conducted within time domain (transi-
ent analyses) using explicit time integration scheme with the
implementation of an explicit LS-Dyna commercial hydrocode
with multiparallel processing (MPP) (54-57).

— Only the bars with the specimen inserted between them were
assumed while developing the finite element (FE) model
based on the experimental setup. The other components were
not included in the numerical modelling. Furthermore, to initial-
ise a stress wave in the incident bar, a pressure load corre-
sponding to the incident wave from the experiments was ap-
plied.

— The bars were represented using fully integrated hexagonal
elements with a mesh size of 1.0 mm at the bar ends interact-
ing with the specimen, while a larger element size was adopt-
ed for the remaining parts of the incident and transmission
bars.

— As stated before, the specimen was modelled using two ap-
proaches: FEM and SPH. For both methods, the same grid
size was considered, i.e. the average size of FE and the dis-
tance between the particles equal to 1.0 mm.

— The friction plays a significant role in FE predictions of the
material response in SHPB tests. However, frictionless inter-
action was assumed between the bars and the specimen
since polyester foil and lubricant were used in the SHPB ex-
periments.
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Fig. 1. (a) Scheme of the experimental SHPB setup and corresponding
numerical model with (b) FEM specimen ann (c) SPH specimen
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The laboratory setup and corresponding numerical models
with Lagrangian and SPH representations of the specimen are
presented in Fig. 1.

2.2. FEM modelling

In the field of solid mechanics, displacement-based FEM is
currently the most widely used tool for solving Partial Differential
Equations (PDEs). This comes from a few features characterising
this method and the fact that its development was parallel in time
with the rapid growth of computer hardware capabilities. The very
basic idea of the method, which is to change PDE into a system of
linear equations, allows us to adopt linear algebra techniques to
obtain an approximate solution to the given problem. Easy algo-
rithmising of linear algebra routines allowed development of ro-
bust and very efficient software packages. Increasingly easier
access to hardware capable of handling real-live problems made
this technique the most popular tool for engineering analysis. The
FEM, as a very mature and popular method, has an extraordinari-
ly rich bibliography. Starting with the classic work of Zienkiewicz
(58), one can also mention the detailed lecture by Bathe (59), and
many others (60-62). The governing equation of displacement
FEM is the weak form of the minimum total potential energy prin-
ciple:

8T = [, 8e"0d — [, 5u"bdQ
J.6u"Fdl + [ pSu”iidQ = 0 (1)

where Q denotes the volume of the body, I the surface of the
body, F the vector of external forces acting on a body, u the dis-
placement vector, b the vector of mass forces (acting on specific
volume), o the stress tensor, € the strain tensor and [1 the total
energy of a body.

The solution of Eq. (1) indicates that one must find the dis-
placement vector of all nodes (deformed shape of a body) fulfilling
the equation. To solve the equation using FEM, the domain Q
(body of interest) is divided into subdomains (elements), connect-
ed to each other at corners (nodes). The movement of each cor-
ner within the subdomain is related to the movement of other
corners via known, predefined, functions (shape functions). All
these steps follow the idea of the Ritz method (63) and are re-
quired to approximate the integra-differential equation Eq. (2) by
the system of algebraic equations that can be presented in matrix
form as follows:

Mi+Du+Ku=F

where M denotes the mass matrix, D the damping matrix and K
the stiffness matrix.

Time integration of Eq. (2) is conducted using the central dif-
ference method utilising the following differential operators:

1

N an+l _ 5gn—1
i = — (@™ - ) 3)
. n+l 1
uttz = (un+1 _ un) (4)
At 1
nt;

In the central difference method only a diagonal matrix of
mass is inverted, which is one of the major advantages of this
method.
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2.3. SPH modelling

Despite its popularity, FEM has its limitations. Loss of material
continuity, multi-scaling, large distortion of elements and high
gradients variation are on the top of such difficulties. Therefore,
new methods capable of overcoming these problems are con-
stantly sought and developed. One such new method, or rather
family of methods, is the meshless approach. As the name sug-
gests, the biggest advantage of these methods is a lack of mesh.
Probably the oldest of the meshless methods is SPH.

SPH is a meshfree method that originated in 1977 for astro-
physics applications. A detailed description of SPH is shown in the
study of Gingold and Monaghan (64), as well as in the study of Liu
and Gu (65) and that of Liu and Liu (66), to mention the most
popular sources. In short, description of continuum with the SPH
uses conservation equations of mass, momentum end internal
energy as the governing equations:

dp _ v |

dt 0x;

vi _ 199ij  dE _ 9ij0v; (5)

dt  p ax; ' dt p 0xj

’

where s denotes stress, v velocity, ij indexes of components and
E internal energy.

Egs. (5) are solved by interpolation of a given value of function
<f> (i.e., density, velocity, energy, etc.) in a given point based on
the known value of this function in surrounding points (particles)
using the following formula:

<f>(x,) = X1 (X)W, — X4, h) AV (6)

where <f> denotes the function, x the vector defining particle
position, p,q the indexes denoting different particles, W the kernel
function and h the maximum distance between particles (smooth-
ing length). Application of Eq. (6) to the laws of conservation leads
to the following set of equations that constitute the set of basic
equations used to model continuum with SPH:

9p _ vN IWpq
ac ~ &a=1"aVpa 5, "
av. o ag \ oW,
P N p | %q) MWpq
’p om (2 + 1) —24
e = 3im, (% + %) S, (7
9Ep _ YN m 9p9q Wpq
ot a=1Mq %, 5 Vpa 5

where m denotes the mass of particle and N the number of parti-
cles within smoothing length.

In the presented simulations, the Lagrangian type of kernel W
was used (i.e., representation of the function js formulated in
material coordinates and thus the number of p@ticles within the
support domain is constant). Furthermore, the bulk viscosity coef-
ficients were set as Q7 = 1.5 and Q2 = 1.0, since default values
for the artificial bulk viscosity are not appropriate when SPH parti-
cles are used in such dynamic problems as the SHPB compres-
sion test (67, 68).

2.4. Constitutive modelling

The bars were assumed to have elastic properties of steel
with the following properties: Esteel = 210 GPa, vsteer = 0.3 and
Psteer = 7,850 kg/m3. The sandstone rock was simulated using the
JH-2 model with the parameters determined using single-element
tests, followed by structural simulations of quasi-static and dynam-
ic tests characterised by different loading conditions and stress
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state complexities. The results of these simulations are not in-
cluded in this study and they will be available in a forthcoming
publication (52). The JH-2 parameters that were determined for
the sandstone are presented in Tab. 1.

Tab. 1. Material properties for the JH-2 constitutive model for sandstone

Parameter Value Unit
Density, p 2350.0 kg/m3
Poison’s ratio, v 0.21 -
Bulk modulus, K1 3735.6 MPa
Shear modulus, G 2686.0 MPa
Elastic modulus, E 6500.0 MPa
Hugoniot elastic limit, HEL 1982.0 MPa
HEL pressure, PreL 1374.0 MPa
Maximum tensile strength*, T 8.0 MPa
Intact strength coefficient, A 0.71 -
Fractured strength coefficient, B 0.30 -
Strain rate coefficient, C 0.022 -
Intact strength exponent, N 0.55 -
Fractured strength exponent, M 0.40 -
Bulk factor, 8 1.0 -
Damage coefficient, D 0.002 -
Damage coefficient, D2 1.20 -
Pressure coefficient 2, K2 9000.0 MPa
Pressure coefficient 3, K3 22000.0 MPa
Maximum normalised fracture
strength, 0*max 025 )

*Value should be adjusted based on mesh size.

2.5. Contact modelling

Numerical procedures responsible for resolving the so-called
contact problem work independently of the procedures responsi-
ble for finding a solution for the governing problem of a given
numerical method (e.g., in case of FEM, displacement field ful-
filing principle of minimum potential energy and thus state of
equilibrium between external and internal forces). The outcome of
contact procedures is comprised of forces acting between inter-
acting bodies and kinematic contact conditions. In the solution of
equilibrium problem, the former are treated as additional external
load and the latter as additional support (additional boundary
conditions).

In its essence, most of the contact algorithms used today are
based on two most principal elements: procedures evaluating the
distance between contacting bodies and procedures responsible
for calculating contact forces. While there are many variations of
the above, their outcome is directly responsible for the results of
contact simulation. Detailed descriptions of contact procedures
can be found in the literature (69-71).

Although several kinds of contact kinematics procedure are
discussed in the literature, all of them rely on the tools provided by
differential geometry to ascertain the distance between a point on
one body and the projection of this point on an opposite body. In
the classical implementation, the user must distinguish two con-
tacting bodies by pointing out the so-called “master body” and
“slave body”. Then pairs of points on the “slave” and correspond-
ing areas (called segments) on the “master” are found. Once such
a pair is found, the distance between the point belonging to the
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slave body and its projection on the segment belonging to the
master body is found. Schematics of the problem are shown in
Fig. 2, where rs denotes a point on the slave body, ' is the seg-
ment on the master body and p is the perpendicular projection of
rson [m.

Fig. 2. Scheme of the contact problem in numerical codes

The projection point of the current position of s is defined as:

(9)

Knowing the position of rs and p allows us to define the dis-
tance between them and thus the distance between a point on the
slave body and the surface of the master body:

gy = [rs—pEH] -0 (10)
where n refers to the normal to the master face 'm at point p:

— a;Xap
"= el ()

Knowing the distance gn contact kinematic procedure allows
us to define the kinematic contact conditions, as the following: gn
= 0 denotes contact, gn > 0 no contact and gn < 0 penetration.

The above approach can be used in a few different ways.
When the contact kinematics procedure follows the above de-
scription, it is called a “node to segment” approach, sometimes
also denoted as a “one-way contact treatment”. The other often-
used approach is to apply the above procedure twice, changing
slave with master. These kinds of algorithms are called “surface to
surface” or “two-way treatment”. Finally, in the approach called
“segment to segment”, areas of potential contact are selected on
both contact bodies, and then auxiliary points are created on
these segments and the distance between the segments is evalu-
ated using each of these auxiliary points.

In the second stage of the solution of the contact problem,
contact forces are determined. This can be done under the as-
sumption that the following conditions are fulfilled on the contact
surface:
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gy 20, o0,<0; g,o,=0 (12)

where gn denotes the distance between the contacting bodies,
and oN the normal contact stress.

Such conditions define optimality conditions known as Karush-
Kuhn-Tucker (KKT) conditions. These are necessary and suffi-
cient conditions for a local minimum in nonlinear programming
problems. In case of contact problem, optimisation is used to find
contact forces fulfilling Eq. (12). Depending on how oy is calculat-
ed, several different methods of solving the contact problem are
distinguished; among these, one of the most popular is the so-
called penalty method, where the value of contact force in the
given node is proportional to the value of the penetration of this
node.

Fy =kpgy (13)

where Fn denotes normal contact force, and kr the penalty coeffi-
cient.

Eq. (13) clearly shows the concept of penalty function ap-
proach, but real-world implementations are slightly different. To
help the procedure to find the optimum of the KKT problem, FEM
programs usually calculate preliminary contact stiffness based on
local stiffness of the numerical model and the user can adjust this
preliminary value using correction coefficients. In the presented
paper, the following three approaches of calculation of contact
stiffness available in LS-Dyna software package are compared:

Normal stiffness derivation with SOFT = 0 (a representative
equation for brick elements):

S KA
ke = Kesoma == (14)
where fs denotes the scaling factor (SLSFAC) provided by a user
(0.1 is a default value), K the bulk modulus of the material of
contacting elements, A the area of a segment and V the volume of
element containing that segment.

Soft constraint stiffness derivation with SOFT =1.

An alternate way to calculate contact stiffness is to use the
stability contact stiffness, ksp, and the same is derived as follows:

1 2
=05-f -m*. 15
k, =051, -m (Atu (I)J (15)

where fs denotes the user-defined scaling factor (SOFSCL) for
the SOFT = 1 formulation, m* the function of the mass of the slave
nodes and master nodes and Af. the initial time step.

Parameter ksp is calculated based on masses of the nodes in
contact and on the Courant's stability criterion of the maximum
time step in transient explicit analyses. Then, the maximum value
of the contact stiffness calculated using Eqs (14) and (15) is taken
as follows:

kSOFT:l = max {ksp > kFrwrmal } (1 6)

Segment-based stiffness derivation with SOFT = 2.

A third option is to apply a segment-based contact, which is
similar to the soft constraint option with SOFT = 1; however, in this
case, segment masses are used rather than nodal masses. Fur-
thermore, when SOFT = 2 is activated, the dt is updated only
when the solution time step grows by more than 5%. The stiffness
in this case is calculated as follows:
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SFS

2
k =05-f-] or || M | 1 (17)
i ’ m +m, | \ At(2)
SFM

where SFS and SFM denote scale factor on default slave and

master penalty stiffness, respectively, and msand m. the masses

of the segments in contact.

Based on the aforementioned discussion, the application of
contact stiffness parameters can be summarised as follows:

— SFS and SFM are the penalty scale factors of slave and
master bodies to modify the contact stiffness.

— SLSFAC can scale up or down the contact stiffness, when
SOFT =0 or SOFT = 2 is used; therefore, the actual scale fac-
tor in these cases is the product of SFS or SFM and SLSFAC.

— SOFSCL, fse, the user defined scaling factor influences the
contact stiffness only if SOFT = 1 is used and SLS, SFM and
SLSFAC have no effect on the penalty contact stiffness.

In Tab. 2, a summary of the contact stiffness calculations us-
ing different approaches is shown. Based on these considera-
tions, several cases using the numerical model of the SHPB setup
with the FEM and SPH representation of the sandstone specimen
were simulated (Section 2.6 can be referred to for more details) to
analyse the influence of parameters of contact procedure on the
obtained results.

Tab. 2. Summary of contact parameters available in LS-Dyna code

Contact i
Type of | stiffness | SFS/ | SLS | SOF- Ssth‘;“izs
contact formula- SFM | FAC | SCL factor
tion calculation
+ - SLSFAC*SFS/
SOFT=0 +
Nodes il
to SOFT =1 - - + SOFSCL
surface X
SOFT =2 N + SLSFSAF('JV| SFS/
+ - SLSFAC*SFS/
SOFT=0 +
Surface Sill
to SOFT =1 - - + SOFSCL
surface *
SOFT =2 N + SLSFSAF('JVI SFS/

2.6. Description of contact parametric study

In the presented study, the influence of different contact kine-
matics algorithms (nodes to surface (NS), surface to surface (SS))
and different stiffness scaling parameters on the results of simula-
tion of the dynamic compression test is analysed. Combinations of
these parameters are summarised in detail in Tab. 3 and Tab. 4.

For the FEM method, two types of contact were considered:
NS and SS, whereas for the SPH method only the NS contact was
employed.

In case of the NS contact (FEM and SPH), three main group
of tests can be distinguished. In the first group, with the SOFT = 1
method of contact stiffness derivation, default values of SLSFAC,
SFS and SFM were used since in this case they do not have any
effect on the resultant stiffness. In this group of tests, the SOFSCL
was modified in each test. Next, the SOFT = 0 method was ana-
lysed in two steps, in which the SFS/SFM were modified firstly,
and the other parameters have the same values in each test,
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which was then followed by the analysis of different values of
SLSFAC while SFS/SFM = 0.3 and SOFSCL = 0 remained un-
changed. As shown in Tab. 2, when SOFT = 0 is enabled, the
actual stiffness scale factor is the product of SFS/SFM and
SLSFAC; thus, different values of these parameters and the re-
sultant stiffness values were studied and discussed.

Tab. 3. Contact stiffness parameters analysed in the SHPB setup using
NS method for contact kinematics in FEM and SPH

Testno. | SOFT | SLSFAC | SOFSCL | SFS | SFM
NS_S1 1 01

NS S1 2 03

NS_$1.3 Default 0.5

NS_S1 4 10 0.1 0.7 Default | Default
NS_S1.5 ' (no 1.0 1.0 1.0
NS_S1.6 effect) 2.0

NS S1 7 50

NS S1 8 70

NS_S0_1 0.1 0.1
NS_S0 2 03 03
NS_S0.3 05 05
NS S04 | o | Defaul ?ng 07 07
NS_S0.5 0.1 ciioa) |10 10
NS_S0_6 20 20
NS_S0_7 50 50
NS_S0.8 70 70
NS_S0_11 0.1

NS_S0_12 03

NS_S0_13 05

Ns S0t | o [07 ?ng Default | Default
NS_S0_15 10 sy | 10 10
NS_S0_16 20

NS_S0_17 50

NS_S0_18 70

In the case of SS contact, identical contact stiffness factors
were used as for the cases presented in Tab. 3. However, two
additional stages were also considered to study an effect of the
SOFT = 2 option, with the same values of stiffness scale factors
considered as in the simulations using NS contact. Therefore, with
this option the parametric study of SFS and SFM values with the
default SLSFAC was conducted, together with consideration of
the fact of the study of SLSFAC and SFS/SFM remaining un-
changed.

Tab. 4. Contact stiffness parameters analysed in the SHPB setup using
SS method for contact kinematics in FEM

Testno. | SOFT | SLSFAC | SOFSCL SFS SFM
SS_S1_1 0.1

S8 812 0.3

SS_81.3 Default 0.5

SS_S1.4 10 0.1 0.7 Default | Default
8S 81,5 ' (no 1.0 1.0 1.0
SS_S1.6 effect) 2.0

8S 817 5.0

SS S1.8 7.0

acta mechanica et automatica, vol.18 no.2 (2024)

SS_S0_1 0.1 0.1
SS_S0_2 0.3 0.3
SS_S0_3 0.5 0.5
SS_S0_4 00 Default 0.0 0.7 0.7
SS S0 5 ' 0.1 (no effect) 1.0 1.0
SS_S0_6 2.0 2.0
SS_S0_7 5.0 5.0
SS_S0_8 7.0 7.0
SS_S0_11 0.1

SS_S0_12 0.3

SS_S0_13 0.5

SS_S0_14 00 0.7 0.0 Default | Default
SS_S0_15 ' 1.0 (no effect) 1.0 1.0
SS_S0_16 2.0

SS_S0_17 5.0

SS_S0_18 7.0

SS_S2.1 0.1 0.1
SS_S2 2 0.3 0.3
SS_S2.3 0.5 0.5
SS_S2 4 20 Default 0.0 0.7 0.7
SS. S2.5 ’ 0.1 (no effect) 1.0 1.0
SS_S2 6 2.0 2.0
SS_S2. 7 5.0 5.0
SS_S2.8 7.0 7.0
SS_S2_11 0.1

SS_S2_12 0.3

SS_S2_13 0.5

SS_S2_14 20 0.7 0.0 Default | Default
SS_S2_15 ' 1.0 (no effect) 1.0 1.0
SS_S2_16 2.0

SS_S2_17 5.0

SS_S2_18 7.0

3. RESULTS AND DISCUSSION
3.1. Experimental SHPB tests

The representative stress—strain characteristics of the three
tests with strain rates of 80 s—1, 110 s—1 and 240 s—1 are shown
in Fig. 3a, for which the stress equilibrium in the specimen was
achieved (Fig. 3b). For the purpose of the present study, the
SHPB test with a middle strain rate of 110 s—1 was selected for
studying the contact parameters’ influence on the results. Fig. 3¢
presents waveform data, and Fig. 3d presents an exemplary
specimen failure. Notably, these data were further used for analy-
sis of the results in the present study.

The waveform data obtained in the SHPB experiment and
numerical simulations were compared to analyse the influence of
the contact parameters on the sandstone response. Both the
transmitted and reflected characteristics represent a response of
the tested material, since ultimately the stress vs. strain curve is
directly obtained on their basis. Results are grouped with respect
to different contact kinematics approaches (NS, SS). For each
kinematics, the influence of the scaling factor of contact force is
presented and discussed. The results are represented using
waveform data, failure pattern and force values obtained for each
case.
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Fig. 3. Dynamic response of the sandstone tested using the SHPB setup; (a) stress vs. strain curves, (b) stress equilibria in three SHPB tests,
(c) transmitted and reflected waves from the test at a strain rate of 110 s—1 and (d) representative specimen failure.

3.2. One-way contact (NS)

3.2.1.

FEM: NS contact with SOFT =1

In the first set of tests, the algorithm deriving contact stiffness
was set to stabilise contact procedure (SOFT = 1). Results of the
tests conducted using FEM for different values of the SOFTSCL
parameter are shown in Fig. 4 and 5, presenting waveform data
and specimen failure pattern, respectively. The stress response
over time for different SOFTSCL values does not change drasti-
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cally. There are some differences in the shape of transmitted
wave, but they are not significant and can be treated as negligible.
The very slight differences are noticeable starting from NS_S1_1
and continuing up until NS_S1_85 for SOFSCL = 0.1 and 1.0,
respectively. The values above 1.0 are inadmissible according to
the LS-Dyna manual (54) and they yield the same results as if the
SOFTSCL was set to 0.1 (or “0”, which is a default value; and in
fact, it gives 0.1). The same applies to the failure pattern of the
specimen, which is nearly identical in all cases.
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Fig. 4. Waveform data for FEM modelling of the sandstone in the SHPB test: influence of SOFTSCL using the SOFT = 1 in the NS contact definition
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Fig. 5. Specimen failure patterns for FEM modelling of the sandstone in SHPB test: influence of SOFTSCL using the SOFT =1 in the NS contact definition

3.2.2. FEM: NS contact with SOFT =0

In the second set of tests with FEM, the algorithm deriving
contact stiffness was set to a default procedure of contact stiff-
ness estimation (SOFT = 0). Results showing transmitted and
reflected waves and failure pattern of the specimen for different
values of SFM/SFS parameters are shown in Figs. 6 and 7, re-
spectively. Unlike in the first set of tests, the influence of parame-
ters controlling contact stiffness can be clearly observed. The
waveform data of the first two tests can even be described as
errors. Increasing the SFS/SFM scale factors resulted in a closer
correlation between the numerical and experimental curves. How-
ever, for the first six cases, pronounced differences prevalent
between numerically and experimentally obtained curves are
noticeable. An overestimation and underestimation of the reflected
and transmitted impulse, respectively, demonstrate that the stress
equilibrium in the specimen was not achieved and the elastic
wave was not correctly transferred by the specimen material
dissipating in the sample. In other words, the impact force was too
small due to insufficient contact stiffness between the specimen
and the bars. Ultimately, from the series of eight numerical tests,
only NS_S0_7 (SFM/SFS = 5.0) and NS_S0_8 (SFM/SFS = 7.0)
show results similar to these obtained in the previous studies.
However, in any case a proper reproduction of the real-world
measurements was observed, especially in the case of reflected
wave and its post-peak behaviour. The transmitted curve differs
also from the experimental counterpart as well as numerical re-
sults with the SOFT = 1 presented in Fig. 5.

The abovementioned observations are reflected also in the in-
correct failure patterns of the sandstone specimen (Fig. 7). Insuffi-
cient contact stiffness had a pronounced effect on the material
failure. Starting from the NS_S0_1 and continuing up until
NS_S0_7, an unsymmetrical failure represented by fully damaged
elements can be observed within the top and bottom surfaces of
the specimen. The first cases with the smallest values of
SFS/SFM demonstrate the failure patterns that can be considered
as numerical instabilities. When the contact stiffness increases,
the failure starts to initiate at the boundaries of the specimen near
the contact surfaces and for the SFM/SFS = 5.0 the cracking
distribution starts to have a similar characteristic compared to the
experimental outcome (Fig. 3d). Only for the last case are the

results closer to the ones observed in the experiment, but the
main drawback of the SOFT = 0 manifests in the cracking initiation
(damage accumulation) within the specimen boundaries and
edges. As a reminder, a lubricant and polyester foil were used
between the specimen and the bars to minimise friction in the
laboratory tests and consequently to drastically reduce lateral
forces within the boundaries that could initiate cracks in the spec-
imen.

The third series of numerical tests with the NS standard con-
tact definition (SOFT = 0) involved the worst probable setup of
contact parameters that would be used by less experienced users.
The study consists of the cases with different values of SLSFAC
included in the control contact card of the LS-Dyna package.
Contrary to the cases with different values of SFS/SFM (Figs. 6
and 7), a less pronounced impact on the obtained results was
observed here (Fig. 8 — waveform data and Fig. 9 - failure pat-
terns). The worst reproduction of the reflected and transmitted
curves was obtained for the first two cases, while the other six
have a similar trend and correlation with the laboratory data.
Nevertheless, the last four cases provide the best compliance with
the experiment, but still the reflected wave with its post-peak
behaviour was not correctly captured in any of the cases.

The failure patterns obtained from the simulations with SOFT
=0 and various SLSFAC are not so disturbed compared to the NS
contact with different SFS/SFM stiffness values. The worst repro-
duction of the waveform data shown in Fig. 8 in the first two cases
is also reflected in the specimen behaviour. The NS_S0_11 was
characterised by a localised failure near the surfaces and edges
of the specimen, while the NS_S0_12 demonstrated material
failure at boundaries of the specimen and only a few horizontal
cracks occurred within its length. A relatively symmetrical re-
sponse of the specimen was observed with incline and horizontal
cracks visible in the specimens starting from the SLSFAC = 0.5
(NS_S0_13) and continuing up until the last NS_S0_18 case.
Unfortunately, despite well-captured failure patterns in most of the
discussed cases (except the first two simulations), cracks started
to initiate within the specimen boundaries and its edges, which is
an undesirable and unphysical phenomenon, as discussed earlier.
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3.2.3. SPH: NS contact with SOFT =1 the samples is slightly different in comparison with FEM because
the sample had already lost cohesion and its fragments had start-
ed to move separately. The character of a transmitted wave gen-
erated with the use of SPH is comparable with that obtained with
FEM, but the shape of the reflected wave is slightly different. It
exhibits a raise of stress in the second part. This behaviour is also
connected with better representation of decohesion in the SPH
domain. In the FEM, damage is represented by erosion parame-
ters and not real loss of material integrity. As was mentioned, this
approach causes an artificial energy dampness In SPH, after
decohesion, energy can still be transmitted to other parts of the
sample via contact between fragments of this sample.

The difference between the highest and the lowest values of
maximum contact force is 10.5%.

Results of the numerical simulation using the meshless tech-
nique for different values of the SOFTSCL parameter are shown
in Fig. 10 and 11, presenting waveform data and specimen failure
pattern, respectively. It can be seen that both waveforms and
failure patterns are similar to those obtained with FEM. Again, the
stress response over time for different SOFTSCL values does not
change drastically. Differences arise in the shape of transmitted
wave, but they are not significant and can be treated as negligible.

The deformation and failure pattern of the specimen are simi-
lar to the high-speed camera photos shown in Fig. 3d. The incline
and longitudinal cracks were satisfactorily reproduced in the nu-
merical simulations. It must be noted, though, that deformation of
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3.24. SPH: NS contact with SOFT =0

Results of the numerical simulation using the meshless tech-
nique for different values of the SFM/SFS parameter and stiffness
estimation set to SOFT = 0 are shown in Fig. 12 and 13. Similar to
the case with FEM-based simulations, the influence of SFM/SFS
parameters controlling contact stiffness is significant. It is seen
both in the values of maximum contact forces and in the failure
patterns. The contact force varies from 59 kN to 95 kN. For the
lowest contact force, the algorithm did not converge. For the next
lowest value (see case NS_S0_2) there is no failure of the sam-
ple. The impact force was too small due to insufficient contact
stiffness between the specimen and the bars.

The following analyses show that failure zone (red areas) is
increasing when SFM/SFS is increasing. For the value of 2.0 of
parameter SFS/SFM (case NS_S0_6) and above, failure patterns
start to be similar to those observed in the experiment, which
indicates that the values of contact forces acting on the sample
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are big enough to obtain acceptable results of numerical simula-
tions.

On the waveform charts it can be seen that for low values of
contact forces, the difference between numerical solutions and
experiments is significant. Starting from the default value of
SFM/SFS = 1.0, numerically obtained waveforms better reflect
experimental stress history. On the reflected side, for lower con-
tact forces values, there is no additional pick on the right side of
the chart. This additional pick of stress can be observed for
SFM/SFS equal to 1.0 or more.

Results of analyses made with SPH for parameter SOFT = 0
and different SLSFAC values are presented in Fig. 14 and 15.
Overall, the influence of SLSFAC is similar to the one observed in
case of the first set of tests (change of SOFTSCL parameter and
contact stiffness estimation set to SOFT = 1). The pic values of
contact force are also similar to the results obtained in first set of
tests and vary from 94.1 kN to 95.6 kN; it is thus unsurprising that
failure patterns and stress responses over time are also compara-
ble.
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3.3. Two-way contact (SS)

The SS contact was only studied with the specimen modelled
using finite elements. For this stage, SOFT = 1, SOFT = 0 and
SOFT = 2 with different contact stiffness were considered and

as well as failure patterns (Fig. 17) are nearly identical when both
the types of contact were implemented (see Btad! Nie mozna
odnalez¢ zrédia odwotania. and Btad! Nie mozna odnalez¢
zrodia odwotania. with NS for comparison). Insignificant differ-
ences in the latter parts of the reflected and transmitted curves

have been discussed in the following sections were observed between the SS and NS in the corresponding

' cases. The specimens exhibited very similar failure with two-way
contact compared to their counterpart with NS contact definition.
Eventually, SOFT = 1 provides a practically identical response of
the specimen in the SHPB simulation while using one-way and
two-way contact treatments.

3.3.1. FEM: SS contact with SOFT =1

Changing the contact procedure from NS to SS did not have
an influence on the obtained results. The waveform data (Fig. 16)
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Fig. 17. Specimen failure patterns for FEM modelling of the sandstone in the SHPB test: influence of SOFTSCL using the SOFT =1 in the SS contact
definition
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3.3.2. FEM: SS contact with SOFT =0 The failure patterns presented in Fig. 19 demonstrate the in-

fluence of a different contact stiffness. The incorrect waveform

- data observed in the first two cases is also demonstrated as an
When SOFT = 0 was adopted for the SS contact, similar ob- unphysical specimen behaviour with the unsymmetrical failure
servations were also derived compared to the NS contact, with the patterns. The boundary effects near the contact surfaces are
same algolrithm calcullating the contagt stifiness (see Section noticeable. For the case with SFS/SFM = 0.7, longitudinal cracks
3.2.2). !n Fig. 18 and Fig. 19, the trgnsmltted an.d reflected waves, started to form, and when the contact stiffness increased, addi-
aSrllcli\/I /fsal'__llére .tp;}atéesrns é)fsggTsPeommen fotr different ;{allfes of tional incline cracks were also observed. By comparison, for the
With 55 an = U parameters, respectively, are cases using NS contact, cracks were visible only when SFS/SFM
presented. The influence of paramgterg contrplhng contact stiff- > 2. Ultimately, the failure pattern was reproduced quite well for
ness can be clegrly obsgr\(ed, W'th S|gln|f|calnt differences bgtwegn the SS_S0_8 case. However, changing the contact from one-way
FEA and experiments visible in the first six cases. Especially in (see
the first two tests, the stiffness of contact was too small, resulting Fig. 7) to two-way did not have an effect on the damage ac-
in inappropriate transfer of elastic wave in the speci_m(_en. From the cumulation within the specimen boundaries and edges, which is
tested. cases, only the Iast. one gave outcomes §|m|lar fo those the unphysical phenomena, especially since the lubricant and
associated with the experimental results, but still the reflected polyester foil were used between the specimen and the bars in the
wave was not reproduced for its whole length, with an underesti- -
. ) experiment.
mation after the first peak compared to the real-world measure-
ment.
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In the second part of the SS standard contact definition para-
metric study, different values of SLSFAC were changed according
to Tab. 4. The waveform data are presented in Fig. 20. For the
smallest contact stiffness, the waveform data were not reproduced
well by the model, but a general trend is noticeable. Increasing
contact stiffness resulted in a better reproduction of the reflected
and transmitted curves, and for the SS_S0_16, the best correla-
tion with the experimental outcomes was obtained. Nevertheless,
the maximum strength of the material is underestimated (stress
peak in the transmitted curve). In the simulations with SLSFAC =
5.0 and SLSFAC = 7.0, the reflected curves were closer to the
experimental counterpart, but the material strength was too small.
Such phenomenon was not observed for the SFS/SFM study (see
Fig. 18), or when the NS contact definition was set in the simula-
tions (see

Fig. 8). The failure patterns are presented in Fig. 21. For the
first four cases, only the longitudinal cracks are noticeable, and
the boundaries effects had a pronounced effect on the observed
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damage accumulation in the specimen material. After exceeding
SLSFAC = 1.0, the incline cracks were formed, and the best
reproduction of the cracking characteristics was observed for the
SS_S0_16 with SLSFAC = 2.0. The boundary effect was not so
pronounced in this case compared to the other simulations when
SOFT = 0 was used. Further increase of the contact stiffness
resulted in the unsymmetrical response (SS_S0_17) and numeri-
cal instability (SS_S0_18).

In summary, the SS contact with SOFT = 0 ultimately allowed
satisfactory results to be obtained, while simulating the FEM
specimen behaviour in the SHPB test. However, in this case,
SFS/SFM stiffness parameters should be considerably large
enough to obtain accurate results when SLSFAC has a default
value. On the other hand, caution should be taken when SLSFAC
is modified, since too large a value can produce an unpredictable
and unphysical specimen response.
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3.3.3. FEM: SS contact with SOFT =2

In the last stage of the present study, SOFT = 2 was used.
This option was not adopted in the NS contact since it is only
working with a two-way contact procedure, which uses segments
of the interacting parts. When SOFT = 2 is enabled, SFS/SFM and
SLSFAC parameters influence the contact stiffness.

When different values of SFS/SFM were adopted (Fig. 22),
considerably better results were obtained compared to the SS
contact with SOFT = 0. On the other hand, a larger influence of
the SFS/SFM parameters was obtained compared to the SS
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contact with SOFT = 1 and SOFSCL. The SS_S2_1 to SS_S2_4
gave the worst reproduction of the waveform data, while the
transmitted and reflected curves were closer to the experiments
from SS_S2_5 to SS_S2_8. The qualitative analysis of the speci-
men behaviour and failure patterns corresponds to the qualitative
comparison of the measured pulses (Fig. 23). The first three
cases differ from the other five, which are nearly identical despite
different values of SFS/SFM. The worst failure pattern was ob-

tained for the first case, when a value of 0.1 was used for
SFS/SFM.
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definition
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definition

During the last stage of the present study, an analysis of the
SOFT = 2 formulation is performed with the use of various
SLSFAC values. Starting from the lowest value of SLSFAC, better
reproduction of the waves is noticeable, and the most similar data
were obtained for the SS_S2_16 case (Fig. 24). Compared to the
previous six cases, the reflected waves produced in the last two
simulations demonstrated the greatest similarity vis-a-vis the
experimental counterparts, but on the other hand, the transmitted
waves were not quite well-reproduced and unstable results were
observed. The discussed results with the parametric studies using
SLSFAC for SOFT = 2 are nearly consistent with SOFT = 0 (see
Fig. 20) with very slight differences. The best outcomes were
obtained for the SS_S2_16 case. The correspondent failure pat-
terns were relatively close to the real-world observations with
inclines and vertical cracks visible in the four first cases (Fig. 25).
However, after exceeding the SLSFAC = 1, the model was ob-
served to be characterised by unstable behaviour. It is further
noteworthy to mention that, despite a relatively good reproduction

268

of the waveform data for SS_S2_16 case, the failure pattern was
not acceptable. The worst reproduction of the specimen behaviour
was observed for the last two cases, and this development was
also consistent with the corresponding results obtained with the
use of SOFT = 0 (see Fig. 21).

Similarly to the SS contact with SOFT = 0, it possible to obtain
relatively well-reproduced specimen behaviour and waveform
data. However, a user should be cautious since values of
SFS/SFM stiffness parameters that are too small can produce
insufficient contact force, while instability of the model can be
observed when too large a value of SLSFAC is used.

3.4. General discussion of results

In general, the waveform data are captured well by the FEM,
the SPH and the JH-2 constitutive model. For the transmitted
curve, both the rise times and peak values are very close to the
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laboratory results. However, a slightly more brittle failure can be
observed for the numerical simulations compared to the experi-
ment. In the case of reflected waves, the post-peak parts of the
curves are not similar. These observations are consistent with
previous studies (27, 42, 72) and the main reasons for such dis-
crepancies are: no numerical erosion implementation, homogene-
ous treatment of the specimen or the mesh being too coarse.
Furthermore, fully damaged elements representing the material
failure and cracks do not sufficiently reproduce wave effects, and
consequently, the reflected wave characteristic is not captured
satisfactorily. On the other hand, the deformation and failure
pattern of the specimen are similar to the high-speed camera
photos shown in Fig. 3d. The incline and longitudinal cracks were
satisfactorily reproduced in the numerical simulations.

It can be stated that the NS contact with a default SOFT = 0
should be used with caution or should be omitted when interacting
materials have significantly different stiffness. Certainly, relatively
satisfactory results can be achieved, but the contact stiffness
value should be tuned-up in parallel with the constitutive model
parameters. This applies both to FEM and SPH.

In the case of both FEM and SPH, NS contact with SOFT = 1
provides a relatively good reproduction of the waveform data and
failure pattern and is not especially sensitive to the change of the
other scaling parameters.

It is possible to obtain satisfactory simulation results using SS
kinematics and the SOFT = 2 penalty force algorithm, but this
would require a careful selection of the scaling parameters. In
both investigated scenarios (change of SFS/SFM and change of
SLSFAC), the results vary from acceptable to the non-physical or
even diverging solution.

To better compare numerical results with experimental data,
the compressive strength of the sample was verified. This allowed
also an evaluation of the contact force values with respect to the
quality of the obtained results. Indicative evaluation of failure
pattern is also added for better presentation of overall quality of
numerical results. Tab. 5-7 contain values for NS contact with
FEM, NS contact with SPH and SS contact with FEM, respective-
ly.

For different contact parameters, the pick contact force varies
from 57.1 kN to 97.7 kN. It can be noticed that to obtain accepta-
ble results this value must be greater than 95 kN (of course this
specific value is connected with the material of sample, and for
different materials, the contact force required to produce quality
results will be different). Thus, regardless of the other contact
options, the SOFT = 1 algorithm of deriving contact stiffness gives
the highest contact forces and the best correlation with experi-
mental results. Furthermore, this approach is not very sensitive to
adjustment of contact stiffness. Therefore, based on the present-
ed studies, it is suggested to use SOFT = 1 when simulating the
test of rock materials tested on the SHPB apparatus.

Tab. 5. Results from SHPB simulations using FEM and NS contact

acta mechanica et automatica, vol.18 no.2 (2024)

Num. FEM .
Exp. com- compres- Rf-zla- con- Failure
pressive . tive pat-
Test No. sive tact N
strength error f tern
[MPa] strength [%] orce [
[MPa] [kN]
NS_S1_1 73.7 -24 97.4 5
NS_S1.2 755 73.7 -24 97.7 5
NS_S1_3 ' 73.6 -25 97.7 5
NS_S1_4 73.7 -24 97.7 5

NS_S1.5 73.5 -26 97.4 5
NS_S1_6 73.7 —24 97.4 5
NS_S1_7 73.7 —24 97.3 5
NS_S1.8 73.7 —24 97.3 5
NS_S0_1 11.6 -84.6 19.6 1
NS_S0_2 41.2 —45.5 57.1 1
NS_S0_3 57.2 —24.2 75.4 2
NS_S0_4 75.5 60.7 -19.6 79.9 2
NS_S0_5 64.3 —14.8 84.7 2
NS_S0_6 69.3 -8.2 90.9 3
NS_S0_7 71.9 —4.6 94.4 4
NS_S0_8 72.6 -3.7 95.3 5
NS—1SOJ 64.3 —14.8 84.7 2
NS 0.1 708 62 | 926 | 3
NS_?? 0.1 72.0 —4.6 94.4 3
NS_fO_1 72.6 -3.8 95.4 4

75.5
NS—5S 0.1 72.8 -35 95.9 4
NS0 733 | 28 | %1 | 5
NS-50.1 735 26 | 974 | 5
NS_g 0.1 73.6 -25 97.5 5
*5 = excellent, 4 = very good, 3 = good, 2 = poor, 1 = instability.
Tab. 6. Results from SHPB simulations using SPH and NS contact

Exp. com- Num. Rela- SPH | Failure

ressive compres- tive con- pat-

Test no. p sive tact tern*
strength h error f
[MPa] strengt [%] orce
[MPa] [kN] [l

NS_S1_1 714 54 94.8 5
NS_S1_2 71.4 54 94.7 5
NS_S1_3 71.5 5.2 95.4 5
NS_S1.4 755 71.5 5.2 94.9 5
NS_S1.5 ' 7.5 5.2 95.4 5
NS_S1_6 714 54 94.9 5
NS_S1.7 71.4 54 94.8 5
NS_S1.8 71.4 54 94.9 5
NS_S0_1 12.1 -83.9 58.7 1
NS_S0_2 65.7 -13.0 83.4 2
NS_S0_3 68.4 -94 88.1 3
NS_S0_4 75.5 69.7 -7.8 90.7 4
NS_S0_5 70.3 —6.8 92.2 4
NS_S0_6 70.9 —6.1 94.1 5
NS_S0_7 714 54 94.3 5
NS_S0_8 7.5 -5.3 95.2 5
NS—1S 0.1 70.3 —-6.8 92.2 4

75.5
NS_2SO_1 7.3 55 94.9 5
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$5.52.5 723 42 | 954 5
$S.52.6 736 25 | 972 | 5
$S_82.7 742 -1.7 | 979 5
$5.52.8 743 15 | 980 | 5
SS_1SZ_1 72.3 42 95.1 5
SS_232_1 73.6 25 97.2 5
SS_§2_1 74.2 17 97.9 5
S$8_82_1

4 755 e il sl B
SS_§2_1 74.3 15 98.0 4
33_22_1 69.1 -85 | 914 3
SS_$2_1 53.3 -29.3 70.5 1
ss_§2_1 287 619 | 377 1

NSS0-1 714 54 | 951 | 5
NS0t 714 54 | 953 | 5
NS—SS 01 71.5 5.2 954 5
NS0t 716 51 | 956 | 5
NS-S0.1 7 50 | 901 | 4
NS 01 674 | 111 | w1 | 5
*5 = excellent, 4 = very good, 3 = good, 2 = poor, 1 = instability.
Tab. 7. Results from SHPB simulations using FEM and SS contact
FEM .
Exp. com- Num. Rela- con- Failure
. compres- . pat-
Testno. | Pressive sive tive tact tern*
ern
strength error force
[MPa] strength [%]

SS_S1_1 734 2.6 97.0 5
SS_81_2 73.6 -24 97.6 5
SS_S§1.3 73.7 -2.3 97.6 5
SS_S1.4 755 73.5 -2.5 97.5 5
SS_S1.5 ' 73.4 —2.6 97.0 5
SS_S1.6 73.3 2.8 96.9 5
SS_81.7 734 2.6 97.0 5
SS_S1.8 73.5 -2.5 97.5 5
SS_S0_1 13.9 -81.6 20.5 1
SS_S0_2 45.9 -39.1 60.2 1
SS_S0_3 60.8 -194 80.2 1
SS_S0_4 75.5 62.9 —16.7 82.9 2
SS_S0_5 64.8 —14.1 85.2 2
SS_S0_6 67.8 -10.1 89.1 3
SS_S0_7 70.5 6.6 92.7 4
SS_S0_8 7.3 -55 93.8 4
55901 648 | 141 | 852 | 3
55501 69.2 83 | w01 | 3
55501 705 66 | 927 | 3
SS—EOJ 68.0 -9.8 89.3 3
SS_S0_1 75

5 71.8 —4.9 94.6 3
ss_g 0.1 68.9 -8.6 91.4 4
55501 650 | 138 | 865 | 2
ss_g 0.1 45.6 -39.6 59.5 1
SS_S2 1 63.7 —-155 84.0 2
SS_S2_2 75.5 70.3 -6.9 92.0 3
SS_S2_3 7.3 -55 93.5 4
SS_S2 4 71.8 -4.8 94.3 4
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*5 = excellent, 4 = very good, 3 = good, 2 = poor, 1 = instability.

4.

CONCLUSIONS

The present study provides numerical simulations of the

SHPB dynamic compression test of sandstone sample, aiming to
demonstrate the influence of contact procedure parameters on the
results with special attention placed on the failure pattern. Based
on the obtained results, the following conclusions can be drawn:

Differences in contact modelling lead to completely different
results of the SHPB test simulation, including divergent solu-
tions or unphysical failure patterns. Therefore, the importance
attributed to achieving mastery over contact modelling needs
to be on a par with that to constitutive modelling, especially in
the case of the SHPB test, where the only load acting on the
specimens arises from contact/impact, resultant to which veri-
fication of the performance of the contact procedure assumes
a high degree of importance.

The nodes to surface (one-way contact) and SS (two-way
contact) procedures work well for both FEM and SPH when
SOFT =1 is used. In these cases it was possible to obtain re-
sults accurately reflecting both data waves and failure pat-
terns.

With the use of SOFT = 0 (default value), generally incorrect
results, up to the numerically unstable solutions, were ob-
served despite the added correction of contact stiffness. Utili-
sation of SOFT = 2 requires a number of tests to ascertain the
set of parameters that would enable the obtaining of reasona-
ble results.

Default contact parameters, i.e., those set by the software
provider, were also found to give wrong outcomes (see the
NS_S0_5 and SS_S0_5 cases), since they resulted in under-
estimated contact force value.

Evaluation of waveform data, failure patterns and pick values
of stresses is required to efficiently correlate and validate the
numerical model, including the constitutive model of a brittle
material. Focussing on merely one of these aspects can result
in some of the erroneous simulations going unnoticed.
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Finally, the conducted tests indicate the prevalence of an
advantage for SPH over FEM in the modelling of sandstone
failure in the SHPB test. This is attributable to the fact that the
meshless technique can better represent decohesion of the
material and thus does not affect the energy balance in the
sample during the dynamic compression test to as great an
extent as takes place in FEM.
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