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Abstract

Aeolian sand is widely distributed in desert areas, but it has certain challenges in the appli-
cation of roadbed engineering due to its loose particles and poor stability. Cement-modified
aeolian sand has gradually become the mainstream improvement method of aeolian sand
materials due to its good sand fixation performance. However, the mechanical properties
and failure modes of cement-modified aeolian sand are still unclear. The effective char-
acterization of the damage evolution process of aeolian sand is crucial to understanding
its mechanical mechanism. This study focuses on cement-modified aeolian sand as the
research subject. Utilizing an unconfined compression apparatus and an acoustic emission
monitoring system, this research simultaneously monitors stress—strain data and acoustic
emission signals during the deformation and failure process of cement-modified aeolian
sand. This investigation analyzes the influence of cement content on mechanical perfor-
mance parameters, examines the correlation between acoustic emission time—frequency
characteristics and damage evolution processes, and subsequently establishes an acoustic-
emission-based damage evolution model. The results show that a strong correlation is
observed between the stress—strain curve and the acoustic emission (AE) evolution char-
acteristics of the cement-modified aeolian sand. When the applied stress reaches 80% of
the peak stress, the AE signals enter a relatively calm period. This characteristic can be
regarded as significant precursor information for the deformation and failure of the mate-
rial. The damage in the cement-modified aeolian sand follows a Weibull distribution. The
shape parameter m attains its maximum value at a cement content of 7%. The material’s
homogeneity transitions from being comparable to coal rock at lower cement contents to
resembling granite at higher contents. These findings can provide a technical basis for
using acoustic emissions to characterize damage and identify risks in cement-modified
aeolian soils.

Keywords: cement improved aeolian sand; acoustic emission; uniaxial compression;
damage monitoring

1. Introduction

Due to the serious problem of global desertification, the reserve of traditional sand
resources in China has gradually failed to meet the needs of the contemporary construction
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scale in China, which has slowed down the development of highway construction in China
and restricted the development of social productivity. In order to solve the problem of poor
geological conditions and insufficient traditional sand resources in and around desert areas,
combined with the local environmental conditions and taking into account the problems of
the long distance and high cost of sand transportation, widely distributed aeolian sand has
become the best choice of raw material for roadbed construction. Aeolian sand is a fine
and uniform sandy soil formed in the alluvial plain area where sand particles are moved
under the action of wind, which belongs to the Quaternary wind deposits [1]. As shown in
Figure 1, the aeolian sand is mainly distributed in the northwest and north China, and in
recent years, it has been widely used in the construction of railroads and highways and has
become one of the important raw materials for engineering construction. The application
of aeolian sand in Northwest China can realize the utilization of solid waste resources
and can reduce project costs [2]. However, due to its inherent characteristics—such as
negligible cohesion, low shear strength, and a tendency to loosen under external forces [3]—
aeolian sand alone is difficult to employ as roadbed filler in engineering applications
while meeting required standards. Its direct use can lead to uneven settlement, surface
erosion, structural damage, and softening deformation, thereby seriously threatening
roadbed stability and operational safety. Therefore, its use needs to be improved. At
present, the improvement methods of aeolian sand include physical improvement, chemical
improvement, and biological improvement, which have achieved good results [4-6]. In
recent years, researchers have found that the incorporation of cement into aeolian sand
can change its mechanical properties and increase the strength of aeolian sand [7-15].
When cement-improved aeolian sand is used as the bottom layer of the subgrade bed
and the bottom layer, its safety needs to be paid attention to. When the foundation
soil layer is uneven and the filling compaction is insufficient, it will induce subgrade
damage problems such as subsidence slip cracking and frost heaving cracking. Due to
the complexity, diversity, and randomness of the subgrade damage process, formation
conditions, and inducing factors, it is difficult to capture the dynamic information of
damage. Therefore, this is one of the difficulties of subgrade health monitoring in real-time
monitoring, early warning, and the risk assessment of subgrade damage.
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Figure 1. Distribution map of aeolian sediment in China.

The monitoring of damage precursor information is a key technical means to ensuring
the safety and stability of a subgrade. In recent years, there are more and more methods for
subgrade damage monitoring, but at present, traditional geotechnical engineering methods
such as strain gauge, pressure box, inclinometer, and settlement plate are still the main
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methods. These methods are affected by construction technology and external environmen-
tal conditions, and there are problems of low monitoring accuracy and difficulty in adapting
to complex geological environments. In addition, with the rapid development of emerging
technologies such as artificial intelligence and big data and the improvement of data acqui-
sition capabilities, monitoring technologies such as optical fiber sensing, GNSS positioning
system, INSAR, three-dimensional laser scanning, and magnetostrictive displacement sens-
ing are becoming more and more perfect, and a multi-physical field full-factor sensing early
warning system for subgrades has been gradually formed. Current monitoring techniques
mainly focus on boundary measurements or observations of discontinuous wide scanning
time steps, but there is still a lack of satisfactory research on the continuous characterization
of the instantaneous changes in the internal interactions of particles [16-19]. Therefore,
when the cement-modified aeolian sand is used as the underlying filler of a subgrade bed,
the acoustic emission technology is selected to identify and analyze the damage precursor
information and damage evolution process.

An acoustic emission (AE) is an elastic wave in a solid caused by irreversible changes
in the internal structure of a material [20], and the process of interaction between particles
within a material is accompanied by the rapid release of strain energy stored in the form of a
typical elastic wave, which can be detected by an AE sensor. AE technology is characterized
by high temporal resolution, strain sensitivity, and low cost [21], and AE technology is
commonly used in the damage evolution of rocks, concrete, and other solid materials [22].
AE detection technology can infer the damage destruction of materials by detecting the
elastic waves released by the AE source. AE signal analysis methods are divided into
parametric analysis methods and waveform analysis methods. The parametric analysis
method is a method used to assess the internal structure of the material by measuring and
analyzing the characteristic parameters of the AE signal. Characteristic parameters mainly
include ringing count, energy, amplitude, and so on. Waveform analysis is the use of some
signal processing methods to analyze the time domain and frequency domain waveform
and then analyze and evaluate the structure of the material method. Commonly used
waveform analysis methods include spectrum analysis, neural network analysis methods,
wavelet analysis methods, and so on. Because the AE waveform is sensitive to noise and
has high environmental requirements, this paper uses parametric analysis methods to
analyze the AE ringing counts and energy.

Tests have proven that the AE feature parameters can effectively analyze the internal
crack evolution process of rocks [23,24]. Peng Juan [25] and others conducted uniaxial
compression AE tests to investigate the effect of the loading rate on the AE characteristic
ring counts and energy formation of sandstone. Sun Xue et al. [26] conducted triaxial
compression AE tests to establish a damage evolution model of granite under triaxial
compression with a cumulative ringer count rate and studied the mechanical characteristics
and damage evolution mechanism of granite under different peripheral pressures. Qin
Hu et al. [27] investigated the variation rule of the AE event rate and ringing counts
of coal rock with different water contents under uniaxial compression in the process of
compression damage. Xue Yi et al. [28] evaluated the effect of CO, adsorption pressure on
the mechanical properties of coal by using the triaxial compression test and AE test and
established a damage constitutive model for the nonlinear stress—strain relationship under
CO; adsorption. Li Xuelong et al. [29] used the Hilbert-Huang transform (HHT) method
to obtain the detailed structural characteristics of a coal rock mass associated with damage
at different loading stages by analyzing the AE waveform characteristics.

All of the above scholars have analyzed the AE signals of different rocks, but the AE
parameter characterization of cement-modified aeolian sand has rarely been reported, so
this paper takes cemented improved sand as the research object to carry out AE parameter



Appl. Sci. 2025, 15, 11860

4 0f27

characterization research. In order to study the meso-damage mechanism of cement-
improved aeolian sand, this paper uses cement and silt to improve aeolian sand and carry
out acoustic emission tests. The damage process of improved aeolian sand is analyzed by
acoustic emission characteristic parameters. When using AE technology to analyze the
damage process of cement-improved sand specimens, AE accompanies the whole process
of mechanical damage of improved sand materials, and the corresponding relationship
between the AE signal and stress—strain curve of cement-modified aeolian sand is obtained
by monitoring the AE signal in the process of compression damage of cement-modified
aeolian sand. In this paper, a WCY-1 stress—strain controlled unconfined pressure meter
and an SAEU3H AE monitoring system are used to carry out compression tests of cement-
modified aeolian sand with different cement dosages to study the AE characteristics of
cement-modified aeolian sand and establish the damage model under AE characteristics.

2. Experimental Equipment and Scheme
2.1. Experimental Materials

In this test, aeolian sand originating from the soil extraction site of Shalamaudao
Gacha in Inner Mongolia was used. Its particle density, particle grading, fine grain content,
plasticity index, organic matter content, sulfate content, and chloride content were tested,
and the aeolian sand was uniformly graded fine sand C3 material with a plasticity index
of 6.4, an organic matter content of 0.14%, a sulfate content of 0.07%, a chloride content of
0.003%, and non-expansive soil.

The aeolian sand particle size is relatively concentrated, mainly distributed at
0.075~2 mm, and has poor grading. Therefore, in practical applications, it is necessary to
improve the aeolian sand to achieve good engineering needs. Testing through the mixing of
powdered soil and cement is used to achieve the purpose of improvement. The pulverized
soil used is low-liquid-limit pulverized soil. The content of fines accounts for about 70%,
the plasticity index is 7.3, the content of organic matter is 0.19%, the content of sulfate
is 0.09%, the content of chloride is 0.005%, and it is non-expansive soil. The test data of
aeolian sand and pulverized soil used in the test are shown in Table 1.

Table 1. Aeolian sand and silt detection data.

Plasticity ONE?:; 1rc Sulfate Chloride Water Particle
Index Content Content Content Density
Content
A;ﬂﬁn 6.4 0.14% 0.07% 0.003% 11%  2.65g/cm’
Silt 7.3 0.19% 0.09% 0.005% 12.3% 2.67 g/cm3

The external admixture adopts ordinary silicate cement, and the strength grade, setting
time, and stability should be in accordance with the provisions [30]. In this test, P.O42.5
slow-setting ordinary silicate cement produced by Wuhai Saima Cement Co., Ltd. (Wuhai,
China) was used, with an initial setting time of 335 min, a final setting time of 410 min, a
3-day compressive strength of 25.4 Mpa, and a 28-day compressive strength of 46.5 Mpa.
The materials of this test are shown in Figure 2.
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(a) Aeoian sand

(b) Silt (c) Cement
Figure 2. Experimental materials.

2.2. Sample Preparation

According to the standard [31], the aeolian sand and silt were mixed with cement
as raw materials in different proportions, and the preparation of standard specimens
was undertaken using a height of 100 mm and a 100 mm diameter cylindrical model.
The prepared specimens at both ends of the diameter of the deviation control were within
0.02 mm, and the height of the deviation control was within 3 mm. The tested raw materials
of aeolian sand—-powdered soil were used at a ratio of 8:2 and mixed with 6%, 7%, 8%,
and 9% cement. The compaction coefficient was controlled at 0.95. The samples were
immediately coated with plastic film after demolding and then put into a sealed constant
temperature and humidity curing box with a temperature control of 20 °C £ 2 °C for
7 days. The relative humidity was controlled at >95%. The parameters of this experimental
specimen are shown in Table 2, and the physical drawing of the specimen is shown in
Figure 3.

Table 2. Specimen parameters.

Specimen Optimal Unconfined
Specimen Silt-Aeolian Cement Compaction = Maintenance Size Specimen Moisture Compressive
Number Sand Content (%) Factor Period Weight (g) o Strength
(mm X mm) Content (%)
(MPa)
Y6-1 6 100 x 101 1588 2.56
Y6-2 6 100 x 101 1594 12 2.60
Y6-3 6 100 x 101 1589 2.52
Y7-1 7 100 x 100 1612 2.78
Y7-2 7 100 x 101 1621 12.5 2.83
Y7-3 7 100 x 101 1619 2.88
Y8-1 28 8 0.95 7d 100 x 101 1598 3.26
Y8-2 8 100 x 101 1594 13 3.22
Y8-3 8 100 x 101 1602 3.13
Y9-1 9 100 x 100 1613 3.66
Y9-2 9 100 x 101 1607 13.5 3.53
Y9-3 9 100 x 101 1614 3.54
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Figure 3. Cement-modified aeolian sand sample.

2.3. Experimental System

The test system includes a pressurized control device, a signal acquisition system,
and a data monitoring system, as shown in Figure 4, in which the pressurized control
device selects a WCY-1-type stress—strain controlled unconfined pressure gauge to apply
load to the specimen, measure its axial deformation, and investigate its internal changes.
Displacement strain rate control is adopted, and the target value of the strain rate is
0.1 mm/min.

Signal Acquisition System Pressure Control System Data Monitoring System

Figure 4. Schematic diagram of the experimental system.

The AE monitoring system utilizes the SAEU3H model developed by Beijing Sheng
Hua Xing Ye Technology Co., Ltd. (Beijing, China). The data acquisition layer of the
system is configured with multiple groups of parallel detection channel groups. Each
independent channel is equipped with standardized hardware modules, including broad-
band acoustic emission sensors, programmable gain preamplifiers, and signal conditioning
units with adaptive filtering functions. The resonant frequency of the acoustic emission
sensor used in the test is 80 kHz, and the frequency response range is 5-260 kHz. The
data conversion and processing layer of the system is constructed by an SAEU3 acoustic
emission data acquisition card and host computer. Each SAEU3 AE data acquisition card
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contains four independent channels, each with 16-bit precision and multiple frequency
option (1.5/3/5/10/40 MHz) A /D converters. Each channel is also equipped with three
high-pass and three low-pass Butterworth filters, which can be remotely controlled and set
up via the host computer software to complete the acquisition of digitized AE waveforms
and parameter data. We conducted a noise baseline test and measured the noise level
in the laboratory environment to be 40 dB. Therefore, the noise filtering standard of the
test is 40 dB to ensure that the noise can be filtered on the premise of collecting enough
effective events. The AE system parameter settings are shown in Table 3. During the test,
the acoustic emission sensor is pasted onto the sample, and the gap between the sample
and the sensor is filled with Vaseline to accurately collect the acoustic signal.

Table 3. Parameters of the AE system.

Sampling Sample Waveform Parameter  Preamplifier Interval
Frequency Length Threshold  Thresholds Gain Parameters
769 kHZ 2048 40 dB 40 dB 40 dB 50

3. Mechanical Characterization

According to the test program and to the specification of the sand and water mixed
with a certain proportion of 6%, 7%, 8%, and 9% of the cement, respectively, after the end
of the maintenance period of the specimen for the unconfined compression test, the stress—
strain curves under different cement admixtures were obtained, as shown in Figures 5-7.
The stress—strain curves of different specimens under the same cement dosages are basically
the same, and with the increase in cement dosage, the peak stress of the cement-modified
aeolian sand sample increased from 2.55 MPa to 3.55 MPa. When the cement content
increased from 6% to 7%, the peak stress rose by 28%; when it increased from 7% to 8%,
the peak stress increased by 24%; and when it increased from 8% to 9%, the peak stress
increased the most, by 48%. The compressive strength gradually increased as the peak
stress increased.

Similar to materials such as rocks, the compression process of the specimen is divided
into four stages based on the curve: the compaction stage, the linear elastic stage, the
plastic deformation stage, and the instability failure stage. The first stage is the compaction
stage, where the original voids are compressed and closed; during this stage, the porosity
of the sample is gradually compacted under an external load, and the stress increases
relatively slowly. The second stage is the elastic compression stage, where the original
voids are compacted, and the specimen bears external loads through elastic deformation.
The third stage is the plastic deformation stage, where the compressive strength of the
specimen reaches its peak and enters yield, with macro-cracks appearing on the surface
accompanied by spalling. The fourth stage involves micro-cracks gradually connecting to
form macro-cracks, as seen in Figure 8.

Figure 9 shows the stress—strain curves of cement-modified aeolian sand with 9%
cement dosing corresponding to different stages, demonstrating the whole process of the
specimen from the beginning of loading to complete destruction. From the beginning of
specimen compression to the time when the stress reaches 10% of its peak value, its strain
increases rapidly, but the corresponding stress value increases less. This is due to the fact
that the original seam of the specimen material produces a larger strain under compression
at smaller stresses. When the stress gradually increases to 60% of the peak stress of this
stage, the specimen stress—strain curve is a linear growth trend, shown by the slope of
Young’s modulus E, and at this time the compression is in the linear elasticity stage. Then,
it enters the plastic deformation stage, and the stress—strain curve has an upward curvature;
this stage is characterized by a slow increase in the stress until it reaches peak stress, and
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the specimen has a large strain. Finally, in the destruction phase, the macroscopic cracks in
the sample connect to form through-cracks, leading to the failure of the sample.
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Figure 8. Final failure form of the sample.
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Figure 9. Stress—strain curve with 9% cement content.

4. Characteristics of AE Signals During Deformation and Failure Process

AE refers to the transient elastic wave phenomenon generated by the rapid release
of internal stored strains during the destabilizing rupture of a material when the material
is subjected to a local external force or when the internal stresses are altered. Using AE
detection equipment, these AE signals can be captured, and the damage process of the
material can be analyzed in depth accordingly. The AE ringer count, amplitude, and energy
can well reflect the evolution of the cracks inside the specimen, so this paper chooses the
three parameters of ringer count, amplitude, and energy to study the AE characteristics
of the cement-modified aeolian sand under uniaxial compression and the temporal and
spatial evolution law of the AE spatial localization point.

This study investigates cement-modified aeolian sand cylindrical specimens with
an 8:2 ratio of aeolian sand to silt and a 9% cement content. Six sensors were uniformly
mounted on the specimen surface to collect spatially distributed data. The data collected
by sensors 1-6 were analyzed and plotted separately for different sensors with respect to
ringing counts and energy. The locations of the sensors are shown in Figure 10. For the
sake of convenience, sensors 1-6 are abbreviated as S1-S6.
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4.1. Ringing Count

The AE ringing count refers to the number of oscillations of the AE pulse that crosses
the preset signal threshold, while the cumulative ringing count refers to the total number
of ringing counts in a certain period of time. As one of the most commonly used AE test
evaluation parameters, the AE ringer count can accurately determine whether the AE signal
is in the form of continuous or bursty, which to a certain extent reflects the strength and
frequency of the signal during the test process, and it is more sensitive to the deformation
and damage of the specimen. The trend of the ringing counts of different sensors is more
or less the same, and all of them have a sudden change in the middle and back section.
According to the change characteristics of the ringing counts combined with the different
stages of stress and strain, the compression damage process of cement-modified aeolian
sand can be divided into four stages: the initial compression and density stage, the stage of
internal micro-cracks, the stage of cracks’ stable expansion, and the stage of macroscopic
cracks, as shown in Figure 11.

Time (s)
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Figure 11. Ringing count, cumulative ringing count, and stress—strain diagram.

During the test, the ringer counts changed with time, and the cumulative ringer counts
showed an overall increasing trend. In the early stage of stress loading, i.e., Stage 1, the
ringer counts fluctuated irregularly with the time curve, and the cumulative ringer counts
had a larger slope with the time curve, which was mainly due to the small amount of soil
falling off the surface of the specimen at the initial stage of pressure application and the
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compression of the original cracks or pore space caused by compression. As the loading
continues, the cumulative ringing counts versus time curve shows a uniform growth trend,
and new cracks are generated inside the specimen. When the loading reaches near the
end of phase II, the AE signal shows a strong growth trend again, and the slope of the
cumulative ringing counts vs. time curve increases, which is due to the continuous loading
of the stress that makes multiple small cracks inside the specimen connect with each
other and produces through-cracks, resulting in damage intensification until the specimen
is damaged.

To facilitate the analysis of the correspondence between ringing counts and curves
at different loading stages, the loading process before the sample reaches the peak stress
(o¢) is divided into 10 stages according to every 10% increase in peak stress (o.): Stage @O
(0~10% o¢), Stage @ (10%~20% o), Stage @ (20~30% o), Stage @ (30~40% o), Stage &
(40-50% o), Stage (® (50-60% o), Stage @ (60-70% o), Stage ® (70-80% o), Stage ©
(80-90% o), and Stage ® (90-100% o), as shown in Figure 12.
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The images show that a dense AE signal is detected in the initial compaction stage
(Stage (), which is caused by the compaction of cracks or pores in the cement-modified
aeolian sand. Internal micro-crack development stage (Stage @—®) AE signals occasionally
produce a large “bulge”, and considering that the specimen compaction after the loading
force is still increasing, the deformation energy stored in the specimen increases with the
increase in stress, and gradually micro-cracks begin to sprout within the specimen. When
the deformation energy accumulates to reach the tip of the crack expansion energy, the
crack will expand, and the internal cracks produce strong AE signals, manifested as a
stage of “protrusion”. In the crack stabilization and expansion stages (Stage ®—(9), the
AE signals are relatively stable, and the peak stress reaches 80% of the time a short period
of calm. He Shengquan et al. [32] believe that the quiet period is due to the release of the
energy stored in the specimen during the crack expansion in the previous stage, and at
this time, the energy at the crack tip is not enough to cause a new crack expansion; the
“protrusion” will be aborted, and the AE signal will return to the normal value. In the
macroscopic crack formation stage (Stage ©), the AE signal rises sharply, and the ringing
count reaches its peak. At this stage, the continuous penetration of micro-cracks and defects
gradually expands into macro-cracks as the external stress exceeds the critical stress value
of the cement-modified aeolian sand.

It is interesting to note that the ringing counts for all six sensors have more prominent
data during the compaction phase. This is due to the greater porosity of the aeolian sand
particles compared to materials such as rock, and the larger voids between the aeolian
sand particles result in a denser signal during compaction. As a result, the friction and
collision behavior of the particles is more intense than that of other materials under the
compression conditions in the compaction stage, thus generating more pronounced AE
signals. As shown in the Figure 13, the on-line elastic phase and plastic deformation phase
both show a short period of calm; this phase of the ringing count is low and relatively
stable because the second period of calm after the sample is about to produce damage.
In the process of AE data monitoring, one needs to pay attention to the second period of
calm. The parameter changes can be used as early warning precursor information for the
application of cement-modified aeolian sand in actual engineering.
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Figure 13. Ringing counts of different sensors with 9% cement content.

4.2. Energy

Figure 14 shows the energy-time histories of the 9% cement-modified aeolian sand
during stress loading and the correspondence with strain, and the cumulative energy
shows an overall upward trend. In the early stage of stress loading, i.e., Stage 1, there is an
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occasional sudden increase in cumulative energy, but the overall energy change is low. With
the increasing stress, the energy in Stages 2 and 3 increases continuously, and at the end
of Stage 3, as the stress reaches the maximum stress that the specimen can withstand, the
specimen produces macroscopic cracks, resulting in a sudden increase in the cumulative
energy count. In Stage 4, the energy gradually stabilizes at a lower energy level, and the
cumulative energy count curve grows gently.
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0 100 200 300 400 500 600 700 800
4 1 T I T I T 1 1 IS
Axial stress ; L 4x102
B Enerey |

Cumulative energy count

bl

- 10 - 3x10°

3

~2x10°

Axial stress (MPa)
Energy (kpl)

T

Cumulative energy count

= 1=10

[ stage 11 stage III stage IV stage

T T T T T T
0.0 0.4 0.8 1.2 1.6 2.0 24
Axial Strain (%)

Figure 14. Energy, cumulative energy, and stress—strain diagram.

Figure 15 shows the relationship between energy and stress. The energy trend of
different sensors is roughly the same. To facilitate the analysis of the correspondence
between energy and curves at different loading stages, the loading process before the
specimen reaches the peak stress (o¢) is divided into 10 stages, with each stage defined by
an increase of 10% in peak stress (o¢): Stage @O (0~10% o), Stage @ (10%~20% o), Stage
® (20~30% o), Stage @ (30~40% o), Stage © (40-50% o), Stage ® (50-60% o), Stage @
(60-70% o), Stage (® (70-80% o), Stage @ (80-90% o), and Stage © (90-100% o).

According to the figure, at 0-110 s (10% of the peak stress), the specimen is in the
initial compression stage (Stage (D). At this stage, the internal particles of the specimen
are frequently extruded and collide with each other, and the AE signals are intensive,
so the energy curve appears to be a cluster phenomenon. The micro-crack sprouting
expansion stage (Stage @—(?) lasts the longest time, and micro-cracks generated inside
the specimen result in the emergence of a large number of high-amplitude energy signals
that can be captured; the cumulative energy is significantly higher than the previous stage.
The cracks expand in the stages of stabilization (Stage ®—(9). At this time, due to the
stress concentration inside the specimen, the micro-cracks inside the specimen gradually
move through it, and this development process captures a larger magnitude of the energy
signal. In addjition, similar to the ringing count, in the peak stress reached at Stage (9), the
energy also shows lower and stable characteristics; this period entails a short period of
calm. Stage © is accompanied by the appearance of macroscopic cracks, and the energy
gradually reaches a peak and decreases rapidly after the peak. At 600-800 s, when the
energy increases to varying degrees, due to the specimen chunks falling off and hitting the
plane of the equipment, a loud rattling sound is produced.
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Figure 15. AE energy—time curve.

4.3. Frequency

(f) Energy of sensor no. 6

The frequency characteristics of acoustic emissions are intrinsic, unique, and stable,
and different types of damage inside the sample will produce different frequency infor-
mation. Currently, most studies only monitor material damage through acoustic emission
parameters, but because the acoustic emission signal will change with time, it will also
show certain distribution characteristics regarding frequency. In order to more accurately
obtain the signal characteristics of the whole process of sample failure, this section uses the
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Hilbert-Huang Transform method to study the frequency characteristics of the acoustic
emission signal of cement-improved aeolian sand [29,33] and further reveals the damage
evolution characteristics of the cement-improved aeolian sand. According to the acoustic
emission frequency signal, it is divided into four stages, as shown in Figure 16.
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Figure 16. Frequency band division diagram.

Table 4 shows the proportion of acoustic emission signals in different frequency
bands at different stress stages. At different stages, the distribution characteristics of each
frequency band are different, which can reflect that the physical failure mechanism inside
the sample is different at different stages. During the compaction stage, the number of the
main frequency signals is relatively small, mainly distributed in the III frequency band. The
proportions of the I, II, and III frequency bands are significantly higher than that of the IV
frequency band. This indicates that in the compaction stage, the pores between the particles
within the sample gradually become compacted. The strong signal in the III frequency
band may be due to the presence of microscopic cracks within the sample or the intense
movement between the particles. During this stage, there may also be some local fractures
or compressions, but no obvious structural deformation has occurred overall. During the
linear elasticity stage, the main frequency distribution expands compared to the compaction
stage. The signal in the III frequency band still accounts for the largest proportion, while
the proportion of the IV frequency band signal increases. At this time, the signal originates
from the elastic compression of particles, the sliding and friction of local particles, and
the initiation of micro-cracks. However, the sample structure is still relatively intact, and
stress concentration occurs within the sample at this time. During the plastic deformation
stage, the frequency distribution becomes more extensive, with the proportions of the I
frequency band and the II frequency band increasing, while the signal in the III frequency
band slightly decreases compared to the compaction stage and the linear elasticity stage.
This might be due to the destruction of the internal microstructure and the more intense
movement of particles, resulting in more low-frequency and medium-frequency acoustic
emission signals. In this stage, the proportion of low-frequency signals increases because
of complex changes such as the expansion of internal micro-cracks, particle friction, and
the appearance of cracks in the cementing material. Additionally, the proportion of the
IV frequency band signal increases, which reflects the gradual release of energy in the
stress concentration area within the sample. During the instability failure stage, the main
frequency signals burst out in a concentrated manner, and the III frequency band still
dominates. There are more internal cracks in the sample. During this stage, the L, II, and IV
frequency bands increase compared to before, indicating the rapid development of cracks
and the significant destruction of particles or the inter-particle cementing substances. As
the macroscopic failure was completed, a penetrating large crack appeared on the sample
surface, and a few small pieces fell off.
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Table 4. Frequency distribution table of different stages.
Deformation Failure Stage I Band II Band III Band IV Band
Compaction Stage 14.1% 27.0% 49.1% 9.8%
Linear Elasticity Stage 15.7% 24% 48.5% 11.8%
Plastic Deformation Stage 19.6% 23.7% 42.5% 14.2%
Instability Failure Stage 21.2% 23.1% 41.4% 14.3%

5. Discussion

According to the change characteristics of the AE parameters and the different stages
of stress and strain, the compression damage process of sandy improved soil can be divided
into four stages: initial compaction stage, internal micro-crack emergence stage, crack
stabilization and expansion stage, and macro-crack formation stage. The initial compression
stage AE signal is intensive, which is caused by the original cracks or pores in the cement-
modified aeolian sand; the internal micro-cracks sprouting stage has a strong AE signal,
which is due to the gradual production of a large number of cracks in the cement-modified
aeolian sand. The cracks in the stable stage of expansion of the internal micro-cracks of the
specimen are gradually penetrated to reach peak stress, and the ringing counts and the
energy change are relatively smooth. Regarding the stage of macro-crack formation, many
scholars have also conducted studies on the acoustic emission characteristics of sandstone
and coal rock during their failure processes. The compression failure process of these rocks
is similar to that of wind-blown-sand-improved soil [34-38]. The statistics are shown in
Figure 17.
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Figure 17. Cumulative ringing counts for different rocks.

The results show that the AE parameters increase steadily in the initial compaction
stage, which is similar to that of the cement-modified aeolian sand in the compaction stage
of the test material in this paper. As the axial load increases, new cracks will form in both the
cement-modified aeolian sand and the rock. The trends of the acoustic emission parameters
of all three are roughly the same. The cumulative ringing counts increase with the increase
in load. The difference is that the acoustic emission parameter levels of the cement-modified
wind-sand in the early stage are higher than those of coal rock and sandstone. This is
because the original pores in the cement-modified aeolian sand material are larger in
number or size, and the acoustic emission parameter levels during the compaction stage
are significantly higher than those of other rock materials. Due to the loose structure and
large internal pores, the AE cumulative ringing counts of the cement-modified aeolian sand
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under compression increased relatively slowly before reaching the peak load, which was
similar to that of the coal rock. Sandstone is made up of mineral grains of various sizes,
which are connected by cementing materials. This granular structure allows the sandstone
to absorb energy through the rearrangement of particles during the compaction phase.
This results in a slower growth of the initial ringing count. Once the internal pores are
compacted, new cracks begin to form, causing the cumulative ringing count to increase
significantly in the later stage. Compared to dense rock materials such as sandstone and
granite, the damage process of the cement-modified aeolian sand material involves more
particle friction, compression deformation, and continuous micro-cracks.

In statistical damage theory, Weibull and normal distributions are widely used. How-
ever, the normal distribution exhibits a symmetric, unimodal shape and performs relatively
poorly in modeling extreme events and asymmetric data. In contrast, the Weibull distribu-
tion can assume a variety of forms, making it suitable for characterizing diverse damage
and fracture behaviors and enabling more accurate fitting of material strength and damage
responses [39-42]. Therefore, this study adopts the Weibull distribution to establish the
damage model. The Weibull distribution was introduced by Weibull and is mainly used
to analyze biased life data. It can be widely used in reliability engineering, failure analy-
sis, and describing the deformation damage behavior of materials with strain-softening
properties [43]. Kachanov defined the damage variable as

_ Ad

D
A

(1)
where Ay is all the area of micro—defects on the bearing surface and A is the cross-sectional
area of the bearing surface at the time of initial no damage. If the cumulative AE ringing
count of the whole cross-section A of the skid pile is Cy when it is completely damaged,
the AE ringing count C,y of the unit area of the microelement when it is damaged is

_ %

Cw A

(2)

When the section damage area reaches A4, the cumulative AE ringing count Cq is

C
Cq=CnwAq = KO Ag 3)
Therefore
A 1 Al
D=2d _ = Ca_ Ca (4)

A A C (G
Chang Liuhong [44,45] and others found that the Weibull distribution can well de-

scribe the stochastic nature of cement microelement damage. Therefore, it is assumed
that the damage destruction of cement-modified aeolian sand obeys the two-parameter

Weibull distribution: )
m/ ¢ \™ g\m
fe) = n(sm> e[~ (5) ] ©)

where n and m are two characteristic parameters of the Weibull distribution: n denotes the
scale parameter, which here characterizes the average value of the ultimate strain of the
microelement, and m is the shape parameter, which here characterizes the uniformity of
the ultimate strain of the microelement.

The cemented microelement reaches the ultimate strain and then causes destruction.
While the damage of the cemented microelement intensifies, combined with the definition
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of damage and setting the corresponding increment of the damage cross-section to be dS
for an increase in strain dg, there is

f(e)de = < (6)

Integrating both sides of the above equation, there are

£
/ f(x)dx = /dS -D @)
0 S
Combined with the above equation, the damage factor D can be obtained as
Cq e . e\m
D_?o_/o f(x)dx—l—exp[—(ﬁ) } 8)

The graphical method was used to test whether the damage of cement-modified
aeolian sand obeys a Weibull distribution. A linear transformation is obtained by taking
logarithms on both sides of Equation (9):

ln(—ln< - %{‘))) - mln(%) )

When n reaches its limit, i.e., the strain is ¢, then we have

ln<—ln< - %‘))) - m1n<;> (10)

According to the figure below, during the deformation and destruction of cement-
modified aeolian sand materials, there is a good linear relationship between
In —ln( - %“(‘)))and min(£). Therefore, the assumption that the damage of cement-
modified aeolian sand material obeys a Weibull distribution is correct.

As an example, the damage was verified in separate channels to be consistent with
the Weibull distribution for 9% cement doping, and the fitted curves for six different
sensors are shown in Figure 18, which shows that the fitted range of the m-values of the
cement-modified aeolian sand for 9% cement doping is 2.50-2.92.

The damage model was validated for 6%, 7%, 8%, and 9% cement dosages as per the
above analytical method, and it was found that the cement-modified aeolian sand with
different cement dosages complied with the Weibull distribution law: the fitted range of
m-values for the 6% cement-modified aeolian sand is 1.55-1.93, and the mean curve m-
value for different sensors is 1.61; the fitted range of m-values for the 7% cement-modified
aeolian sand is 4.33-5.71, and the mean curve m-value for different sensors is 4.04; the
fitted range of m-values for the 8% cement-modified aeolian sand is 1.78-1.97, and the
mean curve m-value for different sensors is 1.74; and the fitted range of m-values for the 9%
cement-modified aeolian sand is 2.50-2.92, and the m-value of the mean curve for different
sensors is 2.45. The damage models at different cement dosages are shown in Figure 19.

As shown in Figure 19, the fitted m-value for the 7% cement-modified aeolian sand
specimen is relatively high. This deviation may be attributed to inconsistencies during the
specimen preparation process. Following the hydration reaction, the internal agglomerates
in the 7% cement-modified aeolian sand achieve a relatively high sphericity, which is a
significant factor influencing the m-value of the Weibull distribution [46,47]. The SEM
images of 500-times magnification under different cement contents are shown in Figure 20.
The red parts represent pores, and the blue parts show the shapes of aggregates. The
internal aggregate shapes of the samples with 6%, 8%, and 9% cement contents are irregular,
with many tooth-like aggregates. The internal aggregate sphericality of the sample with a
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7% cement content is higher. However, the detailed reasons affecting the m-value of the
improved aeolian sand by cement still need to be further studied.
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Figure 18. The m-value of cement-modified aeolian sand with a 9% cement content.
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Figure 19. Damage model under different cement contents.

(b) SEM image at a 7% cement content

(c) SEM image at an 8% cement content (d) SEM image at a 9% cement content

Figure 20. SEM images under different cement contents.
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Containment (MPa)

The Weibull distribution has wide applicability in describing the non-homogeneity
of materials, and many scholars that have studied the failure mode of different rock
materials also use Weibull distribution function. Li Dong [48] and others studied the
Weibull distribution law of basalt fiber gangue ceramic concrete and came up with a range
of 1.400-1.649. Zhang Yao et al. [49] derived an intrinsic model of coal rock damage under
different confining pressures with m-values ranging from 1.66 to 1.85. Zhang Xiangdong
etal. [50] carried out triaxial compression tests on deep sandstones under different confining
pressures and derived the Weibull distribution law for sandstones with m-values ranging
from 2.83 to 5.11. Wanjun Ye et al. [51] used the intrinsic model with Weibull distribution
to describe the stress and damage evolution law of red sandstone under freeze-thaw-
load coupling, and their m-values ranged from 2.47-3.54. Dai Jun et al. [52] investigated
the damage evolution of granite under microwave irradiation and the law of Weibull
distribution and obtained m-values ranging from 1.963 to 2.392. The materials selected
in this paper are cement-modified aeolian sand with different cement dosages, and their
m-values are in the range of 1.55-2.92, as shown in Figure 21.
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Figure 21. The m-values of different materials: (a) m-value of cement-modified aeolian sand and coal
rock; (b) m-value of cement-modified aeolian sand and sandstone; (c¢) m-value of cement-modified
aeolian sand and granite; (d) m-value of cement-modified aeolian sand and basalt fiber gangue
ceramic concrete.
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The shape parameter m of the Weibull distribution is a key indicator for describing
the mechanical properties and non-homogeneity of materials and is especially widely
used in the study of brittle materials such as rocks, ceramics, and composites. The non-
homogeneity of rocks refers to the inhomogeneous distribution characteristics that rocks
present in terms of composition, structure, and physical or mechanical properties. As can
be seen from Figures 21 and 22, the range of m-values of cement-modified aeolian sand
with lower cement dosing (6-8%) is close to that of the coal rock, and the non-homogeneity
of cement-modified aeolian sand is close to that of the coal rock, with more internal voids
and cracks. The range of m-values at a higher cement dosage (8-9%) is gradually close
to that of granite, and the non-homogeneity of cement-modified aeolian sand is closer to
that of granite, with a more homogeneous internal structure than that of cement-modified
aeolian sand with a lower cement dosage, which suggests that there is a certain similarity
between cement-modified aeolian sand and the coal rock and granite in terms of non-
homogeneity. The non-homogeneity of cement-modified aeolian sand is between basalt
fiber gangue ceramic concrete and deep sandstone and tends to be similar to that of granite.
This provides a theoretical reference for the future characterization of cement-modified
aeolian sand.
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Figure 22. Range of m-values for different materials.

Based on the above analysis, it was found that the homogeneity of the cement-modified
aeolian sand material is similar to that of coal rock and granite, and their failure processes
all go through four stages: initial compaction, crack initiation, crack propagation, and
macroscopic failure. The Griffith theory is widely used in the damage analysis of rocks of
different properties. In addition, studies have shown that rock-like materials all exhibit a
brief calm period during compression tests, which can serve as the precursor information
for material failure. In the uniaxial compression test of cement-modified aeolian sand, the
AE parameters show a short calm period when the peak stress reaches 80%, which can
be used as early warning information for the damage of cement-modified aeolian sand
or the monitoring of the stability of the rock mass [53]. The Griffith theory can explain
the appearance of the calm period of the material better. Due to the stress concentration
generated at the tips of micro-cracks within the material, when the elastic energy released
by the expanding system is equal to the surface energy required for crack expansion, the



Appl. Sci. 2025, 15, 11860

23 of 27

cracks begin to expand continuously, leading to material damage [54], and the cracks
expand critical stress:
2E«y

=/ — 11
O¢ P (11)

where 7 is the surface energy and « is half of the crack length. Cracks begin to expand
when the stress exceeds the critical stress for crack expansion, o.. The generation of a calm
period is due to the energy accumulation during the stable expansion stage of internal
cracks in the material, during which the cracks grow slowly under stress. With the gradual
increase in stress, a large number of cracks inside the cement-modified aeolian sand expand
through to form macro-cracks, leading to the complete destruction of the material.

Upon review of the literature, the AE from many uniaxially pressurized rocks also
appears to be markedly relatively quiet, and the statistical data are shown in Table 5. The
calm period for granite occurs roughly at 71-90% of the peak stress [55]. The calm period
for sandstones occurs roughly at 74-76% of the peak stress [56]. The calm period in coal
rocks occurs at approximately 90.5-98% of the peak stress [57]. This kind of rock material
and cement-modified aeolian sand undergo to non-brittle damage and have the same
deformation characteristics. They undergo four stages of compaction, linear elasticity,
plastic deformation, and post-peak damage, and all of them have obvious plastic “time-
consuming” stage [58]. The porosity and cementation properties of different materials
significantly affect their internal stress distribution and microfracture behavior. Sandstone
is a typical sedimentary rock, with a wide range of porosity variations. Studies have shown
that the porosity of sandstone in different regions varies from 4% to 28% [59]. Granite is a
kind of crystalline rock, with a very low porosity, ranging from 0.7% to 4%, and most of
the porosity appears in the form of fissure porosity [60,61]. The methods for determining
the porosity of coal and rock are diverse, so the results of porosity determined by different
methods also vary. Zheng et al. [62] measured the porosity using helium gas injection,
which ranged from 1.5% to 9%. Li-Qiong et al. [63] used two-dimensional thin-section
images to quantitatively analyze the microporous structure of coal rock and measured
the porosity of coal rock to be between 7% and 15%. Song et al. [64] used the magnetic
resonance method to measure the total porosity of coal samples, which ranged from 3% to
16%. This study found that the earliest occurrence of the stable period of granite was due
to its lowest porosity, with the least initial pores within the sample and the shortest time
required for the fissures to be compacted and closed. The stable period of sandstone then
followed. This might be because the sandstone samples had higher cement strength, which
could effectively resist the sliding and separation of particles and inhibit the emergence of
new cracks. The interior of coal rock has a natural fracture network, with a high porosity
and complex structure. Therefore, its stable period occurs the latest. The porosity of natural
aeolian sand material is 51%. When mixed with cement, it undergoes a hydration reaction
to produce key compounds such as calcium hydroxide (Ca(OH);), hydrated calcium silicate
(C-5-H), and calcium aluminosilicate. These compounds can be evenly distributed, forming
a dense matrix and providing structural strength. This study reveals that the stable period
of the cement-modified aeolian sand material occurs between sandstone and granite, as
well as between granite and coal rock. It can be concluded that the porosity of the cement-
modified aeolian sand material varies between coal rock and granite, and its cementation
property is weaker than that of the strongly cemented sandstone.
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Table

5. Calm periods and references of different rocks.

Compressive

Material Test Method Quiet Period References
Strength
Research on Different Rock Fracture
Uniagial 60 MPa 759 Characteristics angl Instability
compression test Precursor Information Based on
Acoustic Emission
Uniaxial Studies on acoustic emission
Granite . 96 MPa 85-90% characteristics of uniaxial
compression test . .
compressive rock failure
Study on the Acoustic Emission
Uma)flal 130 MPa 71% Characterlstlcs of Granite in Relative
compression test Calm Period Based on GBM Model of
Particle Flow Code
Research on Different Rock Fracture
Un1a>f1a1 49 MPa 76% Characteristics anc.i Instability
compression test Precursor Information Based on
Acoustic Emission
Sandstone - -
Deformation, failure, and crack
Uma).(lal 51 MPa 749, propagation characteristics O.f flissured
compression test red sandstone under uniaxial
compression condition
Circumference Acoustic emission characteristics and
. 64 MPa 95-98% damage evolution of coal-rock under
compression test h ..
different confining pressures
Coal Rock Precursory characteristics of coal-rock

Uniaxial

20 MPa 90.5% failure using AE and computed

compression test tomography under uniaxial

monotonic and cyclic compression

6. Conclusions

By conducting unconfined compression tests on aeolian sand modified with different

amounts of cement, analyzing its AE characteristic parameters, and establishing a damage

model, the following conclusions were drawn:

1.

Cement-modified aeolian sand is a kind of granular material. However, both its stress—
strain curve and acoustic emission characteristic parameters exhibit a deformation
and failure process analogous to that of rocks, which are in four stages of compaction,
elasticity, plastic deformation, and destruction. However, the AE characteristic param-
eter signals in the compaction stage are quite different from those of other materials,
considering that the larger gaps between the sand particles lead to denser signals in
compaction, which shows a larger difference.

The ringing counts and energies increase with time and correspond to the different
stages of stress. The cumulative ringing counts of the AE signal change abruptly
when the axial stress of the specimen reaches the peak. When the stress reaches 80%
of the peak stress, the acoustic emission signal becomes relatively calm. This phase
of the ringing counts, and energy is low and relatively stable; the parameter changes
can be used as warning precursor information in the application of cement-modified
aeolian sand.

The results of the damage model show that the damage of the cement-modified
aeolian sand materials with different cement dosages obeyed the Weibull distribution.



Appl. Sci. 2025, 15, 11860 25 of 27

The material’s homogeneity transitions from being comparable to coal rock at lower
cement contents to resembling granite at higher contents.

This study conducted a small-sample unconfined compression test on the mechan-
ical properties of cement-modified aeolian sand. The results indicated that the internal
structure of this material is complex, and the damage evolution mechanism still requires
systematic research from multiple perspectives. Future work urgently needs to establish a
comprehensive scheme that can effectively monitor and warn of material damage.
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