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This study presents an integrated automated monitoring system for foundation
pits based on fiber Bragg grating (FBG) technology. The system enables
real-time measurement of diaphragm wall horizontal displacement, internal
forces in supports, differential settlement of concrete struts, soil heave at
the excavation base, and lateral earth pressure, facilitating comprehensive
evaluation of deformation and safety. The field results indicate that the data
from the automatic fiber inclinometer aligns with measurements from the
manual inclinometer, with a difference not exceeding 5 mm, confirming the
reliability of this method. Concrete struts exhibit a transition of internal forces
from compression to tension with staged excavation sequence. Differential
settlement near the central column pile amounts to approximately 20 mm,
highlighting the need for focused control. Soil heave at the excavation
base shows a persistent increase down to 50 m depth, indicating that
monitoring depth requires further extension. Lateral earth pressure outside the
pit initially decreases and then rebounds with depth, exhibiting a significant
coupling effect with retaining structure deformation. The FBG-based system
effectively overcomes the temporal and spatial limitations of conventional
monitoring techniques and offers a novel approach for automated foundation
pit monitoring. Future research will aim to expand monitoring depth and
integrate intelligent early warning algorithms to enhance risk management.

KEYWORDS
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1 Introduction

Fiber Bragg Grating (FBG) sensing technology is an advanced monitoring approach
that utilizes wavelength-division multiplexing (WDM) and the shift in Bragg wavelength
generated during light transmission through fiber optics. It enables quasi-distributed, high-
density real-time measurements of strain (Francesco and Joan, 2021; Aldo et al., 2021),
temperature, or vibration (Cao et al., 2019; Yan et al., 2015; Yao et al., 2022; Zhu et al., 2022)
along the fiber sensor array. FBG technology offers notable advantages such as resistance to
electromagnetic interference (Meng et al., 2021), corrosion resistance (Cheng et al., 2022),
high sensitivity, long-distance signal transmission, and the potential for permanent field
installation (Wang et al., 2017). These characteristics overcome the limitations of traditional
point sensors (e.g., vibrating wire sensors, inclinometer) in terms of cabling complexity,
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signal stability, and real-time data acquisition (Zhu et al., 2017).
In foundation pit engineering, the application of FBG sensor
arrays facilitates comprehensive sensing of deformation and stress
in protective structures (e.g., diaphragm walls, support systems),
providing high-precision, high spatiotemporal resolution data for
pit stability assessment. This transition from discrete, manual point-
based monitoring to multiplexed automation plays a crucial role in
enhancing the safety warning capabilities for deep foundation pit
construction.

Currently, both domestic and international foundation pit
monitoring primarily rely on traditional discrete sensors such
as electrical inclinometers, multipoint displacement meters, and
strain gauges. These methods typically involve manual point-
by-point data retrieval or semi-automated systems, which have
limited deployment density and fail to continuously reflect
the deformation distribution of the pit sidewalls with depth.
Additionally, these systems tend to have longer monitoring cycles
(Nicard et al., 2025). In recent years, some studies have attempted
to apply optical fiber sensing technology for monitoring soil
settlement, foundation pit support structures, and tunnel lining
deformations. During slurry grouting and excavation, FBG-
based in-place inclinometers and strain strings have been used
to monitor the strain-temperature time series of the bored pile
walls, from which lateral displacement gradients can be estimated
(Hong et al., 2025; Zhang et al., 2024; Rui et al., 2021). Despite
significant progress in FBG applications for excavation pits, existing
research remains fragmented. Most current studies focus on
the encapsulation feasibility of specific sensors or monitoring
individual structural components such as pile foundations or
diaphragm walls. However, three critical research gaps persist:
First, global integration remains elusive, with few systems capable
of simultaneously capturing the complex coupling between wall
deformation, internal support forces, and soil heave within a unified
FBG network. Second, data processing lacks sufficient intelligence,
as most applications still rely on manual post-processing, lacking
integrated platforms for real-time noise reduction and automatic
conversion. Third, existing solutions often fail to bridge the
gap between raw sensing data and decision-making for early
warning. Therefore, there is an urgent need for an integrated,
intelligent FBG monitoring platform that enables seamless
transition from multi-source data acquisition to real-time safety
assessment.

This study, based on fiber Bragg grating (FBG) sensing
technology, developed an integrated foundation pit automation
monitoring system. It realizes comprehensive, real-time monitoring
capabilities for key parameters such as horizontal displacement
of the diaphragm wall, deep soil deformation within the pit,
settlement of the superstructure, and lateral earth pressure. The
system deploys series of FBG sensors to collect real-time data on
strain, temperature, and other parameters at various monitoring
points of the foundation pit. Using high-precision algorithms (e.g.,
wavelength-to-displacement conversion), the system processes
the data and continuously evaluates the deformation state
and safety of the pit, providing new ideas and methods for
the intelligent and automated development of foundation pit
engineering.
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2 Methodology
2.1 Principle of FBG

Fiber Bragg grating (FBG) is a passive optical device, which
essentially involves the inscription of a refractive index modulation
structure with a spatial periodic phase in the core of the optical fiber
(Bashan et al., 2021), as shown in Figure 1. This structure imposes
periodic disturbances on the transmitted optical signal. Light waves
propagate in the FBG core via total internal reflection. The core and
cladding materials of the widely used single-mode fiber are pure
silica (SiO,), and the coating layer is typically made of polymer
materials such as acrylate or polyimide to enhance flexibility and
mechanical strength. The filtering function of the FBG is based on its
“narrow-band filter” characteristic: while the light wave is unaffected
during transmission through the uniform fiber core, it experiences
significant changes in the transmission behavior (such as reflection)
when passing through the FBG region due to the periodic refractive
index variations. Based on this physical mechanism, FBGs can be
used for detecting physical quantities such as temperature and stress
in the environment (Hill et al., 2008).

Optical fiber is a very special medium. When light waves
propagate within the fiber, they interact with the waveguide
structure of the fiber, effectively confining the light waves within
the core, thus enabling light transmission (Werner et al., 2021).
During optical fiber transmission, light waves can be coupled into
the core mode, or they can also be coupled into the modes of both
the cladding and the core. Therefore, the center wavelength of the
FBG reflection can be expressed by Equation 1 as:

Ap =2n,5A 1)

The grating period is denoted as A, and the effective refractive
index of the FBG is represented by n o

When an FBG (Fiber Bragg Grating) is subjected to temperature
and strain, two fundamental physical quantities, its internal
structure undergoes changes, leading to variations in the effective
refractive index and the grating period of the fiber. This, in turn,
causes a shift in the center wavelength of the FBG.

2.2 Principle of FBG temperature sensing

The shift in the center wavelength of the FBG due to temperature
is primarily caused by the thermo-optic effect and the thermal
expansion effect of the fiber (Chakraborty and Tomlinson, 2003).
Assuming a uniform pressure field and constant axial stress field
(Marcelo et al., 1999), when only affected by temperature, the
thermos-optic effect causes a change in the effective refractive index
ng within the FBG, while the thermal expansion effect leads to
elongation of the grating region, resulting in a change in the grating
period A, which can be expressed by Equation 2:

Aneff: n, fATf
AN =AATa

@)

Where ¢ represents the thermo-optic coefficient of the fiber, and
a denotes the thermal expansion coefficient of the fiber material.

frontiersin.org


https://doi.org/10.3389/feart.2026.1766390
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wei et al.

10.3389/feart.2026.1766390

Incident spectrum
I Strain. Temperature
L — —/

FIGURE 1
Schematic diagram of the FBG principle.
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Considering only the temperature effect on the center
wavelength of the FBG (Zeng et al., 2014), the shift in the center
wavelength of the FBG, A, can be expressed by Equation 3:

M= Agla+EAT = \gK AT 3)

Where K is the temperature coefficient, which is related not
only to the temperature change but also to the manufacturing
process and material composition of the fiber. Ap is the
original center wavelength of the FBG, and Al is the center
wavelength shift of the FBG considering only the temperature
effect. From Equation 3, it can be seen that if the temperature
change Ay is small, and if the temperature coefficient K is treated
as a constant, the center wavelength shift Ad,. exhibits a linear
relationship with the temperature change A ;.

2.3 Principle of FBG strain sensing

When the FBG is subjected to uniform axial strain, the grating
period of the FBG changes with the axial stress. Due to the
photoelastic effect of the FBG, the effective refractive index of the
FBG also changes with the axial stress. The shift in the center
wavelength of the FBG, AAj can be expressed by Equation 4:

ANg =2An, A+ 2, AN (4)

Where AA represents the change in the grating period of the
fiber, and An,y denotes the change in the effective refractive index
of the fiber.

Assuming p;, and p,, are the matrix coefficients of the material’s
photoelastic effect, v is the Poisson’s ratio of the fiber, and ¢, is the
axial strain of the FBG, the change in the effective refractive index
of the fiber, An,j; can be expressed by Equation 5:

713

eff
Angp = _TEZ[(PH ~P1)V =Pl (5)

Substituting Equation 5 into Equation 4, the shift in the center
wavelength of the FBG, A, can be expressed by Equation 6:

A’lB = /\B(l _pe)sz = Kesz (6)

Frontiers in Earth Science

03

Where K, is the strain sensitivity coefficient of the FBG
center wavelength, p, is the effective photoelastic coefficient of
the fiber (Marcelo et al, 1999). For ordinary silica fibers, p, is
typically taken as 0.22. The value of K, is related to the fiber
material characteristics, and for an FBG with a center wavelength
of 1,550 nm, the strain sensitivity coefficient is typically taken as 1.2
p.m./ue.

3 Monitoring scheme
3.1 Project overview

An automated fiber optic monitoring system was implemented
in an urban rail transit excavation project. The main structure of
the foundation pit adopts a two-level underground cast-in-place
reinforced concrete box-type frame with a single-column double-
span configuration, and partial sections employ a double-column
triple-span design. The structure measures 507.82 m in length and
19.6 m in internal width. At the center of the station platform,
the top slab is covered by approximately 4.759 m of overburden.
The excavation depth of the standard section of the foundation pit
is 18.163 m, while the western end pit reaches 19.98 m and the
eastern end pit extends to 20.224 m. The excavation was carried
out using the open-cut method. The retaining structure consists of
800 mm thick diaphragm walls, joined using cruciform steel plates
and interlocking joints, with a wall length of approximately 34 m.
Five levels of support were installed along the excavation depth; the
first level comprises reinforced concrete struts, and the remaining
levels use steel pipe struts.

The monitoring system, based on fiber Bragg grating (FBG)
sensing technology, provided real-time measurements of the
following parameters: deep horizontal displacement of diaphragm
walls, differential settlement of mixed struts, heave of the soil within
the excavation, internal forces in both concrete and steel struts, and
earth pressure around the perimeter of the excavation.

3.2 Monitoring equipment

This system employs wireless optical fiber grating demodulators
(WDM) and cabinet-mounted dense distribution optical fiber
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TABLE 1 Performance parameters of fiber bragg grating demodulator.

Wireless fiber bragg grating demodulator

10.3389/feart.2026.1766390

Application Parameters

Sensor data acquisition based on wavelength division
multiplexing technology

Wavelength resolution: 1 p.m.
Wavelength repeatability: +3 p.m.
Demodulation rate: 1 Hz

Cabinet-mounted high-density fiber bragg grating
demodulator

Sensor optical cable data acquisition based on time
division multiplexing technology

Wavelength resolution: 1 p.m.
Wavelength repeatability: +5 p.m.
Demodulation rate: 0.1 Hz

grating demodulators (TDM) developed by Suzhou Nanzee
Sensing Technology Co., Ltd. Both devices operate within a
temperature range of —20 °C-40 °C. Their fully sealed, self-cooling
structural design ensures waterproof and dustproof performance
for field applications.
Table 1.

Specific parameters are detailed in

3.3 Monitoring content

The primary monitoring targets of the foundation pit include
the support system, the surrounding geotechnical system, and
the adjacent environment. Monitoring of the support system
mainly covers the deep horizontal displacement of retaining
walls (or piles), internal forces in struts, internal force and
vertical displacement of central columns, internal forces in
anchors and soil nails, as well as deformation and internal force
of ring beams. The geotechnical system monitoring includes
earth and water pressure around the pit, groundwater level, soil
heave within the excavation, and horizontal displacement and
settlement of the soil outside the pit. Environmental monitoring
focuses on the deformation of adjacent buildings, structures,
and underground utilities. The automated fiber Bragg grating
(FBG)-based monitoring system is capable of covering nearly all
key parameters of foundation pit monitoring, as illustrated in
Figure 2.

3.4 Automated monitoring framework

The automated fiber Bragg grating (FBG) monitoring system
primarily consists of four functional layers: the sensing layer,
acquisition layer, transmission layer, and application layer, as
illustrated in Figure 3. The sensing layer comprises fiber optic
sensors and sensing cables, which capture multiple physical
parameters such as deformation, pressure, and temperature. The
acquisition layer consists of FBG demodulators that collect
measurement data from the sensors. The transmission layer refers
to the means by which the demodulated data are transmitted, which
can be either wired or wireless. The application layer includes the

Frontiers in Earth Science

data visualization and early warning system, serving as the final
interface for presenting monitoring results.

3.5 On-site implementation

As illustrated in Figure 4, multiple fiber optic sensing schemes
were implemented to monitor key structural components within the
foundation pit. Figure 4a shows the monitoring setup for horizontal
displacement of the diaphragm wall. High-strength, internally fixed
strain-sensing cables were installed along the reinforcement cage
of the diaphragm wall, with a sensor spacing of 1 m. The cables
form a U-shaped configuration covering both the soil-facing and
excavation-facing sides. To ensure accuracy, fiber Bragg grating
(FBG)-based inclinometers were deployed in parallel to provide
tilt correction. Figure 4b presents the displacement monitoring
configuration for the central column pile. Three hydrostatic level
sensors were installed at the top of the pile and at both ends of the
adjacent mixed struts to measure the relative displacement of the
column pile with respect to the reference points. Figure 4c shows the
axial force monitoring scheme for steel struts. FBG surface strain
gauges were welded at the 1/3-length section of the steel strut and
distributed at four positions: top, bottom, left, and right. Figure 4d
illustrates the internal force monitoring of concrete struts. At
the 1/3-length section of the strut, FBG rebar strain gauges
were welded at four locations—top, bottom, left, and right—and
embedded within the concrete along with the rebar cage during
casting.

As shown in Figure 5, fiber optic sensing techniques were
also applied to monitor the geotechnical system. Figure 5a
illustrates the setup for layered monitoring of soil heave at
the base of the excavation. Low-modulus, externally fixed
strain-sensing cables were installed horizontally through
boreholes along the cross-section of the foundation pit.
These cables enabled

deformation. Figure 5b shows the deployment of six fiber

stratified detection of upward soil

Bragg grating (FBG) earth pressure cells along the depth of a
borehole outside the excavation. These sensors were used to
monitor the lateral earth pressure exerted by the surrounding soil
mass.

frontiersin.org
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Schematic diagram of foundation pit monitoring.
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FIGURE 3
Architecture of the automated monitoring system.

4 Results

4.1 Horizontal displacement of the
diaphragm wall
presents the horizontal results

Figure 6a displacement

of the diaphragm wall, obtained from fiber optic strain

Frontiers in Earth Science

monitoring data corrected using FBG-based inclinometer

measurements. Figure 6b shows the results obtained from
manual inclinometer readings. It can be observed that both
methods yield highly consistent displacement trends and
magnitudes.

By extracting the maximum horizontal displacement from

each monitoring cycle, a time-history comparison curve was
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Schematic diagram of support structure monitoring scheme. (a) Fiber layout on diaphragm wall; (b) Installation of hydrostatic level sensors; (c)

Deployment of FBG strain gauges; (d) Deployment of FBG rebar stress sensors.
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FIGURE 5
Schematic diagram of soil and water system monitoring scheme. (a) Borehole fiber optic cable installation; (b) Soil pressure sensor deployment.

generated, as shown in Figure 7. The results indicate that the 4.2 Internal forces in struts
measurement values from the automatic fiber optic inclinometer

and the traditional manual inclinometer exhibit an error margin not Figure 8 shows the time-history curves of internal forces in

exceeding 5 mm, demonstrating good consistency between the two
instruments.

Frontiers in Earth Science

two concrete struts, obtained using fiber Bragg grating (FBG) rebar
strain gauges. ZL1 and ZL2 represent the mixed struts at Sections 1
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FIGURE 7

Comparison of maximum horizontal displacement
(October—December).

and 2, respectively. Figure 9 presents the axial force time histories of
steel struts measured by FBG surface strain gauges. GZ1-2 to GZ1-5
denote steel struts at Section 1 on levels 2 through 5.

In the early stages of excavation, the concrete struts exhibited
compressive behavior. As the lower-level steel struts began to
bear load, the compressive force on the concrete struts gradually

Frontiers in Earth Science
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FIGURE 8

Monitoring results of concrete strut axial force.

decreased and eventually transitioned into tensile force. With
continued excavation, the tensile force increased steadily, reaching a
maximum axial force of nearly 5,000 kN. Analysis of the axial force
variations in steel struts from levels 2 to 5 reveals that the second-
level steel struts remained relatively stable during excavation. In
contrast, the axial forces in levels 3 to 5 increased progressively
after installation. Once the next lower-level steel strut was loaded,
the axial forces in the upper-level struts gradually stabilized. Both
concrete and steel strut internal forces exhibited fluctuations due
to temperature effects. Continuous automated data acquisition
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FIGURE 10

Differential settlement monitoring results of concrete struts.

enabled clear capture of the internal force variations in the support
system and elucidated the interaction patterns among structural
components.

4.3 Differential settlement of concrete
struts

Figure 10 presents the differential settlement distribution of
the ZL1 concrete strut, monitored by fiber Bragg grating (FBG)
hydrostatic level sensors. Position two corresponds to the central
column pile in the middle of the mixed strut, while positions one
and three are located on either side of the strut. It is evident that the
heave at the central column pile (position 2) is greater than that at
the side positions (1 and 3).

The displacement at point 2 was subtracted by the
average displacement of points 1 and 3, and the results
are shown in Figure 11. The central column pile exhibited a relative
displacement of nearly 20 mm compared to the two side positions.
The “unloading rebound” effect caused by excavation is strongest at
the center of the pit bottom, while the edges near the diaphragm
walls experience smaller rebound due to friction and stiffness
constraints imposed by the walls. Due to temperature effects on
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Relative displacement of measurement point 2.

the hydrostatic level sensor tubing, displacement measurements at
all points showed fluctuations.

4.4 Soil heave at the excavation base

Figure 12 shows the strain distribution data obtained from low-
modulus externally fixed strain-sensing cables. Figure 13 presents
the soil heave at the excavation base, calculated by integrating the
strain data. Specifically, panels (a) and (c) correspond to locations
approximately one-third of the distance from the diaphragm wall,
while panel (b) represents a position near the central column pile.

It can be observed that the strain-sensing cables clearly captured
the deformation distribution of the soil strata. The soil deformation
on both sides primarily occurred within the depth range of 30-40 m,
while deformation in the central soil mass mainly occurred between
25 and 35 m. The soil heave in the middle of the excavation was
significantly greater than that on the sides. Furthermore, strain
increases were still detected below 50 m depth, indicating that the
monitored boreholes for soil heave at the excavation base have
not yet reached a stable stratum. This implies that traditional
“above-pit-bottom monitoring” cannot capture potential deep-
seated overall stability risks. Therefore, FBG’s high-density layered
monitoring can precisely pinpoint depth zones with significant
rebound deformation, providing empirical evidence for the depth
design of pull-out-resistant piles and the scope of pit-bottom
reinforcement.

The observed soil heave distribution follows the principles
of classical unloading theory (Cheng et al, 2024). According
to the unloading-rebound mechanism in soil mechanics, the
excavation of soil leads to a significant decrease in vertical
overburden pressure, causing the underlying strata to experience
elastic and plastic rebound (Ye et al., 2022). Quantitatively, the
measured heave profile (Figure 13) shows a typical exponential
or hyperbolic decay with depth, which aligns with theoretical
predictions for deep excavations where the “influence zone” of
unloading typically extends 2-3 times the excavation depth.
Specifically, the maximum heave occurring near the center of the
excavation base validates the theoretical assumption that boundary
constraints from diaphragm walls restrict rebound near the edges,
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while the unconstrained center experiences peak vertical strain
(Ashis and Tetsuya, 2025).

According to excavation deformation theory for foundation pits,
as the soil mass within the station excavation is unloaded, the earth
pressure inside the pit continuously decreases. Under the action of
this internal-external pressure differential, the station foundation
pit and surrounding soil will experience varying degrees of
deformation, primarily manifested as deep horizontal displacement

of the retaining structures, surface settlement around the site,

Frontiers in Earth Science

and soil heave at the excavation base. These three deformation
phenomena constitute an interconnected system, as illustrated in
Figure 14.

4.5 Lateral earth pressure

Figure 15 shows the distribution of lateral earth pressure outside
the foundation pit. Sensors one to six are positioned at depths of 2 m,
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FIGURE 15
Distribution of lateral earth pressure.

8 m, 14 m, 20 m, 26 m, and 32 m, respectively. As the excavation
progresses, the earth pressure exhibits a gradual increasing trend.
Among them, sensor 4, located at 20 m depth, recorded the
highest earth pressure, which corresponds closely to the location of
maximum diaphragm wall deformation.

The six curves in the figure correspond to the time-history
evolution of lateral earth pressure outside the foundation pit at
depths ranging from 2 m (TYL2-1) to 32 m (TYL2-6). It can be
seen that the shallowest layer (2 m depth) exhibits the smallest earth
pressure, fluctuating slightly between —0.005 MPa and +0.005 MPa.
As the burial depth increases, the earth pressure first decreases
and then rebounds. At 14m depth (TYL2-3), the maximum
negative pressure of approximately —0.045 MPa is observed, after
which the pressure gradually stabilizes. The earth pressure variation
trends at depths between 20 m and 32 m are similar to those at
14 m but with slightly smaller magnitudes. Overall, during the

Frontiers in Earth Science

winter months (November to December 2019), the earth pressure
reached its peak negative values, followed by a gradual rebound
during spring and summer. The deeper the depth, the more
pronounced the negative pressure and the smaller the rebound
amplitude, reflecting the combined effects of excavation-induced
lateral unloading decreasing with depth and seasonal soil stress
adjustments.

5 Discussion

Fiber Bragg gratings exhibit high consistency compared to
traditional monitoring methods, yet subtle differences persist due
to variations in measurement resolution. For instance, conventional
inclinometers provide discrete point data (typically spaced at 0.5-
m intervals), whereas fiber Bragg gratings deliver quasi-continuous
strain distribution curves. Furthermore, the installation method of
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fiber optic sensing cables (direct burial or attachment to reinforcing
bars) ensures better coupling with the structure, whereas manual
inclinometer probe measurements rely on the fit between the probe
and the inclinometer sleeve.

Systematic errors in FBG monitoring primarily stem from
Although
applied using FBG thermometers,

temperature-strain  cross-sensitivity. temperature

compensation is rapid
temperature fluctuations during concrete hydration or seasonal
variations may still induce minor wavelength drift.

High-density monitoring data indicates that conventional
monitoring intervals may overlook critical peak internal forces
during rapid excavation phases. For instance, the 20-mm differential
settlement detected in this study provided early warning of potential
structural fatigue in concrete supports. This demonstrates that
automated monitoring is not merely a convenience but an essential
tool for identifying transient risks during complex urban excavation

processes.

6 Conclusion

This study applies fiber Bragg grating (FBG) technology to
foundation pit monitoring by developing an integrated automated
monitoring system. The system continuously monitors key
parameters including diaphragm wall horizontal displacement,
internal forces in supports, differential settlement of concrete struts,
soil heave at the excavation base, and lateral earth pressure, enabling
comprehensive assessment of pit deformation and safety. The main
conclusions are as follows:

1. An end-to-end monitoring platform was successfully
established, integrating four functional layers from sensing to
application. It overcomes the temporal and spatial limitations
of traditional sensors, enabling real-time, 24/7 data acquisition

for multi-parameter assessment.

2. Comparison with traditional manual methods demonstrates
that FBG-based inclinometers provide high-precision
horizontal ~displacement data, with the benefit of

capturing quasi-continuous deformation profiles that reveal
structural behavior more accurately than discrete point
Sensors.

3. The settlement increment at the central column pile is
approximately 20 mm greater than at the side positions,
indicating that differential settlement of concrete struts
is primarily concentrated at

the

the column pile and

highlighting need for focused local settlement
control.

Soil heave at the excavation base is significantly greater at the
central position than at the sides, with strain continuously
increasing down to 50 m depth, suggesting that the current
monitoring boreholes have not yet reached stable strata. Future
monitoring should extend to greater depths to accurately

capture the heave’s final state.

Frontiers in Earth Science

11

10.3389/feart.2026.1766390

5. Lateral earth pressure outside the pit decreases and
then rebounds with increasing excavation depth, with
the peak at 20m
to maximum

negative
the
deformation,

pressure
of
indicating a

corresponding

wall
effect
structure

location diaphragm

significant  coupling

between lateral unloading and retaining
deformation.

6. The FBG system enables integrated monitoring of the “wall-
strut-pile-soil” system, eliminating the previous isolation
of individual monitoring data points and allowing for a
comprehensive assessment of the overall stability of the

excavation pit.
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