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Abstract
This paper investigated field monitoring of a 1108 m suspension bridge during an assessment 
load test, using integrated distributed fibre-optic sensors (DFOSs). In addition to the 
conventional Brillouin time domain analysis system, a high spatial resolution Brillouin 
system using the differential pulse-width pair (DPP) technique was adopted. Temperature 
compensation was achieved using a Raman distributed temperature sensing system. This 
is the first full scale field application of DFOSs using the Brillouin time domain analysis 
technique in a thousand-meter-scale suspension bridge. Measured strain distributions along 
the whole length of the bridge were presented. The interaction between the main cables and 
the steel-box-girder was highlighted. The Brillouin fibre-optic monitoring systems exhibited 
great facility for the purposes of long distance distributed strain monitoring, with up to 0.05 
m spatial resolution, and 0.01 m/point sampling interval. The performance of the Brillouin 
system using DPP technique was discussed. The measured data was also employed for 
assessing bridge design and for the assessment of structural condition. The results show that 
the symmetrical design assumptions were consistent with the actual bridge, and that the strain 
values along the whole bridge were within the safety range. This trial field study serves as an 
example, demonstrating the feasibility of highly dense strain and temperature measurement for 
large scale civil infrastructures using integrated DFOSs.

Keywords: distributed fiber optic sensors, structural heath monitoring, suspension bridges, 
load tests

(Some figures may appear in colour only in the online journal)

1.  Introduction

Suspension bridges serve as key nodes for modern traffic sys-
tems, and also tend to be the most expensive type of bridge 
to build. Over an intended service life of around 100 years, 

a suspension bridge may face multiple safety risks, such as 
wind introduced vibration, vehicle introduced fatigue, mat
erial degradation, and natural hazards. Thus, structural health 
monitoring (SHM) systems are essential in order to monitor 
structural behaviors, check structural safety conditions, and 
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assess fitness for purpose of suspension bridges in continuous 
service [1]. Several examples of SHM systems for suspen-
sion bridges with a main span comparable to that examined in 
this paper, such as the New Carquinez Bridge, and the Tsing 
Ma Bridge [2–4] have been reported. There is a great deal 
of literature dealing with various aspects of SHM for suspen-
sion bridges [5–8]. Sensing information—e.g. strain, temper
ature, and acceleration—obtained by SHM systems plays a 
key role in structural monitoring studies. However, most 
sensing technologies can only measure discrete information 
at limited locations. It is highly preferable to obtain distrib-
uted sensing information, especially for large-scale infra-
structures. However, this is a challenging task, owing to the 
huge geometric size and harsh working environment of these 
structures. It is impractical to obtain distributed sensing infor-
mation simply by increasing the number of sensors, because 
the cost is prohibitive.

Distributed fiber-optic sensors (DFOSs) possess the dis-
tinct advantage of distributed sensing ability over extremely 
long distances. They can give insight into both local and 
global structural behaviours, strain and temperature dis-
tribution, employing low cost optical fibre as a sensor: this 
effectively decreases the gap between lab research and field 
application [9–13]. With the maturity of commercial DFOS 
demodulation devices, various DFOSs have been successfully 
applied in several bridge monitoring cases. Matta et al [14] 
employed a Brillouin time domain reflectometry (BOTDR) 
system to measure the strain distributions of a steel contin-
uous girder bridge during a load test. Minardo et al employed 
a Brillouin time domain analysis (BOTDA) system to perform 
a long-term (1 year) strain measurement on a concrete arch 
bridge, and strain distribution measurement on a newly-built 
concrete road-bridge, respectively, during a load test [15, 16]. 
Regier and Hoult reported an interesting study into the use 
of a Rayleigh backscatter system with high spatial resolution 
and accuracy to measure strain distributions on a simply sup-
ported concrete bridge during a load test [17]. The various 
DFOSs interrogating technologies have particular advantages 
and disadvantages [13]. BOTDR employs a spontaneous 
Brillouin scattering technique, which leads to a lower meas-
urement accuracy and sensing distance than BOTDA because 
of the lower signal-noise ratio (SNR). Spatial resolution is 
also limited to 1 m. However, BOTDR requires access to the 
sensing fiber only at one end, which makes fiber installation 
more convenient, and enables continuous measurements when 
the sensing fiber is damaged at certain location. The Rayleigh 
backscatter system has much higher spatial resolution (up to 
1 mm) and accuracy (up to µε±1 ), but the sensing distance 
is limited (less than 70 m) which makes it less suitable for 
long-distance monitoring. BOTDA employs a stimulated 
Brillouin scattering technique, where system performances 
are comprehensively better than BOTDR owing to a higher 
SNR. With the development of high performance BOTDA 
techniques, BOTDA shows further increases in performance, 
making it potentially the ideal option for large-scale bridge 
monitoring. The sensing length, spatial resolution and acc
uracy of the BOTDA system will be discussed later in this 
paper. Until now, the field applications of bridge monitoring 

using BOTDA have been limited to short span bridges, such as 
simple supported bridges, and continuous beam bridges. This 
paper presents the first full-scale field monitoring of a 1108 
m suspension bridge using BOTDA. The bridge has been in 
use for 15 years, and underwent a condition assessment load 
test. To capture strain distribution data along the full length of 
bridge, both a conventional BOTDA, and a high performance 
BOTDA system using differential pulse-width pair (DPP) 
technique, were adopted. A Raman distributed temperature 
sensing system was used to measure the temperature distribu-
tion and to provide temperature compensation for the strain 
measurement. The main research objectives were: to present 
full-scale strain distributions for the suspension bridge under 
a load test, and to evaluate the performance of integrated 
DFOSs system in field monitoring for large-scale infrastruc-
tures. Firstly, this paper will give a background introduction 
to the principles of BOTDA, DPP-BOTDA and the Raman 
temperature system. Then load test and instrumentation setup 
will be examined. Finally, the measured results will be dis-
cussed and the main conclusions will be drawn.

2.  Principles of BOTDA, DPP-BOTDA and Raman 
system

The backscattered light of lasers in optical fibre contains three 
components: i.e. Rayleigh, Brillouin and Raman, as shown in 
figure 1. Each of these three components may be interrogated 
for distributed strain or temperature sensing with the corre
sponding mechanisms.

The classical scheme of BOTDA employs a stimulated 
Brillouin scattering (SBS) technique [18]. As shown in 
figure 2(a), two counter-propagating laser beams, i.e. a pump 
pulse (with pulse width τ) and a continuous wave (CW) probe 
wave, with a certain frequency difference near the Brillouin 
frequency shift, are injected from both ends of the sensing 
fiber. The local acoustic wave can be excited by the coupling 
of the two laser beams, which results in an energy transfer 
from the pump pulse to the CW probe wave. The relation-
ship between the Brillouin gain of the CW, and the frequency 
difference of the two laser beams, is defined as the Brillouin 
gain spectrum (BGS), and the central frequency of the BGS 
is defined as the Brillouin frequency shift νB, which can be 
expressed as equation (1) [19]

/ν λ= nV2B a� (1)

Figure 1.  The backscattered components of light in optical fiber.
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where n is the refractive index of the sensing fiber, Va is the 
velocity of the acoustic wave, λ is the vacuum wavelength of 
the pump light, and νB is linearly affected by temperature and 
strain variation as follows:

( )ν ν ε= + + −C C t tB B s t r0� (2)

where νB is the measured Brillouin frequency shift, νB0 is the 
initial Brillouin frequency shift in the strain free state at the 
reference temperature tr, ε is the axial strain along the optical 
fiber, t is the fiber temperature, and Cs and Ct are the propor-
tional constants of strain and temperature sensing, respec-
tively. The sensing location can be calculated from the light 
speed in the sensing fiber and the propagating time between 
launching the pump pulse and detecting the Brillouin signal 
probe wave. So the distributed strain along the sensing fiber at 
any location z can be obtained by equation (3):

( ) ( ( ) ( ) ( ( ) ( )))/ε ν ν= − − −z z z C t z t z CB B t r s0� (3)

There are three parameters for evaluating the performance 
of a BOTDA system: accuracy, sensing distance, and spatial 
resolution. Spatial resolution ∆z is defined as the minimum 
measurable length of the BOTDA system, and is determined 
by the pump pulse width /( )τ∆ =z c n2 . However, there is a 
trade-off among these three parameters. The BOTDA system 
can employ a short width pump pulse to achieve higher spatial 
resolution, but the short pulse will decrease the signal-to-noise 
ratio (SNR) and the pulse energy, which leads to a decrease 
both in sensing accuracy and sensing distance. In 2008, Li 
et al [20] proposed a DPP technique for the BOTDA system. 
As shown in figure 2(b), the DPP-BOTDA system employs 
double pump pulses with different pulse-widths (τ1, τ2) and 
subtracts the corresponding Brillouin signals ( ( )τI0 1 , ( )τI0 2 ) 
to obtain the differential Brillouin signal ( ( )τ∆I0 ), which can 
then be used to construct the differential BGS. The strain 
sensing principles remain the same, but the spatial resolution 
is determined by the pulse width difference between τ1 and τ2 

Figure 2.  Principles of BOTDA and DPP-BOTDA sensing system. (a) BOTDA. (b) DPP-BOTDA.
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by /( )τ∆ = ∆z c n2 , rather than the original pulse width. Thus, 
high spatial resolution may be achieved using double pulses 
with a small width difference, without an obvious decrease 
in sensing distance and accuracy. In 2011, Dong et  al [21] 
performed a detailed study on the system optimization of 
DPP-BOTDA, achieving a 0.02 m spatial resolution with a 
2 °C temperature accuracy over a 2 km length, thereby dem-
onstrating DPP-BOTDA to be one of the best performance 
techniques in DFOSs.

The schematic of the DPP-BOTDA system adopted in this 
paper is shown in figure 3. A narrow linewidth 200 kHz fibre 
laser module, operating at ~1550 nm, is employed as the light 
source. A 3 dB coupler is used to split the output light into two 
parts, providing the pump and the probe waves, respectively. 
An electro-optic modulator (EOM1) with a high extinction 
ratio (ER  >  40 dB) is used to generate the optical pulse, which 
is then amplified by an erbium-doped fibre amplifier before 
being launched into the sensing fibre. The microwave gener-
ator module outputs microwave signals to modulate the light 
through EOM2, and the first-order lower sideband is chosen 
as the probe wave by a narrow bandwidth fibre Bragg grating. 
Two polarization controllers are used to ensure that the pump 
and probe waves are launched into the same principal axis of 
the sensing fibre. Therefore, a polarization-maintaining (PM) 
fibre is more suitable for this system. A detector, which can 
resolve the centimetre-order variation in strain or temperature, 
is used to detect the Brillouin signal. A pulse pair with a 0.5 ns 
pulse width difference is used, resulting in the high (0.05 m)  
spatial resolution of the DPP-BOTDA system. The strain 
measurement accuracy of the DPP-BOTDA system is µε±10 , 
and the maximum sensing distance is 5 km.

The Raman temperature system employs a spontaneous 
Raman scattering (SRS) technique, and an optical time domain 
reflectometry (OTDR) [22]. The injected laser pulse prop
agates along the sensing fibre and the backscattered Raman 
light at every fibre location z can then be detected. Raman 
scattering light consists of Stokes and anti-Stokes light. The 
ratio between the anti-Stokes intensity (Ias) and Stokes inten-
sity (Is) at location z is defined as the Raman ratio and can be 
expressed as

( )
( )

⎜ ⎟
⎛
⎝

⎞
⎠
ν

=
∆I z

I z

K

K

h

kT
expas

s

as

s
� (4)

where Kas and Ks are constants representing the intensity 
losses at sensing position, h and k are Planck and Boltzmann 
constants, respectively, and ν∆  is the Raman frequency shift. 
Thus, the distribution of temperature T can be obtained by 
measuring the Raman ratio along the sensing fibre. The Raman 
system used in this paper has a spatial resolution of 1 m, a 
sensing length of 6 km, and a temperature sensing accuracy 
of ±0.5 °C. It should be noted that Raman system is only sen-
sitive to temperature change, so the strain influence can be 
eliminated, which is a valuable advantage in field monitoring.

3.  Bridge load test

3.1.  Bridge description

The Haicang Bridge is a highway suspension bridge with a 
total length of 1108 m, located in Xiamen, China, and linking 
Xiamen Island with the mainland. It is a three-span continuous 
full floating cable-suspension bridge with a steel box girder. 
The term ‘full floating’ means that there is no additional sup-
port between the tower and the steel box girder. The geometry 
dimensions of the Haicang Bridge are shown in figure 4. The 
main span is 648 m, and the two side spans each measure 230 m.  
The concrete tower is 128 m in height, measured from the pier 
cap to the tower saddle. The two main cables, 34 m apart, are 
accommodated by four saddles located at the top of the tower 
legs of the main span, and the bridge deck is supported by a 
total of 164 suspender units. The steel box girder of the bridge 
is 36.6 m in width, and 3 m high, with diaphragms every 3 m 
along the longitudinal axis of the deck. Serving as the main 
connection between Xiamen Island and the mainland since 
its completion at the end of 1999, the traffic volume on the 
Haicang bridge is very high. After almost 15 years’ service, 
the bridge underwent its first diagnosis load test in November 
2015, to check its structural condition preparatory to its next 
decade of service.

CiculatorEDFA
Laser 

Module
90%

PDDAQ Module

EOM

1

3

2
EOM

AFG Module

10%

PC 2

PC 1

 

 50%

Microwave 
Module

 

FBG

Isolator

Probe

Pump

PC 4

PC 3 

 
Se

ns
in

g 
Fi

be
r

DC Module

10%

 

PC 2

CH 1

CH 2

 

  

Figure 3.  Schematic of the DPP-BOTDA system. PD: photo-detector, PC: polarization controller, EOM: electro-optic modulator, EDFA: 
Erbium-doped fibre amplifier module, DAQ: data acquisition.
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3.2.  Load test setup

The load test was conducted using standard trucks all weighing 
300 kN. As shown in figure  5(a), the front axle load of the 
truck is 60 kN, and the middle and rear axle loads are 120 kN. 
Two test cases were set according to the locations of various 

trucks on the bridge. As shown in figure 4(a), Case 1 was set 
to place the trucks in the middle of the main span and Case 2 
was set to place the trucks in the middle of the west span. Each 
test case had two load steps. As shown in figure 5(b), Step 1 
consisted of 12 load trucks, arranged into two rows—each row 
consisted of 6 trucks located in the middle of the 6 lanes on the 

Figure 4.  Geometry dimensions of the Haicang Bridge and specifications of DOSFs and trucks layout in load test. (a) Longitudinal view. 
(b) Cross section view.

Figure 5.  Load trucks’ specification and spatial arrangement in the load test. (a) Load truck with axle spacing and axle load. (b) Load 
trucks’ array in each step.
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bridge deck. The front axle to front axle distance between the 
two rows was 18 m, and the total weight was 3600 kN. Step 2 
consisted of 24 load trucks arranged in 4 rows. The distance 
between rows was the same as in Step 1. The trucks were 
driven from the west end to the planned location row by row 
to construct the load array. The longitudinal spatial location of 
the load trucks’ array was positioned by the front axle location 
of the first row (positioning reference). Then the load array 
halted for 30 min to allow DFOSs measurement, and moved to 
its next position row by row. The photo of load trucks on the 
bridge deck and load test specifications are shown in figure 6 
and table 1.

3.3.  Instrumentation setup

The optical fibre sensors were glued to the deck inside the 
steel-box-girder along the axis of symmetry to the longitu-
dinal direction, passing through the gap between the dia-
phragm and the deck. The specific spatial layout of the optical 
fibres is shown in figure 4. DFOS1 was a single mode optical 
fibre with total length of 3000 m, covering a 1084 m sensing 
distance, measured from 12 m in from the east end of the 
bridge to 12 m in from the west end of the bridge. Since the 
DFOS1 was integrated using the BOTDA technique, it has 
to be a closed loop, because BOTDA systems employ two 
counter-propagating laser beams injected from both end of the 
optical sensing fibre. For a monitoring distance of 1084 m, at 
least 2168 m sensing is required. The DFOS2 was a PM fibre 
with total length of 1000 m, which was installed to perform a 
high spatial resolution strain measurement covering a 400 m  
sensing distance, measuring from 154 m from the east end 
of the bridge, to the middle of the main span. The PM fibre 
decreases the polarization fading of the laser, and increases 
the SNR, resulting in a better signal for high spatial resolution 
measurement. After surface cleaning, DFOS1 and DFOS2 
were glued to the deck using an epoxy (PERMA-CEMET 

901) (figure 7(a)). Furthermore, a single mode temper
ature sensing fibre (DFOS3) was installed near DFOS1 and 
DFOS2. DFOS3 was in glue-free status, and covered the same 
sensing route as DFOS1. The integrated DFOSs monitoring 
system is shown in figure 7(b). A BOTDA system with 0.5 
m spatial resolution was adopted to measure the DFOS1, a 
DPP-BOTDA system with 0.05 m high spatial resolution was 
adopted to measure the DFOS2, and a Raman distributed 
temperature sensing system with 1 m spatial resolution and 
± °0.5 C accuracy was adopted to measure DFOS3. All three 
systems worked synchronously during the load test.

4.  Results and discussions

4.1.  Baseline reading and temperature compensation

The load test was conducted between 00:00 am and 06:00 am 
on the 8th of November 2015, during which period the bridge 
was closed to normal traffic. The initial strain distribution of 
DFOS1 with no vehicle load was measured as the baseline for 
subsequent strain measurements. As shown in figure 8, the ini-
tial strain distribution of DFOS1 was highly non-uniform, with 
all positive strain, and the maximum strain value measured up 
to 1083 µε. This phenomenon was caused by residual tension 
occurring during the fibre installation. DFOS1 extended the 
full length of the bridge from the east to west. The frictional 
force between the fibre and deck reserved part of the tension 
force, leading to a positive strain, and also made the strain near 
the loose end lower than that in the middle. The baseline of 
DFOS1 was set as the ( )ν zB0  in equation  (3), all subsequent 
strain measurements of DFOS1 during the load test were pre-
idcated on this baseline, using equation (3). The same proce-
dure was also applied to DFOS2. Temperature compensation 
is essential for Brillouin-based strain sensors, because they are 
sensitive to both strain and temperature. Relative temperature 
fluctuations between the moment of the strain baseline reading 

Figure 6.  Photo of load trucks on the bridge deck.

Table 1.  Specifications of the load test.

Load Test Vehicle location Step Truck number Total load (kN)

Case 1 Middle of main span 324 m to West tower Step 1 12 3600
Step 2 24 7200

Case 2 Middle of west span 115 m to West tower Step 1 12 3600
Step 2 24 7200

Meas. Sci. Technol. 27 (2016) 124017
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and the subsequent measurement therefore need to be captured. 
The initial temperature distribution of the whole bridge was 
measured by DFOS3 using the Raman system at the start of the 
load test (00:00 am) and was set as the temperature baseline 

( )t zr . The relative temperature fluctuations ( ) ( )−t z t zr  during 
the load test (00:00 am–06:00 am) are shown in figure 9. As the 
load test was conducted in the early morning, the temperature 
of the bridge was higher than the air temperature in the outer 
environment. The steady heat exchange between the bridge 
and the air made the temperature along the bridge gradually 
decrease over the period from 00:00 am to 06:00 am. The 
average temperature fluctuations at 03:00 am and 06:00 am 
were  −1.5 °C and  −3 °C respectively. The temperature distri-
bution was nonuniform, with a range of variability of ±1.5 °C 
in the measurement results. The claimed temperature sensing 
accuracy of the Raman system was ±0.5 °C. Figure 9 indicates 
that the error range of the Raman system increased in field test 
conditions. The average ( ) ( )−z t zt r  was used as the temper
ature compensation in equation (3) to calculate the mechanical 
strain for DFOS1 and DFOS2.

4.2.  Full scale strain distributions of the suspension bridge in 
the load test

The strain distributions along the full length of the Haicang 
Bridge measured by DFOS1 during the load test are shown in 
figure 10. In Case 1, the load trucks were placed at the centre 

of the main span. As expected, the maximum positive strain 
was measured at the centre of the span, where the load trucks 
were placed. The maximum positive strain location was west 
shifted in Step 2 compared with Step 1, as Step 2 has 12 more 
load trucks placed on the west side of the array as compared 
with Step 1. The strain values decreased symmetrically from 
the middle to both sides and changed to negative around 1/3 
span to the bridge tower. The measured results indicated an 
interaction between the main cables and the bridge deck in the 
load test. At mid-span, the main cables and the bridge deck 
were lower relative to their initial position due to the vehicle 
load, but towards the bridge tower they were higher relative to 
their initial position due to the interaction between the main 
cables and the deck, which resulted in a reduction in tension 
in the suspenders. The reduction in tension in the suspenders 
accompanied a negative bending moment in the deck near the 
bridge tower, as indicated by the negative strain measured 
by DFOS1. The moments in the deck were dependent on the 
relative stiffness of each component in the suspension bridge. 
Moreover, the load trucks not only influenced the strain distri-
bution in the main span, but also introduced a negative strain 
distribution in both side spans. This caused the bridge deck 
in the side spans to be lifted by the main cables, resulting in 
negative bending moments in the side span deck. In Step1, the 
maximum positive and negative strain values of the main span 
were 120 µε and  −99 µε respectively. The maximum nega-
tive strain value of the side span was  −90 µε. In Step 2, the 

Figure 7.  Photos of optical fibre sensors and monitoring system (a) Optical fibre sensors glued to the deck. (b) The integrated DFOS 
monitoring system.
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maximum positive and negative strain values of the main span 
increased to 178 µε and  −124 µε respectively. The maximum 
negative strain value of the side span increased to  −120 µε.

In Case 2, the load trucks were moved to the middle of the 
west side span. The strain values increased from zero at the 
west end to the positive maximum at the load region, and then 
decreased to negative near the bridge tower, and gradually 
recovered to zero at the main span. The mechanism was sim-
ilar to Case 1. In the west span, the main cables were lower, 
relative to their initial position at mid-span, but towards the 
bridge tower they were higher, relative to their initial position. 
The reduction in tension in the suspenders accompanied a neg-
ative bending moment in the deck near the bridge tower. In the 
main span, the increased tension of the main cables lifted the 
bridge deck, causing negative bending near the bridge tower. 
The negative moments lead to a negative strain distribution on 
the bottom of steel-box-girder where DFOS1 was installed. 
The maximum positive strain values in Step 1 and Step 2 were 
136 µε and 256 µε respectively. The maximum negative strain 
values at the bridge tower in Step 1 and Step 2 were  −86 µε 
and  −130 µε respectively. Moreover, the maximum positive 
strain location was west shifted in Step 2 compared with Step 
1, as Step 2 had 12 more load trucks arranged to the west side 
of the load truck array as compared with Step1. Besides the 
increase in strain value, the load increase also expanded the 
influence distance in the main span. In Step 1, the maximum 
influence distance from the west end to the first non-zero 
strain point of the main span is 409 m. In Step 2, the influence 
distance increased to 456 m. The full-scale strain distributions 

measured directly by DFOS1 show the actual strain responses 
of the Haicang Bridge during the load test, and give a clear 
insight into the interaction between the structural components 
of a suspension bridge.

4.3.  Performance of the DPP-BOTDA system

The DPP-BOTDA system was adopted to measure the strain 
distributions of DFOS2. Higher spatial resolution gives a 
better insight into non-uniform strain distribution over a small 
distance, which is highly valuable for structural monitoring. 
Since DFOS2 was installed between 154 m to 554 m, mea-
sured from the east end (refer to figure  4(a)), Case 2 had 
negligible influence in this area according to figure 10(b)—
therefore only Case 1 was measured. The measurement results 
of DFOS2 and their comparison with DFOS1 are shown in 
figure 11. DFOS2 measured similar results to DFOS1, indi-
cating that the strain distributions along the bridge were 
smooth, and lacking steep strain gradients. The reliability and 
accuracy of these distributed strain measurements is demon-
strated by the similarity in measurements given by the two 
independent strain measurement systems. However, there was 
a difference between the BOTDA and DPP-BOTDA measure-
ments around 525 m. The measurement results of DFOS2 were 
relatively smaller than DFOS1. This was caused by variation 
in the installation condition of the DPP-BOTDA around 525 
m. At this point on the bridge there was a footway, constructed 
of steel plates, and used for bridge inspections. The fibre-optic 
sensor was able to pass through the gap underneath the steel 

 

 

 

Figure 10.  Strain distributions along the bridge measured by DFOS1 using BOTDA in load test. (a) Case 1. (b) Case 2.
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plates, but could not be fully glued to the deck. Therefore, the 
measured strain was relatively smaller than the actual result. 
The noise level of the DPP-BOTDA system was higher than 
that of the conventional BOTDA system. The average mea-
surement error of the conventional BOTDA system was about 
±5 µε, but the average measurement error range of the DPP-
BOTDA system was about ±12 µε. With the DPP-BOTDA 
system, an improvement in spatial resolution using differential 
techniques comes at the expense of a reduction of SNR, which 
results in a higher measurement error within the spatial reso-
lution than occurs with a conventional BOTDA system [23]. 
Even though DFOS2 was a polarization maintaining fibre, 
which had a better SNR for Brillouin signal than the single 
mode fibre, the measurement error level of the DPP-BOTDA 
system was still higher than the conventional BOTDA system. 
However, ±12 µε falls within the acceptable range for long 
distance strain measurement, and can be decreased by average 
process. The comparison results exhibited the characteristics 
of the DPP-BOTDA system and its effectiveness for high per-
formance strain monitoring in field application.

4.4.  Design check and condition assessment

The Haicang Bridge was designed to be symmetrical in struc-
ture, so the structural behaviors under symmetrical load tend 
to be symmetrical. According to the DFOS1 results, the full 
scale strain distributions along the bridge under Case 1 were 
fairly symmetrical, indicating that the symmetrical design 
assumption of the Haicang Bridge was applicable. Moreover, 

the structural conditions of Haicang Bridge can be assessed by 
the strain distributions. The steel type of the Haicang Bridge is 
Q345_16Mn with an elastic limit strain of 1500–1700 µε. The 
maximum strain increase in the load test, excluding the dead 
load introduced strain, was less than 300 µε, which is within 
20% of the elastic limit strain of the steel. The strain values 
along the whole bridge were within the safety range and there 
was no severe deterioration in Haicang Bridge. Moreover, 
SHM methods such as dense modal identification would also 
benefit from such distributed strain data, in order to detect 
very dense estimates of strain mode shapes, and extract poten-
tially useful damage-sensitive features.

5.  Conclusions

This trial field study provides a sample demonstration of the 
feasibility of highly dense strain and temperature measure-
ment for large scale infrastructure, using integrated distributed 
fibre-optic sensing systems. A full scale field monitoring of a 
1108 m suspension bridge using DFOSs was successfully con-
ducted, the first field application of a Brillouin time domain 
analysis system in thousand-metre-scale suspension bridges. 
The measured strain distributions along the whole length of 
the bridge gave a clear insight into the actual structural behav-
iors of a suspension bridge during a load test. The interaction 
between the main cables and the steel-box-girder was high-
lighted. A negative bending moment around the bridge tower 
was observed in both Case 1 and Case 2. The trucks’ load in 
the middle of the main span not only affected the main span, 

Figure 11.  Comparison of the measured strain distributions along the bridg by DFOS1 using BOTDA and DFOS2 using DPP-BOTDA.  
(a) Case 1, Step 1. (b) Case 1, Step 2.
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but also applied negative strain distribution in both side spans. 
The Brillouin system using the DPP technique was compared 
with a conventional Brillouin time domain analysis system, 
and was found to be effective for high spatial resolution and 
long distance strain measurement in field monitoring condi-
tions. The reliability and availability of the distributed strain 
measurements can be verified by observing the similarity 
in the results of the double systems. The average measure-
ment error of the Brillouin system using DPP technique was 
found to be ±12 µε, which is higher than ±5 µε of a con-
ventional Brillouin time domain analysis system. The sym-
metrical design assumption of the Haicang Bridge was found 
to be applicable. The measured strain increase along the 
whole bridge during the loading test was within 20% of the 
elastic limit of the steel, indicating that the structural condi-
tion of Haicang Bridge was within the safety range. For future 
studies, various SHM methods on suspension bridges will 
undoubtedly benefit from the highly dense strain data in this 
paper.
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