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ABSTRACT: Polymer optical fiber (POF) sensors offer the unique feature to measure high 

strain up to 40 % fully distributed along the fiber. Local backscatter increase of strained fiber 

sections can be detected using the Optical Time Domain Reflectometry (OTDR) technique. 

Traditional silica fiber-based sensor systems are limited to about 1 % strain due to their low 

break-down strain. The high measurable strain range of POF allows for new applications in 

distributed strain sensing. Standard PMMA POF are introduced and evaluated with respect to 

potential use and applicability. The advances in distributed POF strain sensor technology are 

concluded in context of their application in structural health monitoring. Special focus is placed 

on the integration of POF sensors into technical textiles aimed for earthwork structures such as 

slopes, dikes and embankments. These smart textiles offer not only enforcement capabilities; 

they also allow to measure and locate the position of critical soil movement. We present the 

results of the first real field test of POF-integrated geotextiles in an open coal pit in Belchatow, 

Poland. The sensor-integrated textile allowed detecting the edge of a creeping slope and 

monitoring the width of the cleft. 

Introduction 

Fiber optic sensors have found niches in various fields of application to measure physical or 

chemical quantities. Besides electromagnetic interference immunity and multiplexing 

possibilities, the great advantage of fiber optic sensors is the ability to measure for example 

strain and temperature continuously distributed along the whole length of the fiber. One fiber 

can therefore substitute a large number of standard electrical transducers. The advantage of this 

sensor type is not only the increase in safety but also a commercial one since damages can be 

detected and repaired at an early stage, thereby reducing maintenance costs. One of the most 

common measurands for structural health monitoring applications is strain. Although many 

distributed strain sensor systems have been proposed, only few are commercially available and 

have been used for structural health monitoring purposes. According to Diaz et al. (2008), 

sensors based on stimulated Brillouin scattering provide high strain resolution and good spatial 

resolution measurement up to several tens of km. Other techniques, for example proposed by 

Froggat and Moore (1998), use coherent Optical Frequency Domain Reflectometry (OFDR) for 

distributed strain sensing. Also precise quasi-distributed fiber sensors, such as fiber Bragg 

gratings (FBG), are widely used. However, all these techniques use silica fiber as sensor 

medium and are therefore limited to low break-down strain of about 1 %. Here, the use of 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 2 

polymer optical fibers (POF) provides the solution when distributed measurement of high strain 

is required. Liehr et al. (2008) showed that, using the Optical Time Domain Reflectometry 

(OTDR) technique, it is possible to measure strain distributed up to 40 % using standard PMMA 

POF. However, the relatively high attenuation of these fibers limits the maximum measurement 

length to 100 m. Liehr et al. (2008, 2009) reported that, using low-loss perfluorinated graded-

index POF, the measurement length can be extended to 500 m at increased spatial resolution. 

The use of distributed POF strain sensors represents an excellent alternative to monitor extended 

structures of moderate lengths where high strain is expected. Possible monitoring applications 

are creeping slopes, dikes, embankments as well as concrete and masonry structures.  

In this context, this work has been conducted within the EU project POLYTECT 

(Polyfunctional technical textiles against natural hazards). The objective of the project is to 

develop innovative technical textiles that not only fulfill a reinforcement function, but also 

enable health monitoring of structures in which the textile might be integrated. The idea is to 

develop a ready-to-install product by directly integrating the optical fibers into the textile during 

the manufacturing process. The development targets various applications from geotextiles for 

earthwork structures to architectural fabrics. A major application within POLYTECT is 

embedded sensing and health monitoring of earthwork structures, such as dikes, embankments 

and slopes. Our partners achieved loss-free integration of POF fibers into various geotextiles. 

Numerous laboratory and small-scale tests showed excellent results indicating successful 

transfer of the testing to the field. In this paper, we present the result of a first test with a sensor-

integrated geotextile installed in an open coal pit in Belchatow, Poland.  

1 SENSOR PRINCIPLE 

Husdi et al. (2004) reported that the local scattering in POF increases with increasing strain 

applied to a fiber section. We use the Optical Time Domain Reflectometry (OTDR) technique to 

obtain the backscatter profile of the fiber. The measurement principle resembles simple radar 

technique; short laser pulses are sent into the fiber and the backscattered light for each laser 

pulse is recorded as a function of time. Using the group refractive index of the fiber and 

averaging a great number of backscattered pulses, one can calculate the backscatter signal as a 

function of distance. Depending on fiber length and accuracy, the typical measurement time is 

between one to several minutes. For our measurements, we used commercially available 

standard PMMA POF with 1 mm core diameter and a 2.2 mm PE coating. Our interrogation 

unit is an OTDR device from Sunrise Luciol with a 650 nm light source. 

Figure 1 shows two different OTDR traces of the same fiber, one in unstrained condition and 

one with a section strained at 42 m. The increase of the backscattered light of a strained fiber 

relative to the reference measurement in unstrained condition resembles the strain sensor signal.  

 

Figure 1. Sensor principle: two OTDR measurements, one of an unstrained fiber and one of a 1.4 m 
section strained to 16 % at 42 m. 



4th International Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-4) 2009 

22-24 July 2009, Zurich, Switzerland 

 

 

 3 

 

A second possibility to evaluate the strain or length change of a fiber section is to compare the 

shift of reflection peaks along the fiber. Such peaks originate for example from Fresnel 

reflections at the fiber end or fiber connectors. Using this evaluation technique provides precise 

absolute length change measurement with a resolution up to 1.5 mm.    

In order to use POF as a strain sensor, we conducted numerous investigations on the strain 

response and external disturbances. Whereas temperature has a minor influence on the OTDR 

backscatter signal, fiber bends with radii smaller than 20 mm result in optical loss and 

deteriorate the sensor signal and hence have to be avoided. 

We use an automated setup to measure the sensor response to strain. The ends of a fiber section 

are fixed between two clamps. This fiber section is then incrementally strained by a PC-

controlled step motor while automatically recording the OTDR data. The resulting increase of 

the backscattered light at the strained fiber section is shown in figure 2 for 17 measurements up 

to 16 % strain. 

 

Figure 2. A 1.4 m-long fiber section at 42 m strained from 0 % to 16 %: OTDR traces for each strain step 
(left) and backscatter increase relative to the reference measurement (right). 

The sensor characteristic is obtained by integrating the relative increase of the backscattered 

light and dividing it by the strained fiber length, which leads to a factor of backscatter increase. 

This characteristic is plotted in figure 3 for medium strain and high strain up to 45 %. 

 

Figure 3. Sensor characteristic: integrated backscatter increase (factor) for standard POF 

The sensor exhibits good repeatability of the strain response showing maximum variances 

equivalent to 0.5 % strain. However, as mechanical relaxation plays a role in polymers, we also 

observed a decrease of the backscatter level of strained fiber sections with time. This may cause 

measurement inaccuracies when long-term processes are to be monitored.  
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2 MEASUREMENT RESULTS 

Within the POLYTECT project, our research partner, the Saxon Textile Research Institute 

(STFI), and our industrial partner, Alpe Adria Textil, achieved integration of the sensor fibers 

into various textile types without causing optical loss in the fibers. We successfully conducted 

several laboratory tests with various geotextile types, Liehr et al. (2008). Sensor-integrated 

geogrids and rope-like structures performed well in a setup simulating a settlement of soil in a 

sand model box at the University of Kassel. Under laboratory conditions, we were able to 

calculate the strain distribution along the textiles in the sand and measure the length change of 

the textiles. An installation test at a railway embankment proved that the sensor textiles can also 

endure the installation on construction site involving use of heavy machinery without any 

damage. Apart from a small but uniform increase of attenuation along the fibers, we did not 

notice any negative long-term effects within 16 months after installation. 

Our first real field test in an open brown coal pit near Belchatow, Poland, was initiated, 

organized and supervised by our POLYTECT partner Glötzl Baumesstechnik GmbH in close 

cooperation with Budokop and the owner of the coal pit. We were able to install a sensor-

equipped geogrid directly on top of a creeping slope, already investigated and observed by 

traditional inclinometers. The 10 m long geogrid was manufactured by our industrial partner 

Alpe Adria Textil and comprised one standard PMMA POF (Mitsubishi ESKA GHN4001). 

Figure 4 shows the installation of the sensor textile on top of the slope. It is covered with a 10 

cm thick sand layer. The textile is installed with the POF sensor bridging the cleft perpendicular 

to the opening.  

  

Figure 4. Installation of the geogrid at the pit and cleft of the creeping slope 

The geogrid was installed in a slightly corrugated way simulating realistic installation 

conditions. Measurements were conducted before and after installation. At the same time, a 

detailed training and instruction was given to Budokop who conducted the following 

measurements in irregular intervals. This training contributed to the successful measurement 

campaign guided by BAM and Glötzl as soil mechanic expert. 

Figure 5 shows the OTDR traces of the sensor fiber section in the middle of the textile where 

the fiber bridges the cleft.  
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Figure 5. OTDR traces of the sensor fiber at the position of the cleft 

The figure clearly shows backscatter increase due to strain in the fiber at the position where the 

cleft was expected. The magnitude of the backscatter increase relative to the reference 

measurement is shown in figure 6. 

  

Figure 6. Change of the sensor signal relative to the reference measurement 

The first three measurements after installation show a steadily increasing strain signal extending 

over a length of about 7 m. The shape of the backscatter signal of the last two measurements 

indicates that the strain distribution along the textile is not symmetric. The high peak at about 

35 m is caused by a very high and confined strain in the sensor fiber and textile. The magnitude 

of backscatter increase corresponds to a maximum strain in the fiber of more than 10 %. Such 

high strain values can only be measured by polymeric fiber sensors. Silica fiber-based sensor 

systems would have failed at a strain exceeding about 1 %.  

Due to the gradual increase of cleft width, the overlying textile, and therefore the sensor fiber, 

change their absolute length. By evaluating the relative shift of the reflection peaks at both ends 

of the textile-integrated fiber (compare figure 1), we obtained values for the total elongation of 

the fiber sensor indicating the width of the cleft. Figure 7 shows a relatively linear increase of 

the POF length with time.  
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Figure 7. Total elongation of the POF sensor obtained by peak shift evaluation 

The measurements indicate that the creep velocity of the slope was constant during the time of 

observation with an average rate of about 2 mm per day. It has to be mentioned that the here 

presented data for length change contain a relatively high uncertainty owing to measurement 

circumstances. Under optimal conditions, the precision of the length change measurement can 

be in the order of 2 mm. Continuous measurement and online monitoring is possible and would 

provide more precise information of the geotechnical processes. 

3 CONCLUSION 

We introduced distributed POF strain sensors integrated into technical textiles for structural 

health monitoring of earthwork structures. These smart textiles fulfill, additionally to their 

enforcement task, the function as sensor support and ensure direct strain transfer from the 

structure to the sensor fiber. Due to their very high measurable strain range of 40 %, only POF 

sensors can be used for applications where high strain is expected. Lengths up to 100 m can be 

covered with standard PMMA POF but low-loss perfluorinated POF allow to extend the 

measurement range up to 500 m length. The results of a first field test with a smart geogrid 

textile in an open coal pit were presented. The location of the cleft of a creeping slope was 

detected and the creep rate was determined by evaluating the length change of the sensor fiber. 

The test results prove the applicability of POF-integrated sensor textiles for structural health 

monitoring purposes. Further tests in the open mine in Belchatow are being arranged within 

POLYTECT. 
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