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This paper describes the use of a sensor based on a fiber Bragg grating (FBG), which is capable of reducing strain transfer errors,
to measure the strain features within the top and bottom layers of a cement concrete pavement subject to different degrees of
foundation settlement. Based onmeasured data, the characteristics of the distribution and the variation in the structure strain were
analyzed in detail. By comparing the measured results with those obtained by means of finite element analysis, the proposed FBG-
based sensor assembly was found to be capable of effectively monitoring the strain distribution in a cement concrete pavement,
thus proving that the improved optical fiber grating strain sensor is a very promising solution for road pavement structural health
monitoring.

1. Introduction

Assessing the condition and monitoring the health of struc-
tures constitute an important part of civil engineering dur-
ing both construction and operation. Traditional structural
strain monitoring techniques are not suitable for structures
subject to complex or multi-interruption conditions [1–3].
The main advantages of optical fiber sensors over con-
ventional monitoring techniques include their immunity to
electromagnetic interference, their small size, and lightweight
construction, which can overcome the limitations [4, 5].
Optical fiber technology has been widely used for structure
monitoring in civil engineering. Klar et al. [6] used opti-
mization procedures to evaluate the ground displacement
parameters using this technology, and the reliability of this
new technology was verified from the obtained field test
data. Recently, Weng et al. [7] reported on the monitoring
results of a model test of an asphalt concrete pavement
instrumented with embedded FBG strain sensors. Zhou et al.
[8] introduced an optical fiber grating-based sensor assem-
bly, which can measure 3D strain in large-scale structures.
Recently, an increasing number of highway projects are being
implemented with a goal of widening or reconstructing old
roads. However, many road widening projects quickly saw

the appearance of many longitudinal cracks, soon after the
completion of construction [9–11]. Therefore, research into
road widening projects has very practical significance. To
date, this subject has given rise to the successful implementa-
tion ofmany research programs. Qinlong et al. [12] developed
tests for a widened subgrade. For these tests, they employed
a layer of soluble chemical fertilizer below the embankment
fill, which was then dissolved in the groundwater. In this way,
they simulated differential settlement. By employing a large
centrifuge tester along with PLAXIS, Hortnz-Pedersen and
Broers [13] analyzed the deformation characteristics of sub-
grade widening on a soft foundation. Allersma et al. [14] ana-
lyzed the destabilization of the widened subgrade and evalu-
ated twomethods of embankment-fill placement by using the
same means. It should be noted, however, that all these study
programs involve non-system-model tests and lack prototype
observation data. Therefore, the results of these studies
cannot provide sufficient data support for the pavement
structure failure mechanism or the deformationmodel based
on uneven settlement of the foundation. In addition, it is very
difficult to establish a complete numerical analysis model for
the widening of a road and the analysis for the deformation
distribution and strain condition, mainly because these fac-
tors are so complicated. Due to the limitations on the size of
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the model box, a conventional model test cannot accurately
represent the prototype in terms of mechanical properties.
Therefore, it is necessary to undertake an influence mecha-
nism study on the widening of cement concrete pavement
under different degrees of foundation settlement based on the
Chang’an University Foundation settlement platform. This
paper mainly describes the use of an FBG sensor to monitor
the strain features of a concrete pavement structure in full-
size model testing. The paper is divided into two parts. In
part 1, we present the physical background to Bragg grating
sensors and their application to full-size model tests. In part
2, the results of experiments are presented and comparedwith
those of finite-elements method (FEM) simulations.

2. The Principle of Bragg Grating Technology

Fiber grating is a kind of sensing technology based on Bragg
grating reflecting light wave with specific wavelength. When
a broadband light source is injected into the optical fiber, the
FGB will reflect a part of narrow spectrum light with specific
wavelength and then generate a certain reflection spectrum.
The relationship is given by [15]

𝜆
𝐵
= 2𝑛effΛ, (1)

where 𝜆
𝐵

is the Bragg wavelength, typically 1510 nm to
1590 nm; 𝑛eff is the effective core index of refraction; and Λ
is the period of the index modulation.

The center wavelength of the reflected light has a specific
relationshipwith the optical fiber strain and temperature.The
relationship is given by [16]

Δ𝜆
𝐵

𝜆
𝐵0

= 𝑐
𝜀
𝜀 + 𝑐
𝑇
Δ𝑇, (2)

where Δ𝜆
𝐵
is the variation in the Bragg wavelength due

to changes of external conditions; 𝜆
𝐵0

is the original Bragg
wavelength; and 𝑐

𝜀
and 𝑐
𝑇
are the calibration coefficients of

strain and temperature.
As shown in Figure 1, FBG sensor is also very sensitive

to temperature change, so the temperature-compensation
problem must be solved. During the test, by adding another
temperature sensor, the temperature Δ𝑇 of the same field is
measured, and then the test strain values would be modified.

Although the FBG sensor offers the advantages of high
accuracy and durability, due to the unfriendliness of con-
struction environments and the unique features of civil
engineering, FGB sensing technology is limited in terms of
the instrument layout, cable protection, and data analysis,
which greatly affects the promotion and application of the
monitoring techniques. Specifically, the main application
difficulty originates in two areas. First one is the accurate
installation and on-site protection of the fiber optic cable
transmission grating. To allow the fiber grating to reflect
the deformation, stress, and other physical values of the
structure, it is necessary to ensure synchronization deforma-
tion between the fiber grating and the object. During the
instrument-laying and concrete-pouring processes, due to
the harsh construction environment, the fiber grating and
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Figure 1: Operating principle of an FBG sensor.

transmission cable are vulnerable to damage. Therefore, it is
very important to implement effective protection measures.
In addition, to accurately obtain the strain in the pavement
structure and its variation with temperature, fiber grating
readings must isolate strain and temperature in the process
of long-term monitoring. Failure to implement temperature
compensationwill, for an ambient temperature change of 1∘C,
produce a strain error of about 9 𝜇𝜀.Thus, if the issues are not
handled appropriately, themonitoring datawill not reflect the
true status of the site.

3. Model Testing

3.1. Foundation Settlement Simulation System. The main
source of the settlement of a widened roadbed is the differ-
ential foundation settlement. The lift system of the model
test simulation platform consists of hydraulic jacks, which
can simulate the settling values and the sedimentation rate of
the foundations. The multiple rig panels of the test platform
are assembled into a “ground surface” with manual control,
while translational and rotational movements are achieved
using the activities panel under the control of the lifting
system, which can be approximated by simulating the actual
surface foundation settlement. The foundation settlement
system is shown in Figure 2. During the test, a different
point foundation subgrade settlement value was simulated by
adjusting the degree of lifting at the different jack positions.
Themaximum settlement of the foundation (𝑆

2
) was set to the

shoulder position of the new subgrade, while the minimum
value for foundation 𝑆

1
was set to the midline of the old

subgrade, with 𝑆 = 𝑆
2
−𝑆
1
representing the difference between

the two positions. During the test, different deformation
curves were produced by the jacking system. The 𝑆 values
of test were set to between 2 cm and 10 cm by the control
system, to analyze the strain response of the cement concrete
pavement to foundation settlement.

3.2. Bonding Methodology of FBG Sensors. However, being
thin, the optical fiber itself has only limited tension and
shear resistance; therefore, the application of effective sensor
protectionmeasures for the experiment is very important. To
protect the optical FBG sensor, a metal tube is commonly
used for the package, as well as the embedded concrete strain
gauge. Therefore, tube-packaged fiber-grating sensors were
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(a) Embedded FBG temperature sensor (b) Location of sensor network

Figure 4: FBG sensor-network construction.
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Figure 5: Variation of strain in the pavement as measured with FBG sensors.

independently designed and produced for the model test.
Before the fiber grating was encapsulated into a pipe, the bare
grating was wrapped in four layers of thermal plastic pipe,
as shown in Figure 3. This packaging technology ensures the
survival rate of the fiber grating sensor. An old pavement
with a half-width of 6m was designed to be widened to 10m.

The transverse length of the embankment was 10m. To
evaluate the contribution of geogrids embedded in the
embankment to the enhancement of the performance of
the pavement, half of the embankment was reinforced with
two layers of geogrids. Both the top and the bottom of the
cement concrete layers were instrumented with forty FBG
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Figure 6: Crack observed in pavement after test.

strain sensors, which were divided into four sets, two sets
for the reinforced embankment and another two sets for
the nonreinforced embankment. Each set of sensors was
instrumented on the transversemidline of the top and bottom
concrete layers.

During the experiment, these sensors can basically per-
form real-time monitoring of the strain in the concrete
pavement structure, with only a few failings by the end
of the test, due to excessive pavement cracking. To enable
temperature compensation, 5mm metal tube was used to
package the fiber grating and thus fabricate an embedded
fiber Bragg grating thermometer. The fiber length has some
redundancy in the metal pipe, to ensure that the grating is
always in a relaxed state while in use and not affected by
external strain.

Photographs of the construction of the FBG sensors are
shown in Figure 4. Temperature data is collected and then,
using a specific formula, the testing strain value is corrected,
as follows:

Δ𝜀 =
1

𝑐
𝜀

(
Δ𝜆
𝐵

𝜆
𝐵

− 𝑐
𝑇
Δ𝑇) . (3)

4. Analysis of Test Results

Figure 5 illustrates the relationship between the strain in the
concrete cement pavement and the differential settlement of
the foundation. FromFigure 5, it can be seen that the top layer
of the cement concrete pavement structure produces tensile
strain under the influence of the differential settlement of the
ground conditions. The strain gradually increases with the
increase in 𝑆. A relatively steady stage with small magnitude
is observed before 𝑆 reaches 8 cm. When 𝑆 surpasses 8 cm,
however, the strain begins to increase more rapidly. At this
point, due to the additional stress caused by considerable dif-
ferential settlement of the ground, structural failure develops
in the pavement and cracking occurs on the surface, as shown
in Figure 6. A comparison between Figures 5(a) and 5(c)
reveals that, due to the application of a geogrid, the strain
in Figure 5(a) is relatively low with a maximum value of 586
versus 594 in Figure 5(c) to which no geogrid is applied.
This is because the geogrid enhances the consolidation effect
of the soil body and helps relieve the additional strain in
the pavement as well as the differential settlement of the
ground. Instead, from Figures 5(b) and 5(d), it can be seen
that, with the increase in the differential settlement of the
ground, the bottom of the pavement exhibits a variation in
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Figure 7: FEA model.
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Figure 8: Pavement strain inspection nodes.

the tensile strain, which exhibits similar strain characteris-
tics to those of Figures 5(a) and 5(c). Basically, therefore,
the strain variation law is compatible with the differential
settlement of the foundation. Because of the differential
settlement of the natural ground and the nonuniformity of
both the compressive deformation of the subgrade and the
accumulative deformation of the ground, the new subgrade
of a road widening project, especially when placed on a
soft foundation, is subjected to surface differential settlement
that may possibly cause hollows under the pavement. Such
hollows are most likely to form along the center line of a new
subgrade. In other places, such as around the splicing joint
range (taking the midline as the benchmark, from −2m on
the left side to 1mon the right), the settlement or deformation
of the excessive amount is unlikely to occur due to the load
limits being exceeded.

5. Comparative Analysis through Finite
Element Analysis

The objective of the application of finite element analysis
(FEA) was to verify the reliability of the FBG sensors in
the large-scale model tests. The mathematical modeling was
devised on the basis of large-scale tests, as shown in Figure 7.
The analysis process mainly considered the differential settle-
ment of the foundation, which was increased in steps of 1 cm,
for a total of 24 different working conditions.
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Figure 9: Variation curves for strain in the pavement structures as determined by FEA.

As shown in Figure 8, the strain data for Nodes 1 to
12 were observed, so as to obtain the strain curves for the
concrete pavement subjected to differential settlement of the
foundation (Figure 9). From Figure 9, we can see that points
away from the center line within a range of 3.55m to 9.19m
of the surface layer bear the majority of the additional tensile
strain, while the other positions bear the compressive strain.
Between Node 3 and Node 4 regions, the subgrade zone
up to 5.51m from the center line bears the largest tensile
strain, implying that the top surface of the pavement, near
the splicing region, incurs the maximum additional tensile
stress as a result of the differential foundation settlement,
where there is an unfavorable position structure layer as well
as a mechanical control area. Comparing Figure 9(a) with
Figure 9(b), laying a geogrid on both the new and old roadbed
splicing regions can greatly alleviate the additional strain
arising from the differential settlement in the foundation.
When the differential settlement value reaches 10 cm to 13 cm,
the strain rate at Node 4 becomes smaller and then gradually
stabilizes. The tension strain at Node 10, which is located
at a point at which a geogrid is not laid down, exhibits a
continuation in the upward trend. Through a comprehensive
analysis, the results of the finite element numerical analysis
and those of the FBG sensor monitoring were found to be
broadly consistent.

6. Conclusions

Fiber optic sensors were used in a large-scale-model test
of a road pavement layer. As a result, the cement concrete
pavement layer strain characteristics subject to differential
foundations settlement could be effectively monitored and
evaluated. To effectively protect a sensor in hostile con-
struction environments and thus attain reasonable moni-
toring data, a protection system based on a tube-package
was developed and implemented. A comparison between
the measured and FEA results showed that both results
exhibit the same variations and trends, which show that
the improved optical fiber grating strain sensor constitutes

a very promising solution for application to road pavement
structural health monitoring, as well as other civil structures.
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