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Abstract: The causes of the size effect (SE) and loading rate effect (LR) for rocks remain unclear.
Based on this, a gypsum-mixed material was used to simulate sandstone, where the dosing ratio
was 7.5% river sand, 17.5% quartz, 58.3% «a-high-strength gypsum, and 16.7% water. The specimens
were designed to have a height-to-diameter ratio (HDR) of 0.6~2, and three strain rates (SRs)—static,
quasi-dynamic, and dynamic—were used to perform single-factor rotational uniaxial compression
experiments. PFC?P was used to numerically simulate the damage pattern of a sandstone-like
specimen. The results showed that the physical parameters did not change monotonically, as was
previously found. The main reason for this is that the end-face friction effect (EFE) is generated when
the dynamic SR or the HDR is 0.6~1, with a damage pattern of “X”. Under mechanical analysis, the
power consumed by the EFE was inversely proportional to the HDR and directly proportional to the
LR, and it can reduce the actual amount of energy transferred inside the specimen. This paper may
provide a foundation for the study of non-linear hazards in coal and rock.

Keywords: gypsum-mixed sandstone-like material; size effect; loading rate; strain rate; end effect;
parallel bonding model

1. Introduction

Rock is a heterogeneous material featuring a non-linear, non-uniform, and complex
geometric structure. Due to weathering, there are many defects such as cracks, joints, and
weak structural planes in rocks, which directly affect the mechanical properties of the
rock. As the size of a rock increases, the random defects contained within it also increase.
Different sizes of rock often show discrepancies in their mechanical properties, which is
called the size effect (SE). The SE in rock engineering has attracted special attention and
research over the past five decades. The SE is not limited to rocks. Almost all quasi-brittle
and brittle materials exhibit some form of the SE [1]. Now, the SE is still one of the hot
research directions in rock mechanics [2].

By studying the mechanical properties and crack propagation laws of sandstone
under different HDRs and LRs, a deeper understanding of the constitutive relationship
of rock—that is, the intrinsic connection between stress and strain—can be achieved, thus
enriching and perfecting the theory of rock mechanics. For example, changes in the
HDR may lead to changes in the stress distribution and deformation mode of sandstone,
and different LRs will cause obvious differences in the mechanical properties, such as
the strength and toughness of sandstone. The study of these phenomena is helpful for
establishing more accurate theoretical models. At the same time, the HDR and the LR will
affect the generation location and propagation direction and speed of internal cracks in
sandstone. Understanding these influence mechanisms can reveal the failure mechanism of
rock and provide important theoretical support for basic research in rock mechanics. For
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example, under a high LR, sandstone may be more prone to brittle failure, and changes
in the HDR may change the crack propagation path and failure mode. Through the study
of these changes, the constitutive model of rock can be improved to make the theoretical
model closer to the actual mechanical behavior of rock. This also helps with studying the
propagation law of microcracks inside rock and deepening the understanding of the rock
failure mechanism, providing a basis for the development of theories such as rock damage
mechanics. Engineers can select appropriate HDRs and loading methods when designing
rock structures based on research results to improve the stability and bearing capacity of
a structure. For completed rock structure projects, engineers can evaluate the safety and
durability of a structure according to the research results of the effects of HDRs and LRs.
Through regular detection and evaluation, problems existing in a structure can be found
in time, and corresponding maintenance and repair measures can be taken to extend the
service life of a project.

Contemporary research on the SE began with the strength theory of rock materials
based on statistical theory, proposed by Weibull [3,4]. According to this theory, the ultimate
strength of rock materials is determined by the integral of the statistical distribution function
related to the volume and material. Based on the classical method of equivalent elastic
fracture mechanics, Bazant presented the famous size effect law [5]. Liu et al. proposed an
empirical formula for the SE of the UCS, which was well verified in seven types of rocks [6].
He held that as the size of a rock increases, the UCS displays downward trend which is
sharp at first and then slow. Hoek and Brown established the relationship of specimens’
strength between different size diameters and a 50 mm diameter and accordingly proposed
the empirical size effect mode [7]. The research conducted by Brace also applied to many
rock mechanical problems regarding the SE [8]. Carpinteri et al. proposed the multifractal
scaling law size effect model [9]. Based on Bazant’s study, Masoumi et al. proposed the
unified size effect law (USEL) for Gosford sandstone for uniaxial compression and point
loading experiments [1]. Zhang et al. established statistical models and general expressions
for the failure probability, and on this basis, they determined the SE of quasi-brittle materials
through the Weibull and Poisson distribution models, revealing that the defect probability
and rock strength increase monotonously with the volume [10]. Liang et al. proposed
a numerical simulation method for studying the SE of a macroscopic cross-dimension
rock mass [11].

In addition, under different loading conditions, the mechanical properties of rock vary
greatly. In a laboratory, different values for the LR can be used to simulate the loading
conditions of specimens subjected to different stress environments. The LR is likewise
one of the factors affecting rock’s mechanical parameters. By conducting experiments on
marble with different LRs, Su et al. found that with an increase in the LR, the rock damage
morphology experienced changed the localized shear to complete shear-tension damage
and to conical damage [12]. By analyzing the energy evolution mechanism of marble at nine
LRs, Huang et al. proposed that the degree of fracturing is positively correlated with the
LR [13]. Zhang et al. studied the mechanical properties of deep sandstone under different
loading rates and revealed the damage mechanism of deep sandstone under different strain
rates [14]. They analyzed the relationship between the SE of rock and the different confining
stress conditions through numerical simulations, and the strength of the rock increased
significantly with increasing confining pressure [15-18].

Through statistical analysis of previous research results and experimental verification,
Darlington et al. concluded that the SE for a rock’s strength depends on the type and
structure of the rock [19]. Most rock formations in coal mines are sedimentary rock. There
are still differences of opinion about the SE and LR of sedimentary rocks. Hawkins proposed
that sandstone specimens reach their peak strength in the range of 40~60 mm in height,
and the strength will decrease when the height is beyond this range [20]. Wang et al.
proposed that the long-term strength values of rock will gradually decrease and plateau
as the specimen size increased [15]. Chen et al. used RFPA?P to study the mechanical
behavior of carbonaceous mudstone specimen with a HDR of 2:1, and founded that ¢
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150 mm x 300 mm was the boundary size of rock strength [21]. Meng et al. conducted
mechanical testing experiments on red sandstone and found that the peak strength of the
specimen is negatively correlated with the HDR and positively correlated with the LR [22].
Aurelien et al. experimentally challenged the assumption underlying the Weibull method
that the critical crack size increased with specimen size [23]. Arcady proposed a brittle
dynamic failure model and predicted that the observed dynamic compressive strength
would be enhanced with the increase in the LR and specimen size [24].

The surrounding rocks of deep coal mines have undergone extensive geological struc-
tural deposition, resulting in a highly complex stress environment. Additionally, the coal
and rock mass are relatively incomplete, which complicates the successful drilling of rock
and coal specimens with a HDR of 2:1 on site [16,25-28]. Furthermore, the mechanical
properties of rock and coal specimens drilled from different locations exhibit significant
discrepancies. Consequently, recent experimental studies have increasingly focused on the
development of rock-like materials in the laboratory to investigate the associated mechan-
ical properties of rock. Haeri et al. combined experiments and numerical simulations to
investigate the mechanism of micro-crack propagation and coalescence in brittle rock-like
materials. They discovered that crack propagation in rock-like materials may resemble
that of natural micro-cracks [29]. This was achieved through orthogonal experiments,
Song et al. developed a rock-like material with cement, silica fume and quartz as the main
components which better simulated the similar deformation and brittleness characteristics
of sandstone [30]. Zhang et al. studied the influence of multiple intersecting fissures on the
mechanical properties of rock-like, materials and found that as the length of a single fissure
increased, the UCS and residual strength of the specimens gradually decreased, while the
macro-failure mode transitioned from shear to tension [31]. Huang et al. researched the
influence of the SE and confining pressure on the UCS and Em of rock-like gypsum—cement
mix materials, revealing that as the specimen size increased, strength initially rose before
declining, ultimately increasing with the rise in circumferential pressure [32]. Yin and Yang
analyzed the differences in failure characteristics, UCS and acoustic emission parameters of
two types of transversely isotropic rock-like materials through various experiments [33].

This study aims to investigate the influences and causes of the SE and LR on the
mechanical properties of materials. Initially, a sandstone-like material was developed to
exhibit mechanical properties that adhere to a specific ratio relationship with targeted
sandstone. The effects of different LRs and HDRs on the mechanical properties of the
sandstone-like rock bodies were also investigated by uniaxial compression experiments
and PFC?P numerical simulations. Consequently, the underlying causes of the SE and LR
production in sandstone-like specimens are revealed. This paper could lay the research
foundation for preventing non-linear damage in underground spaces such as rock and
mining engineering. It also offers valuable guidance for the selection and proportioning of
similar materials and is of great significance for predicting and controlling rock fracture
behavior in engineering applications.

2. Sandstone-like Material
2.1. Preparation and Testing of Sandstone Specimens

The sandstone specimens were selected as the research object, and were collected
from the transportation roadway of a coal mine at a buried depth of 730~800 m in Shanxi
Province, China (as shown in Figure 1). The joints and cracks in the surrounding rock are
only slightly developed. Six specimens (¢ 50 x 100 mm) were drilled and polished from a
large rock sample in the laboratory with the ISRM’s suggested method [34].The detrital
components are primarily quartz, and the cementing material components are mainly
carbonates. It belongs to relatively young sandstone after the Mesozoic era. This sandstone
is a medium-strength rock. Furthermore, to minimize the influence of different LRs on the
experimental results, a control experiment was conducted to test the mechanical properties
of sandstone specimens at a loading rate of 0.5 MPa-s~! using the MTS815 electro-hydraulic
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servo-controlled rock mechanics testing system at the China University of Mining and
Technology. The average value of UCS measured was 69.2 MPa.
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Figure 1. Location of the target coal mine.

2.2. Raw Materials

In current research on rock-like materials, gypsum-mixed materials are the most
widely used that their mechanical properties which closely resemble those of natural
rock. In addition, these materials are also featured with relatively larger adjustment range
of mechanical parameters, abundant sources, low price, and ease of production [35-37].
Based on these advantages, gypsum-mixed materials have been selected as the simulation
material for sandstone in this paper.

The main components of the gypsum-mixed simulation materials include river sand,
quartz sand, a-high-strength gypsum and water. The best ratio was found through multiple
proportioning tests and reference studies [38—40]. To be specific, river sand and quartz sand
were used as aggregates; a-high-strength gypsum was the binder; and water was used as
the blending agent. The specific composition ratio is detailed in Table 1.

Table 1. The composition ratio of sandstone-like material.

Ingredients Size (Mesh) Ratio Dosage (%)
River sand 9,16 and 32 1/3 of each particle size 75
Quartz sand 200 and 600 1/2 of each particle size 17.5
a-high-strength gypsum powder 180 / 58.3
Water / / 16.7

2.2.1. River Sand

The river sand used was of high quality, without impurities such as clay. The sand
was screened in the laboratory using mesh sieves to separate it into three particle sizes: 9,
16, and 32 mesh. These three grain sizes of river sand were mixed together in a certain ratio
(as shown in Table 1), which was to prevent the effect of inhomogeneous grain sizes on
mechanical parameters such as the strength of rock-like specimens.

2.2.2. Quartz Sand

The quartz sand used was high purity quartz sand, presented in a white powder form,
characterized by its high hardness, high specific gravity, uniform grain size and natural
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color. Two types of quartz sand, 200 and 600 mesh, were used for this simulated material
and mixed in a designated ratio (as shown in Table 1).

2.2.3. a-High-Strength Gypsum

The a-high-strength gypsum was available in the form of white powder, produced
through decomposition under higher pressure. The grains of high-strength gypsum were
coarse, with relatively small surface area. The plasticized water requirement for blending
into the gypsum slurry was approximately 35-45%, thus the porosity was small after
hardening. Accordingly, it featured high-strength (up to 40 MPa at 7 days) and compactness.
The dosing and particle size specifications are shown in Table 1.

2.2.4. Water

Water served as the blending agent in this study. Tap water, sourced from the labora-
tory at room temperature, was utilized due to its purity and freedom from impurities, as
well as its easy accessibility from various sources.

2.3. Preparation of Gypsum-Mixed Sandstone-Like Specimens

In order to simulate the structural characteristics of sandstone under geological de-
position, this study used a WDW-50 electro-hydraulic servo testing machine to exert
a constant load on the upper surface of the specimen after initial setting and press it into
the shape in a constrained mold as illustrated in Figure 2. The specific production steps are
outlined as follows:

(1) First, combine the river sand and quartz sand, then shake the mixture on a vibrating
table for 2 min to make it homogeneous.

(2) Mix the gypsum powder evenly in the prepared water.

(3) Gradually add the gypsum solution slowly to the aggregates and mix continuously at
30 r-min~! until there are no flocculants or air bubbles in the slurry.

(4) Apply petroleum jelly evenly to the inner wall of the mold to facilitate the release of
the specimen.

(5) Allow the slurry to mix thoroughly for 1 to 3 min and then pour into the mold.

(6) In order to simulate the stress state and structural formation characteristics of sand-
stone in a large burial depth roadway, place the specimen after reaching initial solidifi-
cation in the prepared closed cylindrical mold and press it into the corresponding size
and shape with a constant pressure of 3~5 KN by using the WDW-50 electro-hydraulic
servo tester (the pressure needs to be adjusted according to the actual burial depth of
the roadway).

Fy = yHrr*Cy (1)

where Fy denotes the constant load applied by the press; - is the average rock capacity;
H refers to actual burial depth of the rock formation; 7 is the circumference of the
circle; r denotes the radius of the specimen cross-section; C, is the stress similarity
ratio between sandstone and similar materials.

(7) Remove the mold after the initial setting of the specimens, and put the specimens in a
constant-temperature moisturizing curing box for 28 days.

(8) Cutand polish the prepared specimens into eight groups of cylindrical specimens with
a diameter of 50 mm and a height of 30 mm, 40 mm, 50 mm, 60 mm, 70 mm, 80 mm,
90 mm, and 100 mm in different HDRs, as shown in Figure 3; in total, 80 rock-like
specimens were produced.

(9) The allowable deviation of the height and diameter of the same group of specimens is
0.3 mm; that of the unevenness of the two ends’ surfaces is 0.05 mm; and the ends’
surfaces should be perpendicular to the axis of the specimen to allow a deviation
of 0.25°.



Appl. Sci. 2024, 14, 10049

6 of 21

Constant temperature
Pressed into the shape moisturizing curing box
with a constant pressure -

Figure 3. Part of the specimens with different HDRs.

2.4. Performance Comparison

The sandstone-like specimens were polished to a size of ¢ 50 x 100 mm, after which a
uniaxial compression experiment was also performed at a LR of 0.5 MPa-s~!. The results
showed that the average of UCS was 6.96 MPa. In contrast, the UCS of sandstone is
69.2 MPa, revealing a difference between the two is approximately ten times. The difference
in density between the two is approximately two times. As is shown by the stress—strain
curves Figure 4, the stress—strain curves were fitted, and the slope of the fitted straight
line was taken as an approximate value for the elastic modulus. The slopes of the two
fitted straight lines are similar and the goodness of fit approaches 1, suggesting that the
elastic moduli of both materials are comparable. The failure characteristics and mechanical
properties between sandstone and sandstone-like specimens are very similar, with a similar
proportional relationship. The mechanical properties are shown in Table 2. This proves
that it is feasible to use this kind of sandstone-like material to simulate sandstone [41].

70 sandstone

sandstone-like material

Prepared

specimen

UCS (MPa)
UCS (MPa)

0.0 0.5 1.0 1.5 2.0 25 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Axial strain & (%) Axial strain & (%)

Figure 4. Stress—strain curves of sandstone and sandstone-like materials.
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Table 2. Comparison of mechanical parameters of sandstone and sandstone-like materials.
_3 ucs . .o
Type p (g-em—3) (MPa) Em (GPa) Axial Peak Strain & (%) v
Sandstone 2.64 69.2 3.68 2.3 0.21
Sandstone-like material 1.33 6.96 0.53 1.6 0.23

3. Mechanical Experiment
3.1. Experimental Design and Method

The experimental design employed a single-factor rotation method in order to verify
the law of the SE and LR on the mechanical parameters of gypsum-mixed sandstone-like
specimens. The aim of the single-factor rotating experiment method was to reduce the
number of experiments and save manpower while obtaining the best experimental results
with fewer factors and more influence levels [42,43].

The SR is the LR per unit height of the specimen [44-47], as shown in Formula (2).
Coal mine load states can be classified based on the SR, as shown in Table 3. Additionally,
the deep roadway in aimed coal mine was used to subject to a stress environment similar
to quasi-dynamic loading conditions.

o U
 Hx60

(2)

where U, denotes the displacement LR, mm-min~—!; ¢ is the SR, s~ }; and H is the height of
the specimen, mm.

Table 3. The relationship between the load state and the SR in coal mines.

SR (s 1) Load Condition
<1073 Static
107°~1073 Quasi-dynamic
>1073 Dynamic

A different SR loading uniaxial compression experiment was designed according
to Table 3. There were three loading conditions, namely, static, quasi-dynamic and dy-
namic. Firstly, uniaxial compression experiments were carried out on the 50 mm-diameter
specimens whose height ranged from 30 mm to 100 mm at a certain LR of 0.8 mm-min~!
(quasi-dynamic). The experimental LRs selected included 0.1 mm-min~!, 0.2 mm-min~1!,
0.5 mm-min—!, 1 mm-min—!, 2 mm-min—!, 5 mm-min—?!, 10 mm-min—?!, 20 mm-min !
and 50 mm-min~!. Subsequently, uniaxial compression experiments on sandstone-like
specimens with a diameter of 50 mm and a height of 100 mm were performed at different
LRs. Before the test, a small amount of butter was applied on the upper pressure contact
sheets to avoid causing the friction between the end face of the specimens and the testing
machine. The uniaxial load and displacement values were measured in real time by an au-
tomated data acquisition system. In order to reduce the test errors, every test was repeated
three times, and the average value was taken as the final result [48].

3.2. Analysis of the Experimental Results

Based on previous research [19,29], segmented fitted curves were found to be the most
effective means of reflecting the SE pattern. The HDR of the sandstone-like specimens
was divided into 0.6~2 (diameter of 50 mm and height ranging from 30 mm to 100 mm).
And the changing trend of stress—strain curve was also divided in accordance with the
three loading conditions: static, quasi-dynamic, and dynamic under the different LRs. The
experimental results are shown in Table 4.
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Table 4. Experimental results on specimens with different HDRs and different LRs.

LR (mm-min—1) HDR SR (s™1) Load Condition UCS (MPa) Axial Peak Strain & (%)
0.6 4.44 x 1074 Quasi-dynamic 4.96 4.36
0.8 3.33 x 107* Quasi-dynamic 5.23 2.94
1 2,67 x 1074 Quasi-dynamic 5.8 2.15
1.2 222 x 1074 Quasi-dynamic 5.17 3.74
0.8 14 1.90 x 10~4 Quasi-dynamic 5.59 1.85
1.6 1.67 x 1074 Quasi-dynamic 5.69 1.34
1.8 1.48 x 1074 Quasi-dynamic 5.16 1.64
2 1.33 x 1074 Quasi-dynamic 4.55 2.71
0.1 1.67 x 107° Static 5.18 1.01
0.2 332x107° Static 3.47 1.09
05 832 x107° Static 5.63 1.18
1 1.67 x 1074 Quasi-dynamic 6.16 1.97
2 2 3.39 x 107* Quasi-dynamic 5.40 1.47
5 8.30 x 1074 Quasi-dynamic 6.07 1.15
10 1.66 x 1073 Dynamic 5.23 1.32
20 3.32 x 1073 Dynamic 4.83 1.21
50 8.32 x 1073 Dynamic 6.68 1.27
3.2.1. Different HDRs
In order to observe more clearly the trends in mechanical parameters such as UCS with
the HDR, the stress—strain curves are plotted in Figure 5. It can be seen that specimens with
different HDRs display different trends. They did not increase or decrease monotonically.
At a HDR range of 0.6~1, the UCS increases with an increasing HDR and the peak strain
decreases accordingly, and from the degree of inclination of the elastic phase of the curve,
it can be seen that the elastic model also increases. The same pattern is satisfied at a
HDR of 1.2~1.6. However, at HDRs of 1.6~2, the mechanical parameters change in the
opposite trend. The details are analyzed below. Those with HDRs less than 1 are affected
by end effects and show X-shaped failure. Those with HDRs greater than or equal to 1.2
have obvious unilateral development of cracks. In order to obtain these results, a total of
45 samples, 5 for each of the nine specimens with HDRs ranging from 0.6 to 2, were tested.
Taking 1.2 as the turning point, this is also reflected in the subsequent numerical simulation.
@¢ —— HDR 0.6 SAMPa (e 69MPa 5.59MPa ——HDR 1.2 (©) ¢ 69MPa HDR 1.6
J =i ik s / e -
| \ . 4.55MPa
P & =
%‘-f 3 Increasing HDR, E % dl / B
g 0.6~1) § § // ’
2 24 £ e
1 5 14
Yot s Increasing HDR el
0 T - T T . 0 : T — T r

Axial Strain ¢ (%)

4 S 0 | 2 3 4 N

Axial Strain g (%)

Axial Strain & (%)

Figure 5. Stress—strain curves of specimens with different HDR. (a) HDRs of 0.6-1; (b) HDRs of
1.2-1.6; (c) HDRs of 1.6-2.

ucs
Figure 6a illustrates that as the HDR increases, the UCS value displays a changing
trend that is M shaped. The curve is fitted by two parts with a HDR of 0.6~1.2 and 1.2~2,

and the fitting parameter is good, R? is 0.918 and 0.99988, respectively in order to obtain
the fitted Formula (3) for the UCS at each stage. When the HDR ranges from 0.6 to 1.2,
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the UCS roughly tends to first increase fast and then decrease slowly. The maximum UCS,
5.8 MPa, during this stage is obtained when the HDR is 1. After passing the dividing line of
a HDR of 1.2, the UCS curve shows a trend of first fast growth then reducing significantly.
And the maximum value of the UCS, 5.69 MPa, in this interval is obtained at a HDR of 1.6.
Additionally the UCS has a small error prediction range, indicating it is low dispersion.
Therefore, within the HDR range of 0.6~2, UCS presents different change trends, and the
maximum value is obtained at a HDR of 1. However, the UCS does not completely decrease
with the increase in size; when the HDR ranges from 0.6 to 1, the UCS follows an increasing
trend. This is not consistent with previous conclusions that as the size increases, UCS
gradually decreases to stabilize [4,6,7,10,31]. However, this result seems to coincide with
the conclusions of Hawkins and Masoumi [1,20] that the UCS increases within a certain
HDR range and gradually decreases when exceeding this range.

y1 = —5.625x% + 10.725x + 0.475

Yo = —4.80357x% + 14.53643x — 5.34486
E; = 18.7875x% — 31.1875x + 18.8125

E, = 12.01786x2 — 39.59215x + 33.87629

©)

where y; is the UCS value when the HDR is 0.6~1.2, MPa; y, is the UCS value when the
HDR is 1.2~2, MPa; E; is the peak axial strain when the HDR is 0.6~1.2, %; E; is the peak
axial strain when the HDR is 1.2~2, %; x is the HDR.

@ ()
7.0 o 5.0 —
=N I=J
o UCS o = — — - Fiuing curve
— — - Fittingcurve £ 4.5 2
6.5 Qi d = d ¢
= y=—4.80357.Y2+14.53643x—5.34486 \ =
A ! R*=0.99988 =
i =401 ! ar
! $ \ i
6.0 /TN | ~ \
. w _ I
o ) | / »35 \ S\ p=12.01786x2—39.5921x—33.87629 )
% ______ A Sttt 4 . g \ 1\ R=0.99859
=515 TR SN P % 3.0 4 \o g
w A i AN = \ VAR ,
@] 4 v N7 \ \ 1 \ !
=) /9 ¢ PN 2 o N, /AN IP
504 / | . AR = M i \' Error prediction range / ,
9 I~ Error prediction range \ = ° i \ /
P | \ é H \ /
! \ 2.0 I \ /
4.5 ! ) y=18.7875x2-31.1875x+18.8125 | N ’
3 |y=S.0250410.725540.475 5 | | s |R=0.99669 ; Y
R?*=0.918 ; . . Y
i : ~Q__.-
4.0 T T T f T T T T 1.0 T T T I T T T T
0.6 0.8 1.0 1.2 1A 1.6 1.8 2,0 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
HDR HDR

Figure 6. The changing trend of mechanical parameters with different HDRs at a LR of 0.8 mm-min~:
(a) UCS; (b) axial peak strain.

Axial Peak Strain ¢

The peak strain is inversely proportional to the UCS, mainly due to the gap in the
elastic modulus. Under the same compressive strength, as the elastic modulus increases,
the peak strain decreases. As can be seen from Figure 5, when the HDR ranges from
0.6 to 1, the curve slope increases, the elastic modulus of the specimen gradually increases,
and the peak strain gradually decreases. When the HDR ranges from 1 to 1.6, the curve
slope increases to the maximum value, at which point the elastic modulus of the specimen
reaches the maximum value, and the peak strain reaches the minimum value. When the
HDR ranges from 1.6 to 2, the curve slope decreases, the elastic modulus of the specimen
gradually decreases, and the peak strain gradually increases.

As illustrated in Figure 6b, as the HDR increases, ¢ shows a “W-shaped” segmental
changing trend, which is roughly opposite to that of UCS. It is also fitted by dividing
the curve into two parts with the HDR of 1.2 as the dividing line. The fitting results
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demonstrate a high degree of accuracy, with R? values of 0.99669 and 0.99859, respectively.
When the HDR is within the range of 0.6~1.2, the ¢ fast reduce then sharply increase; and
the minimum value appears when the HDR is 1. Conversely, when the HDR is between
1.2 and 2, the ¢ significantly decrease followed by a rapid increase. And the minimum
value appears when the HDR is 1.6. However, when the HDR is 1.2, another peak value of
€ appears, which is not a coincidence in that the trends in UCS also reflect this behavior. In
other words, the HDR corresponding to the peak point in the UCS is exactly the opposite in
the axial peak strain, e.g., HDRs of 1, 1.2 and 1.6. The discretization is also low. Comparison
of the variation curves of UCS and ¢ indicates that the degree of brittleness of such gypsum-
mixed sandstone-like materials becomes more pronounced at higher strengths. In particular,
¢ is significantly lower for HDRs greater than 1.2, with values falling below 3%.

3.2.2. Different LRs

There are three SR loading conditions based on the LR, namely, static (0.1~0.5 mm-min 1),
quasi-dynamic (1~5 mm-min~!), and dynamic (10~50 mm-min~!). The fitted Formula (4)
and R? values for the UCS and axial peak strain under these three states are also obtained,
respectively. From Figure 7, it can be seen that the stress—strain curves of the specimens
in the three SR loading states have different trends. However, during the original fracture
compaction stage, the strain of the specimen was higher under static loading conditions,
especially at 0.1 mm-min~!, indicating that the loading rate is low enough to allow a more
fully integrated expansion of the internal cracks.

U; = 60.75x% — 33.325x + 8.105

U, = 0.24583x2 — 1.4975x + 7.41167
U; = 0.00254x2 — 0.11625x + 6.13833
Aq = 0.39616x + 0.98769

A, = —0.18231x +2.01615

Az = 0.000325x2 — 0.02075x + 1.495

(4)

where U; and A; are the UCS value and peak axial strain when the SR in the static phase
(0.1~0.5 mm-min~1), respectively; U, and A, are the UCS value and peak axial strain
when the SR in the quasi-dynamic phase (1~5 mm-min~!), respectively; Us and Aj are the
UCS value and peak axial strain when the SR in the dynamic phase (10~50 mm-min~1),
respectively; x is the LR.

Axial strain ¢ (%)

(b)7 (©)’
LR 0.1mm/min LR Imm/min LR 10mm/min
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) 6 o . .
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5
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Figure 7. Stress—strain curves of the specimens under different LRs: (a) static (0.1~0.5 mm-min~1);
(b) quasi-dynamic (1~5 mm-min~'); (c) dynamic (10~50 mm-min~1).
ucCs

From Figure 8a, it can be seen that the UCS of sandstone-like specimens with the
same HDR does not increase or decrease monotonically under different LRs. The fitting
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was carried out according to each of the three loading states, which fitted well with a R?
of 0.9999, 0.9999 and 0.9999, respectively. The trend for each SR phase is approximately
the same: first decrease and then increase. During the static phase, the lowest value of
UCS, 3.47 MPa, is obtained at 0.2 mm-min~!. In the quasi-dynamic stage, a similar pattern
of variation is observed, with the lowest value of UCS occurring at 2 mm-min~! with
5.4 MPa. However, the UCS of the specimens in the quasi-dynamic phase are generally
greater than those in the static phase. In the dynamic loading phase, the UCS values of
the specimens with LRs between 10 and 20 mm-min~! are smaller, and the lowest value
appear at 20 mm-min~!. However, at a LR of 50 mm-min~!, the value of UCS is 6.68 MPa,
which is the maximum across all phases. Additionally, all error bars are small, indicating a
low discretization.

() ®)

7}
2.0 B Axial peak strain € (%)
704 y=0.00254x—0.11625x+6.13833 : " [ — Fitting curve (0.1-0.5mm/min)
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Figure 8. Mechanical parameter trends with same HDR at different LRs: (a) UCS; (b) axial peak strain.

Axial Peak Strain ¢ he trend in ¢ varies at different phases of SRs (Figure 8b). The fitting
parameter R? are 0.99964, 0.98909 and 0.99998, respectively. During the static loading phase,
as the LR increases, the ¢ rises slowly with a slope rate of 0.39616. There is a sharply rise
trend during the transition from the static phase to the quasi-dynamic loading phase. The
¢ tends to decrease rapidly during the quasi-dynamic loading process. However, the values
are greater than those observed during the static loading phase. In the dynamic loading
phase, the curve of ¢ first slowly decrease and then quickly increase as the LR increases.
These changing characteristics are not consistent with UCS, indicating that different LRs
have some effect on the elastic modulus of the specimens. The elastic modulus reflects a
rock’s ability to resist deformation and also represents the strength of the bonds between
microscopic particles within the rock. This shows that different LR environments have a
pronounced effect on the internal structure of the same specimen as well as on the bonding
ability between microscopic particles.

4. Numerical Simulation

The formation and development of cracks are fundamental causes of damage to the
specimen. However, the development and expansion of the specimen internal crack cannot
be observed during the loading process. Numerical simulation is a better method for
observing the development and number of cracks within the specimen.

4.1. Model Configuration

A numerical model was developed to simulate uniaxial compression on sandstone-like
specimens with different LRs and HDRs. The purpose is to observe crack distribution
and changes in the damage process of the specimen, and then reveal the cause and mech-
anism of the SE and LR effect. The Particle Flow Code (PFC) is based on a discrete cell
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100mm

approach, which treats rock-like materials as an aggregate of rigid particles. This model
overcomes the limitations of traditional continuous media analysis methods in the study of
rock-like inhomogeneous materials and allows for the spatial and temporal evolution of
crack incubation, extension and penetration to be accurately reproduced from a fine-scale
perspective [49-51].

Rocks are composed of a collection of mineral particles, and the parallel bonding
model (PBM) is mostly used in numerical simulations of rock materials. The PBM is
capable of transferring both forces and moments, which is more realistic. PBM can be seen
as consisting of linear spring set and a parallel bonded spring set, as shown in Figure 9.
And in the model, a rock can be interpreted as a combination of discs of finite thickness,
which are interconnected by bonding bonds that possess finite stiffness at both the contact
points between the discs and in the bonded area. When the applied local stress (i.e., tension,
shear or rotational moment) exceeds the specified bond strength, these bonds break to form
a microcrack, and the code of destruction is subject to the Mohr-Coulomb theory.

Damping force (F9)
Bonding loads (?H) Linear elasticity (no tensile stress) and friction
No linear contact force shown (F')
Wire elasticity & viscosity

failure criterion :
e

pices2

Bl

De— 0
picesl

prel K

2R =
F.=F'+F'+F M =M

unbonded —— Shear cracks /N Tension cracks

.‘?‘ f z i
et i Jaaeude & - %
a3
2 et
50mm g i
s K
k!i

Figure 9. Parallel bonding model (PBM) and failure criterion.

The PFC?P 6.0 software is based on Newton’s second law and the law of forces and
displacements, which relate the forces and displacements of two microelements in contact
with each other [52]. The PFC?P software makes the following basic assumptions in its
calculations: (1) the particles are rigid; (2) contact occurs over a small area, i.e., point contact;
(3) the contact is flexible and a certain amount of “overlap” is allowed at the contact; (4) the
amount of “overlap “ is related to the contact force; (5) the contact has a special joint
strength; (6) the particle units are represented as discs.

The PFC?P software explains the damage fracture mechanism of materials from a
fine-grained mechanical point of view by recording the cracks that develop during the
fracture damage of bonding bonds through the embedded fish language. This paper
adopts the recommendation of POTYONDY et al. [53,54] for the calibration of the fine view
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parameters, assuming that the particles and the adhesive bonds have common deformation
properties as Formula (5), with the maximum to minimum particle size ratio maintained at
a constant value of 1.66. To mitigate the influence of end-face friction on the experimental
results, we set the contact surface between the loading plate and the specimen as frictionless
prior to the numerical simulation experiment.

Ec=Ec
{ kn/ks — fn /s ©)

4.2. Numerical Results
4.2.1. Different HDRs

The numerical simulation aligns closely with the experimental results to a high degree
as shown in Figure 10. Figure 11 shows the damage morphology and fracture development
of the PFC?P simulated specimens across different HDRs at the same LR of 0.8 mm-min~!.
The damage mode and internal crack development morphology varies somewhat among
the specimens with different HDRs. Notably, the number of primitive cracks within the
specimen gradually reduces as the HDR decreases. However, for the HDR from 0.6 to 1,
the number of cracks formed inside the specimens at the moment of damage is 698, 789
and 696, respectively. This is significantly higher than those for a HDR of 1.2 and 1.4—502
and 530, respectively (as shown in Figure 12a). Meanwhile, it can be seen that internal
cracks running along the diagonal direction occur in the direction of shear damage when
the HDR is between 1.6 and 2; the internal crack expansion direction becomes smaller
when the HDR is between 1.2 and 1.4; however, with the HDR between 0.6 and 1, the
specimen shows an end damage mode internally, with cracks on the upper and lower end
faces coming together in a triangular shape towards the center, and the specimen shows
the “X-conjugate” damage pattern.

6

—s— Experimental curve
—=&— Numerical simulation curve

UCS (MPa)
1

0+ T T T T T
0.000 0.003 0.006 0.009 0.012 0.015 0.018

Axial strain g

Figure 10. Comparison of experimental and numerical simulations of stress—strain curves.
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Figure 12. The pattern of variation in the number of internal cracks formed when specimens are
damaged: (a) different HDRs; (b) different LRs.

4.2.2. Different LRs

Figure 12b illustrates the number of cracks within the specimen under different LRs.
To be specific, the development and number of internal cracks vary during uniaxial com-
pression damage of the specimens with the same HDR at different LRs. As the LR increases,
the number of cracks formed gradually rises, especially in the dynamic loading phase,
where the number of cracks formed by specimen damage is significantly higher than that
observed in static and quasi-dynamic loading phrases. Especially at a LR of 50 mm-min !
the number of damaged fissures increases dramatically to 5931.

As stated by WASANTHA, at high strain rates, plastic strains may not develop suffi-
ciently before the next level of stress increases, leading to hardening of the rock material
and thus higher strength [55]. As can be seen from Figure 13, under static loading condi-
tions (0.1~0.5 mm-min '), due to the slow LR, the original cracks within the specimen to

4
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continue converging under the axial load and develop into multiple large cracks. In the
quasi-dynamic loading phase (1~5 mm-min~!), the LR is larger than that of the static load-
ing phase, and the specimen has been compressed and damaged before the internal fissures
come to be “aware”, so that the primary cracks inside the specimen do not fully integrate.
At this point, tensile cracks occur mainly between the spheres and the specimen and form
a shear damage pattern along the diagonal direction. This is the same as the numerical
simulation results for different HDRs. In the dynamic loading phase, cracking is in the
form of a “large X” type of damage development. Especially at the LR of 50 mm-min~!,
the number of cracks within the specimen increases significantly, resulting in the formation
of multiple X-damage patterns.

\\/

7.,_ . Dynamlc B e .,,,\\‘ 5 \,

S

Tension crack = Shear crack

Figure 13. Crack extension in uniaxial compression of the specimens with different LRs.

5. Analysis for SE and LR Causes
5.1. The Mechanical Model

The EFE can increase the shear stress (7) at the end face of the specimen, limiting the
lateral deformation, resulting in the specimen showing tapered damage. The mode can
be simplified as the specimen is broken into 4 parts, where there is friction between the
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blocks (as shown in Figure 14). According to the Mohr—Coulomb theory, we can obtain the
following Formula (6).

oy =0 —2fcosf ©)
T=c+otang

where ¢ is the stress applied by the press; o7 denotes the actual axial stress; T is shear
stress at the end face of the specimen; f is friction generated between the blocks; 0 is the
angle between conical block and vertical direction; c¢ is the cohesion at the end face of the
specimen; ¢ is the internal friction angle at the end face of the specimen.

50mm

100mm

End surface 50mm

(b)

Figure 14. Schematic diagram of the EFE. (a) Mechanical structural modeling of the end face;
(b) conical damage angle for specimens of different heights.

Song et al. [56] assumed that the power consumed by end-face friction satisfied the
Weibull distribution, which is given by:

We =2 tAvds

Y0
Av:,/vxz—l-vyzzyfw/xz—l—yz ?)
12 =x2+y?

where W; is the power consumed by end-face friction; Av is the difference in speed between
the test head and the surface of the specimen; vy is the loading speed of the test head; y is
Poisson’s ratio of the specimen; S is the cross-sectional area of the specimen; / is the height
of the specimen; r is the radius of the specimen.

By combining Formulas (6) and (7), the coupling relationship can be expressed as (8).

_ 2unrd(c+ (o — 2f cos0) tan ¢)vg
N h

In turn, the relationship between W, with the HDR and the LR is obtained as
Formula (9).

We )

)
A = W-fgl — WTQZ <0 (10)

Wr = uSvp(c +otang — 2f cosf tan ¢)

=

It can be seen from Formula (9) that Wr is proportional to the LR and inversely
proportional to the HDR. As the LR increases or the HDR decreases, the W; increases
accordingly. Meanwhile, when the height of the specimen is between 30 and 50 mm, the
angle 6 between the conical block produced by the damage and the vertical direction
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increases significantly (6, > 61). Also, 8 € (0,7w/4), cos6 could decrease as 6 increases.
Therefore, W, will increase, i.e., A; < 0 (as Formula (10)).

The excessive W; can reduce the actual amount of energy transferred inside the
specimen (as Formulas (11)~(14)). In other words, under the same value of work done by
the testing machine, the greater the W, the less real energy is actually transferred to the
specimen, as illustrated in Figure 15. Therefore, a specimen that produces the EFE with the
same W, (work done by the testing machine) has a passive enhancement of its ability to
resist external loads. At the same time, the EFE will limit the specimen to undergo lateral
deformation, which is equivalent to applying confining pressure to the specimen, thus
increasing the load carrying capacity of the specimen. However, the EFE also resulted in
more cracks in the specimen. This can be confirmed in experimental results and numerical
simulations. The EFE discussed in this article are generated when the LR is too large (the
dynamic loading phase) or when the HDR is too small (06~1). Therefore, the EFE is very
harmful to engineering stability and safety, some measures should be taken to effectively
avoid the generation of the EFE.

Wi = Wr + W, (11)
Wi = Wiy — Weg, (12)
W2 = Wi — Weg, (13)

Ay = Wy — W< 0 (14)

where W, is the total output power of the test machine; Wj is the actual input power inside
the specimen.

W,
W,
Wai Wmi Wr
Specimen

Figure 15. Diagram of the actual input power inside the specimen.

5.2. Discussions

The number of primary fractures within the sandstone-like specimens of the same
HDR is approximately the same. Based on Wasantha's research [54], as can be seen from the
aggregate grain size in sandstone-like specimens, when the specimens are damaged, not
only is the bonding structure between the grain destroyed, but the internal part of the grain
also experiences different degrees of damage through the transfer of forces. This is also
confirmed in numerical simulations. At slower loading rates, the cracks in the specimens
develop gradually, facilitating more extensive crack penetration and expansion. These
cracks lead to lower strength by concentrating stress at the intersections and tips of the
cracks, which in turn spreads out the applied stress [54]. This is similar to the findings
of our mechanical modeling analysis and shows the reliability of the mechanical analysis.



Appl. Sci. 2024, 14, 10049

18 of 21

However, cracks within the grain are usually weak and do not lead to stress redistribution
at a high SR. As the loading speed in the quasi-dynamic phase is too fast, the cracks within
the specimen do not penetrate and converge in time, reducing the degree of destruction of
the specimen, thus increasing the ability of the specimen to resist external loading, which
results in a larger UCS in the quasi-dynamic phase compared to the static phase. However,
the physical parameters change considerably during the dynamic loading phase because
of the EFE in the loading process. For 50 mm-min~!, the very fast rate results in multiple
new cracks due to the EFE, but it does not allow for complete fusion with the primary
cracks before damage occurs and a large frictional effect is still formed between the broken
specimens. At the same time, the lateral deformation at the end of the specimen is limited
under the action of the EFE. The power consumed W; through the EFE is significantly
increase in 50 mm-min~!. Accordingly, its UCS value increases significantly. Based on
the microstructural characteristics of rocks and the forming process of crack initiation
and propagation at the macroscopic level, macroscopic viscosity during crack kinematic
processes is considered as a critical factor contributing to the dynamic size effect [57]. As
the strain rate increases, the variation trends with the size of the compressive strength,
elastic modulus, and failure degree are distinctly intensified [58].

The results obtained in the SE also differ from previous studies where there is a
monotonical decrease in specimen strength as the HDR increases. However, the UCS of the
specimen with HDRs of 0.6~1 reached a maximum value. As the HDR is smaller (among
0.6~1), the height of the specimen is significantly smaller than the cross-sectional diameter,
forming a greater end-face friction that prevents the lateral deformation and creates a
constraining effect within the specimen, thus increasing the strength of the specimen.
However, under the action of the EFE, the number of cracks inside the specimen was
significantly increased. Although the larger HDR of the specimens may contain more
internal random cracks, under quasi-dynamic loading conditions, the primary cracks in
specimens not do not penetrate timely. According to St. Venant’s principle, the EFE should
gradually weaken significantly with the increase in the HDR. However, at a HDR of 1.6,
the UCS is relatively high, and based on Masoumi’s study [1], this may be due to the effect
produced by defects on the surface of the specimen.

Before the experiment, the tester loading plates were uniformly greased with butter in
order to reduce the friction between them and the specimens. However, during uniaxial
loading, the EFE was still produced, which was related to the LR and the HDR of the speci-
men. In other words, the EFE is created during the loading process when it is influenced by
the LR and SE, which occurs during the dynamic loading phase and the at a HDR of 0.6~1.
Therefore, in order to accurately obtain the physical parameters of the real coal and rock
and effectively avoid engineering disasters, the influence of the EFE on the experimental
results should be mitigated as far as possible. Meanwhile, the EFE arising from different
SEs and LRs could also provide a theoretical basis for the study of non-linear catastrophic
changes in the surrounding rock under different stress environments. For example, the
EFE studied in this paper may be used to provide a reference for the speed of roadway
excavation and the size of coal pillars retained [59,60].

6. Conclusions

(1) The optimal ratio of the gypsum-mixed sandstone-like material is 7.5% river sand,
17.5% quartz sand, 58.3% a-high-strength gypsum powder, and 16.7% water, respec-
tively. Performance testing experiment have verified that the physical parameters of
sandstone in a certain proportion can be simulated well, and the damage pattern is
basically the same.

(2)  The curves were cut into two parts by a HDR of 1.2, and the R? of the fitting parameters
is greater than 0.9. The UCS displayed a changing trend that is M shaped, and the
maximum value is obtained at a HDR of 0.6~1, although it does not monotonically
decrease as the HDR increases. The peak strains show a W-shaped pattern in contrast
to the UCS, which indicates that the stronger the gypsum-like material, the lower the
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peak strain. And when the HDR is less than 1, specimen damage shows X cross cracks
and an increasing number of cracks. Mechanical analysis and numerical simulation
results show that the main reason for the difference between UCS and previous studies
is the generation of the EFE at a HDR of 0.6~1, which restricts the lateral deformation
of the specimen and shows an effect of circumferential pressure, therefore increasing
the ability of the specimen to resist deformation.

(38) The UCS of the specimens at each SR stage shows roughly the same phased pattern
of variation: first a decrease and then an increase. The rapid loading speed prevents
cracks within the specimen so that they do not penetrate and converge in time,
reducing the degree of destruction of the specimen, and thus increasing the ability
of the specimen to resist external loading. For 50 mm-min~!, under the action of the
EFE, the very fast rate results in multiple X-damage new cracks, but not complete
fusion with the primary cracks, and the lateral deformation at the end of the specimen
is also limited. The power consumed W, through the EFE significantly increases in
50 mm-min~!. Accordingly, its UCS value increases significantly.

(4) Both experiments and numerical simulations have confirmed that the SE and LR did
have an influence on the physical parameters of the sandstone-like specimens. By
mechanical analysis, the EFE was generated during the loading process with a HDR
of 0.6~1 and during dynamic loading phases, which was the root cause of the SE and
the LR. Meanwhile, the results also showed that the power consumed as a result of
the EFE increased as the HDR of the specimen decreased and the LR increased, which
reduced the actual amount of energy transferred inside the specimen. In order to
accurately obtain the physical parameters of real coal and rock and effectively avoid
engineering disasters, the influence of the EFE should be mitigated as far as possible.
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