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Study and application on the
size effect and end effect of red
sandstone mechanical properties
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Based on the size effect, end effect, and burst tendency of rocks, this paper designs and conducts

a series of uniaxial compression laboratory experiments and numerical simulation experiments to
explore the influence of these factors on the mechanical properties of rocks. Dense, hard, and brittle
red sandstone was used in the experiments, and specimens with different heights, cross-sectional
areas, and cubic volumes were prepared. By measuring stress—strain curves, uniaxial compressive
strength, and other physical and mechanical parameters, the effects of size effect on rock strength

and failure modes were analyzed. Additionally, the paper discusses the influence of different-sized
specimens on the rock burst tendency, introducing a parameter K to evaluate this tendency. The results
indicate that the rock burst tendency of different-sized specimens remains stable around 2, with the K
value of H150 specimens potentially being higher due to structural instability. Furthermore, numerical
simulations using RFPA3D software were conducted to further validate the experimental results

and delve into the mechanism of the end effect on the mechanical properties of rock specimens. The
results indicate that the compressive strength of specimens increases with their size, and specimens

of different sizes exhibit notable differences in failure modes. This paper also designs a novel "enhance
strength and reduce rockburst" negative Poisson’s ratio material pad based on the "cyclo-hoop effect"
induced by the end effect, aiming to improve the strength of compressed components and reduce the
intensity of energy release during failure. This study provides essential insights into understanding rock
mechanical properties and their applications in engineering.
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Rocks are ubiquitous in underground engineering, mining, and energy development, and their mechanical
properties significantly impact the stability and safety of these projects. In particular, the deformation, failure,
and energy release processes of rocks under external forces are directly related to geological disasters such as
rockbursts and rockbursts induced by pressure! 3. Therefore, an in-depth study of rock mechanical properties,
especially their burst tendency, size effect, and end effect, holds critical theoretical and engineering value for
preventing and controlling geological disasters.

The heterogeneity of rocks complicates their mechanical properties, and experimental results are susceptible to
various factors, including mineral composition, moisture content, temperature, and crack content. To accurately
assess rock burst tendency, a comprehensive investigation of rock mechanical properties from multiple angles
is essential®. Rock burst tendency is typically evaluated through parameters like the burst energy index, elastic
energy index, and brittleness index, which provide insights into the potential for rocks to undergo catastrophic
failure>. This study focuses on rock strength and deformation properties, analyzing changes in physical and
mechanical parameters like uniaxial compressive strength, elastic modulus, modulus of deformation, and failure
modes through stress—strain curves. Failure modes, including tensile, shear, and mixed failures, provide critical
information on the mechanisms of rock deformation and failure, which is essential for understanding and
predicting rockburst events’.

Existing research primarily focuses on the mechanical properties of standard-sized rock specimens, with
size effect studies primarily exploring the relationship between strength and size. It is generally believed that
as the size increases, the uniaxial compressive strength of rocks tends to decrease®®. However, more recent
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studies reveal varied size effect patterns among different rocks'®15, especially for brittle materials, where

strength initially increases and then decreases with size!®!. Current research emphasizes the significance of
heterogeneity and end effect in size effect studies, as they notably impact rock strength and failure modes!®.
Consequently, this study designed rock specimens of varying heights, cross-sectional areas, and volumes to
systematically investigate the size and end effects through uniaxial compression laboratory experiments and
numerical simulations.

Furthermore, to enhance the compressive strength and shock-absorbing capacity of brittle materials like
rocks, this study leverages the end effect principle to design a novel “enhance strength and reduce rockburst”
negative Poisson’s ratio pad. Negative Poisson’s ratio materials have proven applications in engineering due to
their superior energy absorption compared to traditional materials. For instance, the NPR (Negative Poisson’s
Ratio) bolt invented by He et al. leverages the negative Poisson’s ratio characteristic of the material or structure
to improve its resistance to impact, shear, and energy absorption'®. Numerical simulations validate that this
pad effectively enhances the compressive strength of flat specimens and absorbs energy released during failure,
offering new ideas and methods to improve the stability and safety of rock engineering structures in practice. The
unique deformation behavior of negative Poisson’s ratio structures, such as re-entrant, chiral, and auxetic foams,
provides enhanced stiffness, strength, and energy absorption capabilities®’. By incorporating negative Poisson’s
ratio principles into the design of rockburst prevention materials, this study aims to develop a pad that not
only increases the compressive strength of rocks but also effectively absorbs and distributes the energy released
during failure. Numerical simulations validate that this pad effectively enhances the compressive strength of flat
specimens and absorbs energy released during failure, offering new ideas and methods to improve the stability
and safety of rock engineering structures in practice.

In summary, this study aims to systematically investigate the size and end effects of rocks, revealing their
influence on mechanical properties and proposing a novel negative Poisson’s ratio pad design. These findings
provide theoretical support and technical reference for in-depth research on rock mechanical properties and
their engineering applications.

Uniaxial compression laboratory experiments and numerical simulation
experiments

Due to the heterogeneity of rocks, experimental results are susceptible to various influencing factors, such as
the size, shape, mineral composition, water content, temperature, and fracture content of the rocks. However,
in practical engineering, the mineral composition, water content, and ambient temperature of rocks are
often constant, while the shape and size of the rocks are the main factors in assessing engineering safety and
controlling engineering costs. Therefore, this paper focuses on the strength and deformation properties of rock
samples in uniaxial compression experiments, combining stress—strain curves, acoustic emission, and numerical
simulation to analyze the variation laws of rock’s uniaxial compressive strength, elastic modulus, secant modulus,
and fajlure patterns with changes in rock shape and size. Consequently, dense red sandstone with relatively stable
mechanical properties is selected as a reference for mechanical experiment and modeling analysis.

Laboratory experiments

This study employs high-density brittle red sandstone in conjunction with a fully automatic servo hydraulic
press (as shown in Fig. 1) for a series of laboratory experiments. The red sandstone is cut into different heights,
cross-sectional areas, and volumes using a cutting machine, forming three groups of rock samples, as depicted in
Fig. 2. For the samples with varying heights, the cross-sectional area remains constant while the height is altered,
with an increment of 25 mm. Each sample in this category measures 50 mm in both length and width, designated
as H-type specimens. For the samples with varying cross-sectional areas, the height remains constant while the
side length and area of the cross-section change, with an increment of 25 mm for the side length. Each of these
samples has a height of 100 mm, designated as A-type specimens. For the samples with varying volumes, the
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Fig. 1. Fully automatic servo press system.
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Fig. 2. Three rock samples with different types of size changes.

Sample size (mm)
Sample type Sample numbering | Length | Wide | Hight
H50 50 50 50
H75 50 50 75
Different height H100 50 50 100
H125 50 50 125
H150 50 50 150
A50 50 50 100
A75 75 75 100
Different cross-sectional areas | A100 100 100 100
A125 125 125 100
A150 150 150 100
V50 50 50 50
V75 75 75 75
Different volume V100 100 100 100
V125 125 125 125
V150 150 150 150

Table 1. Sample type and size.

shape remains constant, with each sample being a cube, where both the edge length and volume are altered, with
an increment of 25 mm for each edge length, designated as V-type specimens.

The specific dimensions and numbering of the three types of rock samples are presented in Table 1. During the
rock cutting process, the cutting machine’s blade is continuously cooled with water to prevent thermal damage,
ensuring precise and smooth cuts. Following the cutting stage, the samples undergo meticulous grinding using
a precision grinding machine equipped with fine-grained abrasives. The grinding process involves multiple
passes with gradually decreasing grit sizes to achieve a highly polished surface. The duration of the grinding
is carefully controlled to avoid over-grinding and to preserve the integrity of the sample’s internal structure.
After grinding, all samples are thoroughly cleaned to remove any residual abrasives or debris, and inspected to
ensure they are free of visible fractures to the naked eye. This meticulous preparation ensures that the samples
can be approximated as having the same internal structure, ready for further testing and analysis. The density of
the samples is 2.425 g/cm?. All rock samples are wrapped in plastic film to prevent rock fragments from being
ejected during the experiment due to sudden rupture, ensuring the integrity of the samples after failure and the
safety of the experiment.

Numerical simulation experiment

To facilitate comparison with the uniaxial compression experiments of red sandstone samples of different sizes
conducted in this paper, a computational model as shown in Fig. 3 was established. The dimensions of the model
specimens are consistent with the actual specimen sizes. Considering the particle size of the red sandstone and
computational cost, a cubic grid with a cell edge length of 1.25 mm was set, and the specimens were divided
into a number of equal volume cells calculated as (H/1.25) x (A/1.5625), where H is the actual height of the
corresponding specimen and A is the cross-sectional area. To ensure consistency between the simulation and the
physical experiment, loading plates were set at both ends of the model, with material parameters matching those
of the Laboratory experiment. The edges of the loading plates extend 10 mm beyond the edges of the specimen
dimensions, with a thickness of 10 mm.

The RFPA3D program assigns values to the material strength and elastic modulus using the Weibull
distribution, which approximates the variability in the strength mechanical parameters of each micro-element
such as defects and grains. In this model, the mechanical parameters of the model specimens are as follows:
elastic modulus E=70,000 MPa, Poisson’s ratio v=0.25, and homogeneity degree m=2. To be consistent
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Fig. 3. Numerical simulation experiments model. 3D modeling software: REPA3P, Version number: Basic,
Software link: http://www.rfpa.cn.

with the experimental system, loading plates are set at both ends of the specimen, with an elastic modulus E
of 500,000 MPa, a strength of 4000 MPa, and a homogeneity degree m of 100. The ‘n’ is material structure
parameter, reflecting the degree of irregularity in the distribution of defects within the material structure; the
larger its value, the more uniform the material distribution. ‘m’ is also an average property parameter of the
material.

The failure criterion for the elements is based on the Mohr-Coulomb criterion, with a friction angle of 30°
and a tensile-to-compressive strength ratio C/T set to 8. The loading increment for each step is 0.002 mm, and
the number of loading steps in the simulation process is set between 50 and 200, depending on the size of the
model.

In the numerical model, we set key parameters such as elastic modulus, Poisson’s ratio, and homogeneity
degree based on the actual physical and mechanical properties of red sandstone. These parameters were set
through statistical analysis of a large amount of experimental data and literature, ensuring consistency between
model parameters and actual rock properties.By adjusting the number of grids, we ensured the computational
accuracy and efficiency of the model.

In the model, we set the same loading conditions as those in the laboratory experiments, including loading
speed, loading method, and elastic modulus of the loading plates. These conditions were set to simulate the real
experimental environment, thereby ensuring the accuracy of the model results.

After establishing the model, we conducted multiple trial calculations and continuously adjusted the
model parameters and mesh division by comparing the differences between the model results and laboratory
experimental results until good consistency was achieved.

To ensure the reliability of the model, we selected specimens of different sizes for numerical simulation and
compared the simulation results with laboratory experimental results. The results showed that the model could
accurately simulate the mechanical behavior and failure modes of specimens of different sizes, further verifying
the reliability of the model.
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Fig. 4. Stress—strain curves and acoustic emission energy of physical experiments and numerical simulations
of rock samples.

Experimental results and analysis

Experimental results

The stress—strain curves and acoustic emission energy curves of rock samples with different heights, areas, and
volumes are shown in Fig. 4. Due to the A150 and V150 rock samples being able to withstand a maximum
axial pressure exceeding the maximum pressure that the experimental machine can apply, their laboratory
experimental stress—strain curves were not obtained. Each type of rock sample’s stress—strain curve roughly went
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Figure 4. (continued)

through four stages: compaction, linear elasticity, plastic deformation, and failure. Compared to the laboratory
experiment, the numerical simulation’s stress—strain curve did not show a significant exponential increase before
the peak but exhibited a convex power growth trend, yet both showed consistent elastic modulus, peak strain,
and compressive strength. Since the numerical simulation is for an ideal sample without fractures or other
defects, the compaction stage is not very pronounced, making both curve growth trends reasonable.

Stress—strain curve analysis

During the uniaxial compression process of the H50/V50 sample in the laboratory experiment, the pre-peak
stress—strain curve showed multi-peak fluctuations. The first peak reached 21.10 MPa and then dropped to
20.04 MPa, the second peak reached 30.97 MPa and then dropped to 25.08 MPa, and after the third peak reached
38.70 MPa, the sample structure was completely destroyed. H100/A50, H150, and V75 also showed minor
fluctuations, while other samples’ stress—strain curves did not exhibit obvious multi-peak phenomena. The cause
of this phenomenon may be the inevitable micro-fractures in the physical samples or the penetration of cracks
causing stress redistribution within the sample.

From the numerical simulation results, the numerical simulation strength of the A125, V75, A100, and V125
specimens is slightly lower than the test strength. This is partly due to the fact that as the specimen size increases,
the end frictional force increases and the end effect influence increases, causing the strength to increase. However,
the end effect simulated by the numerical simulation software is caused by the depression of the spacer, ignoring
the influence of end friction, resulting in a lower strength.

Relationship between strength and size
From the stress—strain curves obtained by the laboratory experiment, it can be seen that as the size increases, the
compressive strength of the samples increases. As shown in Fig. 5, when the height is the controlled variable, at
heights of 50 mm, 75 mm, 100 mm, 125 mm, and 150 mm, the strengths are 39.04 MPa, 47.95 MPa, 64.92 MPa,
80.78 MPa, and 75.28 MPa, respectively. The sample strength first increases and then gradually stabilizes,
showing a power growth. The energy release after failure increases with the increase in sample size, and the
curve gradually changes from a multi-peak to a single-peak type, indicating that the energy release becomes
more sudden and intense.

When the area under compression is the controlled variable, with areas of 50x50 mm, 75X75 mm,
100x 100 mm, and 125x 125 mm, the strengths are 64.92 MPa, 78.61 MPa, 90.36 MPa, and 113.51 MPa,
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Fig. 5. Strength growth trend of samples of different sizes.
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respectively, showing a linear increase. As the size increases, the energy storage capacity of the red sandstone
also gradually increases, with the A150 sample’s instantaneous maximum acoustic emission energy reaching up
to 4240.90 J.

When the sample is a regular hexahedron and the volume is the controlled variable, with edge lengths of
50 mm, 75 mm, 100 mm, and 125 mm, the strengths are 39.04 MPa, 61.8 MPa, 90.36 MPa, and 100.39 MPa,
respectively, also showing a power growth. The acoustic emission energy first increases and then decreases, and
all are multi-peak curves with a main peak.

For larger-sized samples, when the height-to-width ratio is small, there is a discrepancy between the
experimental and numerical simulation strength values. As can be seen from Fig. 6, the experimental strength
of the V75 sample is 9.31 MPa higher than the numerical simulation, the experimental strength of the V100/
A100 sample is 15.08 MPa higher than the numerical simulation, the experimental strength of the V125 sample
is 22.21 MPa higher than the numerical simulation, and the A125 sample’s strength is 32.11 MPa higher than the
numerical simulation. One reason is the heterogeneity of the rock samples; when the sample size increases, the
probability distribution of defects or fractures may be too concentrated in the critical area of failure, resulting
in numerical simulation strength being lower than the physical experiments. Another reason is the influence
of the end effect; as the area under compression increases, the friction force increases, and the "cyclo-hoop
effect” formed at the ends of the sample increases the strength of the rock. The end effect simulated by the RFPA
software is caused by the material indentation due to the mismatch of elastic modulus between the sample and
the loading plate, resulting in end constraints and the end effect. The actual end effect is very complex, and
factors such as the roughness of the contact surface, the area under compression, and the difference in elastic
modulus between the loading plate and the sample can all affect the end effect.

The data from Fig. 6 can illustrate that when the area under compression is constant, the rougher the end,
the greater the friction coefficient, and the more obvious the end constraint effect; when the end roughness is
consistent, the increase in the area under compression will also enhance the effect of the end constraint, which
is also the reason why the numerical simulation strength results of large-sized wide and flat samples are lower
than the laboratory experiment.

Due to the large volume of the V150 and A150 samples, which exceeds the range of the testing machine, the
strength values obtained by numerical simulation are 83.00 MPa and 83.70 MPa, respectively.

Combined with the linear and logarithmic function fitting analysis of the samples with area as the variable
and volume as the sample, the actual strength of V150 will reach more than 110 MPa, and A150 will reach more
than 120 MPa.

Theoretical foundation for the evaluation of rock burst tendency

A thorough understanding and accurate assessment of the impact tendency of rocks, especially the variation
under different size conditions, is of significant importance for ensuring the safety of underground engineering
(such as tunnels, mines, etc.). Through the analysis in this section, we aim to reveal the potential impact of
changes in rock sample size on its tendency to burst, providing a scientific theoretical basis and safety assessment
methods for practical engineering applications.

For the convenience of theoretical derivation, it is assumed that the cross-section of the tunnel is circular
with an average radius of ag, as shown in Fig. 7. The distance from any point in the surrounding rock to the
center O is , and the hydrostatic pressure at infinity in the tunnel is P. Based on the axisymmetric plane strain
problem, the stress, strain, and displacement of the surrounding rock are analyzed under the combined action of
the original rock stress P and the support resistance Ps.

120 | 110
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Fig. 6. Strength value of the sample in the physical experiment. The numerical simulation value is lower than
that in the physical experiment. This is due to the increase of the compression area, which increases the friction
force, and the enhancement of the hoop effect generated by the end effect, which increases the strength of the
sample.
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Fig. 7. Calculation model of circular section roadway.

If the far-field stress disturbance effect is considered, then the critical plastic depth and critical load can be

derived from the rock burst disturbance response criterion??2,
b _ 2B B P 1
a—\/l—l—)\—l—)\(m 1)06 (1)
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where E is the elastic modulus; o, is uniaxial compressive strength; m = =512

, ¢ is the internal friction angle;

A is the softening modulus.

When the support resistance is not considered, Eq. (1) and Eq. (2) can be simplified as:

per _ 14 L 3)
a 1+ A
A 1 m—1
Oec m—1 A

From Eq. (4), it can be seen that the uniaxial compressive strength, elastic modulus, and softening modulus are
the key mechanical parameters affecting the critical load at which a rock burst occurs.

Assuming there is no support, according to Eq. (4), it can be inferred that the critical load for a rock burst
in a tunnel is an inherent constant, depending on the properties of the rock mass itself. The lower the uniaxial
compressive strength of the rock mass, the lower the critical load. Therefore, the actual load borne by the rock
mass is more likely to reach the critical load, increasing the likelihood of a rock burst. Conversely, the greater
the critical load of the rock mass, the more difficult it is for the actual load borne to reach the critical load, thus
reducing the likelihood of a rock burst.

The strain softening characteristics of the rock mass are the fundamental internal factors affecting the
occurrence of rock bursts. From Eq. (4), it can be seen that the ratio of the softening modulus to the elastic
modulus is an important factor influencing the occurrence of rock bursts. Based on this, a new parameter for
assessing the tendency of rock bursts is proposed. K —the deformation modulus ratio.

The stress—strain curve of the rock mass can be measured through laboratory experiments, where the stress
value at the peak point C is defined as the uniaxial compressive strength o. (see Fig. 8). The slope of the straight
line during the elastic phase before the peak point C is defined as the elastic modulus E. The slope of the straight
line in the softening phase after the peak point C is negative, and its absolute value is defined as the softening
modulus \. After measuring the softening modulus and the elastic modulus, the deformation modulus ratio can
be expressed as:
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Fig. 9. Relation between the modulus ratio of the laboratory experiment and the size. When H150 reaches

the peak stress, the instability failure of the pressure rod causes a sharp decline in strength and an abnormal
increase in the ratio of the modulus of the laboratory experiment. The numerical simulation results show that
the modulus of H150 sample is 0.4 lower than that of the laboratory experiment, and there is no sharp increase.

KA:E (5)

From the modulus ratio plot (Fig. 9), it can be observed that as the specimen size increases, the modulus ratio
continuously increases. When height is the controlled variable, the modulus ratio first rises, then stabilizes,
and subsequently increases again. It is noteworthy that, upon analyzing the failure mode, the H150 specimen
experienced buckling failure due to column instability, which leads to a sharp decline in the post-peak phase of
the stress—strain curve, thereby affecting the value of the softening modulus and resulting in a higher modulus
ratio. According to numerical simulation experiments, the modulus ratio of the H150 specimen should be 2.0,
indicating that the rock burst tendency of the H150 specimen does not actually undergo a significant change.
Therefore, when calculating the rock burst tendency in laboratory experiments, the specimen height should be
appropriately reduced to prevent eccentric compression and unstable failure, a factor that does not need to be
considered in numerical simulations.

When the area under compression and volume are the controlled variables, it can be seen that there are
discrepancies between some specimens’ stress—strain curves and the laboratory experiments. However, upon
calculation, the modulus ratios are fundamentally consistent, meaning that the modulus ratio values calculated
from numerical simulations are essentially in agreement with those obtained from laboratory experiments. For
instance, although the peak strength difference of the V100 specimen is 32.03 MPa, the modulus ratio difference
is only 0.07.

Analysis of the mechanism of size effect
The origins of the size effect in rocks are intricately complex, involving the presence of micro-fractures and micro-
pores, as well as the diversity, proportion, distribution pattern, and particle size of mineral components, which
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together constitute the significant heterogeneity of rocks. In addition, technical details during the experimental
process, such as the roughness matching between the specimen and the testing machine’s end surface, and the
difference in elastic moduli between the two, also profoundly affect the manifestation of the size effect. These
causes can be broadly categorized into two main types: the inherent heterogeneity of the rock and the inevitable
end effects in experimental operations.

It is worth noting that while research on the heterogeneity of rocks is fraught with uncertainty and
randomness, and even specimens of the same size and composition can yield vastly different results in uniaxial
compression experiments, the study of end effects is relatively controllable and quantifiable. Most critically,
research indicates that when the specimen size crosses a certain critical point, the end effect becomes the primary
factor influencing the size effect.

End effect
In simple terms, the end effect is the significant impact on the measured strength values during the uniaxial
compression process due to the restraint of the frictional force of the testing machine’s loading plates at both ends
of the specimen, preventing free lateral expansion. The conditions for its occurrence are as follows: the specimen
is under uniaxial compression, the stiffness of the loading plates must be higher than that of the specimen,
and there must be sufficient friction between the specimen’s end surface and the loading plates, leading to the
restriction of the Poisson effect, the formation of a conical compression zone at both ends, and placing the rock
in this area under triaxial compression. As the height of the specimen increases, the conical compression zone
separates from the overlapping state, the middle part of the specimen returns to uniaxial compression, while
both ends remain under triaxial compression. This change is directly related to the stress distribution pattern
within the specimen?*-2°.

To analyze the influence of end constraints on horizontal stress, a mechanical model is established as shown
in Fig. 10:

0x = 0y = B (FEL R (©)
Ug,r = Ez,rDyuz,m = Ea:,mDm (7)
—v0,
o= —vE, = 8
€ ve = (8)
The horizontal stress induced by end constraints is given by:
ETUZ Uy VUm
77D (17‘15) ©

In Eq. (9), 0 0y, and €., €y are the stresses and strains in the x and y directions, respectively. €. represents
the axial strain. v, and v, are the Poisson’s ratios of the rock specimen and platen, while E, and E, are their
respective elastic moduli. D represents the side length at the end of the rock specimen.

To effectively mitigate the end effect, various measures can be taken, such as lubricating the ends of the
specimens (e.g., by placing mica sheets, applying lubricants), setting up padding blocks, or increasing the length
of the specimens?®?’. In the sampling and processing of red sandstone, the flatness of the upper and lower end

ov

oy

0

Fig.10. The mechanical model of the end effect influenced by lateral constraints.
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Fig. 11. Radial displacement and displacement cloud diagram at different positions of the H-type specimen’s
end effect.
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Fig. 12. Radial displacement and displacement cloud diagram at different positions of the A-type specimen’s
end effect.

surfaces is particularly crucial as it directly affects the effectiveness of reducing the end effect. The mechanism
of the end effect involves the frictional force between the specimen and the loading plate and the indentation
constraint of the loading plate on the specimen, which are determined by the friction coefficient, pressure,
and the difference in elastic modulus between the specimen and the loading plate. For specimens from the
same batch, if the surface treatment method is uniform, the friction coeflicient will be similar. At this time, the
strength of the wide and flat specimens increases with the increase in the area under compression, reflecting that
the force and frictional force acting on the surface of the specimen are enhanced. Meanwhile, the indentation of
the loading plate surface is intensified, further amplifying the impact of the end effect.

Relationship between end effect and sample size

The data from Figs. 10, 11 and 12 show that the end effect has a very significant impact on the radial deformation
of rocks. The closer to the end, the greater the influence of the end effect and the greater the rate of displacement
change. The end effect has the greatest impact on specimens with smaller height dimensions.

For specimens with H (height) as the variable, as the height increases, the radial displacement at the center of
the specimen gradually decreases. At a height of 50 mm, the central displacement is close to 8.0 x 10~ mm, and
it rapidly decreases near both ends; while at a height of 150 mm, the radial displacement at the center is reduced
to 3.8x 10> mm, much lower than that of the H50 specimen, with a more gentle displacement change in the
center and a smaller rate of change near both sides. It can also be seen that for H100 and H125 specimens, the
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X-shaped conjugate shear failure

Table 2. Failure results of different types of red sandstone.

A125
V75
V125
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central radial displacement stabilizes at about 5.5 x 10~ mm, indicating that the size effect is weakened when the
rock specimen reaches this size category.

For specimens with A (area under compression) and V (area under compression and height) as variables,
as the area increases, the radial displacement significantly increases, and the influence of the end effect covers
the entire specimen. The maximum displacement of the A150 specimen is 2.3 times that of the A50 specimen.
For V specimens with the same size span, V150 is only 1.78 times that of V50. For H specimens with the same
size span, H50 is 2.0 times that of H150. This indicates that the increase in height weakens the impact of the end
effect, while the increase in area and volume enhances the impact of the end effect.

Whether it is the height-variable size specimens or the area and volume-variable specimens, when the size
reaches about 100 mm, the data change is not significant, that is, the specimen size of 100 mm shows a weaker
size effect. In contrast, specimens of 150 mm and 50 mm sizes exhibit a strong size effect.

Fracture pattern analysis

Under the influence of the end effect, the failure of red sandstone is primarily a compound type of failure
involving tensile and shear fractures. Figure 12 shows that the results of numerical simulation of the failure are
highly consistent with those of the laboratory experiments.

During the numerical simulation process, the rock first experiences vertical splitting cracks at both ends,
with numerous and fine initial cracks accompanied by low acoustic emission energy and fewer counts; as the
load continues to be applied, the initial cracks at both ends extend and connect, forming through-going cracks,
with shear cracks appearing in the middle of the specimen; when the ultimate strength is reached, both shear
and splitting cracks have fully extended, and the number and energy of acoustic emissions reach their maximum
values.

For specimens with a smaller height, shear failure is the main form of failure, affecting the entire specimen
with shear cracks. As the height increases, the vertical splitting cracks become larger and more numerous,
and the shear cracks gradually concentrate in the middle of the specimen. When the specimen height reaches
150 mm, Fig. 12 shows that the failure is basically vertical splitting, with bending and breaking in the middle of
the specimen, similar to the buckling instability state in material mechanics.

To further illustrate the failure results of different types of red sandstone, Table 2 is provided below,
summarizing the key observations:

Design of "enhance strength and reduce rockburst" novel negative poisson'’s ratio
pad

Based on the research findings of this paper, wide and flat specimens as well as regular hexahedral specimens
exhibit a size effect under uniaxial compression, where the larger the volume and the area under compression,
the higher the strength, the greater the energy storage capacity, and the more intense the energy release upon
failure, making them the most dangerous brittle load-bearing components. According to the study of the end
effect, the reason for the increase in strength of wide and flat specimens as the size increases is the " cyclo-hoop
effect " caused by the end effect. Based on this principle, a novel energy-absorbing pad with a negative Poisson’s
ratio, as shown in Fig. 13, can be designed. This composite structure can effectively enhance the strength of
the compressed rock, and the porous negative Poisson’s ratio material can effectively absorb the impact energy
brought about by the rocK’s destruction, achieving the effect of " enhance strength and reduce rockburst " The
negative Poisson’s ratio pad takes an example of micro-NPR steel plates with a microscopic negative Poisson’s
ratio effect, which do not exhibit obvious necking during macroscopic tension?, and fiber-reinforced composite
materials with micro-porous structural units having concave corners can also be used to create negative Poisson’s
ratio pads®-3!. Regarding the mechanical parameters of the pad, it is known from the literature®? that NPR steel
can reach a maximum strength of 1459 MPa, and the Poisson’s ratio may be affected by various factors such as
material preparation process, microstructure, and experiment conditions. Compared with ordinary steel (with
a Poisson’s ratio of about 0.25), the ratio of transverse strain to longitudinal strain of NPR steel is approximately
around -0.25 when subjected to tension.

To verify the mechanical performance and actual effectiveness of the negative Poisson’s ratio pad, taking
the A125 specimen as an example, the specimen with the new type of pad added was modeled and analyzed
using the RFPA3D software (as shown in Fig. 14), with the new negative Poisson’s ratio pad having a thickness
of 10 mm and a Poisson’s ratio of -0.25. By comparing with the numerical simulation experiment results of the
A125 specimen without the new pad, it was found that the new pad can effectively improve the load-bearing
capacity of the target specimen. Figure 15 shows that the strength of the new pad reached 101.33 MPa, which is
1.3 times the compressive strength of the same type of specimen, and the maximum acoustic emission energy
was reduced by 81 ] compared to the specimen without a pad. The energy curve has no obvious prominent
points or dominant peaks, indicating that the energy of the specimen with the new negative Poisson’s ratio pad
is slowly and evenly released upon failure, which can be detected in time in case of danger for early warning and
avoidance.

The design of the novel negative Poisson’ ratio pad, when used in the scenario of mine pillars as a support
system, can significantly enhance support stability, reduce impact and vibration, extend service life, and improve
safety. These practical functions are of great importance for ensuring the safe production of mines and the life
safety of personnel (Fig. 16).
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Fig. 13. Radial displacement and displacement cloud diagram at different positions of the V-type specimen’s
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Fig. 14. Schematic diagram of the design for the novel negative Poisson’s ratio pad.

Co

1.

nclusions

The research findings indicate that as the specimen size increases, the compressive strength exhibits a trend
of initially increasing and then stabilizing, rather than the traditionally perceived monotonic decrease. Spe-
cifically, when the specimen height or volume is the controlled variable, the compressive strength shows a
power-law growth trend; when the area under compression is the controlled variable, the strength increases
linearly. This discovery challenges existing theoretical understandings of rock size effects and reveals the
complex mechanical behavior of brittle materials under size variations.

This study also found that specimens of different sizes exhibit significant differences in failure patterns, es-
pecially that larger-sized specimens release energy more abruptly and violently upon failure. Comparative
analysis between numerical simulation and laboratory experiments revealed that the end effect significantly
influences the strength of rocks, with the " cyclo-hoop effect " formed at the specimen ends enhancing the
rock strength as the area under compression increases.

Based on the aforementioned research, this paper innovatively designed a novel " enhance strength and re-
duce rockburst " negative Poisson’s ratio material pad. The pad leverages the " cyclo-hoop effect " caused by
the end effect, aiming to increase the strength of compressed components and reduce the intensity of energy
release during failure. Numerical simulation validation demonstrates that the pad can effectively enhance the
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Fig. 15. Numerical simulation diagram of the new negative Poisson ratio pad. 3D modeling software:
RFPA3D, Version number: Basic, Software link: http://www.rfpa.cn.
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Fig. 16. Stress—strain curve and acoustic emission energy relationship of A125 after the addition of a new
negative Poisson’s ratio pad.

compressive strength of wide and flat specimens and effectively absorb the energy released during specimen
failure, providing new ideas and methods for improving the stability and safety of rock engineering struc-
tures in practical engineering applications.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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