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Abstract. A study of dolomite rock material failure using a simple small-scale blast setup is presented. Laboratory tests were conducted
using disc specimens drilled with a borehole in the center. A detonation cord and a blasting cap were fitted inside the borehole to induce
cracking and fracturing of the specimens. The specimens were inserted between two steel plates, which were compressed against the specimen
using bolt screws. Prior to testing, the most suitable screw torque for constraining the vertical displacement of the specimen surfaces without
compressing the specimen was selected based on numerical simulations. Then, the experimental tests with the blasting cap were simulated using
the Johnson–Holmquist II (JH-2) material model, and the properties of the blasting cap were determined and verified in two special tests with
a lead specimen. Possessing the validated model, the influence of specimen thickness on the cracking patterns was finally analyzed. This paper
presents a relatively easy method for studying rock material behavior under blast loading and for validating the numerical and constitutive models
used for rock simulations.
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1. INTRODUCTION

High explosive (HE) materials are commonly used in civil en-
gineering and mining. The detonation of HE materials in rock
provides a sudden release of energy, which generates a shock
wave that propagates through the rock. Ultimately, cracking and
fragmentation of the rock occur, which are desired phenomena
when excavating minerals from rocks. Blasting and HE inter-
actions with rock or other brittle materials are challenging but
important topics of research. Numerous experimental and nu-
merical studies of varying scales have been conducted to under-
stand these complicated phenomena including blasting and ma-
terial [1–9]. However, large-scale and field tests are relatively
costly and difficult to conduct. Consequently, small-scale labo-
ratory experiments are often used to study the failure of various
materials subjected to strongly dynamic loading resulting from
HE detonation [10–18]. Most recent laboratory-scale blasting
studies have focused on fracture patterns and crack propaga-
tion in granite rock [14–16, 19–22] or concrete [10, 12, 23, 24],
although a recent paper by Jeong H. et al. [25] presented exper-
imental and numerical tests of cylindrical specimens of poly-
methyl methacrylate (PMMA).

Experimental tests of small-scale blasting are frequently
coupled with numerical simulations using various methods
and techniques. For instance, the 3D multi-material arbi-
trary Lagrangian-Eulerian (MM-ALE) formulation method has
proved effective in numerous engineering problems and has
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also been implemented to study rock blasting [16, 19–22].
This method develops models using finite elements (FEs),
and the interaction between the HE and other non-Lagrangian
bodies is simulated as fluid-structure interaction (FSI). In
[15], a fully meshless approach was utilized, and a whole
model was represented using smoothed particle hydrodynam-
ics (SPH); the results were validated using outcomes from [14].
A peridynamics-based numerical approach was successfully
used in [26].

Regardless of the method used to numerically reproduce
blasting and rock failure, all simulations require a reliable ma-
terial model. Several constitutive models that simulate the be-
havior of rock and brittle materials very effectively are found in
hydrodynamics computer code (hydrocode) libraries. The most
important of these models are the Johnson–Holmquist II (JH-2)
model [14,27,29,29–34], the Holmquist–Johnson–Cook model
(Johnson–Holmquist Concrete model – JHC model) [35–38],
the Riedel–Hiermaier–Thoma (RHT) model [39, 40], the Con-
tinuous Surface Cap (CAP) model [41, 42] and the Karagozian
and Case Concrete (KCC) model [43–46].

The main aim of the present paper is to study a shock-
induced fracture of rock material using a simple small-scale
blasting laboratory setup and detailed numerical modeling. The
objective was to design small-scale tests that are not only as
simple as possible to carry out but also provide better insights
into crack propagation and fracture patterns in laboratory-scale
rock material specimens under blast loading. This study is
a continuation of previous works [32, 37, 43, 47] in which
dolomite was subjected to experimental testing, constitutive
modeling, and numerical simulations of blasting. Other re-
searchers conducted a similar analysis of sandstone with a sin-
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gle pre-crack [48]. The authors of the present study also pre-
viously conducted small-scale blasting tests using cylindrical
dolomite specimens. [49], which inspired further investigations
to design and propose an even easier test for testing rock mate-
rials loaded with explosive waves. In the present paper, disc
specimens of dolomite with a central hole were placed be-
tween two steel plates to achieve quasi-plane strain condi-
tions. Two types of detonation sources were used in the cen-
tral borehole: a detonation cord with hexogen (RDX) covered
with a lead sheath or a blasting cap. The use of a blasting
cap as the detonation source provided more reproducible re-
sults, and thus the blasting cap was considered in the subse-
quent numerical analysis. The properties of the blasting cap
were also evaluated by analyzing hole expansion in two tests
with lead cylindrical specimens. The properties of the HE
material were determined in numerical simulations and veri-
fied using the results of the experimental tests. Prior to test-
ing, the most suitable screw torque for constraining the verti-
cal displacement of the specimen surfaces without compress-
ing the specimen was selected based on numerical simula-
tions. Ultimately, numerical tests simulating the laboratory
blasting experiment were performed to further analyze the
cracking and fracture characteristics of the dolomite speci-
men, including the influence of specimen thickness on the
cracking patterns. This study provides a useful complement
to a large number of rock blasting papers, and the method
described here can be effectively adopted to determine and
validate the constitutive models JH-2 parameters for rock or
concrete.

2. MOTIVATION

The main aim of previous studies combining small-scale blast-
ing tests with numerical simulations, e.g. [49] was to analyze
the shock-induced fracture of rock and other brittle materials.
Cracking characteristics are typically analyzed within the sur-
face perpendicular to the axis of the borehole, primarily due
to the significant difference between the compressive strength
and tensile strength of rock. Previous work has shown that HE
combustion through the axis of the borehole results in spalling
and scabbing fractures as well as vertical crack propagation.
Ultimately, HE combustion through the borehole axis can in-
fluence fractures in the bottom or top surface of the specimen
but analyzing the cracking characteristics only on those sur-
faces may not be sufficient for comparison with other similar
studies. Moreover, the complexity of the test and natural imper-
fections of rock (joints, micro- and macro-cracks) may make
it difficult to obtain repeatable results. Consequently, a sim-
ple method is needed for analyzing specimen cracking patterns
without a complicated experimental setup.

The main assumption in developing this method was to con-
sider a quasi-2D problem corresponding to the cross-section
of the middle of a 3D specimen, where the influence of the
stress wave reflections from the top and bottom surfaces is
the smallest. To confirm the presence of quasi-2D conditions,

a new model was prepared using a slice of the whole 3D
dolomite specimen presented in [49]. The initial boundary con-
ditions were nearly identical to those used for the whole spec-
imen, and the appropriate displacement of the hexagonal ele-
ment faces (representing the FE model of the specimen) per-
pendicular to the axis of the HE was fixed using symmetry
(Fig. 1). This approach represented an initial attempt to de-
termine whether quasi-2D models could be used to simply
and rapidly model large-scale blasting to optimize underground
blasting techniques.

Vacuum
(Euler)

Lead sheath Copper pipe
RDX

Dolomite specimen
(Lagrange)

Steel pot
(Lagrange)

8.0 mm

1.67 mm

4.9 mm

Lead confinement
(Lagrange)

Lead confinement
(Lagrange)

Detonation cord parts (Euler)

Steel pot
(Lagrange)

Cross-section

Fig. 1. The quasi-2D numerical model acquired from the cross-section
of the full 3D model of the small-scale blasting test of dolomite rock

Figure 2 presents the cracking patterns of the middle cross-
section of the 3D numerical model and of the quasi-2D model,
which was cut from the 3D model with the appropriate bound-
ary conditions. Both models give nearly identical cracking pat-
terns, with 20 radial cracks. Some small discrepancies are ap-
parent in the vicinity of the borehole and cracking placement.
The crushing zones are identical, which indicates that the quasi-
2D model does not excessively stiffen the rock despite blocking
perpendicular deformation of the specimen surfaces. These re-
sults confirmed the advisability of developing a suitable exper-
imental setup for such investigations under quasi-plane strain
conditions.

Full 3D numerical model Quasi-2D numerical model

Crushing
zone

Radial cracks

Fig. 2. Comparison of the blast-induced crack patterns obtained from
the full 3D numerical model and quasi-2D numerical model
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3. EXPERIMENTAL TEST CONFIGURATION
Four disc-shaped specimens of dolomite were used in the ex-
periment. Each specimen was placed between two steel plates
to achieve quasi-plane strain conditions. The steel plates were
joined using eight screw bolts placed around the specimen. The
steel plates were not tightly connected. Prior to testing, the
torque of the bolt screws was adjusted according to the numer-
ical model and prestress of the bolt screws to ensure that the
steel plates did not compress the specimen significantly (max-
imum Z stress of 1.0 MPa) but mainly constrained the Z dis-
placement of the specimen (see Section 5.1). Only strain in the
X and Y directions was considered. Furthermore, the specimen
was loosely held using a clamp to prevent extensive failure of
the specimen. Each specimen had a diameter of 130 mm and
a height of 15 mm. In the first round of experiments, a det-
onation cord composed of RDX material covered with a lead
sheath was placed inside the borehole, which had a diame-
ter of 5.0 mm. The outer diameter of the cord was 4.90 mm,
and the diameter of the RDX core was 1.67 mm. The aver-
age detonation velocity (D) measured by the electronic probes
was 4840.0 m/s. The outcomes were not satisfactory (please see
Section 5.2 for further discussion), and the detonation cord was
replaced with a blasting cap in the next round of experiments.
Identical dolomite specimens were used, but the diameter of the
borehole was increased to 7.0 mm to accommodate the blasting
cap. The blasting cap consisted of a zinc shell with a length of
41.0 mm, the wall thickness of 0.2 mm, and the bottom thick-
ness of 0.65 mm. The HE comprised 300 mg of a mixture of
lead azide and lead trinitroresorcinate pressed to a volume den-
sity of 1600.0 kg/m3 and was loaded in the bottom of the cap.
Simple schematics of the experiments, detonation cord, and
blasting cap are presented in Fig. 3.
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Fig. 3. Schematics of the experimental set-up, detonation cord,
and blasting cap

4. NUMERICAL MODELING
4.1. Model definition
Following the experimental tests, numerical simulations were
conducted. For all analyses, an explicit integration procedure
with massively parallel processing (MPP) LS-Dyna code was
adopted. The blasting process and all necessary interactions
were simulated using the MM-ALE algorithm. Since the simu-
lated problem is symmetric, a quarter of the model was devel-
oped with the appropriate conditions applied where necessary.
Importantly, using a quarter model of the specimen does not
affect the propagation of cracks at the symmetry planes of the
model. The central part of the dolomite specimen was embed-
ded in the Eulerian air domain. A non-reflecting boundary was
applied on its outer surfaces to consider the flow of the pres-
sure outside the air domain. Thus, all parts of the blasting cap
were treated as Eulerian parts, whereas Lagrangian elements
(brick FEs) with one integration point were used to model the
dolomite specimen. The fluid-structure interaction between the
blasting cap parts and the dolomite specimen was defined using
a penalty-based contact procedure [50]. The dolomite specimen
described with the JH-2 model (the parameters are shown in Ta-
ble 1) was represented using a 0.5 mm mesh. By contrast, an el-
ement size of 0.07 mm to 0.14 mm was considered in the Eule-
rian domain, where the coupling with the Lagrangian dolomite
specimen occurred. The steel plates and clamp were repre-
sented using solid elements with an average size of 1.0 mm.
The screws, nuts, and washers were modeled using solid ele-
ments (FE sizes from 1.5 mm to 3.0 mm). In total, the model
consisted of 739,755 elements.

The steel clamp and steel plates were described using an
elastic material model with the following properties: Esteel =
210.0 GPa, ρsteel = 7850.0 kg/m3, and νsteel = 0.3. The elasto-
plastic material model for the screws, nuts, and washers consid-
ered the same elastic properties used for the clamp and plates
with a yield stress of Re = 800.0 MPa and tangent modulus
of Etan = 1010.0 MPa. The zinc sheath of the blasting cap
was modeled using the Johnson–Cook (JC) constitutive model.
Since parameters for pure zinc are not available in the literature,
the parameters for copper adjusted for the density of zinc were
used instead (Table 2). The high explosive burn (HEB) constitu-
tive model with the Jones–Wilkins–Lee (JWL) equation of state
(EOS) was used to describe the HE and its detonation products.
The properties of the HE in the blasting cap were correlated and
validated in two additional tests (see Section 4.1), and the final
parameters are listed in Table 3. Air was considered a simple
ideal gas with vacuum properties.

The discussed numerical model (Fig. 4) was used to simulate
the following cases:
• Case #1: The influence of the bolt screw torque and con-

sequently bolt preload [51, 52] was analyzed, and the most
suitable value ensured that the steel plates only constrained
the vertical displacement of the specimen surfaces and did
not compress the specimen too much was selected for use in
the experimental tests. Several different torque values were
considered, and six tests were selected for presentation and
analysis: 0.5 Nm, 1.0 Nm, 2.0 Nm, 3.0 Nm, 4.0 Nm, and
5.0 Nm. The numerical simulations were conducted with
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Fig. 4. Numerical model of the small-scale blasting test of dolomite
rock with a close-up view of the detonation cord and borehole

the dynamic relaxation phase only, and the preloading due
to torquing of the bolt was considered.

• Case #2: The experiment was reproduced using a two-stage
procedure to consider the initial bolt screw clamping: static
preloading using dynamic relaxation with Lagrange parts
only (stage #1) and dynamic blast loading with FSI (stage
#2) to reproduce the actual laboratory test with the Eulerian
domain. In stage #1, the selected torque from Case #1 was
used. In stage #2, the results from the previous stage were
used as a prestress field distributed in the screw bolts and
other parts of the model.

• Case #3: The influence of specimen thickness on failure
and cracking characteristics was analyzed. Having validated
the numerical model, a parametric study was conducted
with several different specimen thicknesses ranging from
6.0 mm to 15.0 mm. The specimen in the first analysis had
a thickness similar to the height of the HE used in the blast-
ing cap, whereas the last one corresponded to the experi-
mental test and Case #2.

4.2. Constitutive modeling
Dolomite specimen
The behavior of dolomite was simulated using the JH-2 con-
stitutive model with previously determined and verified param-
eters [32], which are presented in Table 1. Since the value of
T representing the maximum hydrostatic tensile pressure is de-
pendent on the FE size and the dolomite specimen was mod-
eled using an average mesh size of 0.5 mm, T = 70.0 MPa was
used in the simulations, according to the findings in [32]. The
model is based on the relationship between normalized val-
ues of equivalent stress and pressure and is described by in-
tact, damaged, and fractured surfaces. The normalized intact
strength of the material presented can be described using the
following formula [29, 31]:

σ
∗
I = A(P∗+T ∗)N (1+C ln ε̇

∗) , (1)

where σ∗
I = σI/σHEL is the normalized intact strength; σI is

the current equivalent stress; σHEL is the equivalent stress at
the Hugoniot elastic limit (HEL); P∗ = P/PHEL is the normal-
ized hydrostatic pressure; P is the current hydrostatic pressure;
T ∗ = T/PHEL is the normalized maximum tensile hydrostatic

Table 1
Dolomite material properties of the JH-2 model [32, 47]

Parameter Value Unit

Density, ρ 2840.0 kg/m3

Poisson’s ratio, v 0.24 –

Bulk modulus, K1 30834.5 MPa

Shear modulus, G 19059.6 MPa

Young’s modulus, E 47410.3 MPa

Hugoniot elastic limit, HEL 2750.0 MPa

HEL pressure, PHEL 1945.0 MPa

Maximum tensile strength*, T 70.0 MPa

Intact strength coefficient, A 0.78 –

Fractured strength coefficient, B 0.65 –

Strain rate coefficient, C 0.02 –

Intact strength exponent, N 0.45 –

Fractured strength exponent, M 0.45 –

Bulk factor, β 1.0 –

Damage coefficient, D1 0.001 –

Damage coefficient, D2 1.15 –

Pressure coefficient 2, K2 700000.0 MPa

Pressure coefficient 3, K3 5650000.0 MPa

Maximum normalized
fracture strength, σ∗

max
0.35 –

Density, ρ 2840.0 kg/m3

Poisson’s ratio, v 0.24 –
∗ Value adjusted based on mesh size in the model

pressure; ε̇∗ = ε̇/ε̇0 is the dimensionless strain rate; ε̇ is the
current equivalent strain rate; and ε̇0 = 1]; s−1 is the reference
strain rate. The damage state σ∗

D is determined by [29, 31]:

σ
∗
D = σ

∗
I −D(σ∗

I −σ
∗
F) , (2)

where D is a damage factor (index) and takes a value between
0 (undamaged) and 1 (fully damaged).

The fractured surface σ∗
F of the material is described using

the following formula [29, 31]:

σ
∗
F = B(P∗)M (1+C · ln ε̇

∗) , (3)

where B and M are the fractured material constants.

Blasting cap
The blasting cap used in this study comprised an explosive ma-
terial covered with a zinc sheath. The laboratory tests with the
detonation cord and RDX HE were not considered in the nu-
merical simulations (see Section 5.2). The zinc sheath and hat
of the blasting cap were modeled using the JC model, which has
been extensively adopted in numerous simulations of dynamic
problems [53]. Parameters for pure zinc are not available in the
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literature, and thus the parameters for copper adjusted for the
density of zinc were considered instead (Table 2). The model
provides a prediction of flow stress σflow for large strains and
high strain rates and is given by the following relation [50]:

σflow =
[
AJC +BJC(ε

p)NJC
]
(1+CJC ln ε̇

p
∗ )[

1−
(

T −TrJC

TmJC −TrJC

)MJC
]
, (4)

where εp is the equivalent plastic strain and ε̇p is the equivalent
plastic strain rate.

Table 2
Blasting cap sheath material properties of the JC model

for copper [54–56]

Parameter Value Unit

Mass density∗, ρ 7120.0 kg/m3

Shear modulus, G 48.0 GPa

JC yield stress, AJC 90.0 MPa

JC hardening parameter, BJC 292.0 MPa

JC hardening parameter, NJC 0.31 –

JC strain rate sensitivity parameter, CJC 0.025 –

JC thermal softening parameter, MJC 1.09 –

Specific heat, CpJC 3.83×108 mJ/kgK

Reference strain rate, EPSOJC 1.0 1/s

Reference temperature, TrJC 293.0 K

Melting temperature, TmJC 1356.0 K

JC failure parameter, D1 0.54 –

JC failure parameter, D2 4.89 –

JC failure parameter, D3 3.03 –

JC failure parameter, D4 0.014 –

JC failure parameter, D5 1.12 –
∗ Value adjusted to be similar to zinc density

The HE and its detonation products were described using the
HEB constitutive model with the JWL EOS:

p = AHE

(
1− ω

R1VHE

)
e−R1VHE

+BHE

(
1− ω

R2VHE

)
e−R2VHE +

ωE0

VHE
, (5)

where VHE = ρ0 HE/ρHE; ρ0 HE is the initial density of the HE;
ρHE is the actual density of the HE; E0 is the detonation energy
per unit volume and initial value of E of the HE; and AHE, BHE,
R1, R2, and ω are empirical constants determined for a specific
type of explosive material.

The initial parameters of the HE were obtained from the
program EXPLO5. The volume density and average det-
onation velocity were equal to ρ0 HE = 1600.0 kg/m3 and

DHE = 2073.0 m/s, respectively. The Chapman–Jouguet pres-
sure pCJ and initial energy E0 were determined to be
1541.0 MPa and 1718.0 MPa, respectively.

In further studies, the HE properties of the blasting cap were
correlated based on two tests using cylindrical lead specimens.
In test No. 1, a specimen with a height of 15.0 mm and a di-
ameter of 40.0 mm was used. Test No. 2 used a cylindrical
lead specimen with a height of 60.0 mm and a diameter of
40.0 mm. In both specimens, a hole with a diameter of 7.0 mm
was drilled in the center and fitted with a blasting cap. In test
No. 1, the radial deformation of the lead specimen was investi-
gated, whereas, in test No. 2, the final volume and dimensions
of the borehole were analyzed. The geometric dimensions after
the test, including the borehole and specimen diameters, were
comprehensively measured.

Since significant deformation of the lead specimen occurred
in both tests, a full Eulerian approach was adopted. Further-
more, 2D axisymmetric models were developed to speed up the
numerical calculations. To simulate the behavior of the lead, the
Modified Johnson–Cook constitutive model (MJC) was used
with parameters taken from [57, 58]. The experimental setups
are shown in Fig. 5a, and the corresponding numerical models
are shown in Fig. 5b.

Test No. 2 - Exp.

Test No. 1 - Exp.

(a) (b)

Test No. 1 - Num. Test No. 2 - Num.

Hat

HE

Sheath 30
 m

m

60
 m

m

15
 m

m

Lead specimen

Lead specimen

Vacuum

Vacuum

Fig. 5. Testing of the blasting cap properties: (a) experiments and
(b) numerical models

The values of R1, ω and E0 in the JWL EOS (equation (5))
were iteratively changed until the final deformations of the
specimens in the numerical simulations were sufficiently con-
sistent with real-world tests. The final values were R1 = 4.59,
ω = 0.34 and E0 = 2718.0 MPa. Table 3 presents the final HEB
and EOS parameters that gave the best correlation with the real-
world tests (Fig. 6).

A remarkably close agreement between the numerical and
experimental results was obtained in both tests, confirming that
the HEB material model with the JWL EOS correctly described
the blasting cap. Table 4 compares the numerical and experi-
mental results. The maximum deviation, 6.5%, occurred in the
measured final volume of the borehole in test No. 2.
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Table 3
HE material properties of the HEB model with the JWL EOS

Parameter Value Unit

Initial density, ρ0HE 1601.0 kg/m3

Detonation velocity, D 2091.0 m/s

Chapman–Jouguet pressure, pCJ 1541.0 MPa

Empirical constant, AHE 24483.1 MPa

Empirical constant, BHE 582.9 MPa

Empirical constant∗, R1 4.59 –

Empirical constant, R2 1.37 –

Empirical constant∗, ω 0.34 –

Detonation energy per unit volume*, E0 2.718 J/mm3

∗ Initial values were modified during correlation tests
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Fig. 6. Comparison of lead specimen deformation after blasting cap
expansion: (a) experiment; (b) numerical simulation; (c) numerical

simulation: plastic strain distribution

5. RESULTS AND DISCUSSION
5.1. Analysis of the screw bolt torque
Prior to experimental testing, the correct torque of the screws
was determined using the developed numerical model. The
main intent of this stage was to determine the conditions that
would allow the experimental tests to be performed under
quasi-plane-strain conditions. For each case with a different
torque value, the pressure distribution was analyzed and com-
pared with other simulations. In Fig. 7, pressure maps are pre-
sented for all six cases. The pressure fringe was manually con-
strained from −1.0 MPa to +1.0 MPa. Increasing the torque
of the screw bolts resulted in a non-uniform distribution of the

Table 4
Comparison of lead specimen deformation obtained from the simula-

tion and experiment (tests No. 1 and No. 2)

Compared data Experiment Simulation Error (%)

Test
No. 1

Beginning of expan-
sion, h (mm)

8.15 8.02 1.6

Hole end diameter,
Dend (mm)

15.67 14.92 4.8

Hole central part diam-
eter, Dcenter (mm)

7.97 8.21 3.0

Test
No. 2

Bottom of the hole,
H (mm)

37.82 36.61 3.2

Average hole diameter,
Dav (mm)

14.71 14.38 2.3

Final volume, V (mm3) 1663.2 1556.9 6.5

pressure within the specimen. The larger the torque, the larger
the difference in the pressure value within the dolomite volume.
In the first two cases, the distribution was nearly uniform, and
the case with a torque value of 1.0 Nm was most appropriate
since the specimen was not compressed significantly and had
the most uniform pressure distribution over the specimen thick-
ness. Since the main intention of the steel plates was to pre-
vent the sample from moving along the Z axis, a torque value
of 1 Nm was selected for further use in the experimental tests.
Increasing the torque resulted in larger nonuniformity, and the
concentrations of the maximum pressure were largest when the
torque was 5.0 Nm in the last case.

(a) (b) (c)

(d) (e) (f)

Large non-uniform
pressure distribution

Uniform
pressure

Slight non-uniformity

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

-0.10
-0.20
-0.30
-0.40
-0.50
-0.60
-0.70
-0.80
-0.90
-1.00

Pressure
(MPa)

Fig. 7. Comparison of pressure distribution in the specimen after
torquing of the screw bolts: (a) 0.5 Nm, (b) 1.0 Nm, (c) 2.0 Nm,

(d) 3.0 Nm, (e) 4.0 Nm, and (f) 5.0 Nm

5.2. Small-scale blast tests
Experimental results
Exemplary specimen failure patterns for the detonation cord
and blasting cap are presented in Fig. 8. Previous studies re-
vealed a strong heterogeneous structure of dolomite as well as
pre-cracking inside dolomite specimens [37, 43]. In addition,
pores and inclusions varying in size from 1.0 mm to 10.0 mm
were observed. These imperfections impact the brittle behavior
of the dolomite and make it challenging to obtain reproducible
results under identical test conditions.
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Fig. 8. Failure of exemplary dolomite specimens after experimental small-scale blasting tests: (a) Specimen No. 1, (b) Specimen No. 2, (c) Spec-
imen No. 3, (d) Specimen No. 4, (e) Specimen No. 5, (f) Specimen No. 6, (f) Specimen No. 7, (f) Specimen No. 8

For the tests with the detonation cord, four dolomite speci-
mens were studied, and different outcomes were observed for
each test. There may be several reasons for such discrepan-
cies, including a heterogenous dolomite structure with the men-
tioned imperfections. Furthermore, all tested specimens were
cut from the cylindrical rock cores with a length close to 1.0 m.
Several pre-cracks along the rock core length were observed
and differences between the rock structure may have occurred.
Therefore, specimens No. 1 to 4 could have slightly different
properties and structures compared to the specimens tested with
the blasting cap (specimens No. 5–8). Specimen No. 1 exhib-
ited an extensive crushing zone around the borehole, in con-
trast to the other three specimens. In all cases, a fracture zone
consisting of mainly radial cracks was visible. However, the
fracture intensity in this zone differed among the specimens.
A strong influence of the mentioned imperfections, which re-
sulted in transverse cracking, was observed and was most evi-
dent in Specimen No. 4. It was difficult to evaluate the number
of cracks in Specimen No. 1, and Specimen No. 3 exhibited
the largest number of cracks. The cracking characteristics of
the latter specimen were most consistent with those of shock-
induced blasting of rock, with a clearly visible crushing zone,
radial cracks, and minor transverse cracks. The failure pattern
in Specimen No. 3 was similar to those observed in rocks such
as granite [14,15,21], sandstone [59,60], and concrete [10,12].

Significantly better results were obtained in the tests with the
blasting cap. The results were repeatable, and two character-
istic zones were distinguished: a crushing zone in the vicinity
of the borehole and a fracture zone consisting of radial cracks
from the center of the specimen to its edge. The number of ra-
dial cracks was similar among the specimens, with four or five
visible cracks in each. However, the transverse cracks were less
intense than in the specimens subjected to blasting tests with
the detonation cord. Some single transversal cracks were ob-
served in Specimens No. 5 and No. 8. Only the blasting cap
was considered in subsequent analyses due to the repeatability
of the results and more reliable HE parameters. However, future

studies of other rock materials should apply the proposed exper-
imental setup to verify the properties of the detonation cord and
blasting cap.

Numerical simulation results
Figure 9 presents the blast-induced crack patterns observed
within the dolomite specimen for the experimental tests and
numerical simulations. The observed cracks in the actual speci-
mens were redrawn based on the photographs to visualize them
more clearly. A satisfactory match between the modeling out-
comes and actual results was obtained. The average compres-
sive zone in the bottom surface among the four actual speci-
mens was Dexp = 22.52 mm. In the numerical model, the diam-
eter of the corresponding zone was Dnum = 23.24 mm. Material
damage due to torquing of the screw bolts and interaction with
the steel plates was observed in the outer edge of the FE model
of the specimen. Similar phenomena were observed in the real-
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Fig. 9. Comparison of blast-induced crack patterns obtained from
(a) experimental tests and (b) numerical simulations
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world tests but were more punctate than continuous across the
edge. No transverse cracks were observed in the numerical sim-
ulations since the model did not consider initial cracks and the
real-world properties of the specimen mentioned earlier (het-
erogeneity, pores, and irregularities).

A side view of the blasting process of the specimen is pre-
sented in Fig. 10. The test assumed that plane-strain conditions
were met, and therefore identical failure of the specimen in the
vicinity of the borehole followed by generation of the crush-
ing zone was expected. However, due to the smaller height of
the blasting cap, nonuniform damage across the length of the
borehole occurred. Some cracks were also generated perpen-
dicular to the borehole axis because the tensile stress exceeded
the tensile strength of the material [61]. These results suggested
that a thinner specimen was necessary. However, prior investi-
gations showed that dolomite specimens with a minimum thick-
ness of 7.0 mm were very fragile and fragmented before the

blasting tests began. The minimum specimen thickness at which
fracture did not occur was 15.0 mm, and therefore this thick-
ness was used in the present study. To determine the appropri-
ate specimen thickness for obtaining uniform damage across the
length of the borehole, an additional parametric study using nu-
merical simulations was conducted and is discussed in the next
section.

Specimen thickness parametric study
The validated model of the dolomite specimen and experimen-
tal setup were used to further analyze the blasting process with
specimens of different thicknesses. The main aim of the para-
metric study was to determine the correct specimen thickness
for obtaining uniform compression damage within the bore-
hole length. Several different dimensions were considered, and
four selected cases are presented in Fig. 11. At the smallest
thickness, which was close to the height of the HE (5.0 mm),
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Fig. 11. Comparison of blast-induced crack patterns obtained from numerical simulations
of specimens with a thickness of (a) 6.0 mm, (b) 8.0 mm, (c) 10.0 mm, and (d) 12.0 mm
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uniform damage across the specimen thickness was observed.
Moreover, the cracking patterns in the top and bottom surfaces
were identical. These results suggest that HE should be used
along the entire length of the borehole to maintain quasi-plane-
strain conditions. However, due to the properties of dolomite,
it was impossible to prepare and maintain specimens of this
thickness for use in experiments. As the specimen thickness in-
creased, the non-uniform damage in the vicinity of the bore-
hole became more pronounced. These differences were largest
at thicknesses of 15.0 mm and 12.0 mm, as shown in Figs. 10
and 11, respectively. Eight radial cracks were observed in all
cases. However, in the specimens with larger thicknesses, half
of the radial cracks were shorter than the others. Ultimately, for
the real-world case and the numerical model with a specimen
thickness of 15.0 mm, four main radial cracks could be distin-
guished (see Fig. 9).

To further investigate the influence of specimen thickness,
the vertical stress histories were examined. Figures 12 and 13
present the Z-stress histories (stress parallel to the axis of the
borehole) for the selected elements across the thickness of the
specimen for the models with specimen thicknesses of 6.0 mm
and 12.0 mm, respectively. The Z-stress histories were mea-
sured from the four elements in the middle of the specimen
radius at a distance of approx. 35.0 mm from the borehole cen-
ter. For the specimen with the smallest thickness, the loading
conditions were nearly identical throughout the thickness of
the specimen, as evidenced by the measured stress values in
all portions of the curves. This corresponds to Fig. 11a, where
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identical crack patterns on both sides of the specimen and uni-
form compression damage across the specimen thickness are
presented.

By contrast, the loading conditions varied throughout the
thicker specimen. In the first peak, different values of minimum
stress were observed for each element, i.e., from –61.0 MPa to
–93.0 MPa. The first value corresponded to the element on the
upper surface of the sample. The stress values decreased from
the upper surface to the bottom surface and were the smallest
for the element near the bottom surface. The latter portions of
the curves did not match until nearly the very end. These out-
comes directly correspond to Fig. 11d, where different crack
patterns on the bottom and top specimen surfaces can be seen,
especially in the case of the compression zone.

6. CONCLUSIONS
The following conclusions can be drawn from the experimental
and numerical studies of laboratory blast tests presented here:
• The proposed small-scale blast set-up provides a relatively

easy approach to experimental investigation of cracking
and subsequent fracturing in rock material induced by blast
loading. However, the assumption of plane-strain condi-
tions must be verified for the specific types of materials and
detonation sources. In this study, the blasting cap height was
too small to maintain uniform compression damage across
the length of the borehole. Nevertheless, for the tested con-
figurations, four main radial cracks were observed in the
top and bottom surfaces of all specimens, supporting the
assumption of quasi-plane strain conditions.

• Due to its heterogeneity and numerous imperfections, inclu-
sions, pores, and initial cracks, the observed cracking char-
acteristics of dolomite differed slightly from those of other
rocks, such as granite [14, 15, 21], sandstone [59, 60], and
concrete [10, 12]. Nevertheless, typical radial cracks were
observed in the bottom and top surfaces of the specimens in
the tests using the blasting cap.

• When performing numerical simulations of a blast source
inside a tested material, using the correct properties of the
HE is crucial. Therefore, special experimental setups were
proposed to evaluate the expansion properties of the blast-
ing cap using cylindrical lead specimens and to validate
the constants of the JWL EOS. The proposed methods can
be effectively used to determine the properties of relatively
small HE materials, i.e., detonation cords or blasting caps.

• Following previous works [32,47,49] the ability of the JH-2
material model to reproduce the fracture and fragmentation
of dolomite rock was further validated. Consistent with the
cited works, satisfactory results were obtained in the present
paper. The investigations will be continued and expanded
to simulate dolomite behavior in blasting tests, including
parallel cut-hole blasting, cracking, and fragmentation.

• The proposed method, which consists of a simple laboratory
setup and numerical modeling, can be used to analyze the
cracking and fracture of other brittle materials and for the
effective validation of parameters of the constitutive models
used to capture the behavior of the tested material.
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