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Abstract

Loess soil is widely distributed in northwest China and has a layered structure and developmental 
characteristics. The stability of multi-level loess slopes under earthquake action has always been a 
concern, and the shear strength of loess directly affects the strength of loess slopes. Therefore, it is 
urgent to monitor the shear strength of loess. To achieve precise monitoring of the shear strength of 
loess, this study proposes a distributed in-situ monitoring method that integrates the active heating 
fiber method of the moisture field with Bragg grating. This study first analyzes the distributed in-situ 
monitoring method that combines the active heating fiber method of the water field with Bragg grating, 
and then constructs a loess slope strength monitoring model based on distributed in-situ monitoring. The 
testing and analysis results of the proposed model showed that as time increased, the temperature rise 
of loess with higher moisture content decreased. When the moisture content of loess was 4% and 20%, 
the maximum temperature rise of loess was 30°C and 20°C, respectively. Overall, the shear strength of 
loess gradually increased with the increase of dry density. The research model can accurately monitor 
the resilience of loess slopes, providing reliable technical support for the prediction and early warning 
of loess slope landslides on reservoir banks.

Keywords: distributed, in-situ monitoring, loess slope, intensity monitoring, active heating, actively heated 
fiber optic, Bragg grating

DOI: 10.15244/pjoes/214184 ONLINE PUBLICATION DATE: 2026-05-14

Introduction

As one of the common structural forms in various 
construction projects, the stability of loess slopes has 
always been a focus of attention in the engineering field 
[1]. Loess is widely distributed in most regions of China, 
including Gansu, Shaanxi, and Shanxi, as well as in 
some areas of Henan, Ningxia, and Hebei. The complex 

physical and mechanical properties, as well as the ever-
changing environmental conditions, make the stability 
of slopes particularly complex and difficult to predict 
[2]. With the in-depth implementation of the “Belt and 
Road” construction policy, infrastructure construction 
in northwest China is in full swing, and loess slope 
stability monitoring and assessment are extremely 
important [3]. Traditional methods for monitoring slope 
stability often rely on on-site investigations, physical and 
mechanical tests, and numerical simulations. Although 
these methods can reflect the stability status of slopes to 
some extent, they often have problems such as limited 
monitoring range, poor real-time performance, and a 
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low degree of automation [4, 5]. As a consequence of the 
advancement of scientific and technological knowledge, 
contemporary slope monitoring technology is evolving 
in a direction that encompasses automation, remote 
monitoring, wireless sensing, distribution, and high 
precision. For example, InSAR technology has been 
developed into a more conventional monitoring method 
for small surface deformation, which has the advantages 
of flexible observation mode, stable equipment, 
and simple and fast data processing. At present, the 
application of slope monitoring technology has involved 
a variety of advanced monitoring means, including “3S” 
technology, the active heating fiber method, and the 
Bragg grating sensor. The Actively Heated Fiber Optic 
(AHFO) method is an effective technique for monitoring 
moisture migration in unsaturated soils [6]. This method 
provides real-time monitoring of water migration in 
unsaturated soil through AHFO sensors, which is of 
great significance for understanding the mechanisms 
of geological disasters and environmental geotechnical 
problems. The AHFO method is not only suitable for 
research under laboratory conditions but also for on-site 
monitoring. For example, Ashry et al. could accurately 
identify and locate the deep sliding surface of landslides 
by applying distributed fiber optic sensing technology, 
allowing them to explore the internal deformation laws 
of landslides. This method has also been applied in the 
analysis of temperature field characteristics of frozen 
soil phase transition, providing important technical 
support for frozen soil engineering. The AHFO method 
has demonstrated its unique advantages in monitoring 
the migration of unsaturated soil moisture [7]. Smirnov 
and Butov analyzed the sources and distribution 
characteristics of errors in single-probe and double-
probe methods through indoor soil column tests, further 
improving the accuracy and reliability of monitoring 
[8]. Shadab et al. from the Communication Research 
Center in Ottawa, Canada, in 1978, first discovered the 
photosensitivity of germanium-doped quartz fibers and 
used the standing wave method to fabricate the world's 
first fiber grating. In the following decade, Fiber Bragg 
Gratings (FBG) have been one of the research hotspots 
in fiber optic communication and fiber optic sensing. 
FBG was an optical device composed of numerous 
parallel slits of equal width and spacing, usually made 
by engraving a large number of parallel notches on a 
glass sheet [9]. The scratch was an opaque part, while 
the smooth part between the two scratches could be 
transparent, equivalent to a slit. FBG has a wide range 
of applications. Presti et al. applied FBG sensors to the 
field of fiber optic communication and sensing, providing 
instantaneous and rich sensing information for modern 
ship operations, ensuring the safety of ships [10]. Rohan 
et al. mentioned in their latest review on the application 
of FBG sensors in the biomedical field that FBG sensors 
have been widely used in various fields such as surgical 
equipment, vital sign detection equipment, invasive 
surgery, heart rate, dental applications, and biosensing 
applications [11]. However, at present, no relevant studies 

have deeply integrated AHFO and FBG technologies. 
To achieve accurate monitoring of the shear strength 
of loess, this study innovatively proposes a monitoring 
method that utilizes AHFO and FBG technology for 
distributed in-situ monitoring of loess slope strength. 
Although the slope monitoring technology proposed 
by Ashry et al. has a wide spatial coverage and can 
achieve macroscopic deformation monitoring of large-
scale slopes, it is greatly disturbed by factors such as 
atmospheric delay and surface vegetation coverage, 
making it difficult to capture the subtle deformation in 
the shallow layer of the slope. Moreover, it is impossible 
to directly obtain soil moisture parameters, and the 
judgment of slope stability needs to be combined 
with other data. The AHFO module in this research 
can achieve distributed monitoring of the moisture 
field, and the FBG module can achieve high-precision 
capture of strain and displacement parameters. After the 
integration of the two, water field and stress-strain field 
data can be obtained simultaneously, directly reflecting 
the coupling relationship between water migration and 
the change of slope shear strength. Moreover, the in-situ 
monitoring method further reduces external interference 
and has better accuracy and stability.

Methods and Materials

Distributed In-Situ Monitoring Method Integrating 
AHFO Technology and FBG Sensor

AHFO is a technology used to monitor water 
migration in unsaturated soils. It uses FBG sensors 
to monitor the real-time migration of moisture in 
unsaturated soil, which is developed based on distributed 
fiber optic temperature measurement technology [12]. 
The monitoring principle of AHFO technology is shown 
in Fig. 1.

In Fig. 1, the moisture field active heating fiber 
method uses the Raman scattering effect to generate 
forward Stokes light and backward anti-Stokes light 
by detecting the transmission of light in the fiber [13]. 
The intensity of anti-Stokes light increases with the 
increase in temperature, and the temperature value can 
be deduced by measuring the change in its intensity. 
Combined with time domain reflectometry, the system 
can accurately locate the scattering position of light. 
However, the active heating fiber optic method is usually 
limited to point or local measurements. Therefore, 
this study achieves quasi-distributed measurement 
by placing multiple FBGs on a single optical fiber, 
monitoring temperature changes at multiple points, and 
improving monitoring efficiency and range [14]. The 
principle of FBG sensing is shown in Fig. 2.

In Fig. 2, the working principle of FBG is based on 
the reflection and interference of gratings [15]. FBG 
is mainly divided into three layers, namely the core 
layer, cladding layer, and coating layer. The middle few 
segments form a grating, with a grating period formed 
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between every two segments. When light waves that 
meet the Bragg condition encounter these gratings, 
they will be reflected back and form peaks based on the 
principle of light superposition. The peak center on the 
x-axis is recorded as the Center Wavelength (CW) of 
the FBG. The calculation formula for the CW 

Bβ  of the 
FBG reflection spectrum is shown in Equation (1).

	 	  (1)

In Equation (1), effn  is the effective refractive index 
of the fiber core. Symbol K  is the grating period of 
the grating region. In the process of using FBG for 
structural strain measurement, when FBG is subjected 
to axial stress, the reflection spectrum of FBG will 
cause a significant drift of the CW [16]. Assuming that 
the FBG is subjected to uniformly distributed axial 
strain and stress is uniformly applied along the length 
direction of the FBG, the expression for the axial stress 

ZZσ  acting on the FBG is shown in Equation (2).

Fig. 1. Actively heated fiber optic method diagram.

Fig. 2. FBG sensing schematic diagram.
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	 	 (2)

In Equation (2), ZP  is the axial stress. The strain 
of FBG in each axis can be measured by the Bragg 
wavelength shift caused by stress-strain. The strain 
calculation formula for FBG in each axial direction is 
shown in Equation (3).

	 	  (3)

In Equation (3), lE  is the elastic modulus of FBG. 
v  is the Poisson's ratio of FBG. FBG is a device that 
utilizes the periodic refractive index variation of optical 
fibers to achieve optical waveguides, and the variation of 
its CW is related to strain and temperature. When FBG 
is subjected to axial strain, there is a linear relationship 
between the drift of its CW and the strain. This linear 
correlation makes it possible to measure changes in 
external physical quantities, such as strain, temperature, 
etc., by measuring changes in the CW of FBG. The 

formula for the CW drift B∆β  of FBG is shown in 
Equation (4).

	 	  (4)

In Equation (4), TY  is the temperature sensitivity 
coefficient of FBG. T∆  is the temperature change. 
The differential grating temperature compensation 
method is an effective technique for reducing the impact 
of temperature changes on the measurement results 
of FBG sensors [17]. This method compensates for 
wavelength changes caused by temperature through 
specific structural design and data processing methods, 
thereby improving the accuracy of sensor measurements 
[18]. The principle of this method is shown in Fig. 3.

In Fig. 3, when an external force is applied to the 
sensor, both FBG3 and FBG4 will simultaneously 
experience the effects of strain and temperature. FBG3 
is encapsulated on the tensile strain side of the structure, 
and the grid spacing of FBG3 will increase accordingly. 
According to the basic principle of FBG, this will cause 
the CW of the reflected spectrum to shift towards longer 
wavelengths, known as the “red shift” phenomenon. 
FBG4 is situated on the side subjected to compressive 
strain, and its response is manifested as a reverse 
compressive strain effect, resulting in a reduction in 
the distance between fiber optic grids. This, in turn, 
causes the CW of the reflected spectrum to shift towards 
shorter wavelengths, a phenomenon known as the “blue 
shift” [19]. The expression for the CW drift of FBG3 is 
shown in Equation (5).

	 	  (5)

In Equation (5), 3Yρ  and 3Yρ  are the sensitivity 
coefficients of strain and temperature for FBG3. The 

expression between the CW drift of FBG4 and strain 
and temperature is given by Equation (6).

	 	  (6)

In Equation (6), the sensitivity coefficients of 
temperature and strain for FBG4 are represented by 

symbols 4Yρ  and 4Yρ , respectively. When the properties 
of FBG3 and FBG4 materials are consistent, the strain 
formula for FBG is given by Equation (7).

	 	  (7)

The formula for calculating the temperature change 
experienced by FBG is given by Equation (8).

	 	 (8)

The workflow diagram of AHFO-FBG is shown in 
Fig. 4.

As can be seen from Fig. 4, the AHFO path emits a 
laser to the sensing fiber through the excitation source. 
When a laser is transmitted in optical fibers, Raman 
scattering occurs. The anti-Stokes light within it is highly 
sensitive to temperature, and its intensity increases with 
rising temperature, thus being captured as the core 
signal. The FBG path modulates the central wavelength 
of the fiber Bragg grating according to the changes in 
external physical quantities. The demodulator senses 
changes in physical quantities by collecting the central 
wavelength reflected back and its drift amount. The 
optical signals collected by the two paths are transmitted 
back through the sensing optical fiber network. The 
system utilizes time-domain reflectometry technology. 
By calculating the time it takes for the optical signal 
to return, it can precisely locate the specific position 
of the measurement point on the optical fiber, which is 
the key to achieving distributed and quasi-distributed 
monitoring. The AHFO demodulator directly calculates 
the temperature value at each point along the optical 
fiber by analyzing the light intensity of the anti-Stokes 
light, forming a distributed temperature field. FBG first 
measures the drift of the central wavelength. Then, it 
determines whether a differential grating structure is 
adopted for temperature compensation. If not used, 
it calculates the strain or temperature. If differential 
gratings are used, the wavelength changes of the two 
gratings are calculated separately to decouple and 
accurately obtain the strain and temperature change 
values, and the final results are output.
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Fig. 3. Differential grating temperature compensation method schematic diagram.

Fig. 4. Workflow diagram of AHFO-FBG.
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Construction of Strength of Loess 
Slopes Monitoring Model Based on 

Distributed In-Situ Monitoring

The northwest region is known for its arid climate, 
with most areas receiving less than 500 millimeters of 
annual precipitation, belonging to a continental arid, 
semi-arid, and alpine climate. The annual precipitation 
on the Loess Plateau is between 300-500 mm, while the 
precipitation in the Hexi Corridor and Turpan region 
is even lower, with almost no rain throughout the year. 
Given such harsh natural conditions, monitoring of loess 
slopes is imperative. This is the key to ensuring the 
stable operation of projects like pumped storage power 
stations in the region. This study integrates AHFO and 
FBG sensors, combined with online distributed in-situ 
monitoring of temperature characteristic values, to 
achieve real-time monitoring of the strength of loess 
slopes [20]. The expression for the strength of the loess 
slopes monitoring model that integrates AHFO and FBG 
sensors is Equation (9).

	 	 (9)

In Equation (9), α  is the Moisture Content (MC) of 
loess. T  is the temperature characteristic value. The 
relationship between the strength of the loess slopes 
parameters and α  is given by Equation (10).

	 	 (10)

In Equation (10), c  and λ  are the cohesion and the 
internal friction angle of loess [21]. The expression for 
the relationship between the c  and λ  and temperature 
characteristic values is shown in Equation (11).

	 	 (11)

The relationship between the strength of loess slopes 
monitoring and temperature is given by Equation (12).

	 	  (12)

In Equation 12, ε  is the total normal stress on the 
failure surface when loess is damaged. In the monitoring 
process of temperature rise data during the optimization 
heating stage, the influence of thermal characteristics 
and contact thermal resistance on the strength of 
loess slopes evaluation is significant. This is mainly 
because loess, as a special soil material, has physical 
and mechanical properties, especially shear strength, 
which are affected by various factors like temperature 
and MC [22, 23]. Therefore, this study tests its MC. The 
testing methods for MC are divided into Temperature 
Characteristic Value Measurement Algorithm and 
Cumulative Heating Value Calculation Method [24]. 
Two methods for calculating MC are shown in Fig. 5.

In Fig. 5, the measurement method of temperature 
characteristic values is to calculate MC by monitoring 
the temperature change characteristics of the substance 
during the heating process. This includes recording 
parameters such as the time, rate, or temperature 
difference after heating to a specific temperature, and 
establishing mathematical models or empirical formulas 
to invert MC. The calculation method for cumulative 
temperature rise focuses on the total temperature 
change during the heating process. It evaluates moisture 
content by calculating the cumulative temperature rise 
of the temperature change curve. The expression for 
the temperature characteristic value tT∆  is given by 
Equation (13).

	  	 (13)

Fig. 5. Schematic diagram of two methods for estimating water content.
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In Equation (13), iT∆  is the temperature change 
value during a certain period in the stable phase. n  is 
the number of temperature measurements taken during 
that time period. The expression for the maximum 
temperature rise value 

maxT∆  is given by Equation (14).

	 	  (14)

In Equation (14), maxT  is the maximum temperature 
value of the corresponding sensor during the heating 
process. 

0T  is the initial sensor temperature value, 
which is the initial temperature of the soil. The formula 
for the cumulative heating value cumT∆  is given by 
Equation (15).

	 	  (15)

In Equation (15), mT∆  is the temperature change 
value measured throughout the entire heating process 
[0, t0]. This study uses the cumT∆  method for calculating 
MC. The research model uses an exponential function 
to fit and analyze the shear strength parameters of 
unsaturated loess with different dry densities. The 
expression of the exponential function is shown in 
Equation (16).

	 	 (16)

In Equation (16), 4.61 3A E= −  and 5.86B = . 
The calibration process diagram of loess MC based on 
distributed in-situ monitoring is shown in Fig. 6.

In Fig. 6, loess is dried to remove residual moisture, 
and then finely ground through a 2 mm sieve to screen 
out impurities. Then, the scientific sampling method 
is adopted, and the soil samples are sealed and left 

standing for 48 hours to evenly distribute water [25]. In 
terms of stress conditions, the research utilized acrylic 
sheet molds, strictly adhering to the set dry density, to 
reproduce the historical compaction state of the natural 
stratum under its own weight through layer-by-layer 
compaction. Meanwhile, after each layer is compacted, 
the surface is roughened to weaken the artificial layering 
surface and enhance the interlayer bonding, thereby 
more realistically simulating the structure of the on-site 
soil. To simulate the possible humidity inhomogeneity 
in the slope and monitor it, a soil trench was specially 
excavated in the compaction layer in the middle of the 
mold, and an FBG sensor was embedded. Subsequently, 
the compaction of the overlying soil layer was continued. 
This enables the sensor to perceive a soil environment 
where there may be a humidity gradient vertically, 
rather than a completely homogeneous sample. After all 
layers have been compacted, the sample should be left 
to stand for about 20 min to eliminate the instantaneous 
rebound after the removal of the compaction equipment 
and bring the soil sample to a preliminary stable state 
[26]. The soil samples for the physical index test were 
taken from the Dongzhi Plateau in the Loess Plateau 
region. The loess on the Dongzhi Plateau is the standard 
stratum and classic area for studying loess in China. 
Its loess sedimentary sequence is complete, and its 
properties have been deeply and extensively studied in 
the academic circle. Many classic models and theories 
regarding the mechanics, hydrology, and engineering 
characteristics of loess originated from such typical 
regions. Therefore, the study began sampling 1 m below 
the top of Dongzhiyuan in 2023, with samples collected 
every 1 m. To ensure the scientificity and accuracy 
of the experiment, this study tests the basic physical 
indicators of loess. To obtain the physical properties of 
the loess, this study uses methods such as the combined 
liquid plastic limit tester, oven, and heavy compaction 

Fig. 6. Water content calibration flow chart of loess based on distributed in-situ monitoring.
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to measure relevant indicators in accordance with the 
demands of the “Highway Geotechnical Test Code” (JTJ 
051-93). Table 1 shows the test results.

To ensure the accuracy of FBG monitoring, this 
study designs the main structure of FBG based on the 
requirements of closed pipeline detection, as shown in 
Fig. 7.

Fig. 7a) shows the installation method of FBG. 
FBG first ensures that the threaded base is accurately 
embedded into the predetermined threaded interface of 
the pipeline. Subsequently, the circular tube is accurately 
inserted into the circular channel inside the base to 
achieve preliminary positioning. Then, by rotating the 
fastening nut and applying appropriate torque along the 
threaded path on the threaded base, the circular tube 
body is firmly locked to ensure the structural stability of 
the entire sensing unit. Fig. 7b) is a schematic diagram 
of FBG packaging. To address the risk of leakage in 
fluid dynamics monitoring, this study cleverly embeds 
sealing rings at the connection interfaces of pipelines, 
circular pipes, and bases, forming multiple sealing 
barriers and effectively preventing fluid leakage. Under 
the said protective measures, the expected service life 

of the sensor body can reach 15 to 20 years or more, 
which is in line with the durability of the optical fiber 
material itself. However, the actual lifespan mainly 
depends on environmental erosion and mechanical 
interference. Therefore, an appearance inspection 
should be conducted every 6 months to 1 year to ensure 
that the mechanical fasteners are not loose, the casing 
is not damaged, and there is no excessive bending at 
the optical cable outlet. Periodically reapply sealant to 
exposed junction boxes to ensure their waterproof and 
moisture-proof performance.

Results

Performance Testing of Distributed In-
Situ Monitoring Method Integrating 
AHFO Technology and FBG Sensor

To verify the effectiveness of the distributed in-situ 
monitoring method that integrates AHFO and FBG, 
this study selects five types of loess with various initial 
MCs, namely loess with MCs of 4%, 8%, 12%, 16%, and 
20%, for temperature response testing experiments. Fig. 
8 shows the experimental results.

Fig. 8 shows the temperature rise monitoring curve 
of loess with different MCs using the research method. 
As time increases, the higher the MC of loess, the lower 
the temperature rise. When the MC of loess is 4% and 
20%, the highest temperature rise of loess is 30°C 
and 20°C. The confidence interval of temperature rise 
for loess with 4% moisture content is [29.5, 30.5]°C, 
and that for loess with 20% moisture content is [19.5, 
20.5]°C. To verify the influence of heat sources on loess, 
a research method is used to monitor loess with an 
MC of 20%. Four temperature monitoring devices are 
installed in this study at positions 80 mm above the heat 
source, 40 mm below, and 80 mm below, to accurately 
record and transmit temperature change data of loess at 

Index Value

Density (g/cm3) 1.96

Natural MC (%) 24.6

Relative density of soil 
particles (g/cm3) 2.71

Liquid limit (%) 26.70

Plastic limit (%) 17.65

Plasticity index (%) 9.05

Optimum MC (%) 12

Maximum dry capacity (%) 1.82

Table 1. Basic physical index of loess.

Fig. 7. FBG main structure and package diagram.



Strength Monitoring Technology... 9

different distances. The monitoring results are shown in 
Fig. 9.

Fig. 9a) and b) show the temperature and temperature 
difference curves of loess at different locations. In Fig. 
9a), when the distance from the heat source is 40 mm and 
-40 mm, and the time is 1500 s, the highest temperatures 
of the loess are 25.8°C and 25.5°C. At this time, the loess 
is greatly affected by the heat source. When the distance 
from the heat source is 80 mm and -80 mm, and the time 
is 3000 s, the temperature of the loess tends to stabilize. 
The temperature confidence intervals at 40 mm are 
[25.3, 26.3]°C, and those at -40 mm are [25.0, 26.0]°C. 
In Fig. 9b), when the distance from the heat source is 80 
mm and -80 mm, the temperature difference is less than 
0.4℃ within 0-3500 s. This indicates that the heating 
effect of the heat source on the distant loess is limited, 
and the temperature of the loess in these locations is 
less affected by other factors. The confidence interval 
for temperature difference at 80 mm is [0.3, 0.5]°C, and 
the confidence interval for temperature difference at -80 

mm is [0.2, 0.4]°C. At the same time, it also indicates 
that the thermal conductivity of loess greatly affects its 
temperature distribution and changes. In summary, the 
research results are consistent with the laws obtained 
from theoretical qualitative analysis, which verifies the 
rationality of the distributed in-situ monitoring method 
that integrates active heating fiber and FBG. To explore 
the relationship between the pore structure and MC of 
loess, a research method is utilized to monitor the pores 
and cumulative pore volume of loess with different MCs, 
as shown in Fig. 10.

Fig. 10a) shows the distribution of porosity 
components in loess with different MCs. As the MC 
gradually increases, the proportion of small Pore 
Size Pores (PSP) shows an increasing trend, while 
the proportion of medium and large PSPs decreases 
accordingly. This indicates that the MC has a direct 
impact on the distribution of pore structure within loess. 
The confidence intervals for the proportion of small-pore 
size in loess with 4% moisture content are [30%, 35%], 

Fig. 8. Temperature rise curve of loess with different moisture content over time.

Fig. 9. Temperature curves of loess at different locations.
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and those for loess with 20% moisture content are [45%, 
50%]. Fig. 10b) shows the distribution of the cumulative 
pore volume ratio of loess after different MCs. As the 
MC increases, the cumulative pore volume ratio curve 
gradually extends towards the low pore size range, and 
the curve shape tends to become more complex. This 
is manifested by the alternating appearance of steeper 
rising segments and more pronounced horizontal 
segments, indicating an exacerbation of the polarization 
phenomenon in the distribution of pore sizes in loess. 
When the MC is 0.20, the cumulative pore volume ratio 
curve of loess shows the most balanced distribution 
pattern, with no sharp increase or stable horizontal 
segment, but rather a uniform distribution of pores 
within each pore size range. This indicates that loess 
has the best compaction performance when the MC is 
0.20. The stability of loess strength is to some extent 
influenced by matric suction. The confidence intervals 
for the cumulative pore volume ratio of loess with 4% 
moisture content are [20%, 25%], and those for loess 
with 20% moisture content are [35%, 40%]. The change 
in Pore Water Pressure (PWP) can, to some extent, 
reflect the change in matric suction. Therefore, the 
results of monitoring the PWP of loess at different burial 
depths using research methods are shown in Fig. 11.

Fig. 11a) and b) show the monitoring results of PWP 
in loess with 2nd and 3rd grade slope pore pressures. 
In Fig. 11a), at a burial depth of 1.5 m, the maximum 
PWP reaches 0.016 MPa, while the minimum value is 
as low as 0.000 MPa. In Fig. 11b), at the same burial 
depth of 1.5 m, the maximum PWP increases to 0.022 
MPa, while the minimum value decreases to 0 MPa. 
Therefore, as the burial depth increases, the trend of 
changes in PWP in loess gradually becomes flat. At a 
burial depth of 9.5 m, the PWP fluctuates almost stably 
within a narrow range of 0 MPa to 0.003 MPa. This 
may be because the sensitivity of deep loess to external 
environmental factors is significantly reduced, and its 
PWP state exhibits a high degree of stability.

Analysis of the Strength of Loess Slopes 
Monitoring Model Results Based on 

Distributed In-Situ Monitoring

The variation in mechanical properties of loess 
materials is mainly attributed to changes in MC and dry 
density. The dry density variation of loess is relatively 
limited. This study comprehensively evaluates the 
strength characteristics of loess at different spatial 
locations through distributed monitoring methods. 
Firstly, this study sets the MC of loess to the optimal 
value of 20% to ensure that the experimental results 
only reflect the impact of changes in dry density. The 
experiment uses loess samples with the optimal MC and 
prepares samples with different dry densities, namely 
1.5 g/cm³, 1.6 g/cm³, 1.7 g/cm³, and 1.8 g/cm³, through 
compression techniques. The Stress-Strain Curves 
(SSC) of unsaturated loess with different dry densities 
are exhibited in Fig. 12.

Fig. 12(a-d) show the SSCs of loess with dry 
densities of 1.5 g/cm3, 1.6 g/cm3, 1.7 g/cm3, and 1.8 g/
cm3. In Fig. 12a), when the loess pressure is 50 KPa, 
the shear stress value of the loess is the lowest, at 65 
KPa. In Fig. 12b), when the loess pressure is 100 KPa, 
and the shear displacement of loess is 100, the SSC 
of loess begins to stabilize. In Fig. 12c), as the shear 
displacement of loess increases, the SSC of loess only 
tends to stabilize at a shear displacement of 400 when 
the loess pressure is 300 KPa. At this point, the shear 
stress of loess is 90 KPa. In Fig. 12d), under a loess 
pressure of 100 KPa, the SSC of loess tends to stabilize 
at a shear displacement of 450. Therefore, the shear 
strength of loess shows a gradually increasing trend 
with the increase of its dry density. Subsequently, the 
curve gradually stabilizes, indicating that the loess has 
undergone a certain degree of deformation during this 
stage, and its shear performance tends to stabilize. Table 
2 shows the research model monitoring the strength of 

Fig. 10. The results of monitoring loess by the research method.
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loess slopes under different dry densities and vertical 
pressures.

In Table 2, under a vertical pressure of 400 KPa, the 
strength of loess cannot be tested due to the relatively 
weak mechanical properties of the 1.5 g/cm³ dry density 
loess sample. Therefore, in subsequent experiments, this 
study chooses milder vertical pressure conditions for 
strength testing, namely 50 KPa, 100 KPa, 200 KPa, 
and 300 KPa, to ensure the safety of the experimental 
process and the validity of the data. The research model 

adopts an exponential function to fit the shear strength 
parameters of unsaturated loess with different dry 
densities, and the fitting coefficient R2 is 0.876. The 
fitting results are shown in Fig. 13.

Fig. 13a) shows the monitoring map of loess 
cohesion. As the dry density increases, the cohesion 
also grows, and the cohesion of loess shows a positive 
correlation growth trend. The distribution data of 
cohesion are consistent with the fitting trend of the 
research model. This indicates the effectiveness and 

Fig. 11. Monitoring results of PWP in slope.

Fig. 12. SSCs of loess with different dry densities.
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accuracy of the research model in fitting the complex 
relationship between cohesion and dry density. Fig. 13b) 
shows the monitoring map of the internal friction angle 
in loess. As the dry density increases, the cohesion 
gradually decreases, and the same research model can fit 
the cohesion. Therefore, the research model is effective 
and accurate in fitting the complex relationship between 
the mechanical properties and dry density of loess. 
There is usually a positive correlation between cohesion 
and dry density, while the relationship between internal 
friction angle and dry density may vary depending on 
soil type and conditions. The binary fitting diagram of 
the research model for loess is displayed in Fig. 14.

In Fig. 14, the research model has extremely high 
accuracy and applicability in predicting the cohesive 
properties of unsaturated loess, and can achieve 
binary nonlinear fitting of complex interactions 
between physical parameters like MC and dry density. 
This indicates a high degree of consistency between 
the model's predicted values and the experimental 
observations, and suggests that the model has strong 
generalization ability. It can be applied to predict the 
cohesion of unsaturated loess under different conditions, 
providing strong theoretical and technical support 
for geological exploration, slope stability analysis, 

foundation treatment, and other fields in engineering 
practice.

Discussion

Loess is a non-layered yellow powdery soil sediment, 
rich in carbonates, loose, and porous, with vertical 
joints. This characteristic requires consideration of the 
special physical properties of loess slopes in their design. 
Strength of loess slopes analysis involves multiple 
factors, including soil physical properties, moisture 
conditions, temperature changes, and external forces. To 
more accurately and efficiently monitor the state of loess 
slopes, this study proposes a monitoring technology 
that integrate active optical fibers and FBG sensors to 
achieve distributed monitoring of the temperature and 
mechanical properties of loess slopes.

Firstly, this study analyzed the temperature rise 
characteristics. The experiments proved that as the 
MC of loess grew, its temperature rise value showed a 
downward trend. The sample with the MC of 4% could 
reach a peak temperature rise of 30°C, while when 
the MC increased to 20%, the peak temperature rise 
value dropped to 20°C. This phenomenon indicates 
the hindering effect of water in the process of heat 

Vertical pressure (KPa)
Dry density (g/cm3)

1.5 1.6 1.7 1.8

50 6217 / / /

100 86.95 103.19 119.74 /

200 133.46 149.68 170.02 200.00

300 175.82 / 215.73 228.62

400 / 225.06 258.73 266.59

Table 2. Monitoring results of the loess slope strength under diverse conditions.

Fig. 13. Shear strength parameters of unsaturated loess with different dry densities.
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conduction. In addition, research on the relationship 
between temperature rise and the logarithm of time 
suggested that when the logarithm of time reached 
5, the temperature rise of loess tended to stabilize, 
indicating the significant characteristics of loess as a 
thermal resistance medium. This coincides with the 
research results of Wang et al. on thermal conductivity 
[27]. Secondly, this study analyzed the temperature 
distribution and the influence of heat sources, and found 
that loess located close to the heat source reached a 
high temperature state in a short period, verifying the 
significant impact of heat sources on loess in the region. 
In contrast, at sites situated at greater distances from 
the heat source, the temperature of the loess exhibited 
a gradual stabilization over time, accompanied by a 
relatively minor temperature differential. This outcome 
validated the precision of the FBG sensor design and 
lent support to the efficacy of the cylindrical heat source 
theory. This corresponds with the findings of Guo's 
team [28]. Then, in the analysis of the pore structure 
of loess, it was found that the increase in MC led to 
an increase in the proportion of small PSPs, while 
the proportion of medium and large PSPs decreased 
accordingly. This revealed the reshaping mechanism of 
moisture on the pore structure of loess. The cumulative 
pore volume ratio distribution map intuitively displayed 
the polarization phenomenon of pore size distribution. 
It also pointed out that under a specific MC, the pore 
distribution of loess reached the optimal equilibrium 
state, indicating the best compaction effect of loess 
[29]. This result coincides with Li et al.’s study of 
the microstructure of compacted loess. Finally, this 
study analyzed the mechanical properties of loess. 
The proposed method could accurately fit the positive 
correlation between loess cohesion and dry density, 
as well as the trend of internal friction angle changing 
with dry density, demonstrating the wide applicability 

and high flexibility of the model [30]. In addition, the 
method proposed in the research has demonstrated 
extremely high accuracy and wide applicability in 
predicting the cohesion characteristics of unsaturated 
loess. Through the shear strength fitting model, the 
study can effectively capture the complex interaction 
between moisture content and dry density, achieving 
binary nonlinear fitting. The goodness-of-fit R² value 
of this model reached 0.876, indicating that the model 
has a good fitting effect on the experimental data. The 
high consistency between its prediction results and the 
experimental observations verifies the accuracy of the 
research method. It is consistent with the conclusion of 
Jia et al. in the study of shear strength of compacted Q3 
loess, further consolidating its scientific and practical 
validity [31].

In summary, the AHFO-FBG technology monitors 
the temperature, moisture content, and mechanical 
properties of loess slopes in real time through a 
distributed sensor network. These data can be 
transmitted in real time to the central monitoring 
system, and advanced data analysis algorithms can be 
used to conduct a real-time assessment of the stability 
of the slope. Once abnormal changes are detected, 
the system can immediately issue an alarm to notify 
relevant personnel to take necessary measures, thereby 
effectively preventing the occurrence of landslide 
accidents. The AHFO-FBG technology can also be 
applied to the early landslide detection infrastructure. 
By installing sensor networks in potential landslide 
areas, it is possible to monitor key parameters of loess 
slopes over the long term [32]. By integrating machine 
learning and artificial intelligence technologies, in-
depth analysis of monitoring data can be conducted to 
identify early signs of landslides.

Fig. 14. Schematic of the binary fitting of the study model to loess.
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Conclusions

This study analyzed the cumulative pore volume 
distribution of loess with different MCs and found that 
as the MC gradually increased, the proportion of small 
PSPs significantly increased, while the proportion of 
medium and large PSPs decreased accordingly. The 
morphological changes of the cumulative pore volume 
ratio curve, especially its extension towards the low 
pore size range and the complexity of the curve shape, 
further confirmed the polarization phenomenon of 
pore size distribution in loess, which intensified with 
the increase of MC. Based on the in-situ monitoring 
data of PWP in the slope, it was found that with the 
growth of burial depth, the trend of PWP in loess tends 
to flatten out. The research method has demonstrated 
extremely high accuracy and wide applicability in 
predicting the cohesive properties of unsaturated loess. 
This method could effectively capture the complex 
interaction between MC and dry density, achieving 
binary nonlinear fitting. The high consistency between 
its predicted results and experimental observations 
validated the accuracy of the research method. The 
distributed in-situ monitoring technology is employed 
to facilitate the remote distributed monitoring of loess 
slopes, representing a significant technical advancement 
in the domain of loess slope monitoring. At the same 
time, the deformation and strength characteristics of 
unsaturated undisturbed and remolded loess in Dongzhi 
Yuan of the Loess Plateau are studied by triaxial 
shear test, which provides a reference for practical 
engineering. However, this study also has certain 
limitations, such as insufficient long-term monitoring 
data on the changes in the strength of loess slopes under 
extreme climate conditions, and further strengthening 
of the model's adaptability verification in complex 
geological environments. Future research can verify and 
improve the model by conducting long-term monitoring 
projects in different climate regions and geological 
conditions to collect more data. At the same time, by 
integrating advanced numerical simulation techniques 
and machine learning algorithms, the predictive ability 
and adaptability of the model can be further enhanced.
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