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ABSTRACT

This work examines the effect of loading rate (K) on the mode III fracture behavior of sandstone. Edge-notched diametrically
compressed (ENDC) disc sandstone specimens were tested under different static and dynamic mode III fracture loadings, reveal-

ing a clear loading rate effect on both mode I1I and mode I fractures. Specifically, the peak load and fracture toughness (K

1IIC,

K,.) increase as the K increases across both static and dynamic scales. At the static scale, the K, is about 1.28-1.38 times of the

K

1c» Whereas at the dynamic scale, the K|

11C

is less than the K .. The relationship between K|

e and K. is affected by the loading

scale and the shape of the specimen, but the data collected thus far indicate that the origin and type of rock have minimal effect

on this relationship. In addition, the fracture surface morphology characteristics were quantitatively analyzed.

1 | Introduction

In underground engineering, rock fracture occurs constantly
[1, 2]. Therefore, understanding the characteristics of rock frac-
ture behavior is crucial, whether it is for support engineering or
rock excavation projects [3-5]. The fracture behavior of rock has
been extensively researched, with a focus on factors like high
temperature [6, 7], moisture content [8, 9], anisotropy [10, 11],
loading speed [12, 13|, size effect [14, 15], prestress [16, 17],
and strain rate [18, 19], and how they affect fracture behavior.
According to the simple crack classification method proposed by
Irwin [20], the objects of study for the above fracture behaviors
are all in-plane cracks. In fact, the fracture behavior of natural
rock mass under complex stress environment not only occurs in
the plane [21]. However, there is relatively limited experimental

© 2024 John Wiley & Sons Ltd.

research on the characteristics of out-of-plane shear cracks in
rock. For instance, Gan et al. [22] elucidated the mechanism by
which acid corrosion affects the mixed mode I-III fracture be-
havior of sandstone, focusing on both chemical reactions and
microstructural changes. Hua et al. [23] analyzed how the re-
sistance of sandstone to mode III fractures deteriorates when
subjected to cycles of wetting and drying in an acidic solution.
Yang et al. [24] investigated how thermal effects influence the
mixed mode I-III fracture behavior of diorite from the acoustic
emission signal characteristics perspective. Shi et al. [25] inves-
tigated how thermal effects influence the pure mode III fracture
behavior of granite based on fracture surface morphology char-
acteristics. Bidadi, Akbardoost, and Aliha [26] explored how the
thickness of rock affects mode III crack propagation behavior
and bearing capacity.

Fatigue & Fracture of Engineering Materials & Structures, 2024; 0:1-15
https://doi.org/10.1111/ffe.14538

10of 15


https://doi.org/10.1111/ffe.14538
mailto:
mailto:hjsu@cumt.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fffe.14538&domain=pdf&date_stamp=2024-12-30

Summary

Mode III fracture of sandstone at static and dynamic
scale was performed, respectively.

The effect of loading rate on the fracture characteris-
tics of sandstone was discussed.

The fitting formula of K|}, and loading rate in static
and dynamic range was proposed.

The fracture surface morphology was quantitatively
analyzed.

Besides the factors previously mentioned, such as acid corro-
sion, high-temperature thermal effect, and thickness effect
that affect the behavior characteristics of mode III fracture
in rocks in underground engineering, the heterogeneity of the
rocks themselves leads to a significant loading rate (K) effect
[27, 28]. Namely, rock specimens exhibit different mechanical,
deformation, and fracture behavior characteristics under dif-
ferent loading conditions. Dynamic studies on the rock under
hydrostatic pressure were reported by Du et al. [29], investi-
gating the impact of high loading rates on rock deformation
characteristics, failure modes, and energy distribution under
different hydrostatic pressures. Oh et al. [30] carried out frac-
ture toughness (K.) tests, both static and dynamic, on straight
notched disc bend (SNDB) granite specimens to examine how
microcracks contribute to anisotropy in fracture toughness
and how this anisotropy is influenced by loading rate. Zhang
and Zhao [31] observed that as the loading rate increases, the
dynamic K| of marble also increases in a nearly linear man-
ner. They also studied the microscopic failure mechanisms
involved. Yan et al. [32] reported that a strong correlation
between dynamic K. and K, with transgranular cracks be-
coming increasingly dominant in dynamic mode II fracture
process of sandstone as the loading rate rises. Zhang et al.
[33] conducted dynamic mode II fracture tests using a modi-
fied short-core-in-compression with an enhanced Hopkinson
bar system. Their findings reveal that dynamic K ;. follows a
power-law increase with the K, whereas the normalized dy-
namic K, exhibits a liner increase with the normalized K. Li
et al. [34] discussed the K dependency of dynamic mixed mode
I-1I fracture through numerical simulations. They found that
dynamic K. varies more significantly than dynamic K.
when the K increases by the same amount. However, there
is still limited research on how loading rate affects mode III
fractures.

Therefore, in this work, mode III fracture tests were conducted
on sandstone using the edge-notched diametrically compressed
(ENDC) disc specimen and the mode III fracture testing
method. By varying the loading speed (v) and impact pressure
(p), mode III fracture behavior was examined at both static and
dynamic scales. The influence of loading speed and impact pres-
sure was investigated, and the effect of loading rate K on mode
III fracture was analyzed by normalizing the loading rate. The
relationship between K, and K| was presented. Additionally,
three-dimensional scanning technology was used to reconstruct
the fracture surfaces, enabling a quantitative analysis of the
morphological features of mode III fracture at different load-
ing rate.

2 | Experimental Method
2.1 | Methodology of Mode III Fracture

Based on the loading conditions, the simple cracks are cat-
egorized into three modes, that is, opening mode (mode I),
in-plane shear mode (mode II), and out-of-plane shear mode
(mode IIT) (also known as out-of-plane tearing fracture) [20].
Various specimen shapes and test methods have been devel-
oped to examine the out-of-plane fracture behavior of rock,
such as the edge-notched disc bend (ENDB) specimen [35],
ENDC disc specimen [36], asymmetric disc bend (ADB) spec-
imen [37], axially double-edge notched Brazilian disc (ANBD)
specimen [38], and more [39, 40]. Among these, ENDC and
ENDB specimens are extensively employed in mode III frac-
ture loading tests of rock and asphalt materials for their sim-
ple geometry, easy fabrication, and mode III loading without
the requirement of a special loading device. For example,
based on the samples of these two shapes, scholars have pro-
posed a mode III fracture toughness measurement method for
concrete and asphalt materials [41-43] and carried out a study
on the mode IIT fracture related behavior of self-compacting
concrete, embedded aggregate concrete, cement emulsified
asphalt mortar, and other materials [44-48]. According to
the research conducted by Bahmani et al. [36], it was found
that ENDC specimens used to measure mode III fracture have
higher reliability. The most reliable measurement point in
ENDB specimens is at the crack front midpoint (Z/R=0). In
contrast, in ENDC specimens, the impact of mode II is rela-
tively minimal within the range of 1Z/RI <0.5. Hence, ENDC
specimens were selected for loading tests in this work, which
was achieved by adjusting the loading angle to implement
mode I and mode IIT loading.

An ENDC specimen with a diameter of 2R and a thickness of B,
as depicted in Figure 1, features an edge notch oriented along of
the disc diameter. The length of the notch along the thickness of
the disc is denoted as a. A linear load (P) is applied to the spec-
imen, where the loading direction forms an angle () with the
notch plane. The stress intensity factors (SIFs) K; and K, for the
ENDC specimen can be expressed as [36]

Py/ma
K= g W

_Dym, @
RB

K, and K represent the SIF for mode I and mode III, respec-
tively. Y; and Y;; are the associated geometrical factors for mode
I and mode III, which depend on the ratio a/B and the angle
B. Bahmani et al. [36] employed finite element numerical sim-
ulation software to estimate Y; and Y};; for an ENDC specimen
where a/B=0.4: When f3 is 0°, the specimen exhibits pure mode I
fracture (Y;=0.65, Y;;;=0); when § is 18°, the specimen exhibits
pure mode III fracture (Y;=0, Y;;;=0.654). When P reaches a
critical value of P, the ENDC specimen experiences failure. In
this case, the K value is equal to the fracture toughness of the
specimen.
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Section A-A

FIGURE1 | Geometrical characteristic of the ENDC specimen. [Colour figure can be viewed at wileyonlinelibrary.com]

2.2 | ENDC Sandstone Specimen Preparation

The ENDC specimens used in this work were sourced from
Ordos City, Inner Mongolia, China. The chosen sandstone ex-
hibits a consistent particle distribution and has a density of
around 2495kg/m3. The mineral composition of the sandstone
is primarily quartz (48.8%), with significant amounts of pla-
gioclase (28.2%), orthoclase (8.3%), calcite (2.2%), and clay min-
erals (12.5%), as detailed in Figure 2. The specimen preparation
process was as follows: A disc specimen, measuring 25mm in
both radius (R) of and thickness (B), required for the test, was
obtained from the same intact sandstone block. To adhere to
the recommendations of the International Society for Rock
Mechanics (ISRM) [49], the end faces of the circular specimen
were polished to achieve parallelism with +0.02mm and flat-
ness within +0.05mm. Then, an edge notch with a depth (a) of
10 mm was created using a waterjet cutting machine.

2.3 | Testing Method

The entire test process was divided into two parts: static load-
ing test and dynamic loading test. The static loading test was
carried out using the MTS-816 servo testing machine, which
has a maximum test force of 1459kN, a servo valve sensitiv-
ity of 290Hz, and a maximum data acquisition frequency of
5kHz. The tests utilized displacement control mode, and two
different loading modes, “pure mode I” and “pure mode III,”
were achieved by adjusting the loading angle, as illustrated in
Figure 1. Five loading speeds were established, that is, 0.0001,
0.001, 0.005, 0.01, and 0.05mm/s. Each set consisted of three
specimens, resulting in 30 specimens to ensure the test results
had a small bias.

Dynamic loading tests were conducted using the split
Hopkinson pressure bar (SHPB) system to perform impact
tests on the ENDC specimens, as shown in the loading sche-
matic in Figure 3A. The SHPB impact test is commonly used
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FIGURE2 | Mineral composition of sandstone. [Colour figure can be
viewed at wileyonlinelibrary.com]

to investigate the dynamic mechanical properties of rock. The
system consists mainly of a driving system, a bar system, and
a signal acquisition system. The driving system comprises an
air gun and a striker. The bar system includes an incident (In.)
bar, a transmitted (Tr.) bar, an absorbing bar, and a damper.
The bars all have a diameter of 50 mm, an elastic modulus of
206 GPa, and a longitudinal wave velocity of 5065m/s. The In.
bar and the Tr. bar are both 3000 mm in length. The signal ac-
quisition system primarily consists of a dynamic strain acqui-
sition device. Five different impact pressures were considered,
that is, 0.1, 0.2, 0.3, 0.4, and 0.5MPa. Each pressure group
included three specimens to minimize the impact of random
variation.

The specimen was positioned between the In. and the Tr. bars
before the impact began. The orientation of the specimen was
adjusted to ensure that the angle between the prefabricated
notch and the bar axis conformed to the loading angle g (0°
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FIGURE3 | (A)Schematic diagram of SHPB testing system. (B) Typical dynamic force balance check (In. wave, the incident wave; Re. wave, the
reflected wave; Tr., the transmitted wave; In. + Re. wave, the superposition of incident and reflected wave). (C) Striker velocity versus impact pres-

sure. [Colour figure can be viewed at wileyonlinelibrary.com]

or 18°) for both loading modes. To eliminate end-face fric-
tion effects, a thin layer of Vaseline was applied at the contact
points between the specimen and the bars. To generate an In.
stress wave, the air pressure was regulated to drive the 50 mm
diameter, 400 mm long striker against the In. bar. A rubber
washer (10mm in diameter and 2mm thick) was positioned
at the center of the In. bar as a pulse shaper to enhance the
shape of the incident wave and maintain a consistent strain
rate loading. When the striker impacts the In. bar, the result-
ing In. stress wave travels along the bar, resulting a reflected
(Re.) wave on the In. bar and a Tr. wave on the Tr. bar after
interacting with the specimen. These stress waves were cap-
tured by strain gauges with a sensitivity of 100 attached to the
bars and collected as electrical signals by a dynamic strain ac-
quisition device.

The data from the dynamic strain acquisition device were
processed to noise reduction, resulting in the typical waves of
In., Re., and Tr., as shown in Figure 3B. The waveform of the
Tr. wave closely matches that of the In.+ Re. wave, indicat-
ing that the specimen experiences dynamic force equilibrium
and that the test data are reliable and effective. The impact
velocities of the striker driven by different impact pressures
were measured and found to be stable under each air pressure,

further proving the reliability of the test system, as depicted
in Figure 3C.

The signals collected by the dynamic strain acquisition de-
vice were processed through the three-wave method to deter-
mine the dynamic load applied to the specimen. The load at
both ends of the specimen was obtained using Equations (3)
and (4) [50]. Based on the stress homogenization assumption,
Equation (5) was utilized to calculate the average value of the
loading force P(t) [50].

Py(t) = AE[e/(1) + e5 ()] 3
Py(t) = AEeq(t) @
P(t) = % [e4(0) + ex(®) + £x(2)] )

in which P,(t) and P,(t) represent the time-dependent dynamic
forces at the ends of the specimen on the In. bar and the Tr. bar,
respectively. A and E denote the cross-sectional area and elas-
tic modulus of the bars. Furthermore, by substituting the peak
dynamic loading of the specimen into Equations (1) and (2), the
dynamic fracture toughness of the specimen is obtained.
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3 | Result Analysis

3.1 | Static Test: Pure Mode III Fracture Properties
of ENDC Sandstone Specimens Under Different
Loading Speeds

Figure 4 illustrates the load-displacement curves derived from
static loading tests for typical ENDC specimens in each group.
The curve shapes are similar under different loading speeds and
loading modes. Similar to the conventional loading and failure
process for most rock specimens, the curves can be divided into
four stages, that is, the compaction stage, the elastic deformation
stage, the crack initiation and propagation stage (elastic—plastic
deformation stage), and the post-peak failure stage [51, 52].

During the compaction stage, mode III fracture-loaded speci-
mens exhibit longer and more pronounced compaction curves
compared to mode I fracture-loaded specimens. Additionally,
specimens loaded at slower speeds have more pronounced and
longer prolonged compaction stages than those loaded at faster
speeds. These differences in compaction stages are likely influ-
enced by two factors. First, the change in loading mode results
in a reduction in the vertical compaction force component. Mode
IIT fracture loading tends to cause particles slippage around the
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prefabricated notch, slowing down the compaction of the speci-
men. Second, at different loading speeds, higher loading speeds
restrain particle slip and enhance interparticle compression. As
aresult, primary fine cracks are compacted more rapidly.

Similarly, the loading mode also affects the elastic stage.
Uniaxial compaction tests reveal an apparent loading speed ef-
fect on the elastic modulus (the slope of the stress-strain curve
in the elastic deformation stage) [53]. This phenomenon, where
the mechanical and deformation properties of specimens vary
due to loading speed, is also observed in the mode I loading pro-
cess of ENDC specimens: The ability of the specimens to resist
deformation (the slope of the load-displacement curve in the
linear segment) increases with the increasing loading speed.
However, unlike conventional uniaxial compression tests, this
effect is less pronounced under mode III fracture loading.

To evaluate the effect of loading speed (v) on static mode II1 frac-
ture loading, a comparison was made of the peak load (P,) of
the specimens. Figure 5 illustrates how the P, of the specimens
change with loading speed under static loading. It is evident that
the static P, of ENDC sandstone specimens are significantly in-
fluenced by the v. The P, increases as the vrises. In Figure 5A, as
the v increases from 0.0001 to 0.001 mm/s, the average P, under

0.0 0.1 0.2 0.3 0.4

Displacement (mm)

FIGURE 4 | Typical static load versus displacement curves of ENDC sandstone specimens with different loading speeds: (A) pure mode III and

(B) pure mode I. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | Variation in peak load of ENDC sandstone specimen under static loading with different loading speeds: (A) pure mode III and (B)

pure mode I. [Colour figure can be viewed at wileyonlinelibrary.com|
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mode ITT loading rises from 6.95 to 7.58 kN, representing a 9.06%
increase. When the v increases from 0.001 to 0.01 mm/s, the av-
erage P, under mode III loading further reaches to 7.91kN, in-
dicating a 4.34% increase. Similarly, the P, for mode I fracture
loading increases with the v, as shown in Figure 5B.

The effect of loading speed is also reflected in the K, of the spec-
imens. Figure 6 illustrates how loading speed correlates with
K. of ENDC specimens under static loading. The K ;. and K|
of specimens increase with loading speed. When the loading
speed increases from 0.0001 to 0.05mm/s, the K of mode III
fracture-loaded specimens and mode I fracture-loaded speci-
mens increases by 17.40% and 21.46%, respectively. Additionally,
compared to mode I fracture-loaded specimens, mode III
fracture-loaded specimens exhibit higher static fracture tough-
ness, approximately 1.28-1.38 times that of K. For instance,
at a loading speed of 0.005mm/s, the average static K. is
1.467MPa-m®, whereas the average K. is 1.099 MPa-m®3, re-

sulting in the K}, 1.33 times that of K ...
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FIGURE 6 | Variation in fracture toughness of ENDC sandstone
specimen under static loading with different loading speeds. [Colour
figure can be viewed at wileyonlinelibrary.com]
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3.2 | Dynamic Test: Pure Mode III Fracture
Properties of ENDC Sandstone Specimens Under
Different Impact Pressures

In real-world engineering contexts, rocks frequently encoun-
ter dynamic loads, including mechanical disturbances, seismic
waves, and explosive shock waves. To examine the fracture be-
havior characteristics of out-of-plane tearing fractures under
dynamic loading, impact tests on ENDC sandstone specimens
were conducted at different impact pressures. Figure 7 shows
typical load-time curves of ENDC sandstone specimens under
different impact pressures. The curves of both mode III and
mode I fracture-loaded specimens exhibit similar patterns. With
an increase in impact pressure, the time required for specimen
failure decreases. Additionally, the impact pressure influences
the peak load of the specimens.

Figure 8 illustrates the relationship between the dynamic P,
and impact pressure of ENDC sandstone specimens under
dynamic loading. As an increase in impact pressure, the dy-
namic P, of the specimens show a growing trend. With the
impact pressure increases from 0.1 to 0.3MPa, the average
dynamic P, of mode III fracture-loaded specimens rises from
21.11 to 29.23kN, an increase of 38.47%. For mode I fracture-
loaded specimens, the dynamic P, rises from an average of
22.22-31.09kN, indicating a 39.92% increase. An increase in
impact pressure from 0.3 to 0.5 MPa results in a 9.13% rise in
the average dynamic P, for mode III fracture-loaded speci-
mens. In contrast, the average dynamic P increases by 5.21%
under mode I fracture loading.

In addition to affecting the strength characteristics of the spec-
imens, the impact pressure also influences the fracture prop-
erties. Figure 9 shows that both K. and K . increase with
increasing impact pressure, though the rate of increase dimin-
ishes as the impact pressure continues to rise. When the impact
pressure rises from 0.1 to 0.3MPa, the average value of K,
climbs from 3.916 to 5.422MPa-m®>, representing a 38.46% in-
crease. The average value of K, from 4.096 to 5.731 MPa-m°%,
indicating a 39.92% increase. When the impact pressure in-
creases from 0.3 to 0.5MPa, the respective increases in K;;;- and
K- are 9.13% and 5.20%.

11C

(B)

35

Dynamic load (kN)

0 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400

Time (ps)

FIGURE 7 | Typical dynamic load versus time curves of ENDC sandstone specimens with different impact pressures: (A) pure mode III and (B)

pure mode I. [Colour figure can be viewed at wileyonlinelibrary.com|
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4 | Discussion

4.1 | Effect of Loading Rate on Pure Mode III
Fracture Properties of ENDC Sandstone Specimens

In Sections 3, the strength and fracture characteristic re-
sponses of ENDC sandstone specimens under static and dy-
namic mode III fracture loading were discussed, respectively.
Different “extents” of loading were achieved by controlling
the loading speed and impact pressure in an attempt to an-
alyze the strength and fracture characteristic of specimens
under different “levels” of loading. To describe these “extents”
of loading, scholars usually use strain rate [54-56] and loading
rate (K) indicators to evaluate. Because the stress and strain
distribution inside ENDC specimen are not uniformly dis-
tributed along the loading direction, it is difficult to apply the
strain rate index. Therefore, the K is used in this paper. The
loading rate (K) is determined by the slope of the SIF-time
curve, as shown in Figure 10A,B.

In Figure 10C, it can be observed that the loading rates of
mode IIT and mode I fracture-loaded specimens closely match
under static loading. The loading rates (K) all tend to increase
linearly with the increasing loading speed (v). Overall, the
specimens under mode III fracture loading have a higher
loading rate compared to mode I fracture loading, but the dif-
ference is not significant. Under dynamic loading, the loading
rates of both mode IIT and mode I fracture-loaded specimens
increase with higher impact pressure, and the difference in
loading rates between the two becomes more pronounced (in
Figure 10D). Notably, the K| is higher than that of mode III
under the same impact pressure. This difference may mainly
arise because, under static loading, the intergranular cracks
in the mode III fracture-loaded specimens are given enough
opportunity to propagate fully. The intergranular cracks prop-
agate in-plane in the loading direction and simultaneously
extend out-of-plane, causing the stress concentration at the
main crack front in mode III fracture specimens to occur
more quickly under static loading. Conversely, under dynamic
loading, the specimen tends to dissipate energy rapidly with
transgranular cracks. The mode III fracture are difficult to ex-
pand rapidly, whereas the mode I fracture propagate relatively
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quickly. The fracture surface of mode III fracture-loaded spec-
imens contains more transgranular cracks, resulting in a high
energy release rate, that is, high elastic potential energy and
crack surface energy released per unit time. Consequently,
the stress concentration at the main crack front of the mode
I fracture-loaded specimen under dynamic loading occurs
more rapidly.

Figure 11 illustrates the correlation between K and K of mode
I1I fracture-loaded and mode I fracture-loaded specimens under
static and dynamic loading tests. It is observed that the K of
specimens increases with higher K under both dynamic loading
and static loading.

In static loading tests, the mode III fracture-loaded spec-
imens demonstrate significantly higher K. than mode I
fracture-loaded specimens, despite having only slightly higher
K. In dynamic loading tests, the K of mode I fracture-loaded
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FIGURE 9 | Variation in fracture toughness of ENDC sandstone
specimen under dynamic loading with different impact pressures.
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 | Variation in peak load of ENDC sandstone specimen under dynamic loading with different impact pressures: (A) pure mode III and

(B) pure mode I. [Colour figure can be viewed at wileyonlinelibrary.com]
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specimens is obviously higher than that of mode III fracture-
loaded specimens under the same impact pressure. However,
the difference in K. between the two loading modes is in-
significant, and this difference primarily results from the
varying duration of the linear increase stage in K. under
dynamic and static loading conditions (essentially coincid-
ing with the elastic stage, where elastic deformation occurs).
Under dynamic loading, the specimen failed before the crack
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| Loading rate versus fracture toughness of ENDC sandstone sample: (A) static test and (B) dynamic test. [Colour figure can be viewed

propagated utterly. To describe the changing trend, the K.
and K under static loading and dynamic loading were fitted
by the previous correlation fitting formulas [30, 32, 57], and
the consistency was well. Nevertheless, these fitting formulas
used can only be applied to a certain range (static or dynamic)
and are not suitable for predicting the K of rock specimens.
Therefore, the composite function based on exponents and
logarithms was used to describe the variation trend between
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K. and K of ENDC sandstone specimens under static and dy-
namic fracture loading in this work, as shown in Figure 12.
This function can well characterize the changing trend under
static and dynamic loading. Based on the formula proposed in
this paper, the data of other scholars [30, 32, 34, 57] are fitted,
and it is found that the formula form can better represent the
relationship between loading rate and fracture toughness.

4.2 | Relationship Between K

mc and K.

From Figures 11 and 12, it appears that there might be a re-
lationship between K| and K .. Some data on K ;. and K.
for ENDB and ENDC specimens were collected and plotted in
Figure 13, along with the data from this work. It can be ob-
served that K. and K. exhibit a strong linear relationship
[23, 24, 35, 36, 58, 59]. This proportional relationship is sig-
nificantly influenced by the loading form (ENDC or ENDB).
Under static loading, the proportionality coefficient of ENDC
specimens is greater than 1.00 and less than 1.00 for ENDB
specimens. This indicates that the value of K ;. for ENDC is
greater than that of K., whereas the value of K ;.. is smaller
than that of K, for ENDB. Based on the collected data, the re-
lationship between K|;; and K, does not significantly depend
on the rock type or origin but is strongly influenced by the load-
ing form (ENDC or ENDB). Additionally, the loading state (dy-
namic or static) also has a great impact. Under dynamic loading,

the relationship between K, and K. changed for the ENDC
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specimens in this work, in contrast to static loading, where the
dynamic K;; was slightly smaller than the K|.. Consequently,
predicting the K, of the same specimen type and loading mode
may be possible using this proportional relationship.

4.3 | Fracture Surface Morphology Analysis

Besides mechanical properties and fracture toughness, the
crack propagation path is often a focus of study for research-
ers. However, unlike mode I and mode II fracture loading,
it is challenging to visually monitor crack propagation in
mode III fracture loading using techniques such as the digi-
tal image correlation method [60] or high-speed imaging [61].
Drawing on previous research, the morphology of fracture
surfaces can serve as an essential characteristic of rock frac-
ture behavior.

4.3.1 | Static Test

After reaching the peak, the specimens experience failure
and rupture. The typical post-failure fracture morphologies
of the specimens are depicted in Figure 14. The fracture sur-
faces of the specimens under mode I fracture loading extend
along the plane of the prefabricated cracks, whereas the mode
IIT fracture-loaded specimens show an out-of-plane tear-
ing failure. In terms of crack propagation, the crack under
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FIGURE 12 | Loading rate-dependent fracture toughness of ENDC sandstone sample: (A) global image, (B) static scale (locally enlarged image),

(C) dynamic scale (locally enlarged image), and (D) other data validation. [Colour figure can be viewed at wileyonlinelibrary.com]
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e and K. [Colour figure can

mode III fracture loading first propagates approximately
straight along the direction of the prefabricated notch from
the center of the disc (Z=0) for a certain distance and then
deflects toward the edge of the disc where the load is applied.
It is worth noting that the length of this nearly straight prop-
agation without deviation is influenced by the loading speed.
On the side of the prefabricated notch, the length of this nearly
straight propagation and the angle at which deviation occurs
increase with higher loading speeds. This phenomenon is
most prominent on the side where the prefabricated notch is
located. This finding corresponds with the results obtained by
Bahmani and Nemati [62], who pointed out that the extent of
this phenomenon largely depends on the loading mode, mix-
ing ratio, and the tensile-tearing deformations at different lo-
cations of the crack front. In this work, we further emphasize
that not only the loading mode, but also the loading speed,
even under the same loading mode, is an important influenc-
ing factor.

4.3.2 | Dynamic Test

In terms of the internal fracture surfaces of the specimens (as
shown in Figure 14), the fracture surfaces of the specimens (i.e.,
the main propagation path of mode III cracks) subjected to mode
IIT fracture loading show a significant inclination. However,
from an intuitive perspective, the external fracture morphology
of specimens subjected to mode IIT and mode I fracture loading
shows a high degree of similarity. On the one hand, crack prop-
agation under mode III and mode I fracture loading becomes
more extensive with increasing impact pressure, resulting in a
higher degree of specimen fragmentation. On the other hand,
specimens under both loading conditions exhibit similar end
failures on both loading sides. This end-face failure results from
the instantaneous stress concentration that occurs when the
bars impact the specimens.

To further investigate the difference in fracture behavior of
ENDC sandstone specimens under dynamic and static fracture
loading, in this work, the geometric morphology of the fracture
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FIGURE 14 | Typical fracture morphology of fractured ENDC sand-
stone specimen. [Colour figure can be viewed at wileyonlinelibrary.
com]|

surfaces was quantitatively analyzed by using the joint rough-
ness coefficient (JRC) and fractal dimension based on three-
dimensional laser scanning technology.

The JRC [63, 64] is a crucial parameter for describing the char-
acteristics of fracture surfaces and is used for evaluating crack
propagation stability. The fracture surface of the specimen
was first scanned using a three-dimensional laser scanning
system, as shown in Figure 15A. Then, the fracture surface
was reconstructed based on the scanned three-dimensional
point cloud data using Rhino (a three-dimensional modeling
software). This work distinguished from Shi et al. [25], who
used the entire reconstructed surface as the region of interest
(ROI). Considering that the main research crack only prop-
agates on the non-prefabricated notch side of the specimen,
the ROI is reset. Although cracks also appeared on the pre-
fabricated notch side of the specimen (as can be observed in
Figures 14), such cracking is caused by the stress concentra-
tion at both ends during loading and is not the main subject
of study. To avoid the influence of these additional fractures,
only the side without the prefabricated notch (50mm in
length along the X-direction and 15mm in width along the Y-
direction) was selected as the ROI, as shown in Figure 15A.
After cropping the fracture surface using Rhino software,
the cropped fracture surface was then reconstructed into a
grid of 0.5%0.5mm grid cells based on the MATLAB plat-
form. Subsequently, the grid data were extracted along the Y-
direction, resulting in 31 two-dimensional profiles of 50 mm
length along the X-direction. The JRC was calculated using
the empirical formula proposed by Tse and Cruden (as seen in
Equation 6) [65].

JRC = 32.2 + 32.47 - logZ, (6a)

Z, = 6b
2= M(Ay)2 Z l+l ( )
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where Z, is the root mean square, Ay is the sampling interval, M
is the amount of interval, and z, , ,-z; is the height difference in
the Z-direction between two adjacent sampling points, taking
one profile as an example in Figure 15A.

Figure 15B,C shows how the JRC varies with the K. The frac-
ture surface of the mode III fracture-loaded specimens is
rougher under both dynamic and static loading. It may be be-
cause the propagation of the out-of-plane tearing crack front
is affected by more faces and edges of the irregular mineral
grains, as well as having a higher degree of freedom out of
plane. In static loading tests, the JRC of the fracture surface
under both loading modes decreases as the K increases. In dy-
namic loading tests, a similar trend is observed where the JRC
decreases with higher K. This observation may be explained
by the crack propagation mode, that is, cracks tend to propa-
gate in the form of transgranular cracks at higher K, which
makes the fracture surfaces smoother. The same phenomenon
was also found in the study of Aghababaei, Behnia, and Aliha
[66] However, because the JRC is also affected by the grain
size of rock to some extent, the JRC of different rock samples
lacks comparative significance. It should be noted that for the
dynamically loaded specimens, the fracture surfaces are the
main fracture surface canned after assembling the fractured
fragments to eliminate the effect of additional fracture sur-
faces as much as possible.

In addition to using the JRC to evaluate the geometric mor-
phology of fracture surfaces, the fractal dimension (D) is also
widely applied in studying crack propagation. To further quan-
tify the complexity of fracture surface morphology, the three-
dimensional box dimension method [25, 26] was employed to
calculate the characteristics of the fracture surfaces, as shown in
Figure 16A. The fracture surface was divided into square grids
of side length & in the XOY plane, and the fracture surface of
the specimen was covered with cubes of side length &. The total
number of cubes N(§) was then counted. Based on Equation (7),
the slope of In N(§) ~1n &, that is, the D, was fitted using the least-
squares method for different values of § [25].

InN(6)

D= -601li
e Ins

™

As shown in Figure 16B, the D of the fracture surfaces does
not exhibit a simple decrease with increasing loading rate.
Within the same loading range (either static or dynamic load-
ing), the D decreases with an increasing K. However, the over-
all trend does not conform to this law. For quasistatic loading,
the relationship between the D of the fracture surface and the
K is still unclear, and further work is needed to investigate
this relationship.

5 | Conclusions

In this work, different loading states were applied to ENDC sand-
stone specimens, including static mode III fracture loading with
various loading speeds and dynamic mode III fracture loading
driven by different impact pressures. The strength and fracture
characteristics under static and dynamic loading were analyzed,
and the mode III fracture characteristics of ENDC sandstone

specimens loaded at different “extents” of loading under static
and dynamic loading were compared in a normalized manner
using the loading rate index. Furthermore, the proportionality
between mode IIT and mode I fracture toughness of ENDC spec-
imens was discussed. The main conclusions are as follows:

1. Under static mode III fracture loading, the P and K of
ENDC sandstone specimens increase with increasing v.
In addition, the mode III fracture-loaded specimens have
higher static K, compared to mode I fracture-loaded spec-
imens, which is 1.28-1.38 times higher than that of K.
Under dynamic mode III fracture loading, the P and K, of
ENDC sandstone specimens increase with the increase of
p. Unlike static loading, the mode I fracture-loaded speci-
mens exhibit higher dynamic fracture toughness.

2. The K increases with increasing v (under the static test) and

impact pressure (under the dynamic test). The K, and K.
of ENDC sandstone specimens increase with an increasing
of K. However, the overall difference between K|;;- and K.
is slight. Notably, the size relationship between K ;; and
K, values under static and dynamic loading undergoes a
shift in size. Furthermore, this relationship between K-
and K, values is not significantly related to the rock type
or origin but is significantly affected by the loading form
(ENDC or ENDB).

3. Under both dynamic and static loading, the joint rough-
ness coefficient and fractal dimension of the fracture sur-
face decrease with increasing K. The crack propagation
mode primarily influences this change. However, the rela-
tionship between the geometric characteristics of the frac-
ture surface and the K under quasistatic loading remains
unclear and requires further investigation.

Nomenclature

K the loading rate

K the stress intensity factor

K, Ky the stress intensity factor of mode I (III)
fracture

K. the fracture toughness

Ko, Kiie the fracture toughness of mode I (III) fracture

KR, KD the dynamic fracture toughness of mode I
(T1IT) fracture

K3 K5 o the static fracture toughness of mode I (IIT)
fracture

Y, Y the geometric factor of mode I (III) fracture

R the radius of ENDC specimen

B the thickness of ENDC specimen

a the length of the notch

p the projected angle between the prefabri-
cated notch and the loading force

P, P, the load (peak load) applied to the ENDC

specimen

the time-dependent dynamic force at the end
of the specimen on the specimen on the inci-
dent (transmitted) bar

the time-dependent strain in the incident (re-
flected, transmitted) bar

A the cross-sectional area of the bar

Py (), Py(1)

&1(D), eg (1), ex(t)

12 of 15

Fatigue & Fracture of Engineering Materials & Structures, 2024

8518017 SUOWIWIOD 3AIERID 3|qedl|dde au3 Aq peuenob aie I YO ‘@SN JO S3|NJ Joj Aig1T8UIIUO /8|1 UO (SUORIPUOD-PUR-SWLBY W00 A3 | 1M AReq 1 Ul [UO//SARY) SUOBIPUOD pue SWB | 34} 89S *[SZ02/T0/T0] U0 ARIGITaUIUO A8|IM ‘BUILI JO ANSIBAIuN BUIYD AQ 8EGHT @H/TTTT OT/I0P/W0D A3 (1M ARe.q 1 BUIIUO//SANY W01} POPEOIUMOQ ‘0 ‘5692097 T



E the elastic modulus of the bar
v the loading speed
the impact pressure
Ay the sampling interval
M the amount of interval
Ziy1— % he height difference in the Z-direction be-

tween adjacent sampling points
D the fractal dimension
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