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Abstract: In this study, Brillouin optical time-domain analysis (BOTDA) sensing technology was utilized for
monitoring settlement in a similarity model of a highway subgrade. As contact winding cannot be used for an
optical fiber that is buried directly in soil, uncoupling between. the fiber and the soil can occur. Thus, an optical-
fiber-embedded beam (OFEB) was developed, and a method for measuring and calculating the beam
deformation was proposed. A calibration test and a test on a similarity model of a subgrade were carried out
to investigate the applicability and monitoring accuracy of the OFEB. It was concluded that the OFEB can
accurately measure beam deflection, where the maximum relative error between measurements by the optical
fiber and a displacement transducer was approximately 5%. The OFEB was embedded directly into a similarity
model of a subgrade to monitor settlement. The deflection deformation of the OFEB was found to be close to
the subgrade settlement over a certain settlement range with a relative error below 8.1%. Thus, the OFEB can
be used to realize measure large-range distributed settlement in a subgrade. A numerical simulation was
performed to identify appropriate beam dimensions and material design parameters, thereby extending the
measurement range before decoupling of the OFEB and soil occurs. The enhancement of the measurement
range and accuracy of the OFEB based on the preliminary experiments carried out in this study enables further
investigation of settlement monitoring.

Keywords: road engineering; optical-fiber-embedded beam; BOTDA technology; subgrade
settlement; model test

1. Introduction

A subgrade is an important part of a road structure. One of the most common problems
associated with subgrade use is settlement, which affects the stability and original strength of the
subgrade and thereby, the strength and stability of the pavement, completely destroys the subgrade
structure, and reduces driving safety and comfort. Unfavorable physical characteristics of the
underlying soil layer and external load conditions make many special soil subgrades prone to large-
scale continuous settlement and deformation, resulting in excessive long-term settlement after the
completion of the embankment[1,2]. Temperature changes cause lateral uneven settlement of
permafrost subgrades[3]. Long-term monitoring of subgrade settlement and related early warning
strategies play a crucial role in preventing and controlling major disasters.

Conventional monitoring technologies for subgrade settlement, such as inclinometers,
extensometers, total stations, global positioning systems, and static leveling systems have been in
used for a long time and are generally classified as "traditional point-based monitoring
technologies"[4]. Emerging monitoring technologies include interferometric synthetic aperture radar
(INSAR), digital image correlation (DIC), and terrestrial laser scanning (TLS). For wide-area
monitoring, INSAR [5,6], TLS [7], and DIC [8] can achieve high-precision measurement over a wide
range, reaching centimeter-level or even higher precision. However, these technologies are mainly
used to measure the displacement of the outer surface of a subgrade or pavement structure. INSAR
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monitoring is limited by weather and blocked objects, such that ultra-high-resolution data is rarely
obtained. TLS and DIC measurements have the advantages of a wide range, high precision, and a
high acquisition speed but continuous long-term uninterrupted observation is difficult to realize. The
aforementioned traditional point-based monitoring techniques or quasidistributed fiber Bragg
grating can monitor dense internal deformation of a subgrade. However, a limited number of
subgrade monitoring sections can be selected in advance and monitoring blind spots are inevitable.
Increasing the number of sensors results in a sharp increase in the complexity and cost of the system,
which is not feasible for long-distance and large-scale monitoring[9]. The aforementioned problems
have affected the ability to identify disaster risks in road engineering. Therefore, the development of
automated technology for the real-time monitoring of distributed internal deformation in a subgrade
would constitute a substantial advancement in the study of the early induction process and evolution
mechanism of large-scale uneven settlement in a subgrade.

Distributed optical fiber sensors (DOFS) is such an alternative monitoring technology[10]. This
novel monitoring technology has been developed over the last 20 years. Compared with
electromechanical measurement, optical-fiber sensing has the advantages of being safe, explosion-
proof, resistant to corrosion and high temperatures, small, lightweight, flexible, and convenient to
use as well as being able to prevent electromagnetic interference and realize remote signal
transmission and measurement control. Since the first report on using Brillouin scattering in optical
fibers to measure distributed temperature and strain[11], various distributed optical-fiber monitoring
technologies have been developed, such as the optical time-domain reflectometer(OTDR), Brillouin
optical time-domain reflectometer (BOTDR), and optical frequency-domain reflectometer, resulting
in considerable improvements of the sensing range and spatial resolution[12].

Brillouin optical time-domain analysis (BOTDA) can achieve a spatial resolution of 2 cm using
a 2-km sensing optical fiber and has a sensing range of up to 120 km[13,14]. This technology has been
successfully applied in large-scale civil and structural engineering. The long sensing range of DOFS
has been fully exploited for bridge-structure monitoring[15-17], the high spatial resolution of DOFS
has been utilized for pile-foundation monitoring[18-21], and DOFS has been applied to pavement
structure with satisfactory results[22,23]. In addition to structural engineering, DOFS is widely used
in geotechnical engineering. For slope and mining engineering, the optical fiber is usually directly
buried to ensure minimal deformation in the soil and facilitate early disaster warning[24—-26]. Direct
burial installation is also adopted for monitoring large ground deformation[27-29], where optical
fibers are attached to pipes, anchors, and other structures, and the strain measured in the optical fiber
is converted to a displacement deformation commonly used in engineering[30-32]. Although DOFS
has been widely used in geotechnical engineering monitoring, ensuring deformation coupling
between an optical fiber or affiliated structures with soil constitutes a technical bottleneck.
Excessively large soil deformations may result in slippage between the optical fiber and soil[33,34].
That is, DOEFS is suitable for measuring small deformations[35,36].

A distributed, low-cost, and reliable method for monitoring settlement is needed to evaluate the
safety of a subgrade or foundation. Therefore, ensuring coupling between an optical fiber and soil to
realize continuous monitoring of internal settlement is very important. A novel monitoring method
based on an optical-fiber-embedded beam (OFEB) was developed in this study. First, a testing
mechanism was proposed and a measurement method using the OFEB was developed. Then, a
simple calibration test and a test on a similarity model were carried out to evaluate the OFEB
performance. Finally, numerical modeling was used to optimize the material and size parameters of
the OFEB and a method to improve the coupling between the OFEB and soil was developed to
increase the OFEB measurement range. Experimental results show that the OFEB is suitable for
monitoring distributed internal settlement and that the monitoring accuracy is acceptable before
large slip between the subgrade soil and the OFEB occurs.
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2. Action mechanism and calibration of the optical-fiber-embedded beam (OFEB)

2.1. Test principle

A single-mode optical fiber was symmetrically embedded on the upper and lower surfaces of a
flexible pipe to construct the OFEB. When the OFEB deforms with the subgrade soil, the vertical
displacement of the subgrade manifests as a deflection of the OFEB. The axial strain measured by the
optical fiber is integrated to calculated the vertical deflection of the beam. The calculation is based on
bending deformation theory for a beam.

Figure 1 is a schematic of the deflection of the beam, which is expressed as w = f(x). Assuming
plane and small deformation of the beam section and considering the mechanical conditions under
which deformation occurs and the definition of the curvature of the beam section, the curvature at
any point in the beam can be expressed as follows:

= (¢, - Sb)/D
_ ﬁ _ a)” _ ” (1)
40 araov?

D= =

where at any point of the beam, p is the radius of curvature; €. and e» are the upper and lower surface
strains, respectively; 0 is the tangent angle; and s is arc length.
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Figure 1. A schematic showing how the beam deflection is calculated.

Formula (1) can be used to deduce

wzj(j%(ga_gb)dxjdﬁqﬁcz @)

According to the boundary conditions on the beam shown in Figure 1,

x=0, w=0 3
x=0, w=60=0 ©)

Thus, G=GC=0

The beam deflection can be calculated as follows:

w=j(j%(ga—sb)dxjdx @)

As the optical fibers embedded on the upper and lower surfaces of the beam are symmetrically
arranged, the Brillouin frequency shift induced by a change in the temperature is approximately the
same at any point on these surfaces. Thus, the Brillouin frequency shifts induced by a temperature
change cancel each other and it is not necessary to perform temperature compensation for the OFEB.
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2.2. Calibration test

The accuracy of settlement measurement is very important. Thus, a calibration test was carried
to assess the measurement accuracy of the OFEB.

As shown in Figure 2, the ends of the OFEB ends are consolidated on movable supports with an
adjustable height to facilitate on-site installation. A displacement transducer is used to measure the
beam deflection to calibrate the measurements of the optical fiber. A 0.9-mm-diameter single-mode
tight-jacketed optical fiber is used as the sensor, and the beam body is a uniform and flexible high
density polyethylene (HDPE) pipe with an external diameter D of 25 mm and a thickness of 2.5 mm.

0.9mm optical fiber Iron junction box Optic fiber embedded beam
(o 0= > g E=10) o /N
7 <
Ring clamp g =
Upper support plate
Locking screw
Upper sleeve rod
Displacement | ] Displacement ||
Lower sleeve Tod transducer 1 transducer 2
Lower support plate
= e~

Figure 2. Schematic of the calibration of the OFEB deflection measurement.

First, the OFEB was constructed: an optical fiber was laid symmetrically along the upper and
lower surfaces of the HDPE pipe, coated with epoxy resin glue, and firmly bonded to the pipe. A 2.2-
m length of the OFEB was used to perform a calibration test. An excessively long OFEB was not
constructed to enable the calibration test to be carried out in the laboratory. Second, the OFEB was
fixed on the support by being passed through an iron junction box filled with epoxy resin glue. The
consolidation length at the end of the beam was removed to obtain an OFEB with an effective test
length of 2 m for the calibration test.

A customized displacement transducer with a measurement range of 400 mm and a
measurement accuracy of 0.1 mm was used in this study. Displacement transducers were arranged
at 1/3rd and 2/3rds of the length of the OFEB (corresponding to the measurement points A and B
shown in Figure 2, respectively). The top ends of the displacement transducers were connected to the
OFEB through a ring clamp, and a locking screw was used to control the settling rod to drive the
OFEB to realize differential settlement. During the test, no settlement occurred at A, but random
settlement deformation occurred at B. Five groups of calibration tests on differential settlement (Test
1-Test 5) were conducted.

2.3. Test results

Formula (4) was used to convert the Brillouin frequency shift measured in the five calibration
tests to the change in the displacement at different positions. Figure 3 shows the strain and
displacement curves obtained for Test 1 to Test 5. The upper and lower surface strains of the OFEB
measured in different tests are generally symmetrically distributed, which is consistent with the
mechanical characteristics of the beam unit under a point displacement load, indicating that the
distributed optical fiber can accurately measure the strain at each point in the beam unit.
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Figure 3. The distribution of the strain and displacement measured in five calibration tests: (a) Test 1;

(b) Test 2; (c) Test 3

; (d) Test 4; and (e) Test 5.
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Figure 4 compares the measurements of the optical fiber and displacement sensor for the five
tests. The measured settlement at B in Tests 1, 2, 3, 4, and 5 are 9.7 mm, 15.5 mm, 22.4 mm, 54.9 mm,
and 57.4 mm using the optical fiber, respectively, and 10.3 mm, 15.6 mm, 22.1 mm, 52.6 mm, and 55.1
mm using the displacement sensor, respectively. The relative error between the two measurement
methods ranges from 0.6% to 5.8%, which is within the allowable range. The measured settlement at

A range from 0.2 mm to 1.5 mm using the optical fiber and from 0.3 mm to 1.5 mm using the
displacement transducer. Thus, the results at the measurement points A and B indicate that the
embedded optical fiber can accurately measure the vertical deflection of the OFEB, realizing the

continuous distribution measurement of beam deflection.
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Figure 4. Comparison of the measurements made using the OFEB and displacement transducer.
3. Similarity model test of a highway subgrade

3.1. Model design

A similarity model of a subgrade was designed to simulate the lateral differential settlement of
the subgrade of the Gonghe-Yushu Expressway on the Qinghai-Tibet Highway. The engineering
prototype was 12.25 m wide and 4 m high. A similarity ratio of 1:10 was used considering the
geometric characteristics, while neglecting the kinematic and dynamic characteristics, of the
prototype. That is, a settlement deformation of 20 mm in the similarity model corresponds to a
settlement deformation of 20 cm in the prototype system. Figure 5 is a schematic of the similarity
model of the subgrade, which had a height of 40 cm and a top surface with a width of 122.5 cm. A
soil layer with a height of 130 cm below the subgrade was used to simulate the foundation. The soil
was new loess with a maximum particle size below 0.5 mm.

Steel I-beam

122.5cm

i Drawstring displacement meter

4_Subgrade maodel |
\d
\'9>< LA |IB ..C\/ /
- 7 - Observation pole
AR e N
2 sk
- 7 Rubber balloon
Ground model 350cm
300cm 25cm|
N
e 75cm —E E— L~ 0.9mm optical fiber
s & {; ¥1 ¥2 ¥3 ;) e |
OFEB 3 -

Figure 5. The similarity model of the subgrade and the sensor layout.

The OFEB in the model test was also made of HDPE pipe with an external diameter D of 25 mm.
The two ends of the beam body were consolidated to minimize the effect of the end constraint effect.
The OFEB within 25D-30D of the fixed supports on both sides was suspended[37]. The effective test
length of the OFEB used for the similarity model test was 3 m. Unlike in the calibration test, the upper
and lower surfaces of the beam were protected by a flexible corner line against the action of the
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overlying soil load. As the longitudinal flexural stiffness of the corner line was very small, the
influence of the corner line on the deflection deformation of the beam could be neglected.

3.2. Sensor installation and test process

In this study, a drawstring displacement transducer was used (measuring range: 1000 mm,
linearity: +0.15%). A settlement plate was fixed at the end of the beam. Three settling plates (labeled
A, B, and C) were placed 5 mm above the OFEB, and the transducer motors were fixed on the I-beam
at the top of the subgrade model. Three observation poles (labeled 1, 2, and 3) were mounted on the
top of a rubber balloon to reflect the dilation of the balloon. The rubber balloon was 1.5 m long and
50 cm in diameter. Transverse differential settlement of the subgrade model was realized by pumping
air into the rubber balloon, which was buried at the bottom of the subgrade model. A suction pipe
was placed at the left side of the observation pole 1 and led from the burial position to the ground.
The dilation of the rubber balloon was controlled by a vacuum pump. The test was conducted under
three conditions. (1) Condition 1: the balloon was naturally exhausted to atmospheric pressure for 1
min and 30 s, and the settlement was allowed to stabilize over 1 h. (2) Condition 2: the air pump was
operated for 1 min and 30 s, and the settlement was allowed to stabilize over 1 h. (3) Condition 3: the
air pump was operated for 2 min, and the settlement was allowed to stabilize over 1 h.

3.3. Experimental results and analysis

Exhausting the rubber balloon during the test resulted in differential settlement at each position
of the subgrade model. The OFEB deformed with the soil at the different positions. Figure 6 shows
the strain and displacement curves obtained under the working conditions 1-3, and all the test results
are presented in Table 1.

2000 N —o— Condition 1 lower surface strain f 0 2000 AAAA —o— Condition 2 Tower surface strain Z/ 0
%5, —o— Condition I upper surfacg strain a 2, —o— Condition 2 upper surfacg strain
1000 - 5. —a Condition 1 £z 1000, PRy 4z
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Figure 6. Distributions of the strain and displacement measured under Conditions (a) 1; (b) 2; and (c)
3.
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Table 1. Summary of the test results.

Test settlement (mm)

Sensor Condition 1 Condition 2 Condition 3
Observation Pole 1 134 489 489
Drawstring A 9.56 14.75 125.3
Optic fiber at Position A 10.14 15.94 78.48
Observation Pole 2 138 491 491
Drawstring B 9.67 15.52 89.77
Optic fiber at Position B 9.18 16.26 92.09
Observation Pole 3 44 254 490
Drawstring C 7.16 9.93 50.05
Optic fiber at Position C 6.95 10.59 51.45

Table 1 and Figure 6 show that under the working conditions 1 and 2, a very small subgrade
settlement was measured by the drawstring displacement transducer and the OFEB. This result was
obtained because as the suction pipe was located at the left side of the observation pole 1, the exhaust
at the observation pole 3 lagged behind that at the observation poles 1 and 2. Thus, a "pressure arch"
was created in the soil layer that supported the upper soil layer. After the rubber balloon was
evacuated under Condition 3, the "pressure arch” in the soil layer could no longer support the
overlying soil, and the upper layer suddenly collapsed. This sharp downward subsidence resulted in
a large soil deformation. Table 2 presents the measurements obtained using the drawstring
displacement transducer, which show that the last subsidence was considerably larger at the settling
plate A than at the settling plates B and C.

Table 2. Parameters used in the numerical model.

Density p  Elasticity modulus E Initial yield stress oy

ial Poi ! ioA
Materia (k g/m3) (MPa) oisson's ratio (MPa)
HDPES0 950 800 0.45 15.85
Near-surface loess 1900 20 0.37 /

Figure 7(a)~(c) compares the measurements obtained using the optical fiber and drawstring
displacement transducer under the three working conditions. The errors in the settlement measured
by the optical fiber relative to the measurement by the drawstring displacement transducer are 2.9%,
2.8%, and 6.6% at Position C; 5.1%, 2.6%, and 4.8% at Position B; and 6.1%, 8.1%, and 37.4% at Position
A. The errors at Positions B and C are acceptable and correspond to an OFEB measurement accuracy
exceeding 93.4%. However, the OFEB measurement accuracy at Position A is considerably lower
because settlement occurred at Position A before occurring at Positions B and C. Thus, uncoupling
between the OFEB and subgrade soil developed rapidly, especially when the soil foundation
deformed to 125.3 mm, resulting in a large difference between the measurements obtained using the
optical fiber and the drawstring displacement transducer. As the subgrade soil can slip at both sides
of the OFEB, the deformation between the soil and OFEB was completely uncoupled. This result is
confirmed by the photo of the field test shown in Figure 7(d): the subgrade soil at the settling plate A
has completely fallen into the cavity of the rubber balloon, showing that the OFEB is only coupled
with the soil over a certain settlement deformation range. The OFEB should have a wide
measurement range to accurately measure subgrade settlement. As a limited number of tests were
performed, the accurate measurement range of the OFEB was determined in the experiment as 0-
89.77 mm, which corresponds to the measurement range for the actual scaled-up highway subgrade
of 0-897.7 mm. Thus, the proposed method can meet the requirements for measuring large
deformations of subgrades.
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Figure 7. Comparison of the measurements obtained using the OFEB and drawstring displacement
transducer at Positions (a) C, (b) B, and (c) A and (d) photograph taken during the experiment.

In conclusion, the calibration and model experiments show that the OFEB and the corresponding
calculation method can measure subgrade settlement accurately within a certain measurement range.
However, there are errors in the measurement of the subgrade settlement, the main sources of which
are measurement error from the OFEB itself, such as that resulting from artificial error, the boundary
constraint effect, and the OFEB bending stiffness, and the beam—soil interface friction coefficient, as
well as deformation transfer resulting from the uncoupling of the OFEB and the soil foundation.
These errors can be minimized by optimizing the industrial manufacturing process of the OFEB, that
is, by relaxing the end constraint to create simply supported beams or cantilever beams, optimizing
the material and size parameters of the beam body, and enhancing interfacial friction.

4. Numerical simulation verification and analysis

Coupling of the beam material, beam size parameters, and soil parameters, as well as the
boundary conditions on the beam, make it difficult to determine the measurement range and
accuracy of the OFEB. Thus, a numerical simulation was performed to investigate the coupling and
coordinated deformation capacity of the beam and soil. Optimal material and size parameters were
determined to increase the coupling deformation capacity of the beam and soil, and the applicability
of the OFEB for measuring large-scale settlement and deformation of a subgrade was evaluated. A
finite element analysis of an outdoor HDPE pipe model was carried out using ABAQUS. An analysis
was performed to determine the influence of key design parameters for the shape and material of the
pipe and interfacial contact (as represented by the pipe diameter D, the elastic moduli E of the pipe
and soil, and the friction coefficient u between the pipe and soil) on the OFEB measurement range.
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4.1. Numerical model

The soil used in the similarity model test was a near-surface loess. A strain softening/hardening
model was used in conjunction with the Mohr—Coulomb failure criterion, an internal friction angle
of the soil of 20°, an expansion angle of 0°, and a cohesion of 0.5 MPa. HDPE is a nonlinear viscoelastic
material. The material parameters of the soil and the pipe are listed in Table 2.

The same dimensions were used in the numerical model as in the similarity model test. The
natural ground soil model was 3.5 m long, 1 m wide, and 1.6 m deep. The subgrade soil model had a
bottom width of 1.975 m, a top width of 1.225 m, and a height of 0.5 m. The HDPE pipe was 3 m long.
The pipe and soil were considered to be in hard contact, constraints perpendicular to the surface were
applied to the model side, fixed constraints were applied to the ground model, and free constraints
were applied to the subgrade slope. The cell death technique was used to simulate the gap at the
bottom of subgrade created by pumping the rubber balloon.

Simulations were performed using different HDPE pipe diameters (the ratio of the wall
thickness to the pipe diameter was 1:10), elastic moduli of the pipe and soil, and friction coefficients
between the pipe and soil. The working conditions considered in the simulation are shown in Table
3.

Table 3. Working conditions used for numerical modeling.

Pipe elastic Soil elastic Pipe diameter D
Condition modulus Eg modulus Eo Friction coefficient (mm)
(MPa) (MPa)
C1-C9 200-1000 20 04 50
(Step size 100)

C10-C11 800 10 and15 0.4 50

C12-C19 800 20 0.1-0.9(Step size 0.1) 50
C20-C23 800 20 0.4 40, 32, 25, and 20

4.2. Numerical results and analysis

The maximum vertical displacement at the top of the span, the friction stress of the pipe—soil
contact surface, and the maximum contact opening of the pipe-soil contact surface before the HDPE
pipe enters the yield stage were analyzed under different working conditions. We consider the
working condition C9 as an example. Figure 8 shows the plastic zone of the HDPE pipe, the friction
stress of the contact surface, and the clearance distance of the pipe—soil contact surface before the
point in the simulation when the model does not converge. Figure 8(a) shows that the HDPE pipe
first starts to yield at the junction of the subsidence area and nonsubsidence area and eventually
yields at the midspan position. Thus, the junction of the subsidence and nonsubsidence areas can be
taken as the section of the pipe body over which yielding should be controlled. The maximum vertical
displacement (MVD) over the span and the maximum contact opening (MCP) between the pipe and
the soil surface before the HDPE pipe starts to yield are used to analyze the degree of coordinated
deformation between the pipe and the soil. Figure 8(b) shows that the contact friction stress reaches
a maximum in the yield control section and then gradually decreases to the midspan region. Figure
8(c) shows that there is a large clearance distance only in the yield control section within a small range
at the top and bottom of the pipeline. As the contact stress and friction stress near the yield control
section are relatively large, the junction between the subsidence and nonsubsidence areas is more
likely to have a larger displacement. The clearance between the pipe and soil is very small at most
positions, indicating that most sections of the pipe are in good contact with the soil mass and the pipe
deforms effectively with the soil mass.
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Figure 8. Numerical modeling results obtained under the working condition C9: (a) equivalent plastic
strain; (b) frictional shear force; and (c) contact opening.

Figure 9(a) shows the MVD and MCP before yielding under the working conditions C1-C9. The
MVD decreases as the elastic modulus of the pipe increases. Thus, reducing the elastic modulus of
the HDPE pipe can effectively increase the OFEB measurement range; however, the increase in the
MCP weakens the coupling between the pipe and soil and cause the control section of the pipe to
enter the yield stage earlier. Although the displacement could be measured before the yield stage, the
plastic yield section near the yield control section of the pipe would gradually increase in size and
ultimately affect the deformation measurement accuracy at each position. Figure 9(b) shows the MVD
and MCP before yielding under the working conditions C7, C10, and C11. As the elastic modulus of
the soil increases, the MVD decreases and the MCP increases. Thus, increasing the elastic modulus
of the soil has a limited effect on improving codeformation of the pipe and soil.
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—D—Ilt/[/IZPD —— MCP
020} 12 014} i’
— 015} fag Z-onf =
E £ & Q\\ 12 E
2 .o.10} fos  E.onf =
= s = 3=
005} 18 onp e
000 1 1 1 1 1 1 1 1 1 10 _010 1 1 1 4
> A\ Q A
S FPTS RS ES N o 53
(a) (b)

Figure 9. MVD and MCP versus the elastic modulus of the (a) pipe and (b) soil.

The most suitable ratio of the elastic moduli (the pipe elastic modulus Eg normalized by the soil
elastic modulus Eo) under the optimal code formation condition was determined. Figure 10 shows
the MVD and MCP before yielding versus the normalized elastic modulus. At excessively small or
large Eg values, the MVD exhibits an opposite trend in the normalized elastic modulus to the MCP.
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The coupling performance between the pipe and soil is poor over a large measurement range. For
moderate Eg values or small Eo values, the coupling between the pipe and soil is good over a
reasonable measurement range. The elastic modulus of a road bed after completion of construction
is generally standardized controlled. As the Eg is the main influence factor for the performance of the
coupling between the pipe and soil, it is recommended that the ratio between E; and Eo should be
controlled to between 30 and 40.
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Figure 10. The MVD and MCP versus the normalized elastic modulus.

Figure 11(a) shows the MVD and MCP before yielding under the working conditions C7 and
C12-C19. The MVD increases with the friction coefficient y1. However, for p larger than 0.3, the MVD
changes very little with y because the friction stress at the pipe-soil contact surface increases with the
friction coefficient, such that the pipe tends to yield more easily at the junction between the
subsidence and nonsubsidence areas. The MCP essentially remains constant as the friction coefficient
increases, showing that modifying the friction coefficient has a limited effect on the contact opening
between the pipe and the soil surface. Thus, sit is recommended that a moderate friction coefficient
be selected. Figure 11(b) shows the MVD and MCP before yielding under the working conditions C7
and C20-C23. As the pipe diameter D increases, the MVD increases and the MCP decreases. The pipe
diameter affects the degree of coupling between the pipe and soil because the smaller the pipe
diameter is, the lower the bending stiffness of the pipe body is, making the HDPE pipe more likely
to deform with the soil. However, as the system cost increases with the pipe diameter, increasing the
pipe diameter is not a feasible strategy for improving the MVD. Thus, D = 25 or 32 mm is

recommended.
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Figure 11. MVD and MCP versus the (a) friction coefficient and (b) pipe diameter.

5. Conclusions

An optical-fiber-embedded beam(OFEB) based on BOTDA test technology was proposed in this
study. The study results provide a theoretical and practical basis for the application of optical-fiber
sensing technology to monitoring subgrade settlement. A model test and numerical simulation were
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carried out to assess the applicability and monitoring accuracy of the OFEB. The major conclusions
are given below.

(1) The results of a calibration test show that beam deflection can be accurately measured by the
embedded optical fiber, where the relative error between the measurements of the optical fiber and
a displacement transducer is approximately 5%. The OFEB can be used to make dense displacement
measurements and is therefore suitable for monitoring large-scale settlement of a subgrade.

(2) The results of a test on a subgrade similarity model test show that the OFEB can measure
subgrade settlement and settlement variations before the subgrade soil slips or decouples from the
beam. The relative error between the measurements of the optical fiber and displacement transducer
is less than 8.1%. The main sources of error are artificial error, the effect of the boundary constraint,
and the pipe bending stiffness. However, the OFEB is not suitable for measuring large subgrade
settlement.

(3) A numerical simulation shows that the optimal ratio of the elastic moduli of the beam and
soil lies between 30 and 40. The measurement range of the OFEB can be appropriately increased by
selecting a small-diameter beam and improving the coupling between the beam and soil. Increasing
the interfacial friction can only improve the beam-soil coupling performance to a limited extent.

Preliminary experiments based on finite fixed-point calibration were carried out in this study to
assess the suitability and accuracy of the OFEB for monitoring subgrade settlement. The maximum
measurement range was identified as 89.77 mm. Further studies are needed to verify the applicability
of the optical-fiber-embedded beam for detecting realistically large subgrade settlement. The beam
fabrication process could be mechanized to achieve “real optical-fiber implantation.”
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