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ABSTRACT: Distributed fiber optic sensing is a suitable method for long-term, wide-area monitoring of civil engineering 

structures such as the ground, tunnels, dams, and bridges. In recent years, distributed strain sensing technologies such as distributed 

acoustic sensing (DAS) and optical frequency domain reflectometry (OFDR), which can realize real-time monitoring, have made 

remarkable progress. In particular, OFDR, which performs strain sensing with high spatial resolution, can quantitatively evaluate 

the strain distribution of civil engineering structures with an accuracy comparable to conventional strain gauges. This method has 

been limited in its application to structural health monitoring due to its short measurement range. However, by extending the 

sensing distance, it is evolving into a practical technology for on-site testing. This paper introduces middle-range, rapid strain 

sensing based on Phase-noise-compensated OFDR (PNC-OFDR) and its application to bridge monitoring. Optical fiber sensors 

were installed on bridge girders, and the change in strain distribution when the moving load was applied by vehicles was measured 

using the PNC-OFDR sensing system. 
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1 INTRODUCTION   

Distributed optical fiber sensing, in which an optical fiber is 

installed as a sensor on a target object to measure strain and 

temperature distribution, is actively applied for long-term, 

wide-range monitoring of civil engineering structures such as 

the ground, tunnels, dams, and bridges. For example, ground 

anchors embedded with optical fiber sensors are installed on 

on-site slopes, and landslide monitoring is performed by the 

tension measurement using optical fiber sensors [1]. This 

monitoring has been carried out over several years, and the 

measurement data acquired over a certain period are compared 

quantitatively. The long-term feasibility of the distributed 

strain sensing using Rayleigh backscattered light spectrum, 

which is a high-precision measurement technique, was 

reported. In addition, seafloor fiber optic cables and terrestrial 

fiber networks (dark fiber) over tens of kilometers are used as 

sensing fiber to monitor seismic activity [2] and traffic flow [3].  

In terms of sensing technology, with the advent of wavelength 

tunable coherent OTDR [4] and DAS based on phase-OTDR 

[5] that detect Rayleigh backscattered light with high intensity, 

high-precision strain sensing on the order of 1με and real-time 

monitoring over the entire length can be performed at the 

construction site [6]. Currently, distributed fiber optic sensing 

is utilized to evaluate construction quality and manage safety 

in the construction field. Strain and temperature distribution 

data are converted into physical quantities such as displacement 

and tension force, and construction management based on the 

sensing data is carried out. For a detailed analysis of the data, 

it is important to verify that the strain measured by the 

distributed fiber optical sensing matches the value indicated by 

a conventional electrical strain gauge. In regard to bridge 

monitoring, bridge structure shows a variety of responses, from 

slowly changing static strain to dynamic strain caused by traffic 

loads. However, few methods can evaluate strain distribution 

statically and dynamically with a gauge length of a few 

centimeters, similar to that of a strain gauge. A comparison 

table of DFOS spatial resolution and sample rate is shown in 

Figure 1. Brillouin-based sensing technology BOTDR and 

Rayleigh-based sensing technology TW-COTDR, which have 

been widely used for structural health monitoring, have a 

spatial resolution of about 1m or 10cm and are suitable for 

static sensing. Phase OTDR, one type of DAS, is utilized as a 

dynamic sensing method to capture vibration distributions with 

a spatial resolution of several meters. OFDR is both a static and 

dynamic sensing method [7, 8, 9] with spatial resolution close 

to that of a strain gauge. Despite its excellent sensing 

performance, OFDR has been restricted to applications in 

structural health monitoring due to the sensing distance limited 

by the temporal coherence of a laser source. Since the sensing 

Middle range, rapid strain sensing based on PNC-OFDR  

and its application to bridge monitoring 

Yuichi Yoshimura1, Kotaro Fujiwara1, Yohei Taira1, Michio Imai1, Chao Zhang2, Fumihiko Ito3 

 

1 Kajima Technical Research Institute, 2-19-1 Tobitakyu, Chofu-shi, Tokyo, Japan 
2Kogakuin University of Technology & Engineering, 2665-1 Nakano-machi, Hachioji-shi, Tokyo, Japan  

3Shimane University, 1060 Nishikawatsu-cho, Matsue-shi, Shimane, Japan  

email: yoshyuic@kajima.com, fujiwkot@kajima.com, ytaira@kajima.com,  

michio@kajima.com, chao@cc.kogakuin.ac.jp, ito@ecs.shimane-u.ac.jp 

 
Figure 1. Performance comparison of  

distributed strain sensing technology. 
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distance is generally less than 100 m, OFDR has been widely 

used for laboratory use in civil engineering. On the other hand, 

in the field of telecommunications, a PNC (phase noise 

compensation) algorithm for demodulating the coherence of a 

laser source has already been verified, and PNC-OFDR, which 

implements the PNC algorithm in OFDR, has succeeded in 

measuring with a spatial resolution of 5 cm over a distance of 

40 km [10].  However, this PNC-OFDR has not been confirmed 

for strain and temperature measurements performed in 

structural health monitoring. The authors expected that PNC-

OFDR would be a practical strain sensing technology for on-

site structural health monitoring and developed a distributed 

strain analyzer based on PNC-OFDR (Figure 2). This paper 

describes an overview of the PNC-OFDR based strain 

measurement system and reports its application to static and 

dynamic strain measurements on an actual bridge. 

 

2 PNC-OFDR BASED STRAIN SENSING SYSTEM 

 Rapid sensing with a fast wavelength-swept laser source  

OFDR, known as a high-precision strain measurement 

method, incorporates a wavelength-tunable laser source with 

excellent coherence. Most of these tunable laser sources sweep 

the output wavelength slowly by motor drive and are used for 

the static strain analyzer that samples data over several seconds. 

Recently, Anritsu released a new high-speed wavelength swept 

light Source [11]. This laser realizes both high-speed 

wavelength-sweeping using a MEMS (Micro-Electro-

Mechanical System) scanning mirror and high coherence, 

contributing to middle-range fiber sensing. Especially, sweep 

repetition frequency, which corresponds to the time interval in 

strain sensing, reaches 150 Hz. According to the Nyquist 

theorem, the maximum observable frequency is 75 Hz, making 

it possible to measure dynamic strain caused by traffic 

vibrations. Besides, another feature of this system is the short 

data acquisition time. Acquisition time per one shot is 2 msec. 

This property is similar to taking photographs that are resistant 

to subject blur using a high-speed camera and is believed to be 

suitable for stable static and vibration (dynamic strain) 

monitoring of infrastructure structures that are subjected to live 

loads. Figure 3 shows about data sampling when measuring 

static and dynamic strain with this system. The laser 

wavelength is swept periodically with a 15 nm width, and 

dynamic sensing can be performed by arbitrarily setting the 

time interval in synchronization with the sweep period. It is also 

possible to perform long-term static strain sensing, such as 

creep monitoring. 

 Extending the sensing distance by the PNC algorithm 

In distributed strain sensing using Rayleigh scattered light, 

reference and measurement data are obtained, and the relative 

strain variation is output. Strain is calculated from the spectral 

correlation to each segment, corresponding to the distributed 

fiber optic sensor gauge. Figure 4 shows a schematic diagram 

of OFDR-based distributed strain sensing. The data for the 

entire length of the optical fiber is converted into spectral data 

 
Figure 3. Static and dynamic strain sensing using with a fast wavelength-swept laser source. 

 
Figure 2. PNC-OFDR based distributed strain analyzer 

 and a laptop PC for data processing. 
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for each gauge, and strain is calculated by multiplying the strain 

coefficient by the spectral shift frequency that shows the cross-

correlation peak. Since this measurement method utilizes the 

repeatability of the spectrum, it is particularly important to 

perform a linear wavelength sweep to reproduce the spectrum. 

To achieve high spectral correlation, wavelength sweep 

correction is performed, which resamples the raw data based on 

clock timing with a constant wavelength interval. While this 

wavelength sweep correction works well up to the coherence 

length of the source, further correction algorithms are required 

to go beyond the distance limit of the source. The analyzer 

implements a PNC algorithm to extend the sensing distance to 

1,000 m [12], over 70 times the coherence length of the swept 

laser. Table.1 shows the measurement specifications of the 

PNC-OFDR based strain sensing system. 

 

 

 

 

 

 

 

 

 

 

 

3 APPLICATION TO BRIDGE MONITORING  

By applying this sensing technology to bridge monitoring, it 

is expected to capture the distribution of static strain changes 

used to evaluate seasonal variations, as well as the dynamic 

strain response subject to moving vehicles. In addition to 

identifying stress variations that indicate structural strength and 

the location of damage, it may be possible to obtain information 

useful for the maintenance and management of civil 

engineering structures, such as estimating traffic loads. In this 

study, we report the results of measuring the strain distribution 

when vehicles are stopped and passing through an existing 

bridge with optical fiber sensors installed on the bottom of the 

bridge girder. The applicability of PNC-OFDR sensing system 

to bridge maintenance was verified. 

 

 Bridge monitoring methods 

 These tests were conducted on the prestressed concrete bridge 

of the Atami Beach Line (Figure5.). Figure 6. shows the layout 

of the optical fiber sensors and strain gauges installed on the 

bottom of the girder.  0.9 mm tight-buffered single-mode fiber 

was used as the optical fiber sensor, and it was firmly bonded 

with epoxy glue to the concrete surface on the bottom of the 

girder closest to the mountain side. 

First, a load test was conducted in which a vehicle was placed 

at the center of the bridge span to measure the static strain. 

Three vehicles with different weights were used for 

quantitative static strain evaluation. Then, as a dynamic load 

test, a 20-ton truck runs at a speed of 60 km/h on the road close 

to the mountain side. The strain distribution was output with a 

sampling interval of 5 cm and a spatial resolution of 10 cm. In 

the dynamic loading test, the sampling rate was set to 5 Hz. 

 
Figure 5. PC bridge of the Atami Beach Line 

(Testing site). 

P1 P2 P3

Table.1 Specifications of PNC-OFDR based  

strain sensing system. 

 

 

 
Figure 4. Schematic diagram of OFDR-based distributed strain sensing. 
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Figure 6. Location of the strain gauges and installed 

fiber sensors during the load test. 
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 Results 

 Figure 7 shows the strain distribution on the bottom of the 

girder when cars were placed at the center position between P2 

and P3. The results of the strain gauges measured at the same 

time were also plotted. The downward direction on a vertical 

axis represents tensile strain value. Tensile strain due to 

deflection at the bottom of the girder can be seen. The strain 

increases in proportion to the vehicle weight, and the strain 

gauge and DFOS values match well. The relationship between 

the strain at the center of the span and the vehicle weight is 

shown in Figure 8. This linear correlation indicates the elastic 

response of the bridge girder. These results suggest that DFOS 

could be used to detect overloaded vehicles that cause damage 

to road bridges. 

Figure 9. shows the dynamic strain distribution when a 20-

ton truck was running as a dynamic loading test. The strain 

distribution according to the vehicle position can be confirmed. 

At a speed of 60 km/h, it takes about 1.6 seconds to pass 

through the 26.9 m span. Strain distribution changes over a 

period of 1.6 seconds, and the dynamic strain caused by the 

vehicle movement is accurately captured by the PNC-OFDR 

based strain sensing system. Strain values at the center of the 

span observed in the static and dynamic loading tests were 

nearly equal, suggesting the possibility of dynamic weight 

monitoring such as the bridge weigh in motion. 

 

4 CONCLUSION 

We investigated a PNC-OFDR based strain sensing system 

equipped with a high-speed wavelength-swept laser source and 

its application to bridge monitoring. This system can obtain 

static and dynamic strain distribution with the same accuracy 

as a strain gauge. Currently, the sensing distance of this system 

has been extended to 1000m.  
We will continue to develop PNC-OFDR so that it will 

become a sensing technology necessary for quantitative 

evaluation of civil engineering structures, such as bridges. 

REFERENCES 

[1] L. Schenato, M. Cappelletti, D. Orsuti, A. Galtarossa, M. Santagiustina, 
S. Cola, L. Palmieri, “Long-term persistence of Rayleigh signature of 

optical fibers in harsh environment,” J. Lightwave. Technol., vol.42, 

no.18, 6254-6261, 2024. 
[2] A. Sladen, D. Rivet, J. Ampuero, L. Barros, Y. Hello, G. Calbris, P. 

Lamere, “Distributed sensing of earthquakes and ocean-solid Earth 

interactions on seafloor telecom cables,” Nat. Comm., 10, 5777, 2019. 
[3] G. Wellbrock, T. Xia, M. Huang, Y. Chen, M. Salemi, Y. Huang, P. Ji, E. 

Ip, T. Wang, “First field trial of sensing vehicle speed, density, and road 

conditions by using fiber carrying high speed data,” optical fiber 
communication conference (OFC.) paper Th4C.7, 2019. 

[4] Y. Koyamada, M. Imahama, K. Kubota, K. Hogari, “Fiber-optic 

distributed strain and temperature sensing with very high measurand 
resolution over long range using coherent OTDR,” J. Lightwave Technol. 

27, 1142–1146, 2009. 

[5] Wang, Z. Zhang, L. Wang, S. Xue, N. Peng, F. Fan, M. Sun, W. Qian, X. 
Rao, J. Rao, Y., Coherent Φ-OTDR based on I/Q demodulation and 

homodyne detection, Opt. Express 24, 853–858, 2016. 

[6] K. Kishida, M. Imai, J. Kawabata, A. Guzik, “Distributed optical fiber 
sensors for monitoring of civil engineering structures,” Sensors., 22(12), 

4368, 2023. 

[7] Froggatt, M., and Moore, J., “High-spatialresolution distributed strain 
measurement in optical fiber with Rayleigh scatter,” Appl. Opt., 37, 

1735-1740, 1998. 
[8] D. Zhou, L. Chen, X. Bao., “Distributed dynamic strain measurement 

using optical frequency-domain reflectometry,” Appl. Opt., 55(24), 

6735-6739, 1996. 
[9] P. Hubbard, J. Xu, S. Zhang, M. Dejong, L. Luo, K. Soga, C. Papa, C. 

Zulberti, D. Malara, F. Fugazzotto, F. Lopez, and C. Minto, “Dynamic 

structural health monitoring of a model wind turbine tower using 
distributed acoustic sensing (DAS),” J. Civ. Struct. Health Monit., Vol. 

11, pp. 833-849, 2021. 

[10] X. Fan, Y. Koshikiya, and F. Ito, “Centimeter-level spatial resolution over 
40 km realized by bandwidth-division phase-noise-compensated OFDR,”  

Opt. Exp., Vol. 19, No. 20, pp. 19122-19128, 2011. 

[11] K. Nakamura, M. Koshihara, T. Saitoh, K. Kawakita, “High-Coherence 
Wavelength Swept Light Source,” Anritsu Technical Review., 25, 38,  

2017. 

[12] D. Tanimura, D. Miyake, C. Zhang, F. Ito, Y. Yoshimura, H. Aoshika, 
and M. Imai, “Long range, wide bandwidth, and rapid optical frequency 

domain reflectometry employing concatenative referencing method,” 

OFS-27. Paper W4.10 30 2022. 

 
Figure 7.  Strain distribution in static loading tests. 

 
Figure 8. Relationship between strain at the center of 

span and vehicle weight. 

 
Figure 9. Dynamic strain distribution during vehicle 

movement with 5Hz sampling. 


