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ABSTRACT

To explore the coupled impacts of loading rate and confining pressure on the deformation, strength, and micro-
cracking mechanisms of sandstone, triaxial compression tests were carried out under four distinct loading rates
(0.001, 0.01, 0.1, and 1.0 mm/s) and four confining pressures (0, 20, 40, and 60 MPa), with concurrent monitoring
of acoustic emission (AE). Leveraging moment tensor theory, the source mechanisms and microcrack propagation
patterns of AE events were inverted. The findings reveal that as the loading rate rises, the peak strength increases
from 27.18 MPa to 34.32 MPa under uniaxial compression and from 143.69 MPa to 164.34 MPa under a confin-
ing pressure of 60 MPa. Concurrently, the elastic modulus increases from 9.03 GPa to 10.88 GPa and from 16.74
GPa to 18.02 GPa, respectively, showing a positive linear relationship with the logarithmic loading rate. The peak
strain is insensitive to loading rate under low-to-medium confining pressures but decreases by 18.42% under 60
MPa when the loading rate increases from 0.001 mm/s to 1.0 mm/s, revealing an inhibitory effect of high confining
pressure combined with high loading rate on plastic deformation. Macroscopically, the failure mode transitions
from brittle tensile splitting to ductile shearing as confining pressure increases. Analysis of AE source mechanisms
indicates that shear cracks are predominant, constituting 55.3—72.4% of all events, with their proportion rising
with loading rate. The total number of microcracks declines with increasing loading rate, from 1145 to 698 at a
confining pressure of 20 MPa, suggesting that rapid loading inhibits full crack propagation. The AE b-value, which
describes the slope of the frequency-magnitude distribution of AE events, decreases from 1.99 to 1.82 under 20
MPa confining pressure and from 1.89 to 1.68 under 60 MPa confining pressure as the loading rate increases,
indicating a higher proportion of large-scale cracks and a more simplified crack network under rapid loading. This
study deepens the comprehension of excavation rate effects in deep rock masses and provides a theoretical founda-
tion for engineering stability assessment and disaster early warning.
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INTRODUCTION

In deep underground resource development
and engineering construction, surrounding rock
is subjected to complex high-stress environments
over extended periods [1]. Excavation activities,
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as intense dynamic disturbances, significantly
influence the stress adjustment, deformation
response, and failure modes of surrounding rock
through their advancement rates [2, 3]. Exces-
sively rapid construction subjects the rock to
extremely high stress loading rates [4, 5], inducing
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transient strong disturbances that disrupt the origi-
nal mechanical equilibrium and trigger brittle
fracture instability. These disturbances manifest as
macroscopic splitting, localized spalling, structur-
al collapse, and high-energy rockbursts — all major
engineering geological hazards [6]. The mechani-
cal behavior of rock materials is also influenced
by their compositional and microstructural char-
acteristics, which can be modified by the presence
of pores or additives [7-9]. Therefore, systemati-
cally investigating the strength, deformation, and
fracture mechanisms of deep rock masses under
varying loading rates is essential. It not only eluci-
dates rock mechanical behavior under high-stress
conditions but also provides a theoretical founda-
tion for ensuring deep engineering safety, disaster
prediction, and mitigation.

In recent years, extensive research has been
conducted on the influence of loading rate on rock
mechanical behavior, providing important refer-
ences for deep rock engineering design and con-
struction [10-15]. Mahmutoglu [16] performed
dynamic uniaxial compression tests on marble
and revealed that uniaxial compressive strength
decreases significantly with decreasing loading
rate. Li et al. [13] found that for hard rock, elas-
tic modulus and Poisson’s ratio are insensitive to
strain rate changes within moderate ranges. Hashi-
ba et al. [3] further examined the combined effects
of water saturation and loading rate on andesite
strength, highlighting the complexity of coupled
environmental and dynamic factors. Although
uniaxial tests generally show that compressive
strength and elastic modulus increase with load-
ing rate, the magnitude of this effect varies with
lithology, mineral composition, and microstruc-
ture [17-19]. For instance, the elastic modulus
of coarse-grained marble exhibits a nonlinear
response to loading rate, first decreasing and then
increasing [20], whereas coal shows an initial
increase followed by a decrease [21]. However,
uniaxial conditions cannot accurately represent
the triaxial stress state of deep surrounding rock.
Consequently, research has increasingly shifted
toward triaxial compression conditions [22, 23].
A series of triaxial tests have demonstrated that
confining pressure significantly alters rock failure
modes and strength characteristics. Under high
confining pressure, rocks transition from brittle
to ductile behavior, and their loading rate sensi-
tivity also changes significantly [24-27]. How-
ever, existing research has primarily focused on
macroscopic mechanical parameters, with limited

investigation into the evolution of microcracks
under confining pressure. In particular, the micro-
cracking mechanisms of deep sandstone under tri-
axial stress states require further exploration.

Acoustic emission (AE) technology, a real-
time, high-precision method for monitoring
microcracks, captures elastic waves released
during internal rock damage, providing crucial
data for studying the spatiotemporal evolution
of crack processes [28-31]. This technology has
been widely applied in rock mechanics research
[32-34]. Sun et al. analyzed AE parameter evo-
lution during deformation in marble and granite
under uniaxial compression at different loading
rates, achieving pre-failure identification based on
AE signals. Cao et al. [36] systematically inves-
tigated the effects of loading rate on mechanical
properties, AE parameters, and damage evolution
in sandstone. Feng et al. [37] conducted uniaxial
compression AE tests on sandstone at varying
loading rates, analyzing the distribution charac-
teristics of AE events and performing scanning
electron microscopy on fragments from regions
with and without AE activity. This enabled inves-
tigation of loading rate effects on AE event forma-
tion mechanisms at the microscale. These studies
deepen our understanding of loading rate effects
on AE behavior. However, existing work primar-
ily focuses on statistical analysis of AE parameters
(e.g., ringing counts, energy release rates, event
rates), with limited exploration of the underly-
ing physical mechanisms and crack evolution
patterns. Specifically, AE events originate from
diverse microcrack activities (tension, shear, com-
pression, and mixed modes). Their proportions
and spatiotemporal evolution directly reflect inter-
nal damage accumulation and macroscopic fail-
ure progression. Yet the generation mechanisms
of these multi-type crack sources under varying
loading rates remain unclear.

Given the current research status and practical
demands of deep engineering, this study conducts
acoustic emission monitoring experiments on deep
sandstone under triaxial stress conditions with
varying loading rates. Through systematic analy-
sis of loading rate effects on sandstone strength,
deformation, and AE behavior, combined with
AE localization and moment tensor inversion,
we investigate the generation mechanisms, typo-
logical evolution, and spatiotemporal clustering
characteristics of microcrack sources during dif-
ferent deformation stages. The aim is to reveal the
loading rate effect mechanisms governing damage
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accumulation and crack evolution in sandstone
under high-stress environments, providing a
theoretical foundation and experimental support
for evaluating rock mass stability and predicting
dynamic hazards in deep engineering.

EXPERIMENTAL SCHEME

Specimen preparation

The sandstone specimens were taken from an
ultra-low permeability reservoir in the Dongying
Depression, Bohai Bay Basin, eastern China. This
reservoir is representative of typical deep tight
sandstones widely distributed in continental rift
basins, characterized by low porosity (9-12%),
low permeability (0.1-1 mD), and complex pore
structures. The sandstone specimens were pre-
pared from a single large block to ensure homoge-
neity. All specimens were machined into standard
cylinders (50 mm diameter X 100 mm height) in
accordance with the International Society for
Rock Mechanics (ISRM) recommendations (Fig-
ure 1). The machining tolerances were strictly
controlled, with end surface flatness within 0.02
mm and perpendicularity to the axis within 0.001
rad. To avoid moisture effects, the specimens were
stored in a sealed, constant-temperature container
prior to testing. The average natural moisture con-
tent, density, and longitudinal wave velocity were
2.0%, 2302 kg/m®, and 2490 m/s, respectively,
indicating a uniform texture and dense structure.

Fresh fracture surfaces of the specimens were
examined using a ZEISS scanning electron micro-
scope (SEM). The SEM images (Figure 2) reveal
that the pore structure is dominated by intergranu-
lar pores, which form a network-like distribution
with good connectivity. In addition, mixed-layer
illite/smectite clay minerals are developed within
the pores and on grain surfaces. This microstructure

plays a significant role in the mechanical behav-
ior: the well-connected pore network facilitates
stress concentration and crack propagation, while
the presence of clay minerals may promote micro-
crack nucleation and affect the shear/tensile crack
ratio under different loading rates.

It should be noted that sandstones from dif-
ferent geological settings (e.g., quartz-rich aren-
ites, carbonate-cemented sandstones) may exhibit
different mineral compositions, cementation
types, and pore structures, which can influence
their loading rate sensitivity. Therefore, the con-
clusions drawn from this specific sandstone are
primarily applicable to similar tight sandstones
in continental rift basins; extrapolation to other
sandstone types requires further validation.

Test system

The test system used in this study consists of a
TAW-2000 electro-hydraulic servo rock mechan-
ics testing system, a DS5-16B acoustic emission
(AE) system, and a load—deformation acquisition
system. The TAW-2000 system is capable of apply-
ing a maximum axial load of 3000 kN and a maxi-
mum confining pressure of 140 MPa, enabling
conventional triaxial, creep, relaxation, and other
types of tests. In this experiment, eight AE sen-
sors were used. To prevent the sensors from fall-
ing off during specimen failure, which could lead
to incomplete data acquisition, they were secured
with adhesive tape at a distance of 10 mm from the
ends of the specimen. The AE acquisition system
was set with a threshold of 40 dB, a time interval
of 40 ps, and a sampling frequency of 1 MHz. The
test system is illustrated in Figure 3.

Loading scheme

Preliminary test results showed that the uni-
axial compressive strength of the sandstone

Figure 1. Prepared sandstone specimens
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Figure 3. Test system

specimens is approximately 32 MPa. When the
confining pressure reaches 60 MPa, the speci-
mens exhibit ductile behavior, and the stress—
strain curve approaches ideal elastoplasticity.
Based on practical engineering conditions, the
strain rates induced by tunnel excavation are gen-
erally within the quasi-static range; for example,
they do not exceed 10! s! in coal mining [38].
Generally, strain rates ranging from 107° to 102
s ! are considered quasi-static [39]. Based on the
height of the sandstone specimens, the displace-
ment loading rates of the testing machine were

set to 0.001, 0.01, 0.1, and 1.0 mm/s. Therefore,
constant loading rate tests were conducted under
four different confining pressures (0, 20, 40, and
60 MPa) and four different loading rates (0.001,
0.01, 0.1, and 1.0 mm/s). To minimize the effects
of variability, three parallel tests were conducted
for each condition.

AE localization and moment tensor theory

This study employs the autoregressive model
and Akaike’s Information Criterion (AIC) to
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identify signal arrival times [40], and uses the
simplex method for AE event localization [41].

Moment tensor inversion aims to infer
source characteristics from recorded surface
displacements. The moment tensor itself is a
symmetric 3 X 3 tensor containing couples and
moments that fully describe the source mecha-
nism. Pujol and Herrmann [42] formulated this
problem as:

Uy = Gy, jM;; (1)

where: u, is the displacement field recorded by
sensor k; sz;/ is the linear Green’s func-
tion for wave propagation between the
source and the sensor.

According to the decomposition method of
Knopoff and Randall [43], the moment tensor is
decomposed into three components: the isotropic
(ISO), compensated linear vector dipole (CLVD),
and double-couple (DC) components.

M = Miso + Mcryp + Mpe =

L 100 -1 00
=§tr(M) 010 +lelmyua| 0 -10 +(2)

001 0 0 2
-100
+(1-2lelmpe)| 0 00
0 01

where: € = —m" /im" |, m" ~and m® are the

min . 'max min . max .
absolute minimum and maximum eigen-
values of the deviatoric tensor, respective-
ly, and (M) is the trace of the moment

tensor (i.e., the sum of its eigenvalues).

For each AE event, the moment tensor cor-
responding to the maximum scalar moment is
retained. The scalar moment M is given by:

3)

The Richter magnitude M can then be calcu-
lated from M, as :

M= %lg(Mo) -6 4)

In seismology, the b-value, which charac-
terizes the slope of the frequency-magnitude
distribution, is a widely used parameter for
assessing the crack state of a region. This rela-
tionship was first established by Gutenberg
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and Richter [44], who demonstrated that earth-
quake frequency decreases exponentially with

magnitude, a law now known as the Gutenberg-
Richter (G-R) relation:

LogN = a — bM 5)

where: M is the Richter magnitude (propor-
tional to the logarithm of the maximum
amplitude recorded), N is the number of
earthquakes of that magnitude, a is an
empirical constant, and b is the b-value.

The b-value describes the magnitude distribu-
tion: a larger b-value reflects a higher proportion
of small-magnitude events, whereas a smaller
b-value reflects a higher proportion of large-mag-
nitude events.

Based on moment tensor decomposition, the
crack type of AE events is determined using the
criteria of Feigner and Young [45]:

_ tr(M) x 100
ler(M)| + X3 |ms

(6)

where: m” are the eigenvalues of the deviatoric
moment tensor, and tr(M) is the trace
(sum of eigenvalues), which represents
the volume change at the AE source.

The crack type is then classified based on the
parameter R as follows: R>30% indicates tensile
failure; —30%<R<30% indicates shear failure;
R<=30% indicates compressive failure.

Hudson et al. [46] proposed another analy-
sis method using two parameters, 7 and k. Let
M >M>M, be the three principal eigenvalues of
the moment tensor. Then the 7" and k& values can
be expressed as:

2m;
v N 7
max (Jmj, m3) ™

3 tr(M)/3
~ |er(M)/3] + max (Jm3, m3|)

®)

where: T measures the deviatoric component
(=1 for pure positive CLVD, +1 for pure
negative CLVD, 0 for pure double-cou-
ple), and £ measures the isotropic compo-
nent ( +1 for pure explosion, —1 for pure
implosion).

These parameters are plotted on the Hudson
diagram shown in Figure 4.
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TEST RESULTS

Strength and deformation characteristics

Based on triaxial compression tests on sand-
stone conducted under various loading rates
(v) and confining pressures (o,), the following
mechanical parameters were systematically ana-
lyzed: the peak deviatoric stress (ap=almax—a3),
the elastic modulus (£, defined as the slope of the
linear portion of the stress-strain curve), and the
peak strain (¢, the axial strain at peak strength).
For each combination of loading rate and confin-
ing pressure, three specimens were tested. The
values presented in Table 1 are mean values of
the three repeated tests.

Figure 5 show the mean values and their
variability (error bars in Figure 5 represent
standard deviation). Table 1 and Figure 5(a)
show that the peak deviatoric stress o, depends
strongly on both confining pressure and load-
ing rate. At any given loading rate, o, increases
significantly with increasing confining pressure
o,. For example, at a loading rate of 0.01 mm/s,
increasing the confining pressure from 0 MPa
to 60 MPa raises o, from 29.77 MPa to 152.12
MPa, corresponding to a 410.98% increase. This
demonstrates the strengthening effect of confin-
ing pressure, which enhances the rock’s bearing
capacity by inhibiting microcrack propagation
and promoting frictional interlocking between
mineral particles.

In addition, under a fixed confining pressure,
o, increases with loading rate v and exhibits a
strong linear positive correlation with log, (v).
Linear fitting results are presented in Table 2
(based on the mean values from Table 1), with
all correlation coefficients R>>0.967, indicat-
ing a highly significant relationship. The slope
a of the fitted line represents the rate sensitivity
of strength. As shown in the Table 2, @ increas-
es monotonically with confining pressure, from
2.466 under uniaxial conditions to 6.582 at 60
MPa. This trend quantitatively indicates that con-
fining pressure not only increases rock strength
but also enhances its sensitivity to loading rate.
In other words, in deep high-stress environments,
minor changes in loading rate can induce more
pronounced strength variations compared to shal-
low low-stress conditions.

The elastic modulus £ also exhibits a clear
dependence on confining pressure and loading
rate. Table 1 and Figure 5(b) show that £ increas-
es with o, primarily because confining pressure
closes internal microcracks, enhancing the stiff-
ness of the rock skeleton. Under constant confin-
ing pressure, £ also increases with loading rate
v. For example, at 0,=20 MPa, increasing v from
0.001 to 1.0 mm/s raises £ from 11.01 to 12.98
GPa, corresponding to an increase of approxi-
mately 17.89%. However, compared with the
peak strength, the rate of increase in £ is general-
ly lower, indicating that loading rate has a weaker
effect on rock stiffness than on strength.

Explosion

Implosion

Figure 4. Hudson source type plot
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Table 1. Mechanical parameters of sandstone samples under different confining pressures and loading rates

Average value
Loading rate /mm/s 0,/MPa

ap/MPa E /IGPa sp/%

0 27.18 9.03 0.37

20 93.24 11.01 1.05

0.001

40 121.04 14.02 1.39

60 143.69 16.74 2.28

0 29.77 9.86 0.42

20 98.38 11.55 1.15

0.01

40 124.92 14.97 1.44

60 152.12 17.01 2.22

0 33.01 10.18 0.45

0 20 100.97 12.26 1.19

’ 40 129.45 15.19 1.57

60 155.99 17.28 2.01

0 34.32 10.88 0.47

- 20 103.56 12.98 1.23

’ 40 136.86 15.72 1.55

60 164.34 18.02 1.86

200 20 ey —
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(c) Peak strain

Figure 5. Strength and deformation parameters of sandstone specimens under different confining pressures
and loading rates

In contrast, the peak strain ¢ exhibits a  remains relatively stable. For instance, at 0,=20
more complex response, with a rate sensitivity =~ MPa, ¢ increases from 0.0105 at v=0.001 mm/s
that depends on confining pressure (Figure 5c). to 0.0123 at v=1.0 mm/s. Under high confining
Under low to medium confining pressures (040  pressure (60 MPa), however, €, shows a pro-
MPa), ¢, either increases slightly with log, (v) or ~ nounced negative rate sensitivity: as v increases
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Table 2. Linear fitting parameters between peak strength o,

~of sandstone and logarithm of loading rate log, (v)

0,/MPa Fitting formula 0,=ax log,,(v) + b R? a
0 0,=2.466 x log,,(v) + 34.76 0.976 2.466
20 0, = 3.355 x log,((v) + 104.07 0.967 3.355
40 0,=5.199 x log, (v) + 135.866 0.976 5.199
60 0,=6.582 x log, (v) + 163.908 0.981 6.582

from 0.001 to 1.0 mm/s, €, decreases from 0.0228
to 0.0186, a reduction of 18.42%. This behav-
ior has important implications for the deforma-
tion mechanism. Under high confining pressure,
the rock approaches a brittle—ductile transition,
but a high loading rate suppresses the time-
dependent microscopic processes required for
ductile deformation (e.g., grain boundary slid-
ing, stable microcrack propagation, and particle
rearrangement). Consequently, the rock reaches
its bearing capacity with less accumulated plas-
tic strain and enters the instability failure stage
earlier. These observations highlight the inhibi-
tory effect of high confining pressure combined
with high loading rate on the plastic deformation
capacity of rock.

Transition of macroscopic failure modes

In addition to affecting the strength and defor-
mation parameters of sandstone, the combined
effects of loading rate and confining pressure also
profoundly modify its macroscopic failure mode.
Figure 6 illustrates the stress—strain curves and
representative failure morphologies of sandstone
under various confining pressures, exemplified by
a loading rate of 0.01 mm/s.

Under uniaxial compression (6,=0 MPa), the
stress—strain curve exhibits typical brittle behav-
ior. The linear elastic segment has a stable slope,
and upon reaching peak strength, the stress drops
abruptly. The specimen splits into multiple longi-
tudinal fragments, with failure surfaces consist-
ing mainly of tensile cracks parallel to the loading
direction. No visible shear marks are observed,
indicating a typical tensile splitting failure.

When the confining pressure increases to
20 MPa, the curve exhibits a clear yield plateau
near the peak. The post-peak stress drop becomes
gradual, and the residual strength increases sig-
nificantly. After failure, the specimen exhibits
a single through-going shear plane, with white
powdery wear debris visible on the surface —
evidence of frictional sliding. This indicates a

transition from tensile to shear-dominated failure,
characteristic of single-plane shear failure.

At a confining pressure of 60 MPa, the
stress—strain curve approaches ideal elastic—plas-
tic behavior, and some specimens even exhibit
slight strain hardening. Upon failure, no distinct
macroscopic fracture plane is observed; instead,
the specimen undergoes uniform bulging defor-
mation, with dense intersecting micro-shear band
networks on the lateral surface. The rock enters
the ductile failure regime. This transition in fail-
ure modes clearly demonstrates the inhibitory
effect of confining pressure on tensile cracking
and its promoting effect on shear sliding.

Acoustic emission characteristics
and microcracking evolution

Spatiotemporal evolution of AE events and
spatial distribution of crack ypes

The spatiotemporal distribution of AE events
directly reveals the initiation, propagation, and
clustering of internal damage in rocks. Figure 7
shows the localization results of AE events dur-
ing typical pre-peak stress stages, using speci-
mens tested at a loading rate of 0.01 mm/s under
different confining pressures as examples. In the
figure, different colors represent crack types iden-
tified by the R-value method [45] (blue: tensile;
red: shear; cyan: compressive), and sphere size
corresponds to event magnitude.

In all specimens, tensile and shear cracks are
the dominant types, while compressive cracks are
rare (Figure 7). This indicates that even under uni-
axial compression, the microscopic failure process
is not purely tensile; a significant number of shear
microcracks also develop. Under uniaxial condi-
tions (Figure 7a), AE events are relatively dis-
persed, with a high proportion of tensile cracks. As
the confining pressure increases to 20 MPa (Figure
7b), AE events begin to cluster along the direction
of the future macroscopic shear zone, and the pro-
portion of shear cracks increases significantly. At
60 MPa (Figure 7c), the AE events become more
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Figure 6. Typical stress-strain curves and macroscopic failure modes (v=0.01 mm/s)

diffuse, no longer confined to a single shear zone,
instead forming multiple interwoven microcrack
clusters. This corresponds well to the macroscopic
transition to ductile failure and the development
of multiple micro-shear band networks under high
confining pressure. At this stage, the proportion
of shear cracks continues to increase while tensile
cracks further decrease, indicating that under high
confining pressure, internal damage is dominated
by shear mechanisms, and the crack distribution
becomes more uniform.

To quantitatively analyze the proportions of
microcrack types, all AE events under different
test conditions were classified using the R-value

(a) o3 =0 MPa

(b) o5 = 20 MPa

method. The results are listed in Table 3. Under all
test conditions, shear cracks dominate, accounting
for 55.3% to 72.4% of the total events. As con-
fining pressure increases, the proportion of shear
cracks rises significantly, while that of tensile
cracks decreases correspondingly. For instance, at
a loading rate of 0.001 mm/s, an increase in con-
fining pressure from 0 to 60 MPa raises the shear
crack proportion from 55.3% to 69.9%, while
the tensile crack proportion drops from 38.2% to
26.9%. Compressive cracks account for a small
proportion (2.8-6.5%) and generally decrease
with increasing confining pressure, with slight
variations depending on loading rate.

(c) o3 = 60 MPa

Figure 7. Spatial distribution of pre-peak AE events in sandstone under different confining pressures
(v=0.01 mm/s)
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Table 3. Statistics of microcrack types under different testing conditions

Loading rate/mm/s a,/MPa Total events Tensile/% Shear/% Compressive/%
0 1023 38.2 55.3 6.5
0.001 20 1145 341 61.2 47
40 1256 30.5 65.8 3.7
60 1342 26.9 69.9 3.2
0 886 375 56.0 6.5
20 972 33.8 61.5 4.7
001 40 1068 29.7 66.3 4.0
60 1154 26.2 70.8 3.0
0 752 36.9 56.8 6.3
20 826 33.0 62.4 4.6
01 40 905 29.1 67.2 3.7
60 989 25.5 71.6 2.9
0 635 35.8 58.0 6.2
20 698 322 63.3 45
! 40 767 28.4 68.0 3.6
60 843 24.8 72.4 2.8

Under a given confining pressure, the total
number of events decreases markedly with increas-
ing loading rate (e.g., at ,= 20 MPa, from 1145 at
0.001 mm/s to 698 at 1.0 mm/s). At high loading
rates, faster crack propagation leaves insufficient
time for new cracks to initiate over a wider area,
resulting in fewer total events and more localized
fracturing along the main fracture zone. This indi-
cates that rapid loading inhibits the full initiation
and propagation of microcracks. Concurrently, the
proportion of shear cracks increases slightly under
high loading rates, while that of tensile cracks
decreases slightly, suggesting that rapid loading
tends to promote shear microcracks.

Focal mechanism analysis based on Hudson plot

Figure 8 illustrates the focal mechanisms of
AE events for specimens tested at a confining
pressure of 20 MPa under different loading rates.
All identified AE events are projected onto the
Hudson source type plot, where each point repre-
sents an event, with its position defined by the T
and k values.

In Figure 8, AE events are approximately dis-
tributed along the diagonal between tensile and
compressive failure. The events are neither pure-
ly tensile cracks nor ideal shear (double-couple)
or pure compression types. All cracks exhibit
significant mixed-mode characteristics. Tensile
events contain a notable shear (deviatoric) com-
ponent; shear events are mixed with volumetric

(isotropic) components, indicating either dilation
or compression; compressive events are accom-
panied by a significant shear component.

Comparison of Figures 8(a)—(d) shows that
the distribution range of AE event points changes
with increasing loading rate. At low loading rates
(Figure 8a), the points are more dispersed, cover-
ing a wider range from compression to dilation,
indicating greater diversity in crack types. At high
loading rates (Figure 8d), the point distribution
contracts toward 7=0 (shear) and 4=0, indicating
that the crack mechanism becomes simpler and
more shear-dominated.

This phenomenon provides focal mechanism
evidence that high loading rates inhibit the full
development of tensile and compressive micro-
cracks, thereby promoting a shear-dominated
crack mode. This not only reveals the influence
of loading rate on the microcrack mechanism of
rock but also provides microscale evidence for
understanding rock failure behavior under differ-
ent strain rate conditions.

b-value analysis

Figure 9 shows the magnitude frequency dis-
tribution of AE events for sandstone specimens
tested at 0,=20 MPa under different loading rates.
The b-value serves as a key parameter reflecting
the stress state and crack scale distribution within
the medium. The moment magnitudes and fre-
quencies of AE events under various conditions
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Figure 8. Hudson source type plots for sandstone AE events under different loading rates (¢,=20 MPa)

were analyzed, and the b-values were fitted using
the Gutenberg—Richter (G-R) formula. The
results are presented in Table 4.

Under a given confining pressure, the b-value
decreases significantly with increasing loading
rate. For instance, at 20 MPa, as the loading rate
increases from 0.001 mm/s to 1.0 mm/s, the b-val-
ue drops from 1.99 to 1.82, a decrease of approxi-
mately 8.5%. At 60 MPa, the h-value decreases
from 1.89 to 1.68, a reduction of about 11.1%. A
lower b-value indicates an increased proportion
of large-scale crack events and a reduced propor-
tion of small-scale events, suggesting that high
loading rates accelerate crack propagation and
promote larger-scale cracking.

At a given loading rate, the b-value also
decreases with increasing confining pressure. For
example, at 0.001 mm/s, increasing the confining
pressure from 0 to 60 MPa reduces the b-value
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from 2.11 to 1.89, a decrease of approximately
10.4%. This indicates that high confining pressure
similarly promotes large-scale cracking, consistent
with the macroscopic transition to ductile behav-
ior and the formation of more concentrated shear
zones under high confining pressure. The effects of
loading rate and confining pressure on the b-value
are cumulative. The highest b-value (2.11) occurs
under low loading rate and low confining pressure,
while the lowest (1.68) appears under high load-
ing rate and high confining pressure. This further
demonstrates that both factors increase crack scale,
with their combined effect being more pronounced.

At low loading rates, cracks propagate slowly,
allowing ample time for numerous microcrack
nucleation events and the formation of complex
crack networks. Consequently, small events domi-
nate, yielding a high b-value. At high loading rates,
rapid stress concentration and high energy input
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Figure 9. Distribution and b-value fitting of acoustic emission magnitude frequency
at different loading rates (o,=20 MPa)

Table 4. B-values under different loading rates and confining pressures

Loading rate (mm/s) 0,=0 0,=20 0,=40 0,=60
0.001 2.1 1.99 1.90 1.89

0.01 2.03 1.95 1.85 1.82

0.1 1.95 1.87 1.80 1.75

1 1.88 1.82 1.72 1.68

rates inhibit crack branching and dispersion. Cracks
propagate unstably and coalesce quickly, forming
large-scale crack sources. This results in simplified,
concentrated crack networks and a low b-value.

At low confining pressures, cracks tend to prop-
agate as tensile cracks, generating numerous small-
scale cracks. At high confining pressures, cracks
propagate primarily in a shear-dominated man-
ner, more readily forming localized through-going
large-scale cracks. According to Turcotte [47], the
spatial fractal dimension D of the crack network is
approximately equal to 2b. Thus, the b-value also
reflects the complexity of the crack network. In
this study, the decrease in b-value with increasing
loading rate and confining pressure quantitatively

demonstrates that crack networks formed under
these conditions are simpler and more concen-
trated. This provides a theoretical basis for using
microseismic b-values to monitor and predict rock
mass stability at the engineering scale.

DISCUSSION

Investigation of the micro-mechanism
of the loading rate effect

This study systematically revealed the influ-
ence of loading rate on the mechanical behavior
of sandstone, from macroscopic parameters and
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failure modes to microcrack mechanisms. The
essence of the loading rate effect lies in its control
over the time dependence and energy distribution
of internal damage evolution.

At low loading rates, the gradual increase in
load allows ample time for stress redistribution
within the rock. Stress concentration at crack tips
is slowly released and adjusted through the devel-
opment of plastic zones, stable microcrack propa-
gation, and slip along grain boundaries. Conse-
quently, numerous cracks form within a complex
crack network (high b-value), leading to diverse
failure modes. This ultimately enables the rock to
accumulate significant plastic deformation before
failure, exhibiting strong ductile characteristics.

At high loading rates, loads are applied rap-
idly, resulting in massive energy input over a
short period. The rock lacks sufficient time for
stress adjustment and energy dissipation, leading
to a sharp increase in stress concentration. This
has two consequences: First, the driving force for
crack propagation becomes immense. Once initia-
tion conditions are met, cracks propagate rapidly
and may undergo abrupt coalescence, suppress-
ing the nucleation and development of secondary
cracks. Consequently, the total number of cracks
is low, and the crack network is simple (low
b-value). Second, rapid loading may force defor-
mation that would normally require shear slip to
occur through more direct, faster tensile or mixed
failure. However, under high confining pressure,
tensile failure is suppressed, leading to a higher
proportion of shear failure. This shear-dominated
failure involves a greater volumetric component,
and the change in damage mechanism ultimately
causes the rock to fail at a lower cumulative strain.

Engineering implications of high confining
pressure-high loading rate coupling

The negative strain rate sensitivity of peak
strain observed under high confining pressure
has significant engineering implications. This
finding is consistent with the field observations
of Zhuang et al. [17], who reported that increas-
ing the advance rate of a longwall face intensifies
mining-induced stress concentrations and micro-
seismic activity, thereby reducing the rock’s
capacity for ductile adjustment and promoting
brittle failure. It indicates that rapid excavation
in deep, high-stress environments prevents the
full exploitation of rock mass plasticity, leading
to enhanced brittle behavior. This implies that
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despite potentially high measured rock strength,
the failure suddenness and energy release inten-
sity will increase markedly. Therefore, relying
solely on static parameters for deep engineer-
ing design may be hazardous; the influence of
excavation rate must be fully considered. Appro-
priately controlling the excavation rate to allow
time for stress adjustment and energy dissipation
is an effective strategy to utilize the rock’s plas-
tic potential and avoid brittle dynamic failure.
This strategy aligns with the recommendations
of Hajiabdolmajid and Kaiser [14], who empha-
sized that controlled deformation and rate man-
agement are key to preventing brittle collapse in
hard rock tunneling.

Furthermore, the variation pattern of the
b-value provides important guidance for in-situ
microseismic monitoring. In engineering prac-
tice, real-time monitoring of h-value changes can
assess rock mass stability. A sustained decrease
in the h-value indicates an increasing proportion
of large-scale cracking events and approaching
instability, necessitating timely warnings and
adjustments to the excavation rate.

Research limitations and future prospects

Although this study has yielded valuable
insights, certain limitations remain. First, the
experiments only considered the conventional tri-
axial compression stress path (¢,>0,=0,), whereas
actual engineering scenarios involve complex and
variable stress paths (e.g., unloading, true triaxial
stress states). The effects of loading rates under
these complex conditions require further inves-
tigation. Second, significant scale differences
exist between laboratory-scale (centimeter-level)
acoustic emission events and engineering-scale
(meter to hundred-meter-level) microseismic
events. Challenges remain in effectively apply-
ing the crack mechanisms and b-value patterns
revealed in laboratory tests to the interpretation
of engineering-scale microseismic monitoring.

Future work should establish micro-damage
constitutive models that accurately describe load-
ing rate effects and integrate them into numerical
simulation software to achieve high-fidelity simu-
lations of deep engineering rock mass responses.
Concurrently, combining true triaxial tests, unload-
ing tests, and advanced AE inversion techniques
can deepen the investigation of loading rate effects
under complex stress paths, providing more reliable
theoretical support for deep engineering safety.
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CONCLUSIONS

This study systematically investigated the
effects of loading rate on the mechanical prop-
erties and microcrack evolution of sandstone
through triaxial compression tests combined with
acoustic emission monitoring and moment tensor
inversion. The main findings are as follows:

Both peak strength and elastic modulus
increase with loading rate, showing a significant
positive linear correlation with the logarithm of
loading rate. Higher confining pressure enhances
the sensitivity of peak strength to loading rate.
At a confining pressure of 60 MPa, as the load-
ing rate increases from 0.001 mm/s to 1.0 mm/s,
the peak strength increases from 143.69 MPa to
164.34 MPa, and the elastic modulus rises from
16.74 GPa to 18.02 GPa.

Under low to medium confining pressures,
peak strain exhibits insensitivity or a positive corre-
lation with loading rate; however, under high con-
fining pressure (60 MPa), it shows a pronounced
negative rate sensitivity, with peak strain decreas-
ing from 2.28% to 1.86% as loading rate increases
from 0.001 mm/s to 1.0 mm/s, indicating that high
confining pressure coupled with high loading rate
inhibits plastic deformation capacity. Macroscopic
failure mode transitions from brittle tensile splitting
to ductile shearing as confining pressure increases.

AE source mechanism analysis reveals that
most crack events exhibit mixed-mode character-
istics; pure tensile or pure shear events are rare,
and shear mechanisms remain consistently domi-
nant. The total number of microcracks decreas-
es with increasing loading rate. At a confining
pressure of 20 MPa, the total number decreases
from 1145 events at 0.001 mm/s to 698 events at
1.0 mm/s. The b-value decreases with increasing
loading rate, from 1.99 to 1.82 at 20 MPa con-
fining pressure, and from 1.89 to 1.68 at 60 MPa
confining pressure, indicating a higher proportion
of large-scale cracks and a simpler, more concen-
trated crack network under high loading rates.

This study enhances the understanding of
excavation rate effects in deep rock masses and
offers a theoretical basis for engineering stability
assessment and disaster early warning.
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