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Abstract: Developments of sensor- integrated geo-textiles are reported. Processing optical sensors in textiles is a big challenge. The textile- machines used in the tests have to work very precisely. The sensing system in question uses Stimulated Brillouin Scattering (SBS) in silica optical fibers. Using the Brillouin frequency analysis, the system is capable of detecting strain. The strain experienced by optical fibers depends on the deformation of geo-textiles. To meet the requirements of dike structures, this sensor- integrated geo-textile system is being optimized to detect soil displacement.
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1. introduction

As a consequence of the recent floods in Central Europe in 1997 and 2002, a large part of the existing defense systems – such as dikes and dams– had to be rebuilt or reinforced, using state-of-the-art knowledge. In modern dike construction, it is common procedure to embed geo-synthetics like non-woven and grid structures into the soil body of the dike. These textile structures act as filters and drainages to control the seepage line inside the soil body. They are also integrated for strengthening the dike and preventing surface erosion.

In case of an extreme flood, even modern dikes may lose their integrity due to various geophysical mechanisms, as illustrated in figure 1. River dikes are primarily endangered by erosion, seepage and slipping of the landside slope.
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Figure 1: A selection of typical failure mechanisms for river dikes.

Performing an analysis of the health integrity of the dike body and predicting the time and location of an imminent failure, has proven to be very difficult. While surface inspection cannot identify weak spots in time, numerical models that simulate soil and hydraulic mechanisms often lack accurate geophysical data. A fully distributed system for the detection of soil displacement would provide valuable data in case of a flood. This information is the basis for making decisions to decide concerning further activities (reinforcements, evacuation etc.). 

Such a measurement system can be realized by means of Stimulated Brillouin Scattering (SBS) in optical fibers. With this technique, the longitudinal (one-dimensional) strain of silica optical fibers (which the fibers will experience in case of soil displacement) can be measured and spatially resolved (Johannson et al. 2005). 

2. THE COMPONENTS OF THE SENSOR integrated Geotextile SYSTEM

A geo-textile structure with integrated optical sensors is made up of the following four components:

· System of measuring instruments

· Connecting systems (forerunner fibers, end-runner fibers, plugs

· Sensor-optical fibers (silica optical fibers)

· Textile structure to position and protect the sensor-optical fibers 

A brief technical description of the measurement principle will be provided in section 2.1. Details about the cable construction of the optical fiber will be reported in section 2.2.

The integration of the optical fibers into geo-textiles and the interrelationship between the measurement signals and the textile construction are described in sections 2.3 and 3.

Displacement and movement of soil cannot be measured directly by the sensors. The detection is performed via the measurement of longitudinal strain of the optical fibers. This means that a long transfer chain of various physical quantities has to be considered. 

This process chain is shown in figure 2. Critical displacement occurring inside the soil has impacts on the stress of the geo-textile in both dimensions (the geo-textile can be regarded as a two-dimensional object).
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Figure 2: The components of a sensor integrated geo-textile system for dike monitoring and the transfer chain of physical quantities

Stress caused by the soil displacement on the geo-textile exerts strain in the textile material and in the cabling and coating material of the optical fibers. Depending on the cable construction the optical silica fiber can slip inside the cable. Such effects and the stress which is transferred to strain the optical fiber have to be quantified in a calibrating process. 

In the following sections, the research on the different components will be presented, beginning from the right in figure 2.

2.1 Brillouin frequency domain analysis

Distributed strain measurement in silica optical fibers is performed by means of Stimulated Brillouin Scattering (SBS). This effect describes the interaction of two counterpropagating light waves with an acoustic wave (Agrawal 2001). The acoustic wave is excited by the interference field of the light waves and transfers optical power from one light beam (the Pump beam) to the other (the Stokes beam). When the frequency difference of the light waves equals the frequency of the sound wave in the medium, this power transfer has its maximum. Because the frequency (and speed) of sound depends on both temperature and strain of the medium, the SBS allows to measure these quantities in an optical fiber (Bao et al. 1996). By coupling two laser beams into an optical fiber from opposite ends, tuning the frequency difference between the lasers and measuring the amplification of the Stokes beam or the depletion of the Pump beam, a characteristic Brillouin gain spectrum (BGS) can be recorded (Nikles et al. 1997). This effect is used to quantify and qualify the interrelationship between strength and strain on a textile integrated optical fiber with a spatial resolution of less than 3m. 

The spatial resolution of the measurement system integrated into a geo-textile must be smaller than the areas of soil displacement which are considered to be critical. For river dikes, a spatial resolution of 5m over a range of up to 10 km is demanded.

2.2 Development of a sensor cable for strain measurement

Silica optical fibers are sensitive to bending and mechanical stress. The minimum bending radius without an increase of optical attenuation is 32 mm. The fibers would immediately break if they were laid out on a construction site and covered with soil without any further protection. The use of a strong coating and cabling material in connection with a protection realized by the textile material are necessary. 

Typically, the optical fiber elements are individually coated with plastic layers and contained in a protective tube. However, a good protection raises the problem that the strain induced in the cable by the movement of the soil will not be transferred to the optical fiber. Therefore, a trade-off is needed between the protection of the fiber and the preservation of its sensing ability (Inaudi et al. 2006).

On the other hand, buffering of the fiber inside the cable also provides the opportunity to adjust the operating range of the strain sensor. If the expected strain induced in the cable is much higher than the maximum strain of the fiber, the area of possible strain can be extended in this way. It must be stressed, however, that such a buffering will always decrease spatial resolution of the strain measurement. Many tests have been performed to investigate the behavior of standard optical cables used for indoor telecommunication networks in order to find out the best parameters for a sensor cable. Reasonable results have been achieved using a cable with a 900 μm secondary coating, aramid fibers for strain relief and a 3 mm third coating. With this cable, slipping of the fiber and insufficient spatial resolution are prevented. Therefore a special cable was developed and produced by Fiberware, Mittweida (Germany), to combine the need for the protection of the fiber during construction activities with accurate strain transfer to the optical fiber. The structure of this cable is shown in figure 3.
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Figure 3: Longitudinal section and photograph of the special cable for distributed strain sensing in the soil body of river embankments. The cable was developed and produced by Fiberware, Mittweida (Germany). The photograph on the right shows the cable during the integration into non-woven geo-textiles at STFI, Chemnitz (Germany).

2.3 Integration of optical fibers into geosynthetics

Geo-synthetics (among them non-woven geo-textiles and open grid structures) perform multiple tasks in modern dike construction. Non-woven textiles are embedded into the soil for filtering, drainage, separation of soil layers etc. 

A novel method for integrating the coated optical fibers into a special geo-textile structure has been developed at the Saxon Textile Research Institute (STFI) in Chemnitz (Germany). 

The integration of the optical fibers into the textiles has two main advantages:

1. In case of soil displacement, the geo-textile will be stressed in its two dimensions. This stress will be transferred to longitudinal strain of the coated optical fiber. Based on the integration into the textile structure the sensor operates as a two-dimensional sensor for displacement with no dependence on the direction in which the soil slides when settlement or erosion occur. This is a clear advantage over a single optical fiber directly embedded into the soil.

2. Since the use of geo-synthetics has been common procedure in geotechnical engineering (dike construction being only one application of many) for several years now, the techniques for embedding the sensor-based geo-textiles are available on the construction sites. Although special care has to be taken when handling the sensor-based textiles, no extra work step is needed for the embedding of the fiber optic sensors into the soil body of the dike.

Processing optical sensors in textile structures is a big challenge. Thread-guiding machine systems as well as the working components of the raschel nonwoven warp-knitting machine which is used for the purpose need to function very precisely. A picture of the specially developed sensing cable integrated into a non-woven geo-textile by means of a warp-knitting technique at STFI is shown in figure 4.
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Figure 4: sensing cable integrated into a non-woven geo-textile by means of a warp-knitting technique at STFI

3. Field tests

The first issue that has been investigated on construction sites was the robustness of the sensor-based geo-textiles for the embedding procedure into the soil. A first test of embedding a geo-textile on a river dike of the Mulde (near the city of Dessau, Germany) has shown that the use of heavy machinery directly on top of the geo-textile can damage the optical fibers and might lead to the loss of all sensing abilities. However, a subsequent test on a gravity dam in Solina, Poland, showed that with manual application of a soil layer of approximately 20 cm onto the mat rolled out on the ground, sufficient protection is provided for the coated fibers to preserve their optical characteristics12 . OTDR- Measurements on these fibers showed that even after 14 months no significant optical attenuation could be observed.

For the first time, distributed strain measurements using Brillouin scattering on sensor-based geo-textiles embedded into soil have been performed. These tests were performed at a laboratory dike (15 m long, true to scale) at the University of Hannover. A 70 x 70 cm lifting bag was embedded into the soil at the landside dike foot in an upright position. The sensor-based geo-textile was placed on top and was covered with a soil layer of approximately 30 cm.
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Figure 5: The photographs show, from left to right, the laboratory dike at the University of Hannover, the lifting bag before embedding into the soil, and the soil displacement induced by the lifting bag, visible on the surface of the dike foot

The lifting bag was inflated by air pressure, which led to a break of the inner slope and to the lifting of the upper soil layer, both applying stress to the geo-textile. Brillouin measurements were performed at several values of air pressure applied to the lifting bag. The soil displacement caused by the lifting bag was detected and spatially resolved. A selection of Brillouin gain spectra illustrating the detection of the soil displacement is shown in figure 6.

A section of Brillouin gain spectra moving towards higher values of Brillouin shift (corresponding to higher strain of the optical fiber) is clearly visible. The visible area of soil displacement on the dike had a diameter of approximately 2 m. The section of shifted Brillouin gain spectra in the measured signal has a length of 3 m.
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Figure 6: Measurement of the Brillouin gain spectra at the stressed section of the sensor-based geo-textile mat in the laboratory dike at the University of Hannover. At 210 m from the beginning of the optical fiber, a lifting bag was inflated by air pressure. The figures show measurements taken at 3 bar, 4.2 bar and 6 bar of air pressure. 

4. CONCLUSIONS

A system for the detection and localization of critical soil displacement in river embankments is presented. The system detects soil displacement by means of distributed Brillouin sensing in silica optical fibers. The basic principle of this technique has been explained. The integration of the optical fibers into non-woven geo-textiles is a convenient method to obtain a sensor-based geo-textile that can be embedded into the soil body of the dike. The interaction between the components of the sensing system has been investigated and verified in several laboratory and field tests. For the first time, distributed strain measurements using Brillouin scattering in optical fibers integrated into geo-textiles have been performed. 
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