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the framework of several German and European projects. 
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ABSTRACT: Technical textiles with embedded distributed fiber optic sensors have been 
developed for the purposes of structural health monitoring in geotechnical and civil engineering. 
The distributed fiber optic sensors are based on Brillouin scattering in silica optical fibers and 
OTDR in polymer optical fibers. Such “smart” technical textiles can be used for reinforcement 
of geotechnical and masonry structures and the embedded fiber optic sensors can provide 
information about the condition of the structures and detect the presence of any damages and 
destructions in real time. Thus, structural health monitoring of critical geotechnical and civil 
infrastructures can be realized. The paper highlights the results achieved in this innovative field 
in the framework of several German and European projects. 

 

1 INTRODUCTION 

Technical textiles are commonly used within several industrial sectors ranging from earthworks, 
construction, civil engineering, transport, to name a few. For example, technical textiles are 
extensively used in construction in form of geotextiles for the reinforcement of earthworks and 
masonry structures. The retrofitting of existing masonry walls and soils structures by technical 
textiles gains more and more importance especially in connection with earthquake protection of 
historic buildings and protection of roads and railway embankments against landslides. By 
incorporating sensors in the textiles, “smart” technical textiles can be realized. Such smart 
technical textiles can interact with their environment. They can sense and react to environmental 
conditions and external stimuli from mechanical, thermal, chemical or other sources. Such 
textiles are multifunctional or even “intelligent”, this is due to the different types of sensors 
incorporated in the textiles. The embedded sensors are sensitive to various measurement 
categories such as temperature, strain or chemical parameters.  

Europe has driven substantial developments in technical textile technologies. Smart technical 
textiles are going to stimulate the European engineering, transportation and construction 
industry. But the most effort in the past was made to integrate non-optical sensors in textiles. 
Optical fibers integrated in textiles were mostly explored for illumination or luminescent 
purposes. Smart technical textiles containing fiber optic sensors are still an exception. When 
integration of sensors in textiles is considered, optical fibers have a serious advantage over other 
kinds of sensors due to their fibrous nature. The optical fiber is in this way similar to textile 
fibers and can be ideally processed like standard textile yarns. Particularly, the integration of 
polymer optical fibers (POF), with their outstanding material properties, in technical textiles has 
not seriously been considered, until now (Krebber et al. 2008). POF offer additional benefits to 
users. They are lightweight, robust, cheap and easy to handle and to install. Especially because 
of their high elasticity and high breakdown strain POF are ideally suited for integration in 
technical textiles. 
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2 DISTRIBUTED FIBER OPTIC SENSORS 

The most important advantage of fiber optic sensors over all other types of sensors is that they 
can provide sensing all along the optical fiber. Distributed fiber optic sensors can thus be 
realized. The ability of distributed fiber optic sensors to measure various physical parameters at 
thousands of points along a single optical fiber is a unique feature of these sensors and is 
unmatched in conventional sensing techniques. The single distributed fiber optic sensor can 
therefore replace the thousands of local point-wise measuring sensors and costs can be reduced. 
The distributed sensing technique is particularly attractive for the monitoring of large structures 
such as dykes, dams, railways, bridges and tunnels. Distributed fiber optic sensors are 
increasingly used in smart-structures applications, as embedded sensors for structural health 
monitoring. Such sensors can serve as “fiber nerves” and can provide a truly distributed 
monitoring of the structural health of the structures in real time. More and more, distributed 
fiber optic sensors have been used as textile-embedded sensors for detecting critical mechanical 
deformations and soil displacement of large earth structures or cracks in masonry buildings and 
heritage structures (Krebber et al. 2010). Measurements can be obtained over areas of several 
hundred meters up to some kilometers and from places that are difficult to access.   

Various physical effects have been utilized to develop continuously distributed fiber optic 
sensors. During the past decades, mainly Brillouin and Raman fiber optic sensors based on silica 
fibers have been used for distributed long-range temperature and strain measurements. Several 
devices based on these techniques are commercially available on the market. Even if the 
development of the distributed Brillouin and Raman sensor technologies has well advanced, 
their use in the structural health monitoring is limited. For instance, the excellent Brillouin 
sensor technique based on silica fibers reaches its limit when strain of more than 1 % occurs. 
Furthermore, silica fibers are very fragile, e.g. while being installed on construction sites. As a 
consequence, special robust and expensive silica fiber cables have to be used in order to avoid 
fiber breakage. Therefore, for many monitoring purposes sensors based on silica fibers cannot 
be reliably used and sensors based on POF have come into focus (Liehr 2011). Compared to 
silica-fiber based sensors, POF sensors offer a high robustness and capability of measuring high 
strain values of several ten percent. The plastic nature of POF provides more rugged fiber cables 
capable of withstanding installation on construction site without fiber breakage.  

3 MONITORING OF GEOTECHNICAL STRUCTURES USING DISTRIBUTED 
FIBER OPTIC SENSORS EMBEDDED IN GEOTEXTILES  

For stabilization and reinforcement of geotechnical structures like dikes, dams, railways, 
embankments, landfills and slopes geotextiles are commonly used. The incorporation of optical 
fibers in geotextiles leads to additional functionalities of the textiles, e.g. monitoring of 
mechanical deformation, strain, temperature, humidity, pore pressure, detection of chemicals, 
measurement of the structural integrity and the health of the geotechnical structure. Especially 
solutions for distributed measurement of mechanical deformations over extended areas of some 
hundred meters up to some kilometers are urgently needed. Textile-integrated distributed fiber 
optic sensors can provide for any position of extended geotechnical structures information about 
critical soil displacement or slope slides via distributed strain measurement along the fiber with 
a high spatial resolution of less than 1 m. So an early detection of failures and damages in 
geotechnical structures of high risk potential can be ensured.  

3.1 Geotextiles based on distributed Brillouin sensors 

The monitoring of extended geotechnical structures like dikes and dams requires sensor 
technologies with gauge lengths of some hundred meters or even more. Sensor systems based 
on Brillouin scattering in silica fibers have been used for such monitoring purposes. Geotextiles 
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with embedded distributed Brillouin sensors for monitoring of critical soil displacements of 
dikes have been introduced within the German research program RIMAX (Risk Management of 
Extreme Flood Events) for the first time (Nöther et al. 2008). RIMAX has mainly focused on 
the development of intelligent monitoring systems for dike protection and was launched as a 
consequence of extreme floods in Germany in the past decade. A low-cost dike monitoring 
system based on the Brillouin sensor technique and geotextiles containing silica fibers as 
distributed Brillouin sensors have been developed within the program (Nöther et al. 2009). 
Distributed Brillouin sensors are well qualified for the distributed monitoring of mechanical 
deformation (strain) of extended geotechnical structures of some hundred meters up to some 
kilometers and no alternative sensor techniques for such monitoring purposes exist so far. 
Because of the strain dependence of the Brillouin frequency of the scattered light (Brillouin 
scattering), sensor systems based on this effect are predestined for distributed strain 
measurements. 

Geotextiles are commonly used in dikes for reinforcement of the dike body and erosion 
prevention. By embedding sensing optical fibers in the textiles, distributed measurements of 
critical mechanical deformations/soil displacements of dikes of several kilometers can be 
realized. So an early detection of failures in dikes, dams and other large geotechnical structures 
can be ensured in order to prevent a total collapse of these structures in case of natural disasters. 
An important task when considering integration of optical fibers in geotextiles is to ensure an 
accurate transfer of the mechanical quantities to be measured, i.e. of strain, from the soil to the 
textile and so to the fiber. For this, a stable and damage-free integration of the optical fibers in 
the geomats is of essential importance. The Saxon Textile Research Institute (STFI) e.V., 
Chemnitz, Germany has developed a technology to integrate optical fibers into geotextiles so 
that the sensing fiber is well affixed onto the textile and the integration procedure does not 
affect the optical and sensing properties of the fibers. Figure 1 shows different types of 
geotextiles with embedded silica fibers. 

  

Figure 1. Two different types of geotextiles (left: nonwoven geotextile, right: geogrid) manufactured by 
STFI, Germany with embedded silica fiber cables. 

The functionality of the fiber-sensors-equipped geotextiles has been proven in several 
installations and field tests in dikes and dams. For example, Figure 2 (left) shows the installation 
of geotextiles with embedded Brillouin sensing fibers in a gravity dam in Solina, Poland. The 
goal of the test was to detect possible geophysical activities in the dam by the fiber-sensor-
equipped geotextiles. Distributed Brillouin measurements have been conducted regularly. 
Figure 2 (right) shows the Brillouin sensor signals measured systematically during the last 2 
years on the fiber sections embedded in the soil. In these fiber sections a mechanical load is 
assumed which results in a change of the recorded Brillouin frequency in these fiber sections.  
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Figure 2. Left: Installation of a non-woven geotextile containing silica fibers as Brilloin sensors in a 
gravity dam in Solina, Poland. Right: Distributed Brillouin signals measured on the fiber sections 
embedded in the soil. 

3.2 Geotextiles based on distributed POF sensors 

To overcome the limit of silica-fiber-based geotextiles, distributed fiber optic sensors based on 
low-priced standard POF and using the OTDR (optical time-domain reflectometry) have been 
developed. Especially the monitoring of relative small areas with an expected high mechanical 
deformation such as endangered slopes takes advantage of the outstanding mechanical 
properties of POF. The monitoring of slopes is a very important task in the geotechnical 
engineering for prevention of landslide disasters and no reliable sensor methods exist, so far.  

   
Figure 3. Left: OTDR trace of POF in unstretched condition (solid line) and of POF with a stretched fiber 
section (broken line). Right: Change of the backscattering as a function of strain measured on standard 
POF. 

The physical effect that is being used to measure mechanical deformation (strain) in POF by the 
OTDR technique is the increase of the level of the backscattered light (Rayleigh scattering) in 
POF at locations where strain is applied to the fiber (Lenke et al. 2007). Figure 3 (left) shows 
the OTDR response of an unstretched POF (solid line) and of a stretched POF (broken line). 
Figure 3 (right) shows the increase of the scattered light in POF versus applied strain. Strain of 
up to more than 45 % was measured using standard POF. However, the attenuation of standard 
POF limits the distance range of distributed POF OTDR sensors to about 100 m. Low-loss 
perfluorinated POF show a big potential as distributed strain sensors for long distances (Liehr et 
al. 2009). It has been shown that using perfluorinated POF it is possible to monitor fiber lengths 
of more than 500 m (Figure 4, left). Recent research has demonstrated, that perfluorinated POF 
allow the measurement of very high strain values of up to 100 % (Figure 4, right). 
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Figure 4. Left: OTDR trace of perfluorinated POF. Right: OTDR signal of perfluorinated POF strained up 
to 100 %. 

Geotextiles with embedded distributed POF OTDR sensors have been developed within several 
German projects and the European project POLYTECT (Liehr at al. 2009). The POLYTECT 
project has particularly focused on the development of polyfunctional technical textiles against 
natural hazards. Technologies for a damage-free integration of POF into different types of 
geotextiles have successfully been developed and demonstrated by several textile partners in 
Europe like STFI, Germany and Alpe Adria Textil, Italy. Figure 5 shows the integration of POF 
into nonwoven geotextiles at STFI e.V. as well as a geogrid containing POF. 

   
Figure 5. Left: Integration of POF into nonwoven geotextiles at STFI e.V. Right: Geogrid containing 
POF. 

During the last years, the POF-equipped geotextiles have successfully moved from the 
laboratory to the field. Several field tests have successfully been conducted, e.g. in an open 
brown coal pit near Belchatow, Poland. Using POF-sensors equipped geogrids installed at a 
creeping slope, clefts in the slope have been detected and the increases of the clefts with time 
have been recorded by the distributed POF OTDR sensors in order to predict dangerous slope 
slides. Figure 6 (left) shows the installation of POF-based-geogrids on the slope. The geogrids 
were manufactured by Alpe Adria Textil, Italy and comprised standard POF. Figure 6 (right) 
shows the OTDR traces of the POF at the location of one of the clefts. The figure clearly shows 
a backscatter increase due to strain in the fiber at the position of the cleft. The high peak at 
about 35 m is caused by a very high strain in the sensor fiber and the textile. The magnitude of 
the backscatter increase corresponds to a strain in the POF of more than 10 %. Such high strain 
values can only be detected by using POF sensors; silica fiber-based sensors will fail already at 
a strain of about 1 %. The successful demonstration of the distributed POF OTDR sensors in the 
field and the huge interest of the geotechnical industry in these sensors resulted in the 
development of the first commercially available product based on distributed POF sensors – 
GEDISE: Distributed Sensor Technique in Geotextiles using POF (Figure 7).  
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Figure 6. Left: Installation of a geogrid containing POF at a creeping slope in a brown coal pit near 
Belchatow, Poland. Right: POF OTDR traces at the position of one of the clefts in the slope. 

 
Figure 7. Leaflet of GEDISE: Distributed Sensor Technique in Geotextiles using POF (developed by 
Glötzl GmbH, Germany, Alpe Adria Textile, Italy and BAM, Germany and commercially available by 
RG Research and Glötzl GmbH, Germany). 

4 MONITORING OF MASONRY STRUCTURES USING DISTRIBUTED FIBER 
OPTIC SENSORS EMBEDDED IN TECHNICAL TEXTILES  

The safety and management of masonry and heritage structures and the prediction of their 
structural performance require continuous monitoring and maintenance. Damages affect the 
current and future performances of these structures and, therefore, permanent damage detection 
and localization is necessary in order to quickly take actions in case of expected structural 
collapse. The motivation to monitor masonry structures by sensor-equipped technical textiles is 
to strengthen the masonry body and enhance the ductility of the structures and at the same time 
to monitor the structural health and detect any damage of the structures, e.g. due to earthquakes. 
The development of sensor-based technical textiles containing fiber optic sensors for the 
retrofitting of masonry structures was an innovative task of the European project POLYTECT. 
The targeted applications were masonry and heritage structures that are structurally vulnerable, 
for example in earthquake regions. The new and advanced textile structures containing optical 
fibers as sensors will be able to increase the ductility and the structural strength of the masonry 
structures and to prevent structural damage. 

Typical structural damages of masonry that have to be detected are cracks, e.g. due to 
earthquakes in earthquake regions. Distributed POF OTDR sensors have proven to be very 
promising for such monitoring purposes since they not only enable distributed strain 
measurement, they are also appropriate to detect very small cracks. For example, Figure 8 
shows the monitoring of a crack opening in a masonry structure using a textile-embedded POF 
OTDR sensor. A technical textile containing standard POF was applied to the surface of the 
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masonry sample. Using the POF OTDR technique it was possible to detect a crack opening of 1 
mm and also the increase of the crack width up to 20 mm in steps of 2 mm (Figure 8, right). 

   
Figure 8. Monitoring of a crack opening in a masonry structure (Institute IfMB at the University of 
Karlsruhe, Germany) with a POF-equipped masonry textile (STFI e.V., Chemnitz, Germany). Right: POF 
OTDR backscatter signals at the location of the crack at different crack opening steps. 

  
Figure 9. Application of technical textiles on a masonry building at the Eucentre in Pavia, Italy (textiles: 
Selcom, Italy; field test: D’Appolonia S.p.A., Italy). 

   
Figure 10. Detection of cracks in the masonry wall by a textile-embedded distributed POF OTDR sensor 
after several seismic shocks were applied to the building.  

During the last years, several field tests have successfully been conducted on real masonry 
buildings reinforced by POF-sensors based technical textiles, e.g. at the Eucentre in Pavia, Italy 
(Figure 9). The testing procedures included several strong seismic shocks (simulating 
earthquakes) that resulted in several cracks in the masonry walls. The task of the distributed 
POF OTDR sensors was to provide information about the existence and location of cracks in the 
walls. The occurred cracks were clearly detected and localized by the distributed POF OTDR 
sensor (Figure 10) which demonstrated the potential of this technique to be used for damage 
detection of masonry and heritage structures. 
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5 CONCLUSIONS AND OUTLOOK 

A number of research activities considering the development of fiber-sensor-based technical 
textiles for stabilization and structural health monitoring of geotechnical and civil 
infrastructures are running in Europe. Several German projects and the European project 
POLYTECT deal with the development of distributed fiber optic sensors for monitoring of 
geotechnical and masonry structures, providing an alarm signal in case of structural damage. 
Multifunctional, smart technical textiles incorporating fiber optic sensors are a cost-effective 
solution to increase the structural safety of the structures. The intended breakthroughs include 
the use of such textiles for reinforcement and at the same time for monitoring of earthworks and 
masonry walls, giving online information on the state and the performance of the structures and 
so preventing a total collapse. Such reliable on-line, long-term monitoring systems will improve 
the chance of an early detection and the location of “weak points” and damages, and will make 
it possible to react rapidly and to control damages.  

For that, particularly distributed POF OTDR sensors have been developed and successfully 
demonstrated. Sensors based on POF take advantage of the high elasticity and high break-down 
strain of POF allowing distributed sensing of strong mechanical deformations (strain of more 
than 40 %) of soil and masonry walls. The POF are robust, easy to handle and so to install on 
construction sites. During the last years, the distributed POF sensors have successfully moved 
from the laboratory to the field. However, despite the many advantages of POF sensors, there is 
still a gap between existing POF sensor technologies and the requirements of applications 
(Krebber et al. 2010). For example, the monitoring of large geotechnical and civil 
infrastructures require fiber sensor lengths of several hundred meters or even more in order to 
get information about the entire structure. Due to the high attenuation of standard POF, the 
maximum distance range is limited to about 100 m. To extend the distance range or to 
interrogate several POF sensors simultaneously, the development of multichannel POF OTDR 
devices and POF multiplexers should be targeted in the future. Nowadays, the most common 
fiber sensor technique for distributed strain detection is still based on Brillouin scattering. Since 
this scattering process inherently depend on the fiber strain, sensor systems based on this effect 
are naturally devoted to performing strain measurements. Even if the development of distributed 
POF sensors based on OTDR has considerably advanced, there is low advancement in the 
investigation of Brillouin scattering in POF for sensing applications. Distributed POF sensors 
based on these effects are a challenge and are regarded as the next generation distributed fiber 
optic sensors. Therefore, more research effort should be devoted to the development of 
distributed POF sensors in the near future in order to utilize the full potential of this innovative 
sensing technology. It is expected that new distributed POF sensors will appear soon and the 
POF sensor technology will become a “mainstream” sensing technology for some applications 
in the structural health monitoring of geotechnical and civil infrastructures.        
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