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ABSTRACT: We report on the development of a distributed sensing system especially designed for
monitoring tasks within large earth structures, such as river and coastal dikes, dams, landfills, railway
embankments or roads. The system combines a novel technique for distributed deformation
measurements employing stimulated Brillouin scattering in silica optical fibers for strain sensing, an
especially designed fiber optic cable solution for measurements within soil structures and a technique to
embed fiber optic sensors into geosynthetical structures.

1 INTRODUCTION

When the long-term stability of geotechnical structures is to be relied on, visual inspection will
generally not suffice to obtain a feasible estimation of the structure's health; the application of
constant  monitoring  systems  becomes  unavoidable  for  structures  of  ever  increasing  size,
complexity and vulnerability. Fiber optic sensors – with their known advantages concerning
immunity to lightning puncture,  chemical  resistivity, the sensors'  geometrical  dimension and
cost – are already a common tool for such monitoring tasks. While such sensing techniques as
Fiber  Bragg  Gratings  or  Fabry-Perot-Interferometry  are  point-wise  sensors  which  lack  the
ability to perform real distributed measurements, Brillouin sensing in silica optical fibers has
proven  to  be  a  very  promising  approach  for  monitoring  of  large  structures  when  a  truly
continuous profile of possibly occurring deformations is required, as reported by Nikles et al.
(1996) as well as Inaudi et al. (2006).

Several systems performing distributed Brillouin measurements are commercially available for
structural health monitoring. Most of them are devices to be obtained off the shelf and are, in a
separate design step, to be combined with a sensor concept (cabling of the optical fibers, on-site
application  techniques);  applications  on  pipelines,  landfills,  bridges  and  embankments  have
been reported.

 Our contribution to this recently developing branch is to provide a system which is especially
designed for the monitoring of large earth structures (the original development was focused on
river embankments). The system presented here forms a complete sensing solution in contrast to
separate  off-the-shelf  components  that  have  to  be  combined  for  each  newly  emerging
application.  In  this  overall  concept,  the  tailored  interaction  of  the  following components  is
provided:
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The sensing unit,  which sends  and receives  the  optical  probe signals  from which a
distributed  profile  of  the  longitudinal  strain  of  the  optical  fiber  is  derived  and
transferred into a solid estimation of deformation within the structure. The characteristic
figures  of  such  a  measurement  device  are  spatial  resolution,  strain  resolution,
measurement length and data acquisition time. Since each of these parameters can be
improved at the cost of the others, tailoring of a measurement unit is feasible for each
application. Therefore, the device being part of the overall system design procedure is
rewarding with respect to the resulting performance.

The  optical  cable  as  the  task  of  protecting  the  optical  fiber  while  simultaneously
maintaining its sensitivity to applied mechanical stress. Within the cable, the sensitivity
can be adjusted by tuning several parameters (strain relief, buffering etc.) in order to
tailor the cable for different applications.

Embedding the sensor into the structure requires a proof concept for an adequate force
transfer from possible deformations to the sensor. Here, the embedding of fiber optic
cables into geosynthetics as they are commonly used in geotechnics fulfill not only this
requirement, but also provide a feasible way of on-site application, since the sensor-
equipped geosynthetics can be embedded as usual; little further work steps are needed
for the installation of the monitoring system.

Figure  1.  Complete  system  for  distributed  monitoring  of  deformations  in  geotechnical  structures
(application example: monitoring of river embankments).

An example for an application of the complete monitoring system is shown in figure 1. Details
concerning the principles of the several system components will be described in the following
sections,  focusing  on  the  innovations  of  the  system  compared  to  commercially  available
concepts.

2 THE SYSTEM COMPONENTS

2.1 The measurement unit

2.1.1 General principle

Stimulated Brillouin scattering is a nonlinear optical effect, basing on the interaction of light
with acoustic resonances. In silica optical fibers, this phenomenon can be used to measure the
changes  in  temperature  and  density  (the  latter  generally  caused  by  longitudinal  strain).  In
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Brillouin sensing, a laser is sent into the sensing fiber; due to Brillouin interaction, a part of the
light will be shifted in its optical frequency and scattered back to the origin of the fiber, where it
can be received and analyzed. The frequency shift is proportional to the temperature and strain
of the optical fiber.

In  order  to  perform spatially  resolved  measurements,  the  excitation  of  stimulated  Brillouin
scattering is combined with techniques of optical pulse reflectometry. In commercially available
devices,  short  optical  pulses are sent along the sensing fiber;  they will experience Brillouin
interaction at every point of the fiber. If the backscattered light is recorded over time, a spatially
resolved profile  of  the frequency shift  (and thus,  temperature  and strain)  along the fiber  is
recorded.

We present an alternative approach, in which the pulses are split into their spectral components
before they are sent into the sensing fiber. This technique is called Brillouin frequency domain
analysis  (BOFDA)  and  was  first  presented  by  Garus  et  al.  (1997).  It  reduces  the  required
bandwidth  of  the  optical  and  electrical  components  and  enables  a  less  complex  and  cost-
intensive device than the commercially available solutions.

Figure 2. Basic concept of the measurement unit and the configuration of the fiber optic sensors.

The  measurement  unit  which  is  presented  here  employs  a  novel  digital  data  acquisition
technique, which takes advantage of the reduced bandwidth required in BOFDA measurements.
Since the laser that is injected into the fiber has to be sinusoidally modulated up to 50 MHz (for
a spatial resolution of 2 m), the backscattered optical signal can be digitally sampled using state-
of-the-art  analog-to-digital  converters  and is  processed  off-line  by means  of  modern digital
signal processing methods, avoiding complex and expensive analog components such as filters,
oscillators and circuitry for signal analysis. The basic concept of the measurement unit is shown
in figure 2.

2.1.2 Measurement results of the BOFDA technique

Evaluation  of  the  measurement  system  has  been  performed  using  sections  of  single-mode
optical  fibers  (Corning  SMF-28e)  which  are  standard  fibers  for  optical  telecommunication
systems. A fiber of a total length of 220 m has been divided into several sections on which
different  quantities  of  longitudinal  strain  were  applied.  This  creation  of  a  calibrated  strain
profile enabled us to compare different approaches of distributed Brillouin measurement: The
laboratory setup of the BOFDA technique, using an analog vector network analyzer (VNA) for
generation,  acquisition and analysis  of  the Brillouin signals,  recorded the spatially  resolved
strain profile of the fiber; this measurement serves as a reference for the measurement using the
all-digital  approach,  in  which both  generation  and  processing  of  the  signals  are  performed
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partially on-board within a specially developed digital hardware (generation of the sinusoidal
signals, conversion of the backscattered optical signals), and partially offline after buffering the
data and transferring them to a computer (filtering, extraction of the spectral components of the
pulse response, reconstruction of the spatially resolved strain profile). The results from both the
reference measurement using the VNA and the all-digital measurement are shown in figure 3.

Figure 3. Measurements with two setups for distributed Brillouin sensing on a calibrated strain profile.

It is evident that even the short sections of applied strain (< 4 m) are detected by the system; the
digital measurements fulfills all requirements on spatial and strain resolution at a performance
comparable to the VNA at an enormously reduced effort and cost.

2.2 The sensing cable

An appropriate  method  for  embedding  optical  fibers  into  soil  has  to  be  developed,  if  soil
displacement is to be detected by means of longitudinal strain in optical fibers. Silica optical
fibers are sensitive to bending and mechanical  stress.  The minimum bending radius without
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  is  therefore  mandatory.  Standard  cabling  concepts  can
provide protection for the fibers by means of strain relief and buffer layers. However, a good
protection brings the problem that the strain induced in the cable by movement of the soil will
not be transferred to the optical fiber. Therefore, a trade-off is needed between protection of the
fiber and preservation of its sensing ability. 

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 region of possible strain can be extended this
way. It must be stressed, however, that such a buffering will always decrease spatial resolution
of the strain measurement. 

Therefore, a special cable was developed and produced by Fiberware, Mittweida (Germany), to
combine the need for protection of the fiber during construction activities with accurate strain
transfer to the optical fiber. The structure of this cable is shown in figure 4; it was reported by
Kuka et al. (2008).
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Figure 4. 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  after  integration  into  non-woven  geotextiles  at  STFI,
Chemnitz (Germany).

2.3 Embedding fiber optic sensors into geosynthetics

Geosynthetics (among them non-woven geotextiles and open grid structures) perform multiple
tasks in the construction of moder geotechnical structures. Non-woven textiles are embedded
into the soil  for  filtering, drainage,  separation of soil  layers  etc.  Within the sensing system
presented in this work, a method for integration of the coated optical fibers into these textiles,
developed at the Saxon Textile Research Institute (STFI) in Chemnitz (Germany), is employed.
Such  sensor-equipped  geosynthetics  can  be  seen  as  one  single  component  performing  the
distributed strain sensing while simultaneously performing the original geotechnical tasks of the
geosynthetics. The integration of the optical fibers into the textiles holds two main advantages:

1. In case of soil displacement, the textile mats will be stressed in their two geometrical
dimensions. This stress will be transferred into longitudinal strain of the coated optical
fiber.  We  thereby  obtain  a  two-dimensional  sensor  for  displacement  with  no
dependence of the direction in which the soil  is sliding when settlement  or erosion
occurs. This is a clear benefit over a single optical fiber directly embedded into the soil.

2. Since the use of geosynthetics is common procedure in geotechnical engineering, the
techniques  for  embedding  sensor-equipped  geotextiles  are  readily  available  on  the
construction sites.  Therefore,  very few extra work steps (such as connecting several
sections of sensor mats by means of fusion splices) are needed for the embedding of the
fiber optic sensors into the soil body of the dike.

A picture of the specially developed sensing cable integrated into a non-woven geotextile by
means of a warp-knitting technique at STFI is shown on the right of figure 4.

3 EVALUATION OF THE COMPLETE SENSING SYSTEM

In  order  to  obtain  a  solid  estimation  of  the  overall  system  performance  –  including  the
performance and accuracy of the measurement unit as well as the feasibility of the cabling and
embedding solutions – several laboratory and field test were performed and have been reported
in Nöther et al. (2008). From tests in which sensor-equipped geosynthetics where embedded
into the soil on real-life construction sites, it became evident that this technique allows a gentle
method of applying the fiber optic sensors on the monitoring structure without endangering the
optical characteristics of the delicate silica fibers.
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3.1 Experiments at the net test bench

For the validation of the overall system, tests have been performed at the net test bench at STFI
in Chemnitz, Germany.  This test bench is originally used for the evaluation of net structures for
logistics, safety and security applications (luggage nets, safety nets in sport stadiums etc.). The
setup of the test bench consists of a rectangular steel frame of adjustable dimensions (for our
experiments, it was fixed to a square of approximately four by four meters) around a pit, from
which a hydraulic indenter with a mushroom-shaped head can be risen. The indenter will apply
mechanical stress to a textile (net, geogrid, fleece mat etc.) that is fixed on the frame, allowing
to determine the maximal mechanical load that the textile under test is able to withstand. A
basic drawing of the test bench is given in the left-hand image in figure 5, while figure 6 shows
a photograph of the setup.

Figure 5. The net test bench with the mushroom-shaped hydraulic indenter at STFI. Right: Configuration
of the sensing cables in the fleece mat under test. In the sensing cable, sections (1), (3) and (4) are formed
by the Fiberware special sensing cable; sections (2) and (5) are standard communication indoor cables.

Within  the  test,  both  a  standard  telecommunication  indoor  cable  (off-the-shelf  product  by
Nexans)  and  the  specially  developed  sensing  cable  from  Fiberware  were  employed.  This
comparison  allowed the  evaluation of  the impact  of  different  cable solutions on distributed
strain measurements:  Since the special cable is produced with a coating applied to the fiber
much tighter than it is done in the standard cable, the trade-off between protection and force
transfer could be investigated.

Figure 6: Photograph of the fleece mat stressed by the mushroom-shaped indenter at STFI.

With the mat fixed on the bench, the indenter was raised from its pit, stretching the textile in its
two geometrical  dimensions.  Distributed strain measurements  using the BOFDA setup were
performed  at  several  steps  of  elevation  of  the  indenter.  Figure  7  shows  the  results  of  the
distributed measurements after the curve-fitting procedure of the Brillouin gain spectra. For the
reference measurement taken after fixing the textile mat on the frame as well as for three steps
of elevation of the indenter, the five sections of strained fiber are clearly visible The sensor
system showed a reliable performance; the relation of the longitudinal strain experienced by the
fibers in the two different cable solutions to the real elongation of the textile corresponds to the
expectation from the above considerations: With the lose buffering of the standard cable (in
contrast to the tightly applied coating of the special cable), the fiber slips inside the standard
cable an thus experiences far less strain; the special cable by Fiberware provides a very direct
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transfer of applied stress to longitudinal strain. It reliably captures and localizes the sections of
applied stress within the geotextile.

Apart  from  the  successful  evaluation  of  the  specially  developed  cable,  the  most  relevant
conclusion to be drawn from the measurements on the net test bench is the feasibility of the
concept to integrate one-dimensional  sensors (optical  fibers)  into two-dimensional  structures
(geotextiles) in order to achieve higher sensitivity to displacement of arbitrary orientation. In
figure 7, it becomes visible that even the fiber sections that were not placed directly above the
indenter head, but rather remotely from it (namely sections (1), (2) and (3)) were able to reliably
detect the mechanical stress that the textile experienced. Even deformation of the textile in an
orthogonal  orientation to  the  sensing fiber  leads  to  deformation  of  the  cable  which applies
detectable longitudinal strain to the optical fiber.

Figure 7: Results from the distributed strain measurement on the net test bench at STFI. See figure 6 for
the configuration of the fibers with the corresponding enumeration.

3.2 Experiments on a laboratory dike

For the first time, distributed strain measurements using Brillouin scattering on sensor-based
geotextiles embedded into soil have been performed. Such tests have been carried out at the
laboratory dike (15 m long, true to scale) of the university of Hanover. A lifting bag with the
size of 70 x 70 cm was embedded into the soil at the landside dike foot in an upright position.
The  sensor-based  geotextile  mat  was  placed  on  top  and  was  covered  with  a  soil  layer  of
approximately 30 cm. 

Figure 8: The photographs show, from left to right, the laboratory dike at the University of Hanover, 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.
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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 geotextile.  BOFDA measurements
were performed at several values of air pressure applied to the lifting bag. The soil displacement
caused by the lifting bag has been detected and spatially resolved. Three plots showing the
spatially resolved intensities of Brillouin interaction which illustrate the detection of the soil
displacement are shown in figure 9.

Figure 9: Measurement of the Brillouin gain spectra at the stressed section of the sensor-based geotextile
mat in the laboratory dike at University of Hanover. 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.

A  section  of  Brillouin  gain  spectra  moving  towards  higher  values  of  Brillouin  shift
(corresponding to higher strain of the optical fiber) is evident from the graphs. 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.

4 CONCLUSIONS

A complete  system for  distributed  monitoring  of  the  structural  health  of  large geotechnical
structures  has  been  presented.  The  system  employs  a  measuring  unit  which  bases  on  the
spatially resolved measurement of longitudinal strain along silica optical fibers by means of
Brillouin frequency domain analyses,  using a novel all-digital signal processing approach to
acquire the spatially resolved data. As a sensor, a special optical cable was developed which
provides an adequate transfer of forces form the monitoring structure into longitudinal strain in
the fiber. For application of the system on construction sites, a technique for integrating optical
fiber sensors into geosynthetics was developed and experimentally evaluated. 

With a  spatial  resolution of  2 m over a length of more than 5 km, the system performance
fulfills  the  requirements  for  monitoring  of  geotechnical  structures  such as  dikes,  dams  and
railway embankments.  The embedding of the sensors  into  geosynthetics  provides  a  feasible
method  for  on-site  application  of  the  system.  The  all-digital  measurement  unit  promises  a
significant advantage in terms of cost and performance over commercially available Brillouin
systems.
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