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Abstract

Research on the damage and fracture mechanism of freeze-thaw (F-T)
rocks under loading is a key scientific endeavor derived from numerous
safety concerns in cold region rock mass engineering. This study
analyzed the relationship between the entire triaxial compression process
of the red sandstone and acoustic emission parameters. Based on the
nonlinear growth characteristics of cumulative event counts of acoustic
emission, a predictive method was proposed for determining the crack
initiation strength, damage strength, and failure strength of F-T
sandstone. The results demonstrated that this method exhibited good
consistency with the crack volume strain approach and accurately and
conveniently predicted sample failure strength. The fitted curve of the
equation closely aligned with experimental data. These findings offer
insights into the classification of damage and fracture mechanisms in F-
T sandstone and provide valuable groundwork for research on rock
failure prediction and forecasting methods employing acoustic emission
monitoring.

Highlights

= Examines the crack initiation strength, damage
strength, and peak strength of freeze-thaw red
sandstone under different levels of confining
pressure.

= The stress-strain curve of sandstone is divided
into five stages using the elastic volumetric
strain curve and the crack volumetric strain
curve.

= Cumulative counting of acoustic emission
events can be used to predict the damage of
freeze-thaw red sandstone.
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1. Introduction

Rock engineering construction has experienced rapid growth
due to the escalating demands for infrastructure and energy
development worldwide. As a result, an increasing number of
rock engineering projects are delving into deeper geological
strata and high-altitude cold regions, thereby encountering more
intricate engineering geological environments [1-3]. Natural
rock masses exhibit a plethora of macro and microscopic
fractures or defects owing to geological evolution, tectonic

movements, weathering, and freeze-thaw (F-T) cycles. The
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original stress equilibrium of the rock mass is perturbed during
rock engineering construction, leading to deformations or
cracks, which can culminate in instability and failure of the rock
mass. This presents a significant hazard to construction safety
and can precipitate rock engineering disasters [4-6].

Currently, research methodologies for investigating rock
mechanical properties and failure mechanisms predominantly
focus on numerical simulation calculations, physical model

experiments, and indoor rock mechanics tests [7-10]. Although
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numerical simulations calculations can reflect internal fracture
mechanisms and stress change patterns in rocks, their
effectiveness requires enhancement due to challenges in
accurately defining various rock parameters. Moreover, large-
scale physical model experiments for simulating rock
engineering have limitations due to size effects and physical-
mechanical similitude ratios, making it challenging to
accurately represent rock parameters and properties. Rock
mechanics laboratory tests offer the advantage of
comprehensive equipment and monitoring techniques. Utilizing
these tests to measure various physical and mechanical indices
of rocks is the most effective and reliable approach for
analyzing and understanding rock failure mechanisms [11-14].
The process of rock loading leading to failure is accompanied
by acoustic emission, reflecting extensive information about
internal damage processes in rocks, including internal
deformation, initiation and propagation of new cracks, and
energy release in the form of elastic waves during rock fracture
and failure [7]. Due to the ongoing development and refinement
of acoustic emission technology, numerous scholars have
investigated the correlation between distinct acoustic emission
parameters and rock stress-strain behavior, along with failure
characteristics [15-21]. Nevertheless, current research primarily
utilizes acoustic emission technology to aid in monitoring rock
instability and failure processes. However, there remains an
incomplete understanding of crack initiation, propagation, and
coalescence in rocks subjected to coupled effects of F-T and
loading, as well as a need for a comprehensive method to
precisely predict and forecast initiation stress, damage stress,
and peak stress.

This study utilized red sandstone subjected to F-T cycles as
the experimental material. Triaxial compression tests were
performed under varying confining pressures, and acoustic
emission parameters were simultaneously collected. By
incorporating the theory of crack volume strain [22-25] and

Table 1. Details of sandstone samples.

considering the features of acoustic emission parameters, the
initiation strength and damage strength characteristics of F-T
sandstone under triaxial stress were investigated. Furthermore,
based on the cumulative event parameters of acoustic emission,
a damage evolution equation for F-T sandstone under triaxial
compression conditions was formulated. These research
findings contribute to a deeper comprehension of fracture and
disaster incubation mechanisms in cold regions rocks, establish
arock fracture prediction approach relying on acoustic emission,
and offer insights for assessing and forecasting rock mass
engineering failures and significant geological disasters in cold

regions.

2. Material and methods
2.1. Sample preparation and experimental equipment
(1) Sample preparation

The collected red sandstone is processed into standard
cylindrical samples with a diameter of 50 mm and a height of
100 mm in the laboratory. Subsequently, ultrasonic inspection
is conducted to ensure the selected samples exhibit good
consistency. (Fig. 1). The basic physical parameters of the
samples were measured and presented in Table 1. It is observed
that the selected samples exhibited a density range of 2.04 to
2.14 g/cm*, with an average value of 2.09 g/cm3. The
Compression wave velocity varied from 2.08 to 2.20 km/s, with

an average value of 2.15 km/s.

Fig. 1. Sandstone samples.

iﬁ:ﬁg}; Volume [em®] | Dry mass [¢] Satura[tgl mass Dré /((1;11135]ity Po[r(;)s]ity CS(?;lfl‘fI;litii:ri Compressi([)l? mv;:]ve velocity
W-1 189.46 402.89 434.64 2.12 16.76 0.82 2.17
W-2 186.92 400.11 430.01 2.14 16.00 0.76 2.14
W-3 187.68 393.70 427.43 2.09 17.97 0.76 2.11
W-4 189.63 386.85 418.27 2.04 16.57 0.80 2.19
W-5 191.30 401.24 431.53 2.10 15.83 0.84 2.20
W-6 190.45 388.52 421.98 2.04 17.57 0.91 2.08
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(2) Experimental equipment

The experiment utilized the GCTS servo-controlled rock triaxial
testing system (Fig. 2), which was equipped with an acoustic
emission monitoring system. It provided two loading methods:
strain-controlled and stress-controlled. The maximum axial load
was 1500 kN, and the maximum confining pressure was 140
MPa, both with an accuracy of 0.1%. The triaxial compression
chamber was equipped with the PAC-DISP series, featuring an

8-channel fully digital acoustic emission monitoring system.

i J '
Strain sensor

(b) (c)

This setup facilitated the placement of four to eight acoustic
emission sensors on the sample surface, enabling integration of
acoustic wave and acoustic emission monitoring. The system
exhibited excellent data acquisition and three-dimensional
localization capabilities. In this study, six acoustic emission
probes were positioned: three at each of the upper and lower
ends, arranged in a triangular pattern, with each probe situated
25mm away from the top and bottom ends of the sample (Fig.
2¢).

Acoustic
emission

—_

N 25mm

—

50m

—_

k—_-‘)&/ 25mm

—_

Fig. 2. Experimental equipment: (a) GCTS testing system, (b) sample mounting, and (c) position of acoustic emission probes.

2.2. Experimental scheme
(1) Freeze-thaw test

Initially, the sandstone was inserted into a forced saturator for
vacuum pumping and water saturation treatment. Subsequently,
the saturated sample was placed into the freeze-thaw
environment box for water replenishment freeze-thaw cycle
once, with a freezing temperature of -20 °C. After freezing for
48 h, the sample was thawed at 20 °C for 48 h (Fig. 3a). The
temperature change rate in the freeze-thaw cycle was 60 °C/h.
The freeze-thaw cycle test chamber has an automatic control
function, the temperature variation range is -50~50 °C, the

accuracy is 0.1 °C, and it can work continuously for more than

; Freeze-thaw environment box

60 d.
(2) Triaxial compression tests

Triaxial compression tests were performed at three distinct
confining pressure levels (2 MPa, 4 MPa, and 6 MPa). Initially,
axial and confining pressures were incrementally applied to
predetermined values at a constant rate using stress-controlled
loading under static water pressure conditions, with a loading
rate of 1 MPa/min. Subsequently, upon reaching static water
pressure equilibrium, axial pressure was incrementally applied
using strain-controlled loading until failure occurred, with

a loading rate of 0.1 mm/min (Fig. 3b).

Fig. 3. Experimental flowchart: (a) freeze-thaw test and (b) triaxial compression tests.
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3. Results and discussion
3.1. Characteristics of sandstone after freeze-thaw cycle

The red sandstone undergoes drying after the freeze-thaw cycle,
and the loss rate can be calculated based on the mass after drying
and the compression wave velocity, as illustrated in Fig. 4. The
mass and compression wave velocities of red sandstone exhibit
losses after freeze-thaw cycle. The mass loss is minimal, with
the loss rate primarily falling within the range of 0.29% to
0.40%. However, the loss in wave velocity is more significant,
with the highest loss rate reaching 34%. Additionally, The SEM
results indicate the deterioration of the sandstone microstructure
before and after freeze-thaw cycle (Fig. 5). In its natural state,
the surface of sandstone crystals is smooth and intact. However,

after freeze-thaw cycle, it becomes rough, and new cracks
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appear on the crystals. This indicates that frost heave forces
weaken grain cementation, causing grain detachment and
internal pore formation in sandstone, ultimately leading to

a decrease in macro-scale compression wave velocity.
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Fig. 4. Loss rate of red sandstone after freeze-thaw cycle.
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Fig. 5. The SEM images of red sandstone under different conditions: (a) natural conditions and (b) After freeze-thaw cycle.

3.2. Mechanical properties analysis

The triaxial compression stress-strain curves for red sandstone
under different confining pressure levels were shown in Fig. 6.
The curves revealed that with the increasing confining pressure,
both the compressive strength and peak strain of the sample
gradually increase. Similarly, the compressive strength and
strain at the dilatancy point also exhibit a gradual increase. As
the confining pressure increased from 2 MPa to 6 MPa, the
ratios of dilatant stress to peak strength were 74.29%, 63.82%,
and 85.51%, respectively, yielding an average value of 74.54%.
This indicates a moderate volumetric dilatancy rate. The
average modulus and secant modulus effectively characterize
the deformation properties of the rock. Table 2 presents the peak
strength and deformation parameters of the samples at various
confining pressure levels. At lower confining pressure levels,

the samples displayed lower peak strength and noticeable

softening. As the confining pressure increased, both the peak
strength and peak strain of the samples gradually increased.
Additionally, both the average modulus and secant modulus

increased, while the Poisson's ratio exhibited a decreasing trend.

& [107] LLog [107]
0

—=—2MPa {\g‘

—— 4MPa = -2

—— 6MPa w”

Fig. 6. Stress-strain curves of sandstone under different

confining pressures.
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Table 2. Strength and deformation parameters of the sandstone samples.

Confining pressure(MPa)| Peak strength[MPa] | Peak strain[%] | Average modulus[GPa] |Secant modulus[GPa]| Poisson ratio
2 1591 1.107 21.074 12.264 0.27
4 20.87 1.158 26.931 17.136 0.25
6 23.88 1.201 28.392 18.714 0.23

The crack volumetric strain could effectively reflect the
rock's crack closure stage and crack initiation stag. The
initiation strength represents the starting point of stable crack
extension, while the damage strength represents the starting
point of unstable crack extension. The study of rock crack
initiation strength and damage strength is significant

importance. It can be calculations as follows:
c 1-2u
&y = &y ——— (01 + 0 + 03)] (1)

In the equation: & represented the crack volumetric strain
of the sandstone; &, represented the elastic volumetric strain of
the sandstone; 0, 0, and o3 were the principal stresses in the
three loading directions; £ and g represented the elastic
modulus and Poisson's ratio of the sandstone, respectively.

Using the axial stress, axial, and circumferential strains
acquired from the triaxial compression tests, the elastic
volumetric strain and crack volumetric strain curves of
sandstone samples under various confining pressure levels can
be calculated using the Equation (1), as shown in Fig. 7. The
curves illustrate that the stress-strain curves of F-T sandstone
under triaxial compression conditions can be divided into five
stages using the elastic volumetric strain and crack volumetric
strain curves: the pore compaction stage (segment o-a), the

linear elastic deformation stage (segment a-b), the stable crack

extension elasto-plastic deformation stage (segment b-c), the
unstable crack extension plastic deformation stage (segment c-
d), and the post-peak failure stage (segment d-e).

The crack initiation strength o.; and the damage strength
0.4 of F-T sandstone under various confining pressures could
be directly determined by strength values corresponding to
points b and ¢ in the Fig. 6 and Table 3. The increase in
confining pressure was observed to inhibit the failure of F-T
sandstone and enhanced the ductility of the rock samples under
certain conditions. This was evidenced by the increase in both
the initiation strength and peak strength of F-T sandstone with
increasing confining pressure, accompanied by a decrease in the
corresponding initiation strain and peak strain. At various
confining pressure levels, the ratios of initiation strength to peak
strength were 0.41, 0.35, and 0.43, respectively, with
corresponding strain ratios of 0.60, 0.52, and 0.53. The initiation
strength of the F-T sandstone ranged from approximately 0.3 to
0.5 times the peak strength. The ratios of damage strength to
peak strength were 0.79, 0.69, and 0.71, respectively, with
corresponding strain ratios of 0.78, 0.71, and 0.69. This
indicates that the damage is approximately 0.7 to 0.8 times the
peak strength. Therefore, the crack volumetric strain may be
utilized to accurately estimate the initiation and damage stages

of the F-T sandstone.
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Fig. 7. Variation of sandstone volume strain and crack volume strain curves under different confining pressure: (a) confining pressure

of 2 MPa, (b) confining pressure of 4 MPa, and (c) confining pressure of 6 MPa.
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Table 3. Strength and deformation parameters of the Samples.

Conﬁn[llil/[gP g]ressure o, [MPa] % o, [MPa] % o.q[MPa] % or[MPa]
2 3.07 0.25 4.96 0.41 9.63 0.79 12.1
4 1.68 0.11 5.75 0.35 11.33 0.69 16.4
6 3.04 0.15 8.90 0.43 14.7 0.71 20.7
Confining pressuce | ¢ [ o £ %] o £al®%) o £[%
2 0.26 0.33 0.39 0.50 0.62 0.79 0.78
4 0.26 0.27 0.49 0.52 0.67 0.71 0.95
6 0.34 0.30 0.60 0.53 0.79 0.69 1.14

3.2. Analysis of crack strain and acoustic emission event

count characteristics

Sandstone experienced a localized material change during the
loading process, resulting in an acoustic emission event.
A triaxial compression test was conducted on the sandstone,
complemented by acoustic emission detection methods.
Parameters including the count rate, energy rate, and cumulative
energy of acoustic emissions were recorded throughout the
experiment. The correlation between crack volume strain and
acoustic emission parameters was investigated, with the
experimental findings presented in Fig. 8.

Fig. 8a illustrates the distribution curves of volume strain
and crack volume strain against axial strain. By analyzing the
volume strain and crack volume strain curves, the stress-strain
curve of F-T sandstone under triaxial compression conditions
could be distinctly segmented into five stages: pore compaction,
linear elastic deformation, stable crack expansion elastoplastic
deformation, unstable crack expansion plastic deformation, and
post-peak failure phases.

Fig. 8b illustrates the distribution curves of the stress-strain
curve, acoustic emission energy rate, and count rate. Prior to
reaching their peak strength, the acoustic emission energy rate
curve of the F-T sandstone specimens remained nearly constant,
exhibiting no significant abrupt changes. A significant sudden
increase in the energy rate occurred only upon reaching peak
strength, with the rate momentarily spiking to an extreme value
before rapidly returning to zero. During the development of the
stress, the event count rate of acoustic emission distribution
exhibited two points with notably accelerated growth, identified

as points P and Q. Preceding point P, the event rate remained

consistently low. Subsequent passing point P, a distinct upward
trend ensued, persisting until just prior to the inflection point Q,
where a brief decline was observed. Upon reaching point O, the
event rate surged, continuing until a sudden drop occurred near
the peak strength, leading to the instability and failure of the
specimen. The stress intensity value at point P was 9.17 MPa,
and at point Q was 11.86 MPa, corresponding to 0.76 and 0.98
times the peak strength, respectively. This was consistent with
the damage strength of the sandstone as listed in Table 3.

Fig. 8c displayed the distribution curves depicting the stress-
strain relationship, cumulative count, and the rate of change in
cumulative count. The cumulative count rate of change curve
exhibited three distinct inflection points, labeled, M, N, and R,
effectively segmenting it into four stages. Before point M (Stage
I), the rate of cumulative count increase remained nearly zero,
gradually escalating thereafter until point N (Stage II) where it
declined. Subsequently, it steadily rose until reaching a peak at
point R (Stage III), sharply declining thereafter to zero beyond
point R (Stage IV). Concurrently, the stress values at points M,
N, and R on the cumulative count rate of change curve were 3.58
MPa, 8.61 MPa, and 11.86 MPa, respectively, accounting for
30%, 71%, and 98% of the peak strength. Thus, a combined
analysis of the count rate and cumulative count curves facilitates
the determination of both the initiation strength and damage
strength of F-T sandstone, along with a dependable forecast of

its peak strength upon failure.

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 26, No. 4, 2024




Ju—
B
—_—

. - 14 - 6 10
Volumetric strain —-—- Axial stress
12+ [ P e~ 12+ Energy rate .- =
=TT i 1\\| 0 —— Counting rate ,'/ N 14 wg 18 &
F10/ i = A S
- 'Y ] e = ]
= gl 1 1 1L v 5\\\'\ \% = > 3 1 u_ %-6 g
— — =
e L i £ o | 2 g
;6 s N I S R By £
b 4L Va Y\ 1-2 W o] 4 = =
— P \ ~ 4ar 7 w =}
e ‘\\_ 27 2@
2r = Crack volumetric sfrain RS 2
1 1 L 1 1 .’/A -y 2 B0
%.0 02 04 06 08 1.0 00 02 04 06 08 1.0 0
g [107] Axial strain [1072]
(@) (b)
- 130
=8
151 Ctrcss ' _Ho2s
------ umulative count 125
Cumulative Count growth rate i Z
=12} ‘ =020 &
& 120 5 =
= of 310.15 %
¢ g 50
"6l E40.10
D y 11021710 3
M, g @)
3t {5 31{0.05
/- .
- M . d
0 R VL S Y,
.0 02 04 06 08 1.0
& [107]

Fig. 8. Stress-strain and acoustic emission parameters variation curve: (a) stress-strain curve, variation diagram of volume strain and

crack volume strain, (b) stress-strain curve, corresponding energy rate and counting rate variation diagram, and (c) stress-strain

curve, corresponding cumulative counting rate and cumulative technical growth rate variation diagram.

The stress which the first deviation from the linear portion
of the cumulative count curve was identified as the crack
initiation stress. Upon reaching the damage strength, the
cumulative count curve of the sandstone sample displayed an
immediate upward trend. The stress at which the extended line
of the second deviation portion of the event curve intersected
with the first deviation from the linear portion was identified as
the damage stress. Based on these criteria, Fig. 9 illustrates the
relationship between crack initiation stress, damage stress, and
cumulative event. The analysis indicated that the crack initiation
strength o,; and damage strength o, of the sandstone samples
under various confining pressures, determined by the inflection
points of the cumulative count curve, correlated well with the
strength values derived from the crack volume strain. Specific
parameters were shown in Table 4.

It could be

compression conditions, when the stress applied to the

summarized as follows: Under triaxial
sandstone sample was less than the crack initiation stress o;; ,
the internal pores and fractures were compacted without the

generation of new cracks, resulting in a low level of acoustic

emission cumulative count. When the applied deviatoric stress
exceeded the crack initiation stress g,; but remained below the
damage stress, the sandstone sample initiated microcrack
development, leading to a gradual increase in the acoustic
emission cumulative count, indicative of stable crack
propagation. Once the applied deviatoric stress exceeded the
damage stress a,4 , the cumulative count of acoustic emissions
surged, signifying that the sandstone sample entered the stage
of unstable crack propagation and coalescence. Subsequently,
when the applied deviatoric stress exceeded the peak stress op,
the acoustic emission cumulative count increased linearly. With
the internal cracks fully developed, the sandstone structure
failed. The Figure indicated that the damage stress values under
different confining pressures were fully approximately 11.86

MPa, 1591 MPa, and 19.99 MPa,
approximately 98%, 97%, and 97% of the peak strength,

corresponding to

respectively. This indicated that the stress oi based counting
effectively predicts the failure of F-T sandstone under triaxial

compression.

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 26, No. 4, 2024




15 —-—- Stress 130 10.25 25 === Stress 11.4
| QMHUIﬂtiVC count {25 "g‘ T Cumulative count ’ 30?
—12 Count growth rate = 020 JLC; 20} Count growth rate 135 E 1.2 %
& 120 § = & | oolsoPa og 097 e £11.0 2
E 8_015 = s 15} 2N 120 & =
= 15 @ 5 = 5108 2
& {10 51010 5 5 E|IE
~ Q — 110 2 ] o
g @) g 04 3
15 51005 5t 5
5 ©{0.2
0 40.00 0 g 00
& /107 & [107]
(@) (b)
—-—- Stress 135 | 0.6
25 ------ Cumulative count 30
=)
Count growth rate — 105 2
—_ . lhe = 5
& 20 |G -19.90MPa o/q 007 7 N 25 E ;
2 ! |,/— \I | 20 g b 0.4 E
— 15 =159MPa /q~078 ' 3 S
g G ! |15.2 103 =
1ol S 1 = s
S0 w0 L Jjp = f02 2
/o046 ! S VL g @]
5t s s o401
i 0.0
%.0 020406081012 14 l.g '

g /107

Fig. 9. Cumulative count and stress-strain relationship curve: (a) confining pressure of 2 MPa, (b) confining pressure of 4 MPa, and

(c) confining pressure of 6 MPa.

Table 4. Stress parameters of sandstone under different confining pressures.

Confining pressure o, ﬁ Ocq Ocq Or Or or
[MPa] [MPa] of [MPa] or [MPa] o [MPa]

2 5.42 0.45 9.01 0.74 11.86 0.98 12.1

4 3.53 0.22 11.6 0.71 1591 0.97 16.4

6 9.59 0.46 19.99 0.78 19.99 0.97 20.7
4. Establishment of damage evolution equation equivalence.

The damage variable was defined as:
Acoustic emission parameters are closely associated with rock
— Ad

damage and failure. The occurrence of new cracks within rocks, D= A 2)

the failure of pre-existing fissures, and the eventual unstable
failure process are all accompanied by acoustic emission
phenomena. These emissions serve as indicators of the damage
evolution pattern in rocks, facilitating the formulation of
a damage evolution equation. Thus, to precisely depict the
damage evolution pattern of F-T sandstone, the cumulative
count of acoustic emission events was employed as a variable

to quantify the damage in F-T sandstone, assuming damage

In the formula: D represents the damage variable, 4
represents the effective cross-sectional area of the sandstone in
its initial state, and A4, represents the effective area of the
sandstone at the point of damage occurrence.

Thus, the cumulative count of acoustic emission events per

unit area of sandstone when damaged is:

Ve =- 3)

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 26, No. 4, 2024




In the formula: V; represents the cumulative count of
acoustic emission events per unit area when the sandstone is
damaged, and V; represents the cumulative count of acoustic
emission events when the sandstone experiences complete
destruction.

Therefore, when the cumulative count of acoustic emission

events for sandstone reaches V7, it can be expressed as:
Va = Aa~ (4)

By combining equations (3) and (4), we can derive the
relationship between the damage variable D of sandstone and

the cumulative count of acoustic emission events as follows:
(5)

Establishing the probability density function F(o) based on
the axial strain and cumulative count of acoustic emission
events generated by F-T sandstone under load involves:

F(e)d(e) = dVy/Vqy (6)
F(e)=a/e+ P (7
In the formula: a and S represent mechanical properties and

internal damage parameters of sandstone, where the magnitude

of a indicates the extent of internal damage within the sandstone.

By combining equations (6) and (7), it can be obtained that:
Va = Ce® exp(Be) ®
Finally, combining equations (5) and (8), it can be obtained

that:

a
D= ce%exp(Be) (9)
Vs

In the formula: C represents a constant.

Equation (9) was used to fit the cumulative count of acoustic
emission events from F-T sandstone specimens under various
confining pressure levels during triaxial compression, and the
results are presented in Fig. 10. It is noticeable that at various
confining pressure levels, the cumulative count increases
gradually in the initial stages of the test. However, upon
reaching the rock’s cracking strength, the cumulative count
begins to rise rapidly, peaking at the point of sample failure.
This suggests that defining the damage variable based on the
cumulative count of acoustic emissions was reasonable and
practical. Additionally, by substituting the experimental results
into equation (9), the damage parameters o and S can be

determined, as presented in Table 5. It was evident that with

increasing confining pressure, the values of parameter a
decreased from 9.84 to 5.77. This implies that the effect of
confining pressure led to compaction of internal pores and
closure of some original cracks within the sandstone specimen,
resulting in enhanced strength and a more compact internal
structure, hence the smaller values of a. Therefore, it can be
inferred that the degree of damage in F-T sandstone can be

assessed based on the magnitude of a.
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Fig. 10. Fitting curve of cumulative counting of acoustic

emissions from F-T sandstone.

Table 5. Damage parameters of F-T sandstone

Confining pressure [MPa] a B R
2 9.84 0.079 0.998
4 7.58 0.014 0.994
6 5.77 0.028 0.997

Based on the experimental results, the damage evolution
curve of F-T sandstone is presented in Fig. 11. It is apparent that
under various confining pressure levels, the damage variable of
F-T sandstone exhibits minimal change before the onset of
cracking. Following this, the damage variable began to increase,
signifying the onset of stable damage development in the
sandstone. It is noteworthy that at a confining pressure of 2 MPa,
the sandstone initially entered the stage of stable damage
development, followed by 4 MPa and then 6 MPa. With
increasing confining pressure increases, F-T sandstone
demonstrates an ability to withstand stronger loads and exhibit
greater deformation, indicating that the application of confining

pressure enhance its ductility and delays sandstone failure.
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(2) The crack volume strain serves as a convenient and
accurate indicator of the crack initiation strength and damage
strength of F-T sandstone. The crack initiation strength typically
ranges from approximately 0.3 to 0.5 times the peak strength,

while the damage strength is typically around 0.7 to 0.8 times

the peak strength.

02 04 06 08 10 12 14

0.0 (3) The cumulative count curve of acoustic emission events

& [l 0-2] exhibited three distinct inflection points, denoted as M, N, and

Fig. 11. Damage evolution curve of F-T sandstone under R, which effectively estimated the initiation strength and
different confining pressure. damage strength of F-T red sandstone samples. The strength

5. Conclusion

By conducting triaxial compression acoustic emission tests, the
mechanical properties and acoustic emission characteristics of
freeze-thaw (F-T) red sandstone under various confining

pressures were analyzed and studied. The following main

value corresponding to point R was approximately 97% of the
peak strength of the sandstone. The characteristics of this point
could serve as a precursor to F-T sandstone failure under triaxial
compression conditions, offering insights for predicting rock
failure using acoustic emission technology.

(4) The cumulative count of acoustic emission events is

conclusions were drawn:

(1) The full stress-strain curve development of F-T
sandstone under various confining pressures exhibited

fundamental similarity, characterized by five distinct stages:

closely linked to the damage condition of F-T sandstone.
Developing a damage evolution equation based on cumulative
count is consistent with experimental data and may accurately

reflect the law of damage evolution.
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