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Investigation on indentation test
of green sandstone under
coupled effect of axial and
confining stress

Ran Fu?, Weihao Yang'*, Jiuqun Zou? and Xin Huang?

!State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of
Mining and Technology, Xuzhou, China, ?School of Civil Engineering and Architecture, Anhui
University of Science and Technology, Huainan, China

To study the effect of confining stress on the indentation test of rock
under different axial stress and the corresponding mechanism of penetrating
rock fragmentation, physical and numerical experiments of single spherical
button penetration into green sandstone under triaxial stress conditions were
conducted. The results indicate that the indices of crushing load, yield,
brittleness feature, and energy consumption first decrease and then increase
with increasing confining pressure, under high axial pressure conditions
(30 MPa) and the thickness of rock chips increases by 37%, from 1.11 mm
to 1.52 mm. The opposite pattern is observed under low axial pressure
conditions (15 MPa). The thickness decreases from 1475 mm to 0.915 mm,
with a reduction of about 50%. In general, under all confining stress
conditions, specific energy under high axial pressure conditions is lower than
that under low axial pressure conditions. The maximum difference reaches
285%. The numerical experiments suggest that the total number, direction
and distribution of cracks show great consistency with experimental results
of indentation tests. The smaller total number of cracks under high axial
pressure conditions may be the main reason for the lower specific energy.
This present study may provide some primary knowledge about the rock
cracking character and breaking efficiency under different stress conditions.
The analysis of micro-cracks provides an explanation for the patterns of
rock fragmentation.
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1 Introduction

Mechanized excavation has been widely used in underground engineering because
of its advantages of safety, high efficiency, and low disturbance while common problems
such as low crushing efficiency and large tool loss have been encountered when crushing
deep underground rock mass (Ergin and Acaroglu, 2007; Yang et al., 2015). The reasons
for these problems are considered to be the exacerbated cuttability of hard rock under
harsh deep underground conditions. It proves that in-situ stress and high rock hardness
play a significant role in the application of mechanized excavation at depth (Balci
and Bilgin, 2007). Despite the adverse effect of deep underground conditions, field
observations have indicated that rock cuttability can be improved probably by high
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geostress during the process of excavation unloading, inducing pre-
existed fractures within rock mass (Innaurato et al., 2011). Therefore,
the controversy makes it necessary to investigate the performance
and mechanism of hard rock mechanized fragmentation under high
in-situ stress conditions.

Research on deep-underground mechanical rock fragmentation
has been developed in applications such as TBM tunneling, road
headers, and petroleum drilling (Copur et al., 2024; Thyagarajan
and Rostami, 2024; Kim et al, 2023). Estimating stability and
fragmentation performance of rock mass at depth, which plays
a key role in mechanical excavation, are diversified in the fields
mentioned above. In practical engineering projects, for instance,
the field penetration index, defined as the ratio of the applied
thrust per cutter to the penetration per revolution, is adopted to
describe rock boreability in TBM tunneling projects (Yin et al.,
2014a; Yin et al, 2014b; Gou and Zhang, 2022). As a result
of the difficulties in obtaining applicable information from field
measurements, laboratory tests have raised attention (Li et al,
2022a; Li et al,, 2018). It has been pointed out that the behavior
of the indenter penetrating rock is the basic process concerning
the mechanical fragmentation of rock. This certain simplification
of mechanical rock fragmentation contributes greatly to solving
rock-fragmentation-related problems in various fields (Yin et al.,
2014a; Yin et al., 2014b). Firstly, in the application of road headers,
drag picks were pressed into the specimen to study the influence
of confining stress and loading patterns. Wang et al. (2018) found
that rock cuttability decreased first but improved after the confining
stress exceeded 40 MPa. Secondly, investigations of indentation
tests by TBM disc cutters are abundant. Liu et al. (2016b) exerted
two disc cutters into the rock under biaxial unequal pressure and
found that with the minimal stress fixed, rock fragment efficiency
improved because of the enlarged crushing zone as the maximum
stress increased. Thirdly, in the field of petroleum drilling, diversified
shaped indenters were widely used in indentation tests under
pressure as a result of the large depth in drilling. Fang et al
(2019) conducted a cone penetration experiment and found that
minimum stress played a leading role in the indentation process,
in which the ultimate force increased and cracks grow shallower
as confining stress increased. To sum up, researchers concerned
with drag tools take into consideration the cutting or dragging
behavior and corresponding splitting pattern of the specimen, while
investigations of TBM roller cutter largely focus on restoring the
squeezing-and-stripping behavior of fragmentation, and impacting
under pressure is the key element in drilling-related investigations.

Although the significance of triaxial stress conditions in terms
of rock fragmentation has been acknowledged, the influence and
mechanism of triaxial stress on fragmentation remain implicit
(Liu et al,, 2016a; Wang et al., 2019). Numerical methods, especially
the discrete element method (DEM) have made a great contribution
in uncovering the mechanism of rock fragmentation by cutters
under stress conditions, which prevails in showing the pattern
of cracks (Zhang Kui, 2010; Xie et al, 2024a; Wu et al,, 2024;
Huang et al.,, 2025; Wu et al,, 2021; Wu et al.,, 2020). Liu et al.
(2015) made use of PFC2D in exhibiting the crack patterns and
explained the mechanism of the influence of confining stress on the
indentation test. Confining pressure decreased fragment width by
increasing the deflection angle of the crack initiation. Kaitkay and
Lei (2005) concluded from their simulation that external hydrostatic
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pressure is found to assist in chip formation and transform the
mode of cutting from a dominantly brittle mode to a ductile-brittle
mode. Despite the great effort in simulating the cutting behavior
under stress conditions, triaxial stress conditions have received
little attention (Xiong et al., 2021; Saksala, 2016). It is necessary
that a systematic investigation on the indentation test of hard rock
under triaxial stress conditions be conducted and the corresponding
mechanism is uncovered.

Research has confirmed that due to stress concentration on the
edge of the working face in deep underground excavation projects,
the rock mass to be excavated is confined with both the horizontal
and vertical in situ stress (Yang et al., 2024a). Due to the limitation
of experiment equipment, current experimental investigations on
the stress conditions in penetration tests are largely restricted to
the effect of horizontal confining stress and mud column pressure
(Saksala, 2016; Li Y. et al., 2022; Shaterpour-Mamaghani et al., 2022).
Additionally, the stress state of the rock is influenced by its position
on the working face. When the drilling fluid pressure is too high or
the rock is close to the excavation side boundary, the rock material
is often under triaxial stress conditions, as shown in Figure I.
This study simplifies the stress parallel to the drilling direction to
axial stress and the stress perpendicular to the drilling direction to
confining pressure (Zou et al., 2022).

In this paper, the coupled effect of axial (vertical) and confining
(horizontal) stress on the indentation test of green sandstone was
investigated by means of physical and numerical experiments.
It was for the first time to make a comparison between the
effect of small and large axial stress conditions on penetrating
fragmentation of rock under confinement employing physical
experiments and to establish appropriate explanations for the
certain effect from the point of meso scale. For this purpose, this
investigation adopted a piece of equipment providing a triaxial
stress condition for penetration. To estimate the performance of
rock fragmentation, three types of indices concerning cuttability are
used, namely load-penetration-related indices such as applied force
and corresponding penetration depth, debris-related, brittleness-
related and energy-related indices. Apart from physical experiments,
numerical simulation was conducted and focused on the feature
of cracks, in an attempt to find out the mechanism of rock
fragmentation by indentation under the coupled effect of axial and
confining stress conditions.

2 Test methodology
2.1 Rock samples

To investigate the fragmentation of rock in penetration test
under triaxial pressure conditions, polished cylindrical green
sandstone samples with a diameter of 36 mm and height of 50 mm
were adopted and thus the stress condition was axial symmetric. The
sandstone was taken from a relatively homogeneous rock block, with
the axis of the core oriented perpendicular to the bedding plane,
thus minimizing the impact of the stratification characteristics of
the sandstone on fragmentation to the greatest extent. According
to the analysis based on the cavity expansion model theory,
the size of the rock sample was reasonable (Yin et al., 2014a;
Yin et al., 2014b; Alehossein et al., 2000; Chen and Labuz, 2006).
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TABLE 1 Mechanical parameters of the green sandstone.

Brazil tensile
strength
o./MPa

Unconfined
compressive
strength
o./MPa

Parameters

Value 81.3 6.9

Elastic
modulus
E/GPa

11.93

10.3389/feart.2025.1567517

Poisson’s
ratio p

Cohesion
c/MPa

Friction angle
o/°

18.58 39.8 0.25

Mechanical properties including uniaxial and triaxial compressive
strength and Brazilian tensile strength listed in Table 1, were tested
according to International Society for Rock Mechanics (ISRM)
recommendations.

2.2 Penetration testing apparatus

Penetration was conducted on the system of single indenter
penetration equipment, shown in Figure 2, which included the part
of penetration and that of the pressure chamber (Zou et al., 2022).
A stepping motor whose loading ability is up to 20 kN and the
indenter made the penetration part. Sphere-shaped cutter is widely
applied in the fragmentation of hard rock for its feature of long
duration and thus spherical indenter with a radius of 2.5 mm was
adopted in this experiment. The indenter was made up of hard alloy
whose deformation was neglected during penetrating. The pressure
chamber is different from a traditional cell in that it provides vertical
pressure condition ¢, or namely axial stress except for horizontal
confining pressure 0}, which simulated the complex triaxial stress
state in the vicinity of the edge of the working face. In detail,
horizontal stress was held by hydraulic fluid, which is advantageous
because it largely reduces the abrasive effect on the edge of the
specimen compared with the traditional rigid loading method.

2.3 Laboratary design

As mentioned, rock in an excavation project at depth can be
held in complex stress conditions. Estimated with a lithostatic slope
of 27 MPa/km, in situ stress reaches 27 MPa when the excavation
project exceeds 1,000 m (Saksala, 2016). In actual engineering, in
situ stress varies a lot influenced by many factors. For instance,
according to the statistics in a tunnel project buried in as deep as
1800 m, horizontal in situ stress varies around 25 MPa, and vertical
stress reaches 33 MPa (Cheng et al., 2020). Based on the information
above, concerning the ability of the current equipment, the stress
level was set as listed in Table 2. The test procedure was as follows:

(1) Sample packed in the membrane was set into the cell and
hydraulic fluid was injected. It was guaranteed that the pressure
chamber was firmly sealed.

(2) The height of the indenter was adjusted so that the bottom of
the indenter was close to the surface of the example.

(3) Both the vertical and horizontal stress was exerted at the same
rate until the target pressure was reached. The target pressure
was maintained by pressure-volume controllers (PVC) during
the course of the experimentation.
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FIGURE 1
Schematic of the in situ stress condition at the edge of the
working face.

(4) The indenter was driven vertically downwards at the speed
of 0.4 mm/min until the sample was broken or the target
penetration (2.5 mm) was reached. Load-penetration curve
was recorded using a linear variable differential transformer
and aload cell.

(5) The sample was taken out from the cell and the debris was
weighed and its size measured.

2.4 Numerical simulation model

DEM prevails among numerical methods with respect to the
investigation of discontinuous behavior, especially to the patterns of
fracture. PFC2D discretizes objects into rigid circular or cylindrical
particles, and interactions between elements only happen at contact
points, and thus the feature of the material is controlled by the
characteristics of contact models and their parameters. Despite the
advantage of PFC2D, the difficulty in simulating a high ratio of
uniaxial compressive strength (UCS) to tensile strength (TS) has
been encountered in PFC2D simulations using traditional contact
models (Shi et al., 2023; Shi et al., 2024). To solve this problem,
Potyondy proposed a flat-joint model, or FJM, which operates well
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Confining stress o

Applied load

.-

== 8
Hydraulic fluid

Loading block

Confining stress o.

FIGURE 2
Testing apparatus and schematic diagram.

Spherical indenter

Rock specimen

Chamber

TABLE 2 Confining stress o, and vertical stress o, exerted in green
sandstone indentation test.

o, (MPa) 15 30 30 30

25 5

o, (MPa) 5 15 25

in simulating the behavior of rock with a high UCS/TS ratio (Wu
and Xu, 2016). Therefore, in this paper, FJM is used to simulate the
mechanical behavior of green sandstone.

Uniaxial compressive strength and Brazilian tensile strength
are fundamental indices for calibration in PFC2D. The calibration
results of micro-parameters are summarized in Table 3. The
macro-properties between experimental and numerical studies are
compared in Table 4. As can be seen, the numerically obtained
parameters (UCS, Young’s modulus, Poisson’s ratio, and BTS) show
a good agreement with those measured in the laboratory. It is
concluded that the micro-parameters calibrated for the sandstone
model are valid and reliable.

The confining and axial stress is exerted by rigid and frictionless
walls in PFC2D, which is a traditional loading method. Considering
that the modulus of the indenter is large compared with rock, the
indenter is also simulated using a rigid spherical wall. It is necessary
to point out here that friction has been established between the
rigid wall that constitutes the cutter tooth and the particles, in
order to simulate the friction between the cutter tooth and the
rock during the intrusion process, and that friction has a significant
impact on the intrusion process. The simulated model is shown
in Figure 3.

3 Results and discussion

3.1 Analysis of load-penetration-related
indices

The first rupture of the rock during the course of penetration
acts as an important basis to evaluate the intrusion process. When

Frontiers in Earth Science 04

TABLE 3 Micro-parameters calibrated for green sandstone.

Component Micro-parameter Value

Density p (kg/mm”*) 2790

Maximum radius r,,,, (mm) 0.5

Minimum radius r,;, (mm) 0.3
Particle Effective modulus E (GPa) 138.8
Normal-to-shear stiffness ratio k, /k (-) 3.58

Friction coeflicient y (-) 0.45

Damping coefficient (-) 0.7
Effective modulus E (GPa) 138.8

Normal-to-shear stiffness ratio k; /k: (-) 3.58

Total number of elements at contact face N(-) 4

FJM contact Tensile strength o, (MPa) 19.5
Cohesion ¢ (MPa) 48.0

Friction angle gb: °) 15

The friction coefficient of contact _(-) 0.45

the applied load increases to a critical value during the intrusion into
the rock, a sudden leap or the first rupture occurs. At this point,
the rock in the vicinity of the dense core breaks up and the load
suddenly falls. The critical penetration depth and the load threshold
can be directly related to the stability or the crushing difficulty of the
rock. Typical curves of applied load concerning penetration depth
under different stress conditions are shown in Figure 4. Based on
this feature of leaping, the ratio of critical force to the corresponding
depth represents the force required for per unit penetration, also
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TABLE 4 Comparison of macro-properties between laboratory experiment and numerical simulation for sandstone.

Macro-property Experiment Simulation Deviation
Uniaxial compressive strength UCS (MPa) 83.7 81.3 2.9%
Young’s modulus (GPa) 11.91 10.32 13.4%
Poisson’s ratio (—) 0.25 0.251 0.4%
Brazilian tensile strength BTS (MPa) 6.9 6.7 2.9%

B — -—

Confining stress

—_—

Confining stress

e

[

Axial stress

FIGURE 3

Simulated indentation test model under confining stress and axial stress.

A Confining stress=5MPa,Axial stress=15MPa B Confining stress=5MPa,Axial stress=30MPa
Confining stress=15MPa,Axial stress=15MPa Confining stress=15MPa,Axial stress=30MPa
15F Confining stress=25MPa,Axial stress=15MPa 15F Conlfining stress=25MPa,Axial stress=30MPa
z z
g g
N N
[} Q
210 210}
& &
= =
2 2
£ £
< 5F < 5f
0 1 1 L 1 0 1 1 1 1 L
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Penetration depth (mm) Penetration depth (mm)
FIGURE 4
Typical curves of applied load concerning penetration depth under the condition of (A) axial stress = 15 MPa and (B) axial stress = 30 MPa.
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g 14} -112 g 814_ _112 g
g “l6s% g £170%
SN o — SN 1 2 | o 9 ol 6 5 e
a2 1o =51 = al 65 =
S / —=—d, (mm) {6.0 = {7 J60 =
Iz, 1.0 Tk
T o5 17 {ss r o
:/ —4— F,/d, (kN/mm) : 0.8} i {50
0.8 L s - . 5 450 0.6 - L : . 145
5 10 15 20 25 5 10 15 20 25
Confining stress (MPa) Confining stress (MPa)
FIGURE 5
The first peak load F, the corresponding penetration depth d, and F,/d, under the axial stress of (A) 15 MPa and (B) 30 MPa.

TABLE 5 Statistics in penetration under different stress conditions.

Stress dy(mm) | F,(kN) Fold, Vg (mm?) | t, (mm) Fy,(kN)  Consumed | SE (kN/mm?)
condition(MPa) (kN/mm) energy(J)

oh o,

15 5 0.90 477 5.26 18.56 141 259 8.67 0.19

15 15 1.64 1281 7.82 43.05 1.60 6.12 17.95 0.16

15 25 0.80 482 6.03 1085 118 3.00 9.41 037

30 5 1.73 1421 8.24 49.09 121 100 15.49 0.13

30 15 0.73 351 483 30.15 124 1.89 10.09 0.14

30 25 1.03 730 7.12 62.01 162 318 17.54 0.10

reflecting the elastic feature of rock under indentation (Fang et al,
2019). In this paper, this certain feature and the corresponding
statistics called load-penetration-related indices were adopted to
assess the difficulty of breaking the rock. About the load-penetration
curve, the critical force is equivalent to the first peak force, denoted
by F, and the corresponding penetration (critical depth) is denoted
by d,,. Hither the load penetration ratio F,/d,, was examined to study
the elastic feature under indentation. Figure 5 records the critical
load F,, the corresponding critical depth d,, and the ratio F,/d,
during penetration of rock samples by spherical indenter under
different pressure conditions. F), is a direct indicator in assessing
cutting difficulty among these indices.The effect of stress conditions
is divided into two cases as below.

The first is the case for the ¢, = 15MPa pressure environment.
Fy
ratio F,/d,,. As the confining stress increases, these three indices
show a trend of first increasing and then decreasing, and reach

is small when confining stress is low, and so are d, and the

the maximum when oy = 15MPa. This certain rise-and-fall trend
corresponds to that in previous studies where no axial stress was
exerted. For instance, Yin et al. (Yin et al., 2014a) penetrated marble
with a disc-cutter-shaped indenter under equivalent confining
stress, and the peak value of load happens when confining stress
equals 25 MPa.

Frontiers in Earth Science 06

In terms of the extent of the effect of stress conditions, with
detailed statistics depicted in Table 5, the maximum Fp under the
condition of 15 MPa axial pressure is 2.69 times the minimum value,
and the corresponding ratio of d,, is 2.05, indicating that confining
pressure at the same axial pressure level has a significant effect on
the excavability of the rock. In detail, it is easy to rupture the rock
when confining pressure is small under this axial pressure condition,
but it is significantly hard to break the rock when confining pressure
increases to a certain value.

As depicted in Figure 5, F,/d,, shows the same trend as that of
intrusion depth d,,. As mentioned above, a larger F/d,, means that
the rock is stable and hard to break. The pressure environment with
axial pressure o, = 15MPa and circumferential pressure o, = 15MPa
constitutes a harsh condition for penetrating. In other words, it is
necessary to increase the feed force into the deeper part of the rock
to break the rock.

The other is the case under the condition of o, = 30 MPa. As
depicted in Figure 5B, the first peak load F, and corresponding
penetration depth d,, first falls and then rises with the increasing
confining pressure, and so does F,/d,,. The minimum value of all
of the three indices is obtained when ¢}, = 15MPa. This trend is
quite the opposite of that under the confining pressure o, = 15MPa,
indicating that large axial stress may change the mechanism of rock

frontiersin.org
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FIGURE 6
V4 as the confining stress increases under different axial stress.
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Confining stress (MPa)
FIGURE 7

t,, as the confining stress increases under different axial stress.

fragmentation pressed by the indenter. Specifically, comparatively
large horizontal confining stress which is unfavorable under small
axial stress, contributes to the rupture of rock under large axial
stress. Researchers have pointed out that large axial stress would
direct cracks in a vertical direction extending to a deeper part of
the rock, under which circumstance damage in the inner part of
the rock is promoted, while the first rupture is not easy to happen
under pressure (Bingxiang etal., 2017). As confining stress increases,
horizontal stress leads to cracks deviating from the vertical direction
and extending to the surface of the rock, facilitating the formation of
chips or the first rupture (Innaurato et al., 2011; Wang et al., 2021).
It is speculated that whether a large amount of cracks extending to
the inner part or not determines the accessing of the first rupture.
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3.2 Analysis of debris under different stress
conditions

From the above analysis, the larger the value of F,/d,, is, the
harder and less economical it is for the indenter to enter the rock.
However, the purpose of mechanical rock breaking is to break
the rock both economically and effectively. That is, it is the ideal
mechanical rock-breaking process that a smaller intrusion force
required for pressing into the rock produces a larger amount of rock
chips. Thus the amount and appearance of chips are examined to
evaluate the effectiveness of penetration.

In the present paper, V, is defined to evaluate the chip
V/d, in which
V is the volume of debris and d is the penetration depth.

production efficiency and is calculated by V4 =
Figure 6 depicts the curves of V4 concerning different pressure
environments, and the patterns are generally consistent with that of
the load-penetration-related indices. The variation of the maximum
thickness of rock chips, denoted by ¢, is shown in Figure 7.

Under the condition g, = 15MPa, Vp increases first and then
decreases with the increase of the confining pressure, which
corresponds to the curve of Figure 5, while the maximum thickness
of rock chips gradually decreases in general. Previous research
recorded the law of thickness of chips concerning confining stress,
and generally shows similar trends (Fang et al., 2019; Liu et al,,
2016¢). It can be found that the rock chips under the conditions
of g, = 15MPa and ¢y, = 15MPa are larger in size and the amount
of large chips is more, as shown in Table 6. The boreability analysis
above also shows that the critical force F,, and the corresponding
depth of penetration dp are larger under this stress condition,
indicating that the larger force produces a considerable amount of
rock chips. Under the condition of 5, = 15MPaand 0;, = 25MParock
chips are thinner by up to 26% compared to the optimal condition,
and V4 is reduced by up to 75%. Meanwhile, the chip size decreases.
It is clear that under this pressure environment, rock crushing
occurs at smaller loads, but the effectiveness of fragmentation is not
satisfactory.

Under the condition of axial pressure 30 MPa, V4 decreases and
then increases with the increase of circumferential pressure, and
the maximum thickness of rock chips gradually increases, both of
which are opposite to the trend under the condition of axial pressure
15 MPa. From the appearance of the rock chips, the changing pattern
of rock chip bulk and V4 are the same. Consistent with the axial
pressure of 15 MPa, the larger crushing load can produce a larger
amount of rock chips, and the rock chip size is also larger. When
0, = 30MPa, the maximum thickness increased by 34% compared
with the minimum, and the maximum chip volume increased by
106% compared with the minimum value when the circumferential
pressure increased to 25 MPa. From the curve of Fp and dp, the
specific pressure environment of o, = 30 MPa and 03, = 25MPa is not
favorable for the first crushing to happen, but the volume, thickness,
and bulk of the rock chips are larger, showing better breaking
effectiveness. As indicated above, the influence of confining stress
upon the effectiveness of indentation is different, depending on the
axial stress exerted on the rock.

Comparing the effects of different axial pressures on the yield
under the same confining pressure conditions, it can be found
that the amount of rock chips produced under the condition of
axial pressure o, = 30 MPa is significantly larger than that under the
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TABLE 6 Typical surface of the samples after indentation and appearance of debris.

Stress
condition(MPa)

Oh

condition of axial pressure o, = 15MPa when ¢, =25MPaand g, = 3.3 Analysis of the feature of brittleness
5MPa. Only at the confining pressure of 15 MPa, the amount of rock

chips under different axial pressure conditions is close. Given the When the applied force reaches a critical value, a sudden drop
effectiveness of fragmentation, although large axial stress demands  in the load is typical for the penetration process. The jump point
a larger load, more debris would be produced. could represent the point of crack initiation or chip formation. When
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Consumed energy in the indentation process as the confining stress
increases under different axial stress.

the stiffness of the loading mechanism is fixed, the feature of the
brittleness of the rock fragmentation determines the magnitude of
the drop. A large drop reflects significant brittle damage to the rock.
Research has shown that brittle damage facilitates the formation
of stripped rock chips and improves the efficiency of mechanical
rock breaking (Gong and Zhao, 2007; Kahraman, 2002). Figure 8
records the load drops Fy,,, calculated by Fy,, = F,,- F},. F, is the
first peak of indentation force as mentioned, and F, is defined as
the applied force after the drop. On one hand, as depicted, it can
be seen that Fy,, shows a trend of decreasing and then increasing
with the increase of the confining pressure under the condition of
larger axial pressure. The value of Fg,,, is the largest when confining
pressure is at the lowest level, and rock fragmentation shows the
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FIGURE 10
SE in the indentation process as confining stress increases under
different axial stress.

feature of brittleness. The F,,, decreases significantly and so does
the volume of rock chips when the confining pressure increases
to 15 MPa. The brittle characteristics of rock fragmentation are
restrained and plasticity is increased under this certain pressure
environment, which is companied by the comparatively small yield
shown in Table 6. The corresponding decrease of V4 to that of Fy, is
consistent with the accepted conclusion that the feature of brittleness
largely contributes to the strip of debris (Liu Quansheng, 2016).
Following this, further increase of the confining pressure conditions
results in significant increases of Fy,, and the corresponding
increase in chip yield is remarkable.

It can be seen that certain confining pressure environments
enhance the brittle fragmentation of penetration, and significantly
improve the breaking effectiveness from the perspective of the
amount of rock chips. Meanwhile, the adverse effect should not be
neglected, for frequent and aggressive drops of load would aggravate
the fatigue failure of the cutting tools. On the other hand, when
the axial stress is set to a lower level, the curve of Fy,,, and the
corresponding phenomenon show the opposite trend.

3.4 Analysis of energy consumption

The consumed energy W during indentation behavior is
calculated by the Equation 1:

d
W= J F,dx
0

(1)

where F; is the recorded applied force, and d is the penetration depth
of the indenter. The variation of energy consumption of penetration
with confining pressure, shown in Figure 9, is similar to that of
the applied load. The energy consumption increases first and then
decreases under o, = 15 MPa while first decreases and then increases
under ¢, = 30 MPa. When confining stress equals 15 MPa, the
consumed energy under the axial stress condition of 15 MPa is more
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TABLE 7 Statistics of cracks in simulation under different stress conditions.

o, (MPa) ¢, (MPa) ’ Total number of cracks

Number of horizontal cracks

10.3389/feart.2025.1567517

Percentage of horizontal cracks

15 5 8922 357 4.00%
15 15 24584 1134 4.61%
15 25 8203 722 8.80%
15 35 4230 484 11.44%
15 45 4839 460 9.51%
20 5 8694 413 4.75%
20 15 18026 608 3.37%
20 25 14300 834 5.83%
20 35 5795 509 8.78%
20 45 4913 469 9.55%
25 5 11405 506 4.44%
25 15 24314 759 3.12%
25 25 9740 624 6.41%
25 35 5011 421 8.40%
25 45 4612 419 9.08%
35 5 9971 375 3.76%
35 15 24950 854 3.42%
35 25 13015 601 4.62%
35 35 5029 430 8.55%
35 45 4609 425 9.22%
40 5 9241 328 3.55%
40 15 13700 511 3.73%
40 25 8343 483 5.79%
40 35 4868 410 8.42%
40 45 4240 408 9.62%
45 5 10628 343 3.23%
45 15 5553 335 6.03%
45 25 8161 474 5.81%
45 35 5403 424 7.85%
45 45 4295 393 9.15%
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FIGURE 11

Effect of confining stress on the total number of cracks produced by
penetration under different axial stress

than that under the axial stress condition of 30 MPa. In other cases,
the consumption is smaller when axial pressure is small.

The specific energy for the estimation of rock crushing efficiency
is calculated by the Equation 2:

SE= WV = JdFidx/V @)
0

where W is the consumed energy and V is the volume of
rock debris (Liu et al., 2016b).

As shown in Figure 10, under the condition of axial pressure
15 MPa, the specific energy consumption increases with the increase
of the surrounding pressure in general, which agrees with previous
investigations (Wang et al., 2021). However, under the condition
of axial pressure 30 MPa, the specific energy is not sensitive to the
increase of the confining pressure. SE is generally lower under high
axial pressure conditions than under low axial pressure conditions.
In other words, relatively large axial stress may promote the indenter
to produce effective fractures, and thus the energy is utilized more
efficiently. In addition, the difference is more pronounced under
higher confining pressures.

3.5 Numerical analysis and discussion

The statistics of fracture in numerical experiments are shown
in Table 7. Figures 11, 12 record the number of cracks generated
by the indenter and the typical crack distribution concerning the
surrounding pressure under different axial pressure conditions,
respectively. Blue and red bars represent shear cracks and tensile
cracks respectively and obviously, the cracks are mainly tensile
(Li et al., 2016). Lateral cracks with a comparatively small angle to
the horizontal play a major role in rock chip production (Wu and
Xu, 2016). Thus Figures 13, 14 count the number of cracks with an
angle less than 15° to the horizontal direction and the percentage
of the total number of cracks, and this paper calls this part of
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cracks horizontal cracks. The trend of the total number of cracks
with surrounding pressure in the range of 5-25 MPa is the same as
the trend of load-penetration-related indicators, rock chip volume,
brittle damage indicators, and energy dissipation in the physical
experiments, which are similarly divided into two distinct trends
depending on the axial pressure. Therefore, it may be reasonable to
interpret the two results in the physical experiments according to the
number and distribution of cracks. Corresponding to the physical
experiments, the pattern of changes in the number and distribution
of cracks is also divided into two categories depending on the axial
pressure conditions.

In the first case, the number of cracks increases and then
decreases with the increase of the circumferential pressure at a
smaller axial pressure. Figure 12A shows the variation of crack
expansion with the circumferential pressure at an axial pressure
of 15 MPa. As depicted, the crack distribution range was mainly
concentrated near the specimen axis, while the total number
of cracks, the number, and the percentage of horizontal cracks
were small. When the circumferential pressure was increased to
15 MPa, the number of cracks and horizontal cracks increased
significantly, both reflected by the increase of debris volume in
physical experiments as shown in Figure 6, but the growth of
the percentage of horizontal cracks was not obvious. The crack
distribution also shows that the intermediate cracks are very
developed and extend in the middle and lower parts of the specimen.
The physical experimental results above show a consistent increase
in chip yield and energy consumption. From the simulation results,
it can be seen that a large area of damage occurred in the rock,
which consumed a large amount of energy; at the same time, the
total number of cracks increased, which was conducive to increasing
the rock chip output, which provided a mesoscale explanation
for the physical experimental results. With further increase of the
surrounding pressure, the total number of cracks decreases, and
accordingly, the consumed energy and yield in physical experiment
decreases; the percentage of horizontal cracks increases because
the intermediate cracks are suppressed. However, the number of
horizontal cracks still decreases, which is not conducive to the
rock chip output, which provides a mesoscale explanation for the
decrease of rock chip volume and increase of specific energy in
the physical experiment. As the surrounding pressure increases
further, the total number of cracks decreases, and the number
of horizontal cracks also tends to decrease in general, while the
percentage increases in general.

In the second case, under the large axial pressure condition,
the number of cracks decreases and then increases with the
increase of the circumferential pressure and gradually converges
with the small axial pressure condition, and the number of
horizontal cracks does not fluctuate much with the circumferential
pressure. Figure 12B shows the variation of crack expansion with the
circumferential pressure under the 45 MPa axial pressure condition.
At a surrounding pressure of 5 MPa, unlike the small axial pressure
condition, the cracks are already widely distributed in the middle
and lower parts of the specimen, and the number of cracks is the
maximum within the range of the surrounding pressure. When the
confining pressure was increased to 15 MPa, the crack distribution
range was significantly reduced, and the number of horizontal cracks
under the large axial pressure condition was not as large as that
under the small axial pressure condition, but its number accounted
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Effect of confining stress on the number of horizontal cracks
produced by penetration under different axial stress.

for a larger proportion of the total number of cracks. It can be
considered that the energy of intrusion is effectively utilized, which
is a relatively favorable stress environment for rock breaking from
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produced by penetration under different axial stress.

the perspective of energy utilization. Compared with the physical
experiments, the total energy consumption is significantly lower at
this point. When the surrounding pressure is increased to 25 MPa,
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the crack extension range increases and the total number of cracks
increases, which explains the increase in total energy consumption
in the physical experiments. The distribution and number of cracks
in the high axial pressure condition converge with those in the low
axial pressure condition with a further increase in the confining
pressure. On the whole, it is of great interest that the total number
of cracks under the small axial stress conditions is larger compared
to that under large axial stress conditions, which may be the key
reason for the comparatively higher SE under the small axial stress
conditions in physical experiments.

It should be noted that the two-dimensional numerical
simulation of lateral cracks does not fully reflect the cutting
effect of surface cracks on rock chips, and previous studies
have demonstrated that the cutting effect of surface cracks is
an important factor in the generation of rock chips (Liu et al,
2002; Liu and Jiang, 2021). So to deeply study the influence
mechanism of related factors on the rock chip output, further
studies should be conducted using improved contact models in
three-dimensional numerical simulation methods (Wu et al., 2024;
Jing et al., 2021; Wu et al., 2025; Xie et al., 2024b; Yang et al., 2024b;
Zhang et al., 2024).

4 Conclusion

In this paper, the fundamental relationship between the
performance of green sandstone fragmentation in penetration
test and the state of triaxial stress of the rock was investigated,
which established
the physical experimental

accompanied by numerical simulation,

corresponding explanations for
phenomenon. The performance of indentation under triaxial stress
provides the basis for further investigations and the optimization of
deep underground excavation by cutters inserted with buttons. The

main conclusions are as follows:

(1) Under the high axial pressure condition, the load-penetration-
related indices, brittle damage index, and total energy
consumption first decrease and then increase with the
surrounding pressure. Correspondingly, in numerical
experiments, both the distribution range and the number of
micro cracks in numerical results climb up and then decline,
which uncovers the influencing mechanism of confining stress
on the penetrating performance of rock. Contrarily, the indices
above show the opposite trend under a low axial pressure
condition, which is consistent with previous investigations.
The critical value to distinguish high axial pressure from the
low is 35 MPa.

(2) The pressure 35 MPa is also the critical value to distinguish
high axial pressure from the low when assessing crushing
effect and energy. Rock chip yield and SE are more satisfactory
under high axial pressure conditions compared with that
under low axial pressure conditions. The smaller amount of
micro-cracks under high axial pressure in numerical results
account for the phenomenon in that less energy is consumed,
making the penetrating fragmentation performance more
energy-saving.

(3) Rock fragmentation by indenter should be evaluated from

various aspects such as load-penetration analysis, rock chip
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morphology, and energy indices. Under certain pressure
environments (o, = o, = 15MPa, 0, = 5MPa & o,
30 MPa and 0}, = 25 MPa & o, = 30 MPa) the load and the
corresponding depth of the first crushing occurs is larger, i.e.,

the rock breaking is more difficult, but the rock chip and
specific energy performance is satisfactory. Conversely, rock
breaking is less difficult under certain conditions (¢}, = 5 MPa
& 0, = 15 MPa, 0}, = 25 MPa & 0, = 15 MPa and 0}, = 15 MPa
& 0, = 30 MPa), but the rock chip yield and specific energy are
inefficient.

Overall, this study approximates the performance of spherical
cutter in breaking rock by simulating single-tooth indentation, and
addressing challenges of laboratory simulations. Future work should
focus on increasing the scale of the experiment to better reduce the
size effect.
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Nomenclature

d Penetration depth [mm]

d, Penetration depth at the first peak force [mm]
Frop Drop of force at the first peak [kN]

F, The first peak force [kN]

[ Maximum thickness of debris [mm]

v Volume of debris [mm?]

Va Volume of debris per penetration depth [mm?]
oy Horizontal confining stress [MPa]

Vertical or axial stress [MPa]

Subscripts

d depth

h horizontal
m maximum
P first peak
v vertical

Abbreviations

SE Specific energy [kN-mm™]
UCS Uniaxial compressive strength [MPa]
TS Tensile strength [MPa]
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