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1 INTRODUCTION 

Construction of highways or railway lines requires a de-
tection exercise of localised sinkholes in areas at risk. 
However, such cavities either cannot be detected or ap-
pear after the structure construction (e.g. karstic cavities). 
In area at risk, it is necessary to use reinforcement tech-
niques; those with one or many geosynthetics could be 
especially interesting because it is easy to install and 
relatively inexpensive. A research test program concern-
ing geosynthetic reinforcement solutions (RAFAEL), has 
already been carried out by a group of laboratories 
(Giraud 1997). 

In spite of the reinforcement, a risk occasionally re-
mains with respect to the development of the sinkhole to-
ward the surface. To avoid failure the detection system 
must anticipate the first signs of any movement at the sur-
face. Consequently, the efficiency of the reinforcement 
system could be improved by a warning system installed 
within the construction. 

To solve this type of problem, Bidim Geosynthetics and 
ID-FOS launched the “Geodetect” program to develop a 
warning system based on optical technology inserted 
within a geosynthetic. An experimental program with labo-
ratory tests and full-scale experiments was carried out to 
validate this new system performance. 

2 EXISTING MONITORING SYSTEM 

To establish a state of the art system in the localised 
sinkholes survey domain, various monitoring systems 
were investigated. They were classified in three groups:  

• Usual sensors, 
• Electric warning system, 
• Ground Penetrating Radar. 

2.1 Usual sensors 

In this group, two kinds of sensor are distinguished: sen-
sors fixed to the geosynthetic (to measure the strain) and 
sensors installed within the soil (to measure the settle-
ment). 

Various kinds of sensors could be fixed to the geosyn-
thetic (Buonanno et al. 2000): strain gauge, rod exten-
someter and inclinometer. These sensors could be used 
only for punctual measures during a full-scale test for ex-
ample. They cannot be used in a warning system be-
cause their lifetime in soil is short and they require a high 
degree of attention when installed on a geosynthetic. 

Sensors in soil could not be used in a warning system. 
The use of settlement gauges requires a great deal of 
care to install correctly within the embankment. The Hy-
drostatic Profile Gauge could be used in a warning sys-
tem in an area at risk with a length of a few hundred me-
ters, but it could only detect the larger localised sinkholes. 

2.2 Electric warning system 

A warning system was tested in a test frame for a full-
scale experiment for localised sinkholes detection (Ast 
and Haberland 2002, Leitner et al. 2002). 

This device is constituted by a non-woven-signal-wire-
matrix: two non-woven geotextiles are fitted together with 
electric wires in-between. With this newly developed 
composite, the deformation below the warning layer is in-
dicated by the increase of electric resistance. 

This device seems to be efficient for cavity detection. 
However, the electric aspect of this device is a major dis-
advantage for railway-line application (electrical interfer-
ences with systems of rail signs etc…). 
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2.3 Ground Penetrating Radar 

Ground Penetrating Radar is a non-intrusive electromag-
netic geophysical technique for subsurface exploration, 
characterization and monitoring. It is widely used in locat-
ing utilities, environmental site characterization and moni-
toring, unexploded ordnance and land mine detection, 
groundwater, pavement and infrastructure characteriza-
tion (Simonin 2002), mining, void, cave and tunnel detec-
tion, sinkholes, subsidence, karst, and a host of other 
applications. 

The application of such a device to the sinkholes sur-
vey is easy and requires the lay out of a wave reflective 
layer. However, this device requires: 

• A daily detection and could be expensive, 
• The traffic of vehicles above the cavity to detect 

it which could be hazardous.  

3 THE NEW WARNING SYSTEM 

In this context, the “Geodetect” program was launched to 
develop a warning system based on optical technology 
within a geosynthetic. This system has the advantage of 
combining reinforcement with an early warning system  

 

Fig.1 Fibre Bragg Grating principle  

3.1 The reinforcement geotextile 

The reinforcement geotextile is a ROCK PEC geotextile 
constituted by a non-woven and a PET reinforcement 
yarns. Yarns are needle punched to the non-woven in the 
main production direction. 

3.2 Optical technology 

The use of optical fibres for monitoring expanded in the 
1980s. Various monitoring devices were developed. Our 
warning system uses the technique of the Fibre Bragg 
Gratings (FBGs).  

Fibre Bragg Gratings (FBGs) are diffracting elements 
printed in the photosensitive core of a single mode optical 
fibre. This grating reflects a spectral peak based on the 

grating spacing, thus changes in the length of the fibre 
due to tension or compression will change the grating 
spacing and the wavelength of light that is reflected back. 
Quantitative strain measurements can be made by meas-
uring the centre wavelength of the reflected spectral peak 
(Fig. 1). 

The interest is that by using different wavelengths on 
which the mirrors are reflecting, signals of various FBG 
sensors can be identified. The wavelengths and wave-
length-shifts of these so-called mirrors can be measured 
with a fibre optic unit allowing the demultiplexing of them 
in the wavelength domain. In this way, the space distrib-
uted sensors are identified and distinguished. 

Because each sensor has its own characteristic wave-
length, the sensors can be connected in series on one 
optical line or a star configuration can be made. In this 
way (by using an optical switch) several hundreds of sen-
sors can be measured with a relatively small low cost in-
terrogation unit.  

3.3 The “Geodetect” system 

Optical fibres are inserted inside the geotextile during the 
manufacturing process of inserting the reinforcement 
yarns (Fig. 2). As the warning system is directly inserted 
in the geotextile the installation problem often met with 
traditional sensors is overcome.   

 Optical   
fibre  

Reinforcement  
yarn  

 
Fig.2 Geotextile with optical fibre inserted during the manufactur-
ing process 

To ensure the water-tightness of the monitoring device, 
a flexible sheath protects the optical fibres. Due to this 
sheathing over the optical fibres, the “Geodetect” system 
is: 

• Immune to lightning strikes,  
• Corrosion resistant,  
• Free of electromagnetic,  
• Radiation resistant, 
• Explosion proof (no risk of sparks).   

The measurement system consists of a data collection 
device (Geodetect FBG-Scan) and a computer/laptop al-
lowing the assessment of the optical fibres spectral re-
sults. The Geodetect FBG-Scan is also available in a 
hand-held version connectable to a PDA for instantane-
ous checking on instrumental earthworks. This is an in-
teresting solution for the follow-up of structures, when the 
risk cannot justify a continuous survey. 

The “Geodetect” system was tested both in small scale 
in the laboratory and in full-scale. The resistance to the 
installation stresses and practical performances were es-
pecially studied and validated. 
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4 PREMILINARY TESTS 

4.1 Product test 

An optical fibre is linked to the geotextile directly in the 
assembly line. It is connected to a data collection device 
allowing assessment of the strain during all the produc-
tion steps (i.e. inserting in the product line, needle-
punching, rolling up). The result of this test highlighted 
that:  

• The inserting step did not produce an increase 
of strain, 

• During the needle-punching, strain increased un-
til 83 µε, 

• During the rolling up, the strain did not exceed 
124 µε. 
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FBG-Scan 

Alert ! 
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Fig. 3 The principle of the “Geodetect” system 

4.2 Strain tests 

Strain tests were performed on geotextile samples moni-
tored by FBG. These tests met the specifications of the 
standard EN ISO 10319. 

Samples were placed in the strain bench and stretched 
at a rate of 5 %/mn . A pre-load of 150 kN was applied. A 
series of charge / discharge were applied on the samples. 
These tests allowed checking that, before breaking, opti-
cal fibres could endure 6 % of strain applied to the geo-
textile. 

4.3 Conclusion about preliminary tests 

These preliminary tests allowed checking of the insertion 
process. The optical fibres are linked to the product dur-
ing the manufacturing process guaranteeing a strong 
connection with the geotextile, resulting in a pertinent 
measure of the elongation.  

Before breaking, the strain measured by the optical fi-
bre is in the strain interval endured by the geotextile when 
it is used to reinforce earth structures. 

5 DAMAGE TESTS 

After the preliminary tests, the “Geodetect” system devel-
opment consisted of checking the damage during installa-
tion. Two kinds of test were performed: 

• Tests in shear box, to verify if the signal is not 
lost when the geotextile supports great stress, 

• Full-scale test, to verify the product perform-
ances during its installation (discharge of soil 
above the geotextile, compaction …). 

5.1 Damage tests in shear box 

Two types of test were performed in a shear box:  
• Load tests, 
• Shear tests. 

5.1.1 Load tests (without shear) 
The geotextile instrumented by optical fibre (with a Bragg 
grating in the centre of the sample) was set up between 
the two half boxes filled up with crushed gravel. A charge 
/ discharge test was carried out (Fig. 4). 
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Fig.4 Strain measured by the FBG during the cycle of charge / 
discharge 

 
Fig. 5 Photo of the geotextile after the loading test 

During the loading phase, strain increases linearly with 
normal stress; before 100 kPa, there is probably a new 
arrangement of the soil particles. Although the crushed 
gravel used is very damaging (fig. 5), the normal stress 
could be applied up to 200 kPa without loss of signal, nor 
deterioration of the system. 

During the discharge, the strain decreases slowly to 
reach 0.07 % for a stress of 83.3 kPa; this slow reduction 
highlights the interlocking between the soil particles and 
the geotextile. 

5.1.2 Shear tests 
Following each test of charge / discharge, a shear test 
was performed with a normal stress equal to that applied 
at the end of the discharge.  

Rupture was not reached for reasons specific to the 
equipment; however we noted that the strain did not in-
crease during shearing. The application of a high normal 
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stress during the loading test might have involved strong 
interlocking between the soil particles and the geotextile. 
Thus leading to occurrence of shearing in the soil itself, 
rather than at the interface between the soil and the geo-
textile. 

5.2 Damage tests during installation  

An experimental trench (30 m length and 2.5 m width) 
was delimited in 6 zones (LRPC site, Nancy, France). 
These zones correspond to a different protection level for 
the geotextile monitored by optical fibres. 

The geotextile used is a reinforcement geotextile of 
125 kN/m. It is monitored by two optical fibres 0.5 m 
apart. The cover soil (gravel 20/40mm) was set up in two 
0.25 m thick layers (fig. 6). Compaction (fig. 7) was car-
ried out using a type HAMM 2620D compactor proceed-
ing in several phases (passes without vibration, with small 
vibrations and with large vibrations). The compaction con-
trols, carried out by plate tests and Dynaplaque, validated 
a homogeneous compaction of the experimental trench. 

 

 
Fig. 6 Installation of the soil cover 

Measurements of strain were recorded throughout the 
various phases of the soil installation. The measured 
strains reached a maximum of 0.15 % during the soil in-
stallation with  an average of 0.05 %. During a phase of 
intensive compaction (higher than the traditional compac-
tion), there was rupture of an optical fibre. The rupture 
has been located under the area where the compactor 
stopped and turned round between two compaction 
phases.  

 

 
Fig. 7 Soil cover compaction 

On this zone, the sollicitation was extremely intensive 
and was applied during long time. 

This full-scale experiment shows that, under normal 
conditions of set up, the “Geodetect” system is not dam-
aged. However, in case of particular heavy compaction, a 
protection layer may be installed. 

6 DETECTION TESTS 

As with  the damage tests, the detection tests proceeded 
in two phases: 

• Laboratory tests with apparatus allowing meas-
urement of the membrane effect, 

• A full-scale test for which a localised sinkhole 
was simulated.  

6.1 Membrane effect tests 

The membrane effect tests were carried out on an ex-
perimental device of Lirigm (Fig. 8).  

 

Metallic frame 

Soil Geotextile 

Upper frame 

Removable base 

 
Fig. 8 Experimental device to measure the membrane effect 

This device makes it possible to measure the mem-
brane effect of a geotextile sample (1 m²). To measure 
the membrane effect, the geotextile is laid out between a 
removable base and a frame filled with soil  The base is 
then removed. The geotextile used is a reinforcement 
geotextile of 125 kN/m. Two samples were tested. Each 
sample is monitored by a FBG: 

• The Bragg grating is located in the middle for 
Sample 1, 

• The Bragg grating is located 25 cm from the 
middle for Sample 2. 

The simulation of a localised sinkhole for a rectangular 
cavity (1m x 1m) was carried out with both samples for a 
stress of 5 kPa; Three tests were performed for each 
sample. The simulation of a localised sinkhole for a circu-
lar cavity (Φ=0.9 m) was carried out with Sample 1 for a 
stress of 5 kPa. Sample 2 was used to measure the strain 
developed in the geotextile when it is laid out above a 
pile. 

The results are only presented in the case of the circu-
lar cavity. Strain measured by Bragg grating is recorded 
during the test; a device on the metallic frame enables the 
measurement of the membrane’s deflexion. 

The strains measured by Bragg grating during both 
tests are similar (Fig. 9).  

Following test 2, an overload was applied in the middle 
of the upper frame. This overload involved an increase in 
the measured strain. When the overload was removed, 
the strain decreased but did not reduce to the level 
reached following the collapse. This observation high-
lights the formation of structural vaults in the soil.  
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Fig.9 Strain measured for the simulation of a localised sinkhole 
for a circular cavity 

The compatibility of the theoretical results with the 
measurements (geotextile deformation and strain meas-
urements) was analysed using a three-dimensional finite 
element model of a circular sheet subject to a load dis-
tributed normal to its initial plane, following a method de-
scribed by Villard and Giraud (1998). This model has 
been already validated by other studies (Villard et al. 
2000). 

The compatibility of calculated and measured dis-
placements is great. On the other hand, there is little dif-
ference between the strain measured by Bragg grating 
and those numerically calculated. This difference can be 
allotted for an arching effect developed in the ground not 
taken into account in the model; indeed when the arching 
effect is disturbed by the application and the removal of 
an overload, the measured strain agrees with the numeri-
cally calculated strain. 

 

 
Fig. 10  Device configuration in the case when the geotextile is 
laid out above pile 

The other configurations tested: rectangular cavity and 
geotextile laid out above pile (fig. 10), give results similar 
to those obtained with the configuration of the circular 
cavity. As a whole, there is a good correlation of the 
measurements transmitted by the Bragg grating and good 
agreement with the numerical model. The differences can 
be allotted to the formation of vaults in the ground and to 
the over emphasised stiffness of geotextile used for labo-
ratory tests. 

6.2 Localised sinkhole simulation 

Two zones of the experimental trench of the LRPC site 
(Nancy, France) were especially prepared for the simula-
tion of a localised collapse carried out by the deflating of 
two balloons located under the monitored geotextile (Fig. 
11). 

 
Fig. 11a       Fig. 11b 

Fig. 11 (a) balloons set up - (b) survey of surface settlement 

During deflating, the Bragg gratings located above the 
cavity indicated an increase in strain instantaneously. The 
increase in strain generated by the passage of a vehicle 
above the cavity was also identified by the Bragg grat-
ings. On the other hand, a difference between the re-
corded strains and the calculated values was noted. This 
difference could be allotted to a partial deflating of the 
balloons. This assumption was confirmed by the lower 
settlements measured on the surface. 

To supplement this experimentation of detection of a 
localised collapse, an investigation was carried out eight 
months later; comprising: 

• checking the medium-term behaviour of the 
warning system, 

• verifying the surface settlement, 
• removing the balloons in order to raise uncer-

tainties on a possible reaction under the geotex-
tile. 

Measurements of strain transmitted by the Bragg grat-
ings indicated an increase for those Bragg gratings lo-
cated in the cavity zone (above the cavity and at the edge 
of  the cavity). There is also an increase for three Bragg 
gratings within the adjacent zone of the cavity. These ob-
servations indicate that there undoubtedly was a slow de-
flating of the balloons at the time of the first experimenta-
tion. 

The measurement of the surface settlement (Fig. 11b) 
validated the strain increase of the geotextile. 

An adjacent trench was dug beside the experimental 
trench at the level of the balloons. When the balloons 
were found, we observed that a large quantity of gravels 
were located between the balloons and the geotextile, 
confirming the assumption of a reaction under the geotex-
tile.  

When the balloons were removed, they were com-
pletely deflated. The access to the cavity was widened in 
order to reach under the geotextile and carry out defor-
mation measurements (fig. 12). 

 

 



 
 

 
 
 

476 

 
Fig. 12 Geotextile deformation after the extraction of the balloons  

During all stages of balloon removal, the measure-
ments of strain transmitted by the Bragg gratings were 
recorded. An increase in the strain for all the Bragg grat-
ings located in the cavity area and for three Bragg grating 
located in the zone at the edge of the cavity was ob-
served. These observations indicate a relative slip of the 
optical fibre in its sheath (in the short or the long term), 
and thus the strain generated by collapse is measured 
over a length higher than the diameter of the cavity. This 
diffusion of the strain along the optical fibre must be taken 
into account in the case of a non continuous survey. 

Because of the difference of stiffness of the optic fibre 
and the slip of the fibre in the sheath, the local strain of 
the optical line do not correspond exactly to the local 
strain of the geotextile, but the total extension remains the 
same. That has the advantage of limiting the deforma-
tions of fibre and of providing a measurement of exten-
sion, even in the case of local strains of geotextile higher 
than the permissible strain of FBG. This results in calcula-
tion of the extension of the optical fibre, by integrating the 
strains over the length of the fibre. If the deformation is in-
tegrated over the length of the deformed fibre, the exten-
sion obtained in the case of the Nancy experiment is 5.8 
cm in the area where the Bragg gratings reacted. The 
elongation of the geotextile, calculated with the assump-
tion of  symmetrical deformation and for the average ar-
row of 20.5 cm, is 3 % for the 2 metres of the cavity then 
6 cm of elongation (with the assumption of perfect an-
chorage of the geotextile). 

The optical measurement of the elongation is very 
closed to the calculated value starting from the arrow. 
Some small differences could come from uncertainties on 
sizes of the cavity and from the variation between real 
and theoretical deformation. 

7 CONCLUSION 

The warning system by FBGs inserted to a geotextile de-
veloped by Bidim geosynthetics and ID-FOS was the sub-
ject of a research test program  aiming towards its valida-
tion.  

Integration tests of optical fibres confirmed the feasibil-
ity of the process. Strain tests highlighted that optical fi-
bres could endure up to 5-6 % strain applied to the geo-
textile. Damage tests with the shear box confirmed the 
warning system performed even under great stress.  

The warning system was tested at the time of its instal-
lation under severe conditions of compaction and under 
an aggressive material. This full-scale experiment high-
lighted that the system could support normal conditions of 
installation. 

 

Laboratory membrane tests and a full-scale collapse 
simulation checked the performances of the warning sys-
tem.  

All the tests carried out made it possible to validate the 
performances of the warning system. Consequently, this 
new device and “intelligent” geotextile is fully operational 
for soil subsidence. 

Future investigations are considered, in particular to 
further determine the amount of local strain and to pro-
vide further evidence allowing solutions to the various 
problems with respect to reinforcement and survey 
measurements. 
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