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Abstract

This study investigates the effects of the length-to-diameter (L/D) ratio on the indirect
tensile strength of red sandstone using Brazilian splitting tests combined with acoustic
emission (AE) and digital image correlation (DIC) technology. Brazilian splitting tests were
conducted on red sandstone disk specimens with a constant diameter of 50 mm and L/D
ratios of 1.0, 0.8, 0.6, and 0.5. The results show that the apparent splitting strength decreased
from 5.05 MPa at L/D = 0.5 to 1.35 MPa at L/D = 1.0, a reduction of 73.3%. As the L/D
ratio decreased, the AE ring counts and energy release became increasingly concentrated
near the peak load and exhibited more pronounced burst-like characteristics. Shear-type
AE events increased from 62.4% to 82.9%, and tensile-type events decreased from 37.6%
to 17.1%. The decrease in the AE b-value prior to failure indicates a transition of damage
evolution from distributed small-scale microcrack activity to localized large-scale crack
initiation, propagation, and coalescence. DIC showed that primary cracks initiated near the
specimen center, whereas lower L/D ratios produced stronger localization, more secondary
inclined cracks, and more abrupt failure. The higher calculated strengths obtained under
low L/D conditions should be interpreted as apparent Brazilian splitting strengths resulting
from the combined effects of specimen geometry and boundary constraints, rather than
being directly regarded as the intrinsic tensile strength of red sandstone.

Keywords: rock tension; Brazilian splitting; acoustic emission; digital image correlation;
length-to-diameter ratio; elastic deformation; rock mechanics; red sandstone

1. Introduction

Tensile failure is one of the fundamental modes of catastrophic failure and instability
in rocks. Because the tensile strength of rock is generally much lower than its compres-
sive strength, local tensile stresses can readily induce crack initiation even in geological
environments dominated by compressive stress [1-3]. Therefore, tensile failure affects the
stability of tunnels, slopes, underground openings, and energy-related operations involv-
ing excavation, blasting, or hydraulic fracturing. Reliable characterization of rock tensile
strength is consequently essential for laboratory interpretation, engineering design, and
risk assessment.

Direct tensile testing provides the most straightforward measurement, but specimen
preparation, gripping, and load alignment remain technically demanding for brittle and
heterogeneous rocks [3,4]. The Brazilian test is widely used due to its simplicity of op-
eration [5]. The mechanical properties of rock are scale-dependent. As the size of the
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specimen increases, so too does the number of internal defects such as primary pores, mi-
crocracks, weak structural planes and mineral heterogeneity; these microstructural features
collectively contribute to and influence the mechanical response of the rock. At the same
time, boundary constraints and stress redistribution patterns may also change with size,
thereby leading to differences in failure modes. This scale-dependent mechanical behavior
is collectively referred to as the size effect in rock.

In recent years, research on the influence of the L/D ratio on rock mechanical properties
has been continuously developed [6]. It is widely accepted that the uniaxial compressive
strength (UCS) of rocks tends to decrease with increasing L/D ratio [7,8]. This phenomenon
has been verified by the studies of Liu et al. [9] and Li et al. [10]. They attributed this to
the fact that a larger L/D ratio is more prone to induce stress concentration inside the
specimen, which causes earlier initiation and rapid propagation of cracks, thereby leading
to a sharp decline in rock strength. In triaxial compression tests, the triaxial strength of
rocks is usually enhanced with the increase in confining pressure, yet the increase in L/D
ratio will inhibit this strengthening effect. For instance, Zhu et al. [11] conducted triaxial
compression tests on siltstone samples with the same diameter but different heights. The
results demonstrated that under the same confining pressure condition, the compressive
strength of rocks decreases with the increase in L/D ratio. Manuel et al. [5] investigated
the mechanical properties of rock samples with different diameters but the same L /D ratio
by performing multiple triaxial tests on granite samples with confining pressures ranging
from 0.2 to 15 MPa and diameters ranging from 30 to 84 mm. The test results indicated that
under low confining pressure, the peak strength first increases and then decreases with the
increase in diameter, whereas this trend becomes less pronounced under high confining
pressure. They argued that the closure of microcracks under high confining pressure
weakens the impact of this effect, which is consistent with the viewpoint of Aubertin
et al. [12]. With the increase in the L/D ratio, the tensile strength of rocks shows a certain
degree of decreasing trend [13,14]. Su et al. [15] pointed out that the tensile strength of red
sandstone decreases significantly with the increase in the L/D ratio. Yin et al. [16] further
verified this phenomenon, and the results showed that with the increase in the L/D ratio,
the tensile strength decreases in a cubic relationship. Xu et al. [17] prepared samples of
marble, siliceous gritstone, and carbonaceous mudstone with the same diameter (50 mm)
but different thicknesses (20-50 mm). Their analysis revealed the influence of the sample
L/D ratio on the indirect tensile strength of rocks: the higher the uniaxial compressive
strength of the rock, the more obvious the change in Brazilian splitting strength with the
L/D ratio. He et al. [18] improved the measurement method via digital image correlation
(DIC) technology and found that an increase in the L/D ratio not only gradually reduces
the tensile strength but also exerts a significant influence on the crack initiation position
and propagation path.

Although the effect of the L/D ratio on rock mechanical behavior has been extensively
studied, most investigations have focused on uniaxial and triaxial compression tests, while
studies under tensile loading, especially Brazilian splitting tests, remain limited. Existing
research typically evaluates the L/D effect in terms of peak intensity. The influence of L/D
ratio on the coupled evolution of strain localization, crack propagation, and failure modes
in Brazilian splitting tests remains unclear.

To address this gap, through Brazilian splitting tests combined with AE-DIC technol-
ogy, the influence of the L/D ratio on the tensile strength, microcrack evolution law, energy
characteristics, failure process, and surface strain evolution law of sandstone is investigated.
The research results can provide a scientific theoretical basis for the optimal structural
design in rock engineering and are of great significance for ensuring the construction safety
of projects and reducing accident risks.
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2. Materials and Methods
2.1. Sample Preparation

Red sandstone from Yunnan Province, China, was selected as the test material. Its
mineral composition was determined using a polarizing microscope: quartz accounts
for 60%, feldspar 20%, calcite 15%, and sericite 1%. In rigid compliance with the testing
standards regulated by the ISRM, all specimens were prepared through sequential processes
of drilling, cutting, and grinding [19]. The upper and lower surfaces of the specimens
were carefully polished, with the flatness of the surfaces controlled within +0.05 mm. In
addition, the angular deviation between the upper and lower surfaces was maintained
within 40.25° to ensure proper parallelism. As shown in Figure 1, cylindrical samples with
a diameter of 50 mm and heights of 25 mm, 30 mm, 40 mm, and 50 mm were prepared.
For each L/D ratio, three valid replicate specimens were tested, resulting in a total of
12 specimens.
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Figure 1. Rock samples with different L/D ratios.

To reduce the discreteness of the specimens, samples with abnormal wave velocities
were excluded. Subsequently, three parallel tests were conducted for each group of speci-
mens with similar P-wave velocities to ensure the reliability of the experimental results.
The basic physical parameters of the tested specimens are listed in Table 1.

Table 1. Basic mechanical properties of red sandstone.

Specimen Size (mm x mm) L/D Tensile Average Value P-Wave

Number Ratio Strength (MPa) 8 Velocity (m/s)
Al-1 1.31 2901
A1-2 D50 x 50 1 1.23 1.35 2982
A1-3 1.52 2839
B1-1 2.01 2816
B1-2 D50 x 40 0.8 2.15 2.01 2827
B1-3 1.86 2931
C1-1 3.32 2981
C1-2 D50 x 30 0.6 3.41 3.32 2955
C1-3 3.23 2971
D1-1 5.01 2923
D1-2 D50 x 25 0.5 511 5.05 2960
D1-3 5.04 2922

2.2. Experimental Equipment

The test equipment was an ISTRON universal testing machine, which mainly consists
of a control panel, a loading unit, and a data acquisition unit. The maximum axial static
stress it can apply reaches 1000 KN with a displacement rate range of 0-100 mm /min and
a load application rate range of 0.01-50 KN/s. In this test, force-controlled loading was
employed at a loading rate of 1 KN/min.

Acoustic emission (AE) monitoring was conducted using a PCI-2 AE system (Mistras
Group Inc., Princeton Junction, NJ, USA), consisting of an AE acquisition unit, preampli-
fiers, sensors, and associated data acquisition and analysis software. The system provides
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an 18-bit A/D resolution, a maximum sampling rate of 40 MSPS, and a frequency response
range of 1 kHz to 3000 kHz. During the Brazilian splitting tests, AE signals were continu-
ously recorded throughout the entire loading and failure process of the rock specimens.
The main acquisition parameters were set as follows: a threshold of 45 dB, a floating
threshold parameter of 6 dB, a preamplifier gain of 40 dB, an analog band-pass filter range
of 1 kHz-3 MHz, a sampling rate of 10 MSPS, and a pre-trigger setting of 256 samples.
Two AE sensors were attached to the cylindrical lateral surface on the same side of the
specimen. To ensure effective transmission of AE signals and minimize interfacial coupling
loss, petroleum jelly was uniformly applied between the AE sensor and the specimen
surface as a coupling agent.

Digital image correlation (DIC) was employed to continuously monitor the full-field
deformation, strain evolution, and crack propagation of the rock specimens throughout the
loading process. To obtain a high-contrast surface texture with reliable image correlation,
the specimen surfaces were first coated with a thin and uniform layer of matte white
paint. Subsequently, randomly distributed black speckles were applied using a black
marker pen to generate a stochastic speckle pattern suitable for full-field displacement and
strain measurements. Images were acquired using a FASTCAM Mini AX 200 high-speed
camera (Photron Ltd., Tokyo, Japan)equipped with a 1-megapixel CMOS sensor. The image
sequences used for DIC analysis were recorded at a resolution of 1024 x 1024 pixels and a
frame rate of 120 fps. A schematic diagram of the test system is shown in Figure 2.
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Figure 2. Brazilian splitting test system.

3. Results
3.1. Influence of L/D Ratio on Brazilian Splitting Strength

In the central cracking mode, the tensile strength of rock in the Brazilian split test can
be calculated using the following mathematical expression:

2P

nDH M

Ot =

where P is the peak load at failure, and D and H denote the diameter and thickness of the
disk specimen, respectively. Based on the above equation, the tensile strength of the rock
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specimens with different L/D ratios was calculated. Figure 3 presents the representative
stress—time curves of specimens with different L/D ratios.
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Figure 3. Representative stress—time curves of specimens with different L/D ratios.

The coefficient of variation (CV) was defined as the ratio of the standard deviation
to the mean of the experimentally measured peak stress, and was used to characterize
the dispersion of the experimental results. The individual results and corresponding
statistical parameters are summarized in Table 2. The mean calculated peak stresses were
1.35 £+ 0.15, 2.01 £ 0.15, 3.32 £ 0.09, and 5.05 & 0.05 MPa for L/D ratios of 1.0, 0.8, 0.6,
and 0.5, respectively. The values of CV were 11.07%, 7.23%, 2.71%, and 1.02%, indicating
relatively limited within-group variability. The results showed that the specimens exhibited
almost no post-peak stage, indicating pronounced brittle failure characteristics. As the
thickness of the disk specimens decreased, the peak strength of the sandstone gradually
increased. In addition, the dispersion of peak stress, as characterized by the coefficient of
variation, decreased with decreasing L/D ratio. Overall, the experimental results exhibited
relatively low variability.

Table 2. Statistical summary of the calculated Brazilian splitting strength for specimens with different
L/D ratios.

. Specimen 1 Specimen 2 Specimen 3 o Valid
L/D Ratio (MPa) (MPa) (MPa) Mean (MPa) SD (MPa) CV (%) Specimens
1.0 1.31 1.23 1.52 1.35 0.15 11.07 3
0.8 2.01 2.15 1.86 2.01 0.15 7.23 3
0.6 3.32 341 3.23 3.32 0.09 271 3
0.5 5.01 5.11 5.04 5.05 0.05 1.02 3

Figure 4 further illustrates the relationship between the L/D ratio and the Brazilian
splitting strength. The mean values and the corresponding standard deviations obtained
from three replicate specimens are presented together with the individual experimental
results. As the L/D ratio increased from 0.5 to 1.0, the mean calculated Brazilian splitting
strength decreased from 5.05 MPa to 1.35 MPa, corresponding to a reduction of approxi-
mately 73.3%. This result demonstrates a pronounced geometry-dependent variation in
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the calculated Brazilian splitting strength within the investigated L/D range. An empirical
quadratic function was fitted to the four group-mean values, yielding R? = 0.961. However,
because only four L/D levels were investigated, the fitted relationship is used only to
describe the variation within the tested range of 0.5-1.0 and should not be extrapolated
beyond this range.

Length to diameter ratio 1.0
Length to diameter ratio 0.8
Length to diameter ratio 0.6
Length to diameter ratio 0.5
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Figure 4. Brazilian splitting strength of rock samples with different L/D ratios.

3.2. Failure Modes

Typical final macroscopic fracture patterns of the specimens after Brazilian splitting
tests are shown in Figure 5. Overall, the specimens exhibited a tensile-dominated failure
mode, as the main fracture generally develops along the loading diameter. However, the
occurrence of secondary inclined cracks, branch cracks, and crack deflection in specimens
with lower L/D ratios suggests that the fracture process becomes more complex as the
L/D ratio decreases. Therefore, the identification of the underlying cracking mechanism
is further supported by AE RA-AF classification and DIC strain localization analysis. For
the specimen with an L/D ratio of 1.0, the fracture pattern is characterized by a dominant
main splitting crack accompanied by several secondary branch cracks. When the L/D
ratio decreases to 0.8, the specimen mainly exhibits a single main splitting crack, and
the final fracture morphology is relatively simple. For specimens with L /D ratios of 0.6
and 0.5, the fracture morphology becomes more complex, with secondary inclined cracks,
branch cracks, and local crack deflection observed near the main splitting path. These
observations indicate that the L/D ratio affects the final macroscopic fracture pattern of the
disk specimens.
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Figure 5. Final failure modes of typical rock samples with different L/D ratios: (a) L/D ratio = 1.0,
(b) L/D ratio = 0.8, (c) L/D ratio = 0.6, (d) L/D ratio = 0.5.

3.3. Rock Failure Based on DIC Technology

In this test, the changes in the surface displacement and strain fields were analyzed
via DIC technology, which can effectively determine the timing of microcrack initiation and
propagation [20,21]. Vic-2D software was used with a uniform weight For the digital image
correlation analysis, the subset size of 15 and a step size of 1. The zero-mean normalized
sum of squared differences (ZNSSD) correlation criterion was selected to analyze the
speckle pattern samples. The average transformation method was adopted to eliminate
rigid body motion, the tensor type was set to “Engineering”, and strains were calculated to
generate data images. By setting the data variable to “exx”, the initiation and propagation
of sample cracks throughout the process can be clearly observed through the color changes
in the data images. Figure 6 shows the evolution of the surface strain field obtained by
DIC during Brazilian splitting tests of specimens with different L/D ratios. The color scale
represents the x-direction strain, exx (%). Purple and blue regions correspond to low or
negative strain, green and yellow regions indicate moderate strain, and orange and red
regions represent high strain concentration. The maximum exx values extracted from the
color bars are summarized in Table 3. In this study, because the complete DIC dataset was
not fully retained, the temporal durations of the deformation stages under different L/D
ratios were not quantitatively characterized. Therefore, the DIC results are interpreted
mainly from the perspective of strain-field evolution analysis. As illustrated, the locations
of major cracks are basically concentrated in the middle of the samples, and differences in
the L/D ratio do not change the positions of primary crack initiation. In a word, the DIC
results indicate that decreasing the L/D ratio does not significantly change the main crack
initiation region, but it enhances strain localization and promotes a more concentrated and
abrupt fracture process.
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Figure 6. Surface strain evolution of samples with different L/D ratios: (a) L/D ratio = 1.0,
(b) L/D ratio = 0.8, (c) L/D ratio = 0.6, (d) L/D ratio = 0.5.

Table 3. Summary of x-direction strain (exx) and deformation-stage duration for specimens with
different L/D ratios.

L/D Ratio  exx Range from DIC Color Bar (%) Maximum exx at Final Stage (%)

1.0 —1.55to 6.55 6.55
0.8 —0.60 to 6.10 6.10
0.6 —0.36 to 3.62 3.62
0.5 —0.90 to 12.10 12.10

Nine displacement monitoring points (P1, P2, P3, ..., P9) were further arranged along
the macroscopic cracks formed by the Brazilian splitting test on rock samples with different
L/D ratios, as shown in Figure 7.

The strain data in the x-direction of the nine monitoring points was extracted using
mean value statistics, and curves of the strain at each point in the x-direction versus the
frame number of the captured images were plotted, as shown in Figure 7. From the curve
characteristics, it can be concluded that the variation in the sample’s x-direction strain
with frame number is divided into three stages: the elastic deformation stage, the slow
strain accumulation stage, and the rapid strain increase stage in sequence. The mechanical
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characteristics of these three stages differ from the internal damage evolution characteristics
of the samples. As illustrated in Figure 8, the key features of the strain curves in each stage
are as follows. In the first stage, the strain percentage increase is almost parallel to the
horizontal axis, and the curves of all monitoring points are highly overlapping in the early
period. Entering the second stage, the strain begins to increase slowly with a relatively
gentle growth rate. In the third stage, the strain rises sharply, and the curve shows a steep
upward trend. With the decrease in the sample’s L/D ratio, the number of continuous
frames in the first stage increases continuously from approximately 16 frames to 40 frames,
while the number of continuous frames in the second stage decreases gradually.

<'
f
1
)
3

(b) () (@)

Figure 7. Distribution of displacement monitoring points on rock samples with different L/D ratios:
(a) L/D ratio = 1.0, (b) L/D ratio = 0.8, (c) L/D ratio = 0.6, (d) L/D ratio = 0.5.
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Figure 8. Strain—time evolution curves of each monitoring point on rock samples with different L/D
ratios: (a) L/D ratio = 1.0, (b) L/D ratio = 0.8, (¢) L/D ratio = 0.6, (d) L/D ratio = 0.5.
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3.4. Acoustic Emission Characteristics
3.4.1. Acoustic Emission Count Characteristics

During the deformation and failure process of rock, energy signals are released to the
outside in the form of elastic waves, which are referred to as acoustic emission (AE) sig-
nals [22]. AE signals can effectively identify the processes of crack formation, propagation,
and coalescence. In the Brazilian splitting test, based on the characteristics of AE signals
and the internal damage evolution process of rock, the test process can be divided into the
following four stages: the microcrack closure and compaction stage, the stable microcrack
propagation stage, the accelerated microcrack propagation and coalescence stage, and the
macroscopic failure stage [23].

The AE ring count test is an experimental technique that investigates the evolution
law of internal damage in materials by monitoring the ring count characteristics of AE
signals during the material’s stress-induced deformation process. Ring count reflects the
instantaneous crack activity intensity, while cumulative ring count represents the total
damage throughout the entire process [24,25]. The evolution laws of both are affected by
the L/D ratio of rock samples, and the essence lies in the fact that the L/D ratio alters the
internal stress distribution and crack propagation path of rock samples.

Figure 9 shows the evolution of stress, AE ring count, and cumulative ring count for
specimens with different L/D ratios. For all specimens, the ring count remained relatively
low during most of the loading process, whereas a dominant ring-count peak occurred
near the peak stress or the subsequent stress drop. This indicates that a large number of
microcracks rapidly propagated and coalesced during the final failure stage. For the sample
with an L/D ratio of 1.0, the ring count was low in the initial stage, indicating microcrack
closure and minimal energy release. As the stress increased, the cumulative ring count
gradually rose, corresponding to the stable propagation of microcracks. The appearance of
the first significant peak near the stress peak indicated that the cracks entered the unstable
propagation stage. Before the sample failure, the cumulative ring count showed a steady
approximately linear increase; when the sample failed, the ring count suddenly increased
sharply, as did the cumulative ring count.

For the sample with an L/D ratio of 0.8, the peak ring count was higher than that of
the sample with an L/D ratio of 1.0, and the peak appeared earlier (before the stress peak).
The growth slope of the cumulative ring count increased, showing an obvious accelerated
growth phase before failure. This indicates that as the L/D ratio decreases, the sample is
closer to a plane stress state, and the proportion of tensile stress increases. For the sample
with an L/D ratio of 0.6, the peak ring count in the middle and late stages was significantly
higher than those of the samples with L/D ratios of 1.0 and 0.8, and the peak duration was
short. The cumulative ring count curve showed a steep growth before failure, indicating
the coalescence of a large number of microcracks in a short time. For the specimen with
L/D = 0.5, the ring count remained at a low level throughout most of the loading process,
while the cumulative ring count reached its maximum value at the moment of failure,
indicating minimal pre-propagation of microcracks. The cumulative ring count surged
instantaneously before failure, reflecting the concentrated release of energy from the rapid
coalescence of cracks. This suggests that when the rock sample height is too small, the
loading process involves not only tensile failure but also potential shear failure, with more
concentrated crack propagation paths, manifested as sudden failure.
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Figure 9. Stress and acoustic emission (AE) ring count versus time evolution curves of rock samples
with different L/D ratios: (a) rock sample with L/D ratio = 1.0, (b) rock sample with L/D ratio = 0.8,
(c) rock sample with L/D ratio = 0.6, (d) rock sample with L/D ratio = 0.5.

Overall, the dominant increases in cumulative ring count for all specimens were
concentrated near the final failure stage. With the L/D ratio decreased from 1.0 to 0.5, the
peak cumulative AE ring count gradually decreased and occurred at a later time. This
variation may be partly attributed to the change in stress distribution induced by the
reduction in L/D ratio; specimens with lower L/D ratios required a longer total loading
duration to reach failure.

3.4.2. Acoustic Emission Energy Characteristics

Acoustic emission (AE) energy refers to the total energy of elastic waves released
during the initiation, propagation, and coalescence of internal cracks in rock under loading,
which reflects the intensity of instantaneous crack activity. Higher AE energy indicates
more intense crack propagation [22,23,26]. In the Brazilian splitting test, the L/D ratio
of samples regulates the energy release characteristics of crack evolution by altering the
internal stress distribution. The AE energy-stress versus time evolution curves of rock
samples with different L/D ratios are shown in Figure 10.

As can be seen in Figure 10a, the instantaneous energy of the rock sample with an L/D
ratio of 1.0 is close to 0 during the compaction stage (0~50 s), indicating no significant crack
activity. From 50 to 150 s, low-amplitude fluctuations occur with increasing stress, suggesting
the stable initiation of microcracks and scattered energy release. The cumulative energy
shows a steady linear increase, reflecting uniform damage evolution. At this time, the crack
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propagation of the sample is restrained by axial constraints, dominated by tensile cracks, with
scattered energy release. The peak instantaneous energy of the sample with an L/D ratio
of 0.8 is significantly higher than that of the sample with an L/D ratio of 1.0, and the peak
appears earlier (about 30 s earlier than the stress peak). The increased fluctuation amplitude in
the middle stage indicates more active crack propagation. The growth slope of the cumulative
energy curve is steeper than that of the sample with an L/D ratio of 1.0, and an inflection
point appears before failure, reflecting the transition of damage from uniform dispersion to
local concentration. When the L/D ratio is 0.8, the proportion of radial tensile stress increases,
the axial restraint on crack propagation decreases, and energy release is more concentrated
but still dominated by tensile failure. For the sample with an L/D ratio of 0.6, a sharp peak of
instantaneous energy occurs before failure with a short duration, and the energy fluctuation
amplitude is small before the peak. From 50 to 100 s, the slope of cumulative energy surges,
showing a steep growth, indicating concentrated energy release from the coalescence of a
large number of cracks in a short time. It can be seen that the significant reduction in rock
sample height leads to the failure of lateral constraints. The internal radial tensile stress
distribution is more uniform but the stress concentration factor increases, and cracks jump
from stable propagation to unstable coalescence. The suddenness of energy release increases,
and shear failure begins to accompany it. The instantaneous energy of the sample with an
L/D ratio of 0.5 shows a spike-like peak at the moment of failure, and the energy is close to 0
before the peak, indicating almost no pre-propagated cracks. The cumulative energy surges
instantaneously before failure, reflecting the concentrated energy release of cracks. When the
L/D ratio is 0.5, the rock sample height is too small, and the end face friction constraint almost
disappears. Under loading, there is not only radial tension but also significant shear, and crack
propagation presents a tensile—shear composite mode. The stress concentration effect is the
most significant, ultimately manifesting as sudden failure with instantaneous energy release.
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Figure 10. Stress and acoustic emission (AE) energy versus time evolution curves of rock samples
with different L/D ratios: (a) rock sample with L/D ratio = 1.0, (b) rock sample with L/D ratio = 0.8,
(c) rock sample with L/D ratio = 0.6, (d) rock sample with L/D ratio = 0.5.
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The above results indicate that with the decrease in the L/D ratio, the peak value of
instantaneous acoustic emission (AE) energy increases, and the growth mode of cumulative
energy transitions from gradual to steep. When the L/D ratio > 1.0, the failure is dominated
by tensile failure, with scattered energy release and steady growth of cumulative energy;
when the L/D ratio < 0.6, shear failure begins to accompany, featuring concentrated energy
release and a sudden surge in cumulative energy.

3.4.3. Evolution Law of Microcracks

It is widely recognized that the generation of macroscopic cracks is formed by the
gradual accumulation and continuous development of microcracks. To further distinguish
the cracking modes, a transition boundary line defined by a specific empirical threshold
slope (k = 100) was introduced into the RA-AF coordinate system [27,28]. Based on this
criterion, AE signals positioning in the region of AF/RA > 100 are classified as tensile cracks,
whereas signals falling within AF/RA < 100 are categorized as shear cracks. In other words,
a low RA value combined with a high AF value corresponds to tensile cracks; conversely, a
high RA value combined with a low AF value indicates shear cracks [29-32].

Since the RA-AF boundary is empirical and material-dependent, the present clas-
sification is used only to identify the relative evolution of tensile- and shear-type AE
signals under different L/D ratios. It should not be interpreted as a direct determination
of the macroscopic failure mode. Since the RA-AF boundary is empirical and material-
dependent, the present classification is used only to identify the relative evolution of tensile-
and shear-type AE signals under different L/D ratios. It should not be interpreted as a
direct determination of the macroscopic failure mode. Therefore, to clarify the macroscopic
failure mechanism of sandstone with various L/D ratios, parameters including duration,
rise time, ring count and amplitude are adopted to characterize the microcrack evolu-
tion features throughout specimen deformation and failure. The average frequency (AF)
of acoustic emission (AE) and the ratio of rise time to amplitude (RA) are obtained by
calculating the relationships between these parameters [33,34]:

AEC
AF = —— 2
Dr 2)
Rt
RA = — (3)
Agp

where AEC denotes the AE count, D is the duration time, Ry is the rise time, and Agg is
the AE amplitude.

To reveal the evolution law of microcracks, statistical calculation methods were
adopted in this study to establish the relationship between parameters RA and AF. Mean-
while, a program was compiled using built-in MATLAB 2025 functions to obtain the
microcrack distribution characteristics of rock samples with different L/D ratios, and the
relevant results are shown in Figure 11 and Table 4. It is evident from the figure that
the evolution mechanisms of microcracks vary among Brazilian splitting disk samples
with different L/D ratios. Specifically, as shown in Figure 11, the AE-based microcracking
characteristics of the specimens vary significantly with the L/D ratio. For the specimen
with an L/D ratio of 1.0 (Figure 11a), tensile-type AE events account for 37.6%, whereas
shear-type AE events account for 62.4%. Although shear-type AE events are more frequent,
the relatively high proportion of tensile-type events indicates that tensile splitting still plays
an important role in the fracture process. When the L/D ratio decreases to 0.8 (Figure 11b),
the proportion of tensile-type AE events decreases to 33.5%, while that of shear-type AE
events increases to 66.5%, suggesting that shear-related microcracking becomes more active
as the specimen thickness decreases. For the specimen with an L/D ratio of 0.6 (Figure 11c),
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the proportion of tensile-type AE events further decreases to 18.7%, whereas the proportion
of shear-type AE events increases markedly to 81.3%. This indicates that reducing the
L/D ratio promotes localized shear microcracking and weakens the relative contribution
of tensile cracking. When the L/D ratio further decreases to 0.5 (Figure 11d), tensile-type
AE events account for only 17.1%, while shear-type AE events reach 82.9%, indicating a
pronounced shear-type microcracking characteristic. Overall, with decreasing L/D ratio,
the proportion of tensile-type AE events decreases from 37.6% to 17.1%, whereas the pro-
portion of shear-type AE events increases from 62.4% to 82.9%. Meanwhile, the critical
boundary separating the two fracture modes exhibits an obvious downward-right shift,
and AE events gradually migrate toward the region characterized by higher RA values
and lower AF values in the RA-AF feature space. These results indicate that reducing the
L/D ratio enhances localized shear-type microcracking activity during the fracture process.
It should be noted that the RA-AF classification reflects the dominant characteristics of
AE microcracking events rather than the macroscopic failure mode alone. Therefore, com-
bined with the rock failure characteristics revealed by DIC analysis, the failure behavior
of the specimens should be interpreted as a tensile-shear mixed failure process governed
by diametral splitting, in which the contribution of shear-type microcracking becomes
increasingly significant as the L /D ratio decreases.

Table 4. Classification results of tensile and shear microcracking modes based on the RA-AF method
for specimens with different L/D ratios.

L/D Ratio Tensile Events (%) Shear Events (%) k Value
1.0 37.6 62.4 100
0.8 33.5 66.5 100
0.6 18.7 81.3 100
0.5 17.1 82.9 100

(@) 150 .

@ Tensile crack
Shear crack

@ Tensile crack’
Shear crack

AF (kHz)

(c) 50 100
RA (ms/v) RA(ms/v)

200

200
@ Tensile crack
Shear crack

@ Tensile crack
Shear crack

813% _ N829%
N
g
Z 100
o
<

100 §

AF (kHz)

0
50 100 0 25 50 75 100

RA(ms/v) RA(ms/v)

Figure 11. Microcrack distribution characteristics of rock samples with different L/D ratios: (a) rock
sample with L/D ratio = 1.0, (b) rock sample with L/D ratio = 0.8, (c) rock sample with L/D ratio = 0.6,
(d) rock sample with L/D ratio = 0.5.
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3.4.4. Analysis of Acoustic Emission B-Value Characteristics for Rock Samples with
Different L/D Ratios

The b-value is derived from the Gutenberg-Richter law. As a key statistical parameter,
it is mainly used to describe the correlation between the magnitude of microfailure events
and their occurrence frequency when rock undergoes failure under external loading. Its
calculation formula is expressed as follows [35]:

IgN = a — bM (4)

wherein a and b are constants, and N is the cumulative number of acoustic emission events
with magnitude greater than M. M is the magnitude of acoustic emission events, which is
usually calculated by dividing the amplitude by 20, i.e., M = A/20, where the unit of A is
dB, and A = 20IgAmax; Amax is the maximum value of acoustic emission amplitude [36].
The parameter b is used to describe the distribution ratio of source scales, which is defined
as the b-value and is key information in earthquake precursor research. From a mechanical
perspective, the failure of rock under stress is similar to the occurrence of an earthquake,
as both processes undergo the initiation, propagation, and coalescence of internal cracks,
eventually forming a macroscopic failure surface [37]. In relevant rock studies, acoustic
emission (AE) technology is a common method for analyzing the rock failure process. Since
the b-value characteristics of AE signals can reflect the scale changes in internal microcracks
in rock, and the abrupt change in the b-value can be used as a signal of macroscopic rock
failure, studying the characteristics of the b-value can allow us to better explore the rock
failure law [38].

The magnitude of the b-value directly reveals the scale distribution of internal microc-
racks and the stress concentration state of rock, serving as a critical basis for evaluating rock
stability and predicting rock failure. A larger b-value indicates that the internal damage of
rock is dominated by small-scale events such as microcrack initiation, where the rock is
in the initial stage of damage and its overall structure remains relatively stable. A smaller
b-value implies that the internal damage of rock is mainly characterized by macroscopic
crack coalescence or large-scale failure, at which point the rock damage is concentrated
and the rock is close to the critical state of unstable failure. A continuous or significant
decrease in the b-value indicates that the failure mode inside the rock is transitioning from
a dispersed state to a concentrated state, the main failure surface is gradually forming, and
macroscopic failure is imminent [39-43].

When calculating the b-value using the least-squares method, AM = 0.5 was selected
for the calculation. To minimize the error in b-value calculation caused by an insufficient
number of AE events within a certain magnitude range, 1000 AE data points were selected
as one data group, and the b-value was calculated using a sliding window with an interval
of 100 events. Figure 12 shows the variation curves of AE b-value versus time during the
entire failure process of rock samples with different L/D ratios.

As shown in Figure 12, the AE b-value of specimens with different L/D ratios ex-
hibits pronounced fluctuations throughout the loading and failure process, indicating the
discontinuous and staged nature of microcrack initiation, propagation, and coalescence.
In general, the b-value remains relatively high and fluctuates frequently during the early
and middle loading stages, suggesting that the damage process is mainly controlled by
the random initiation and stable propagation of small-scale microcracks. In contrast, a
noticeable decrease in the b-value is observed before final failure, indicating the progres-
sive dominance of large-scale crack growth, damage localization, and the formation of a
macroscopic fracture surface.
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Figure 12. Variation curves of AE b-value versus time during the entire failure process of rock samples
with different L/D ratios: (a) rock sample with L/D ratio = 1.0, (b) rock sample with L/D ratio = 0.8,
(c) rock sample with L/D ratio = 0.6, (d) rock sample with L/D ratio = 0.5.

For the sample with an L/D ratio of 1.0, the overall fluctuation of the b-value is
relatively gentle, and the minimum value appears relatively early at approximately 170 s
after the sharp drop, indicating that the rock sample undergoes macroscopic failure. For
the sample with an L/D ratio of 0.8, the fluctuation frequency and amplitude of the b-value
increase significantly, with the minimum value appearing at around 225 s after the sharp
drop. For the sample with an L/D ratio of 0.6, the occurrence time of the minimum value
after the sharp drop is further delayed to about 270 s; the overall fluctuation degree of the
curve increases, and the b-value changes actively. For the rock sample with an L/D ratio
of 0.5, the minimum value after the sharp drop appears the latest at approximately 350 s,
making it the sample that undergoes macroscopic failure the most slowly.

Experimental analysis shows that with the decrease in the L/D ratio of the samples,
the variation in the AE b-value becomes increasingly active. Meanwhile, the occurrence
time of the minimum value after the sharp drop of the b-value is gradually delayed, from
about 170 s to about 350 s. In other words, the smaller the L/D ratio, the longer the time
required for the occurrence of macroscopic failure.

4. Discussion
4.1. Influence of L/D Ratio on Apparent Brazilian Splitting Strength and Failure Mode

Previous studies have confirmed that specimen geometry has a significant influence
on the tensile strength obtained from Brazilian splitting tests. AlAwad et al. [13] indicated
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that the conventional Brazilian indirect tensile strength formula may lead to deviations
and proposed a modified formula for rocks and rock-like geomaterials. Xu et al. [17]
reported that the Brazilian splitting strength of different rocks exhibits an evident size
effect, while Yin et al. [16] further demonstrated that specimen geometry affects the tensile
stress distribution and crack initiation position. Su et al. [44] observed a clear size effect
in the tensile strength of red sandstone after high-temperature treatment. More recently,
Wei et al. [14] showed that size-dependent failure behavior under Brazilian tests can
significantly influence acoustic and electromagnetic emission responses. These studies
support the present finding that the L/D ratio affects not only the calculated peak stress
but also the failure mode and damage evolution process.

The results demonstrate that the apparent Brazilian splitting strength of the red sand-
stone disk specimens increased markedly as the L/D ratio decreased from 1.0 to 0.5. This
trend is generally consistent with previous observations of specimen-geometry effects in
Brazilian splitting tests. Because all specimens were prepared from the same batch of sand-
stone and screened according to their P-wave velocities to minimize material heterogeneity,
inter-specimen variability is unlikely to be the primary cause of the observed strength
difference. A more plausible explanation is that changing the specimen geometry alters
its mechanical response. As the L/D ratio decreases, the specimen thickness is reduced,
thereby increasing the relative influence of the loading contact region and boundary con-
ditions on the overall stress field. These changes further modify the three-dimensional
stress distribution, the extent of stress concentration, and the crack propagation path within
the specimen. Therefore, the higher apparent Brazilian splitting strength observed for the
specimen with L/D = 0.5 should not be directly interpreted as an increase in the intrinsic
tensile strength of red sandstone. Particularly at low L/D ratios, the internal stress state
may be jointly governed by tensile stress, localized compressive stress, and shear stress,
causing the failure process to deviate progressively from the idealized Brazilian splitting
condition characterized by central crack initiation and pure tensile fracture. Accordingly,
the strength values obtained for specimens with low L/D ratios are more appropriately
interpreted as apparent Brazilian splitting strengths rather than the intrinsic tensile strength
of red sandstone.

4.2. AE-DIC Evidence for Damage Evolution Under Different L/D Ratios

The AE and DIC results further demonstrate that the L/D ratio exerts a significant
influence on damage evolution and crack propagation behavior during Brazilian splitting
of red sandstone. Previous studies have shown that size effects influence not only the
measured Brazilian splitting strength but also the associated AE response. Wei et al. con-
ducted Brazilian splitting tests on granite and sandstone specimens of different sizes and
found that specimen size affected both tensile failure behavior and AE characteristics. In
particular, variations in specimen size altered AE activity near the peak load, the relative
proportions of tensile- and shear-type events identified by the RA-AF method, and the
characteristics of energy release. These findings indicate that the failure mechanism in a
Brazilian splitting test cannot be determined solely from the final macroscopic fracture
pattern. Consistent with these observations, the present results reveal pronounced differ-
ences in internal microcracking activity among specimens with different L/D ratios. For
specimens with relatively large L/D ratios, the macroscopic failure pattern was mainly
characterized by a dominant crack propagating along the loading diameter, while AE
activity was comparatively dispersed and the fracture process more closely resembled
conventional tensile splitting. As the L/D ratio decreased, however, the AE ring count
and energy release became increasingly concentrated and abrupt, indicating rapid crack
propagation and coalescence around the peak load. The RA-AF analysis further showed
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that shear-related microcracking became more active at low L/D ratios. Although shear-
type AE events dominate the microscopic fracture classification, the macroscopic failure
pattern is still characterized by tensile splitting cracks. This discrepancy is attributed to
the different scales reflected by AE monitoring and macroscopic observation. AE signals
capture localized microcrack nucleation, frictional sliding, and shear deformation during
crack propagation, whereas macroscopic observations represent the final dominant fracture
morphology. Therefore, shear-type AE events do not necessarily indicate a shear-dominated
macroscopic failure mode.

The combined AE and DIC observations also have important implications for the inter-
pretation of the apparent Brazilian splitting strength at different L/D ratios. The influence
of L/D is not limited to specimen geometry itself, but extends to the three-dimensional
stress state, damage evolution, strain localization, and failure mechanism. Within the inves-
tigated range, specimens with L/D ratios of 0.8-1.0 exhibited relatively stable diametral
strain localization and a greater relative contribution of tensile-type AE events. Their failure
behavior was therefore closer to the idealized tensile-splitting condition, although it should
not be regarded as purely tensile. By contrast, specimens with L/D ratios of 0.6 and 0.5
developed strain-concentration zones more rapidly, exhibited stronger localization, and
were more likely to experience crack deflection and secondary cracking. These features
indicate that low-L/D specimens are more susceptible to localized stress concentration and
rapid energy release near the peak load, accompanied by inclined secondary cracking and
abrupt strain localization. Consequently, their failure behavior deviates more markedly
from the ideal Brazilian assumption of centrally initiated tensile fracture. The higher cal-
culated stress values obtained at low L/D ratios should therefore not be interpreted as an
equivalent increase in the intrinsic tensile strength of red sandstone. Rather, they reflect
the combined effects of specimen geometry, loading-contact conditions, three-dimensional
stress redistribution, and tensile—shear mixed fracture.

4.3. Limitations and Prospects

In this study, the AE-parameter-based crack classification results show that the proportion
of tensile-type cracking decreased as the specimen thickness decreased. However, due to
experimental limitations, AE signals were not collected for the repeated tests, and a strict
statistical significance test was not performed. Although this study provides useful insights
into the influence of the length-to-diameter ratio on the tensile strength, fracture evolution, AE
characteristics, and DIC-based deformation behavior of red sandstone under Brazilian splitting
tests, several limitations should be acknowledged. First, all tests were conducted under
quasi-static loading conditions. Therefore, the obtained results mainly reflect the fracture
response of red sandstone under low loading rates, and may not be directly applicable to
dynamic loading conditions such as blasting disturbance, impact loading, or seismic-induced
tensile failure. Second, the experiments were performed at room temperature under dry
conditions. In practical rock engineering, temperature variation, water saturation, and water—
rock interaction may significantly affect the tensile strength, crack initiation, AE activity, and
fracture propagation behavior of rocks. These environmental factors were not considered in the
present study. Third, the present work is mainly based on laboratory experiments combined
with AE monitoring and DIC analysis, while numerical validation using methods such as the
finite element method (FEM) or discrete element method (DEM) was not carried out. As a
result, the internal stress redistribution, crack initiation mechanism, and progressive damage
evolution inferred from the experimental observations could not be further verified from a
numerical perspective. Future studies may combine experimental testing with FEM or DEM
simulations to better reveal the stress field evolution and microscopic fracture mechanisms of
specimens with different L/D ratios.
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It should be emphasized that the present study investigated only the range of
L/D =0.5-1.0, and the resulting conclusions should not be directly extrapolated to sub-
stantially thinner or thicker specimens. With a further decrease in specimen thickness,
the relative influence of the loading-contact region and boundary conditions on the over-
all stress field may continue to increase, while localized compression, shear sliding, and
contact-induced damage may become more pronounced. Under such conditions, crack ini-
tiation may no longer occur predominantly at the specimen center, and crack propagation
may deviate further from the loading diameter, thereby violating the stress-distribution
assumptions underlying the conventional Brazilian equation. Future studies should there-
fore include additional L/D ratios outside the range of 0.5-1.0 and combine observations
of crack-initiation location, loading-contact damage, AE monitoring, and DIC analysis to
determine the critical L/D threshold associated with the transition from tensile-dominated
splitting to shear-dominated failure.

5. Conclusions

In this study, Brazilian splitting tests were carried out on four groups of red sandstone
samples with different length—diameter ratios (L/D ratios) using an ISTRON universal
testing machine, aiming to investigate the size effect of sandstone tensile strength. The
main conclusions are as follows:

(1) As the L/D ratio decreases, the apparent Brazilian splitting strength of the speci-
mens gradually increases.

(2) As the L/D ratio decreases from 1.0 to 0.5, the peak cumulative AE ring count
gradually decreases and occurs at a later time. The dominant increases in cumulative ring
count for all specimens are concentrated near the final failure stage.

(3) The RA-AF classification results indicate that shear-type AE events dominate in
all specimens. As the L/D ratio decreases from 1.0 to 0.5, the proportion of tensile events
decreases from 37.6% to 17.1%, whereas the proportion of shear events increases from
62.4% to 82.9%. This demonstrates that shear-type microcracking becomes increasingly
significant in specimens with lower L/D ratios. Although shear-type events dominate in
the microscopic AE classification, the macroscopic failure is primarily characterized by
tensile splitting cracks, while shear mechanisms only serve as localized secondary fracture
processes during crack evolution.

(4) As the L/D ratio decreases, the number of frames corresponding to the elastic
deformation stage gradually increases. However, the specimens exhibit an extremely
limited stable microcrack propagation stage, resulting in insufficient damage accumulation.
Once the stress exceeds the stress threshold, catastrophic failure occurs suddenly. These
characteristics indicate that a lower L/D ratio aggravates the brittleness of rock specimens
and reduces their damage tolerance.
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