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ABSTRACT. This article focuses on the mechanical properties of basalt in compressive loading at
different strain-rates. The study employs advanced instrumentation for the evaluation of the results
in dynamic conditions, while standard uni-axial loading device is used for evaluation in quasi-static
conditions. Basalt specimens were subjected to four different loading-rates from 200-600s~! on
which the stress-strain dependence was evaluated together with DIC analysis of crack initiation and
disintegration process. Understanding the mechanical properties of basalt can provide insights for
engineers and designers in creating structures that are durable and able to withstand different loading
conditions. The findings of this study can have implications for a wide range of industries, including
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aerospace, automotive, and construction, among others.

KeEyworDs: SHPB, basalt, compressive loading, dynamic loading.

1. INTRODUCTION

Basalt is an igneous rock that is highly versatile in
a range of applications. Basalt’s high strength and
non-corrosive properties make it a suitable material
for reinforced concrete structures in specific environ-
ments [I]. Basalt fibers can be also used as a rein-
forcing material in composites for various industrial
applications [2]. Cement-based composites, particu-
larly concrete, are widely used in the construction
industry [3, 4]. They play a crucial role in building
structures like highway bridges, tunnels, and dams,
intended to endure for many generations. However,
these structures often exhibit nonlinear behavior under
loading, specifically quasi-brittle characteristics. Even
after deviating from the linear force-displacement dia-
gram, they can still bear loads until reaching a peak
point. Subsequently, a decline in loading force occurs,
ultimately leading to failure a phenomenon referred
to as tensile softening [5]. This behavior can be at-
tributed to various factors such as the presence of
internal defects (e.g., pores, cracks, transition zones)
or material discontinuities (e.g., inclusions for exam-
ple olivine, labradorite, magnetite, nepheline) that
act as obstacles or facilitators for crack propagation.
Surprisingly, existing standards, such as EN 1992-1-1
(2004), completely overlook these stress concentrators,
which have the potential to serve as weak elements
within the composites. The aim of this work is to
reveal the influence of compressive loading at differ-
ent strain-rates on the mechanical response of the
basalt rock and to inspect the failure mechanism of
the sample using digital image correlation.

2. MATERIALS AND METHODS

2.1. MATERIAL CHARACTERIZATION OF THE
BILCICE BASALT

Olivine basalt to nepheline basanite used in the ex-
periment came from the active Bil¢ice quarry (ap-
prox.12km SE from the city of Bruntal and near the
ride side of the Slezskd harta dam). The rock deposit
is situated in the SE edge of the Chribsky les stream,
which represents the largest of the four known lava
streams of the Velky Roudny stratovolcano.

The quarried Plio-Pleistocene basaltoids are gray to
black-gray volcanic rocks with a distinct porphyritic
texture. From the structural point of view, two ba-
sic types of basaltoids are developed in the deposit:
(1) predominant fine-grained, massive, compact, only
in places porous basalt with block to tabular joint-
ing, from which the test specimens were prepared;
and (2) basalt with a typical orbicular structure with
spherical (pea-like) disintegration and well-developed
columnar jointing Figure [II Rock phenocrysts are
predominantly formed by green to green-yellow crys-
tals of olivine (approx.15-20% of the rock volume,
max. 1-2% in size), clinopyroxene can occur only
subsidiary. Rock matrix is composed of clinopyrox-
ene (in particular augite, approx. 37-45 % of the rock
volume), calcium-rich plagioclase of labradorite com-
position (about 20-30 %), magnetite (between 10 and
20 %) and possibly also nepheline (up to 1%). The
proportion of amorphous phase (basaltic glass) is up
to 3% [6].

The Bilcice basalt under study exhibit a high bulk
density, relatively low water absorption capacity and
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Uniaxial compresive Fracture Ultrasonic wave Splitting tensile Specific Total
strenght toughness velocity strength density porosity
[MPa)] [MPam?'/2] [kms~1] [MPa)] [kgm~3] (%]
232 3.09 5.49 12.3 3032 3.44

TABLE 1. Basic physical, mechanical and mechanical fracture properties of the Bil¢ice basalt.

total porosity, high values of P-wave velocity, and high
to very high strength properties Table (1] [2]. These
properties predetermine the Bilcice basalt as a source
of high-quality crushed aggregate.

FIGURE 1. Typical columnar jointing visible in the
Bil¢ice quarry wall.

2.2. SPECIMENS

In this study, samples drilled from a single piece of
basalt, which you can see in Figure were used.
The samples are 20 mm long and 12mm in diameter.
A total of 17 specimens were tested, 5 pc under quasi-
static loading (1 mmmin~!), 5 pc tested dynamically
in contact with an incident bar at a strain-rate of
200s~ %, 5pc tested dynamically in contact with an
incident bar at a strain-rate of 300s™!, 1pc by the
impact of an incident bar at a strain-rate of 4005,

1pc by incident bar impact at strain-rate 600s~?.

12 mm

20 mm

FIGURE 2. Macrophotograph of the massive type of
the BilCice basalt with ilustration of one specimen.

2.3. EXPERIMENTAL SETUP

The mechanical response of the structures was in-
vestigated under dynamic conditions using a Split
Hopkinson Pressure Bar (SHPB) apparatus equipped
with strain gauges and a high-speed camera (Fastcam
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SA-Z, Photron, Japan). The camera was set to cap-
ture frames at a rate of 300.000 fps with a resolution
of 256 x 256 pixels. Figure [3|illustrates a diagram and
schematic of the loading device.

The dynamic loading device comprised two bars:
a striker bar housed within a gas-gun barrel and
a transmission bar. Both bars had a uniform diameter
of 20mm and were constructed from a high-strength
aluminum alloy (EN-AW-7075-T6). The striker bar
was accelerated using a single-stage gas-gun, generat-
ing a strain pulse when the striker projectile impacted
the front face of the incident bar. To shape the strain
pulse, a cylindrical copper pulse shaper was placed on
the front face of the incident bar.

Strain measurements were conducted using foil
strain gauges (3/120 LY61, HBM, Germany) con-
nected in a Wheatstone half-bridge configuration to
compensate for any minor deflections in the bars. The
data acquisition systems and cameras were triggered
by a pair photoelectric sensors, enabling estimation
of the impact velocity.

3. RESULTS
3.1. QUASI-STATIC LOADING

The mechanical response of the investigated struc-
tures to quasi-static uni-axial compressive loading
was expressed by the average engineering stress-strain
diagram from 5 tested specimens with standard devi-
ation was evaluated. The maximum stress value was
approx. 270 MPa at strain between 2.5-3.0 %.

3.2. DYNAMIC LOADING

To reveal a possible strain-rate sensitivity of the de-
formation response, dynamic compression tests using
the SHPB apparatus were conducted at four different
loading-rates with two different loading conditions.

3.2.1. INCIDENT BAR IN CONTACT WITH SPECIMEN

In this case, it was the standart placement of the spec-
imen for the SHPB assembly, so that the specimen
is sandwiched between the incident and transmission
bars. For the first low-rate, the speed of the im-
pactor was determined using a pair of short-reaction
time through-beam optical gates (FS/FS 10-RL-PS-
E4, Sensopart, Germany) to approx.19ms~!. The
generated wave in the incident bar would then result
in a strain-rate of 1000s~!, but due to the stiffness of
the sample and the small total deformation required
to failure, the incident bar did not have enough time
to accelerate to the required speed before the tested
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FI1GURE 3. The arrangement of the SHPB experimental setup: uni-axial compression with aluminium alloy bars.

specimen disintegrated, and the real strain-rate during
the deformation was thus around 200s~! (4ms~1).
From the trend of the strain-rate curve for the low-rate
measurements (green dashed line), an uneven trend
can be seen until the breakdown of the sample and
the subsequent acceleration up to values of 1000s~!.

The corresponding average stress-strain curve for
low-rate (green solid line) shows similar peak stress
values to quasi-static loading and only a steeper stress
rise. From the calculated deviation of the stress-strain
curve marked as a green shadow around the stress-
strain curve, it can be concluded that the behaviour
is quite uniform throughout the tested set of five
specimens.

For the second set of five specimens marked as high-
rate (yellow color curves), the speed of the impactor
was increased to 32ms~!. As in the previous case, the
maximum possible impact velocity was not reached
before the sample disintegrated and the deformation
rate was roughly 300s~% (6ms~!). No significant
effect of strain-rate hardening compared to Q-S and
low-rate dynamic loading was noted.

The process of the deformation recorded by the
high-speed camera can be seen in Figure[dl The upper
slide-show consisting of 8 images with a green border
corresponds to a low-rate dynamic loading at 200s™1,
and similarly the following 8 images with a yellow
border correspond to 300s7 L.

3.2.2. GAP BETWEEN SPECIMEN AND INCIDENT BAR

In this case, a 5mm gap was left in front of the speci-
men to solve the problem of insufficient time for the in-
cident bar to accelerate. The incident bar thus gained
speed before hitting the specimen. Due to the insuffi-
cient number of specimen, only two were tested with
this method, namely at the resulting speeds of 400s~!
(8 ms~! purple curves) and at 600s~! (12ms~!, black
curves) Figure [5| For the specimen tested at a speed
of 400s7!, a similar value of the maximum stress
was achieved. The similar response trend according to
with the measurement when the sample was in contact
with the bars can be seen. A difference in the response
trend is only in the gradual build-up of stress, which

FIGURE 4. Dynamic deformation mechanisms with
step of 17us between images for the green 200s™*
(4ms™h), yellow 300s™' (6ms™!'), purple 400s*
(8ms™1), black 600s™* (12ms™t).

may be caused by inertial effects caused by the impact
of the already accelerated incident bar. The second
test with the same arrangement only at a higher speed
of 600s~! shows the same stress gradual build-up but
only to a value below 250 MPa. Since it is only one
specimen, it cannot be concluded that the behaviour
of the material has changed, and most likely it is only
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FIGURE 5. Mean stress-strain curves with standard deviation (shadows around curves) for Q-S (red) and dynamic
loading with corresponding strain-rate (dashed lines). Green curves — 200s™! (4ms™'), yellow curves — 300s™*
(6ms™1), purple curves — 400s™" (8ms™!), black curves — 600s™! (12ms™1).

a deviation caused by a different internal structure of
the specific tested specimen.

The process of the deformation recorded by the
high-speed camera can be seen in Figure [l The
bottom slide-show consisting of 8 images with a black
border corresponds to a dynamic load at 600s~!, and
similarly the above placed 8 images with a purple

border correspond to 400s7 L.

3.3. DiGITAL IMAGE CORRELATION

DIC is an image processing method that uses tracking
and image registration techniques to measure changes
in a sequence of images [7]. In this case the modified
algorithm of augmented-Lagrangian DIC providing
global kinematic compatibility was used [8]. The
camera recordings from dynamic experiments were
subjected to a DIC analysis to evaluate the captured
displacements to describe crack formation and disin-
tegration mechanism.

It was found that in experiments where the spec-
imen is in contact with the incident bar, a crack
and subsequent disintegration occur primarily on the
incident side and always localized. On the other hand,
in both specimens tested with an already accelerated
incident bar, crack occurred across the entire width
of the sample, and the disintegration also appeared
earlier on the back side of the specimen, as can be
seen in selected images Figure [6]

4. CONCLUSIONS

A description of the fundamental mechanical be-
haviour of the basalt rock specimens was determined
from quasi-static uni-axial compression tests. To as-
sess the strain-rate sensitivity of the mechanical re-
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sponse, dynamic compression experiments at four dif-
ferent loading-rates and two different loading modes
using the SHPB apparatus were conducted. Optical
measurement methods employing a high-speed camera
were applied. DIC algorithm was used to evaluate
the displacements fields from the camera recordings
to investigated failure mechanism under applied loads.
Based on the results obtained from the experimental
investigations, it is possible to conclude:

e A strain-rate sensitivity of the deformation be-
haviour of the investigated basalt rock was not
indicated. The decrease in recorded values of stress
occurred for last specimen at 600s~! was not con-
clusive and more specimens need to be tested for
sufficient statistics.

e The starting part of the trend of stress-strain curves
was different for two modes of loading (bar in con-
tact and with gap) probably due to inertia effect
of bars. This phenomena could be investigated
with DIC evaluation on both end of the bar and
evaluation of their velocities during the test.

e Loading mode with gap at the front of the specimen
seems promising as a method for dynamic testing of
tough materials with low deformation around few
percent as its creates the possibility to reach higher
strain-rates. To clearly describe the effect of such
a loading mode compared to the standard place-
ment, it is necessary to perform a larger statistically
significant set of measurements and, if possible, in-
clude the evaluation of the velocity of both ends of
the bars near the specimen using DIC.
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FIGURE 6. Displacement fields for selected specimens taken at the beginning of the disintegration process.
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