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Abstract:  

Convergence monitoring is an important task when tunnel structural health must be 

guaranteed, in particular to contribute to ensure safety and retrievability of radioactive 

waste repository cells (as Andra’s Cigéo project). Standard convergence monitoring 

method relies on invar wires, which prevent vehicle circulation in traffic tunnels or take the 

place of waste inside the repository. This paper demonstrates the feasibility of convergence 

measurement using distributed optical fiber sensors, exploiting Brillouin and Rayleigh 

scatterings and different fiber attachment methods, placed on the circumference of the 

structure. This proposed innovative solution does not restrict disposal volume and enables 

circulation; it also substitutes local displacement sensors with a distributed measurement 

that can provide more information. Here a finite element based method to compute 

convergence from orthoradial strain measurement is presented, along with its application to 

a laboratory test, which proved ability to determine convergence with 1mm resolution.   

1. Introduction	

 

Distributed optical fiber sensors (DOFS) are already known in the field of structural health 

monitoring for their nice features as substitutes of standard resistive sensors and vibrating 

wire sensors 
(1)

. 

Based on their physical characteristics it is possible to measure many different parameters, 

standardly temperature and strain changes, thanks to internal optical reflection and elastic 

(Rayleigh 
(2)

) and inelastic (Brillouin 
(3)

 and Raman 
(4)

) scatterings. Andra’s work regards 

the planned French deep geological repository for high-level (HL) and intermediate-level 

long-lived (IL-LL) radioactive waste, called Cigéo, and specifically on (i) its monitoring to 

contribute to ensure the safety of the site and the surrounding area, and (ii) the retrievability 

of waste for the first exploitation decades. For this reason, repository structure convergence 

measurements should be provided, despite a harsh environment as it will be with presence 

of high temperature (up to 90°C), hydrogen release and gamma radiations.  

DOFS based on Rayleigh, Brillouin and Raman scatterings are known to be highly tolerant 

to harsh environment, making them interesting for Andra’s project. The combined use of 

three techniques is advisable: Raman is only sensitive to temperature while Rayleigh and 
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Brillouin are sensitive to temperature and strain following the general relation which links 

these physical quantities to frequency shifts of acquired traces 

∆� = �! ∆� +  �! ∆�   (1) 

where �!  and �!  are either the Brillouin or the Rayleigh fiber temperature and strain 

calibration coefficients 
(5)

. 

A way to guarantee tunnels health is to monitor the evolution of their convergence, which is 

the relative displacement of two diametrically-opposed points, i.e. how much the tunnel 

section tends to reduce over time. Up to now, tunnel convergence monitoring methods are 

studied within Andra’s underground research laboratory (URL), where different types of 

sensors are exploited on the high-level waste (HLW) and intermediate-level long-lived 

waste (IL-LLW) repository cells demonstrators. They represent the mock-up of the real 

waste repository cells: placed underground 500 m deep, these cells are spherical 

underground excavations on a horizontal axis or slight slope dug. HLW micro-tunnel cells 

would contain only one disposal package per cell section, having main dimensions ~0.7 m 

of diameter, at least 80 m long, and a metallic liner. IL-LLW tunnel cells would contain 

several disposal packages per cell section, having dimensions in the order of ~9 m size 

diameter per 600 m long, with a concrete liner.  

 
Figure 1.  HL-LLW and IL-LLW disposal cell cross sections 

 

The standard convergence measurement is done with use of invar wires
 (6)

, which are 

connected to opposite sides of the tunnel section at its internal surface. Their 

elongation/compression can be easily measured and their resolution is in the order of 0.1 

mm, while the millimeter sensitivity is the target. For Cigéo application however, if the 

wires are left on site, it must be accounted an automatic acquisition device such as 

potentiometer. Moreover, the sensor would be directly exposed to radiations, unlike optical 

fibers embedded in the tunnel liner, and their presence would limit the movement of 

monitoring robots. Inside road tunnels, for example, they temporary limit the traffic, 

showing themselves to be an expensive solution if regular measuring campaigns are 

required. Other convergence measurement methods are used in different realities as laser 

theodolites. They have been implemented in many structures, such as Montecarlo tunnel 

and is still being improved 
(7)

. However, maximal distance range is in the order of few 

hundreds of meters, value usually limited by structure straightness, too short for IL-LLW 

repository cells. In addition the same problems of intrusiveness make them not suitable for 

Cigéo. Another solution could be using a measurements system with angular encoders 

IL-LLW disposal 

packages 
HLW disposal package 

Concrete liner Metallic liner 
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(called CANG 
(8)

) to measure convergence  continuously. Sensors are yet attached at the 

inner circumference of the structure, being intrusive and nearer to radiation influence. 

For these reasons another convergence measurement method should be found, exploiting a 

sensor to be put inside the tunnel liner or at its interface with the rock surrounding the 

external circumference. The flexibility and compression resistance of optical sensing 

cables, along with their little dimensions, let them be particularly suitable for this new 

technique. A technique exploiting fiber Bragg grating sensors has been already conceived 

which uses a particular method for convergence monitoring called MEMCOT 
(9)

. 

Distributed measurements are still more attractive for large structures, over the meter-size, 

to reduce blind zones and influence of localization accuracy. 

In order to reach the goal some issues have to be faced, as to find (i) the methodology to 

deduce convergence from orthoradial strain measurements, (ii) the corresponding required 

strain sensitivity of the target distributed strain sensing methods, namely Brillouin or 

Rayleigh scatterings, (iii) the implementation methodology to ensure the strain transfer 

from the tunnel liner to the optical sensing strain cable over deca-meter lengths and perform 

proper measurements.  

The objective of this paper is to demonstrate the feasibility of the interpretation, with means 

of mechanical modelling tools, of orthoradial strain measurements to obtain the structural 

convergence. Using an inverse analysis associated with the finite element model 
(10,11)

 it is 

possible to obtain the deformed geometry of a tunnel starting from experimental orthoradial 

strain measurements. From this geometry convergence is then obtainable by simple 

coordinates distance calculations all around the tunnel.  

In order to understand the practicability of this procedure, a test was then planned on a 

simplified structure in order to acquire strain measurements first in laboratory in a 

controlled environment. Strain sensing sensitivity of distributed measurements was 

evaluated with both Brillouin and Rayleigh performances and different sensing cable 

attachment methods. The last part of manuscript discusses performances and perspectives 

of this work. 

2. Proposed	methodology	

2.1 Demonstrator mock-up monitoring selection 

The final goal is to monitor convergence in both types of repository cells, however for the 

feasibility demonstration the attention will be focused on HLW structures where constraints 

are more severe. The surrounding clay layer applies an anisotropic external load on the 

steel liner. This behavior is directly related to the anisotropic extent of the excavation 

induced fractures network around the cell 
(12)

. This load anisotropy results in a radial 

bending of the liner causing an expected diameter reduction up to 10 mm during the 

operating phase (i.e. 100 years). For this reason our design should consider the required 

strain sensitivity to reach the millimeter sensitivity for convergence measurement. 

The proposed system relies on a strain sensing cable enrolled around the external surface of 

the repository cell metallic liner. It has to be very robust to endure emplacement. The 

selected optical sensing cable is supplied by Brugg cables company (Brugg Kabel AG), 

being the BRUsens V9 type and it is chosen for its high resistance to tensile loading, 
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conveyed by the inner metallic reinforced fiber, and its high curvature radius tolerance. 

Such a sensing cable can be attached to the structure in different ways: it could be glued or 

fixed on the surface with means of soldered fixations. Gluing the cable allows it to be 

sensitive all along its length and to possibly be influenced in the same way by compression 

and tension. It is however necessary to analyze if the glue could resist over the exploitation 

time (tens of years at least) and to note that its implementation time is not one of the best (it 

takes time to let the glue dry properly). The soldered fixations instead resist in time and are 

faster to deploy, however in this way the cable is fixed only punctually and compression 

could be detected differently form tension due to implementation. A standard telecom 

single mode fiber (SMF) is then used as the optical fiber sensor inside the cable. 

As sensing instrument the Neubrescope NBX-7020F (Neubrex Co., Ltd) is chosen, which 

combines two measuring principles, based on Rayleigh and Brillouin scattering, while 

preserving a total distance range much longer than the structure length. It is important to 

remind that Rayleigh (respectively Brillouin) is known to provide truly distributed strain 

measurements with sensitivity in the order of 1 µm/m (resp. 20 µm/m) 
(5)

. The selected 

instrument also provides centimeter spatial resolution and no dead zone. 

In order to retrieve convergence it is necessary to determine the geometry evolution of the 

structure under charge, thus to understand which is the actual load distribution. In the 

proposed monitoring system, raw data are strain measurements around the structure, so it 

should be possible to find the load that causes that deformation.  

For this reason a finite element inverse analysis method is here used, which allows to 

model the structure and to numerically calculate displacement (for the geometry evolution) 

and strain. 

 

2.2 Inverse analysis for the identification of the demonstrator’s geometry starting 

from deformation measurements 

 

2.2.1. Minimization problem: general application 

The main principle of inverse analysis is to start from a set of observations, in general the 

outcome of an event, to retrieve the cause which produced them. This involves a search for 

error minimization of the objective function Φ, which in this case is defined as 

Φ(�!) =
!

!
� − �      (2) 

where � is the computed orthoradial strain by means of a finite element (FE) model and � is 

the measured one. To solve the problem it is then necessary to find  

� =  � �
! ; �! = ������ (Φ)             (3) 

where the real parameter �! are the applied forces at a given node i. 

The strain � is computed using a FE model of the structure in response to multiple 

mechanical loading applications of �!. The FE method is a powerful and generic method 

thanks to which it is possible to describe a great variety of geometries, applying the same 

numerical procedure to calculate different features. In this laboratory test the direction and 

application points of punctual forces are known, while the magnitude is not. On field the 

opinion of the experts would be asked, to determine the direction of maximum load 

application from the analysis of in-situ investigations. 
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2.2.2. Modelling procedure: inverse problem 

! For a set of forces, the displacement field of each node of the finite element mesh of 

the considered structure is computed with the FE method. Isotropic elasticity is 

considered for the steel structure behavior law. 

! From displacement, it is possible to calculate strain �!"  as Cauchy or engineering 

strain with the following formula: 

�!" =  
(!!!!!)(!!!!!)

!!"
!

+
(!!!!!)(!!!!!)

!!"
!

     (4) 

       where (�! ,�!) are the original coordinates of node �, (�! , �!) are the displacements of 

node � in the � and � directions. Same for node �. �!"  is the distance between nodes i 

and � of the structure mesh. These quantities are visually represented in Figure 2 a). 

• This numerical strain has to be compared with the experimental one, to retrieve the 

loading force(s) and the corresponding deformed geometry. In order to select it, it is 

necessary to calculate the difference (error) between the two orthoradial strains and 

choose the force(s) �!  which minimizes its Root Mean Square (RMS). The detailed 

formulas will be given later on, as they depend from the actual loading. 

• Once the appropriate charge is found, the corresponding displacement can be selected 

from previous calculation. Then the deformed geometry and finally convergence can 

be calculated, for each node, as 

�! = �! + �!;  �! = �! + �!  (∀�, � mesh node)         (5) 

�! =  (�!!!"#° − �!)
! + (�!!!"#° − �!)

!                           (6) 

∆�! = �! − �                                          (7) 

       where (�! ,�!) are the original coordinates of node i and � is the original diameter of 

the structure, which is constant for circular sections. The new diameters are simply 

calculated as distances between opposite points and the difference between the 

diameters of the deformed and original geometry gives the diametrical 

convergence ∆� (as in Figure 2 b) ). 

            
 

Figure 2. a) representation of nodes and corresponding strain; b) representation of convergence 

calculation 

 

�! ,�!  �! ,�!  

�!!!"#°,�!!!"#° �!!!"#°,�!!!"#° 

� �!  

b) 

∆�! = �! − � 
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3. Performance assessment of measurement devices	

 

The convergence values resulting from the FE model depend strictly on measurement and 

modelling quality. This is why a study on how the cables should be embedded into/onto the 

structure is necessary. In fact the best possible strain transfer function must be obtained to 

achieve a correct convergence calculation. Once the best implementation is selected (in 

terms of global performances including possible assembly defects) in the laboratory, the 

same procedure would be employed on-site.  

It is important also to model in the right way both the structure, building an appropriate 

mesh, and the rock, loading the structure with a proper charge distribution to simulate in a 

simple yet suitable way a tunnel behavior. 

All these evaluations can be performed firstly in a laboratory test, in order to understand if 

optical fibers are sensitive enough to retrieve correct information. Two different kinds of 

attachment and optical scattering effects are here exploited, in order to determine the best 

possible sensing technique. 

3.1 Laboratory setup 

In order to build the demonstrator used for this laboratory test, some design steps were to 

be done. It was necessary to obtain representative displacement (up to 10 mm) while 

maintaining loads feasible in laboratory conditions, thus the thickness of the structure was 

reduced with respect to the real disposal cell liner. As a consequence, strain levels are 

expected to be smaller in the laboratory test compared to field case, which makes the 

feasibility demonstration here more difficult as the accuracy has to be higher. A one-to-one 

scale mock-up was then implemented to evaluate the sensitivity of spatial resolution and 

required accuracy of the sensor location. Finally, the structure under test turned out to be a 

steel ring of 762 mm of diameter, 200 mm deep and 10 mm thick. A reaction frame was 

horizontally fixed at different points to the ring in order to locally apply forces that depend 

on the number of turns of the fixing screws (as in Figure 3).  

The distributed optical fiber sensing system described in 3.2 is compared to MEGATRON 

displacement sensors. They consist in position transducers, pivot head mounting 

potentiometric with a resolution better than 0.01 mm. Four reference sensors were 

employed and positioned at the four quadrants of the ring. 

 

 
Figure 3. The reaction frame with connected the metallic ring and inner reference sensors (left) and 

detail of sensors employment: soldered cable with welded support (1),  glued cable (2) (right) 

1 

2 

E1 E2 
E3 

E4 
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3.2  Distributed optical fiber sensing system 

The proposed innovative convergence acquisition systems relies on a sensing cable 

attached on a circumference of the structure and a remote acquisition of Rayleigh and/or 

Brillouin scatterings, known to be sensitive to the strain along the optical fiber according 

with (1). 

In this case, as the temperature was stable inside the room, the strain is simply calculated as  

∆� =  
∆! 

!! 

; with �!
!
= 0.045 

!"#

!"
,�!

!
= −0.15 

!"#

!"
            (8) 

where for Brillouin ∆� is the difference between the Brillouin central frequency of the 

reference trace (no charge) and the one resulting from the charging. For Rayleigh instead it 

is necessary to cross-correlate the traces in frequency and then apply the same formula (8) 

in order to retrieve ∆� 
(13)

.
  

Rayleigh scattering, based on intensity evolution, should be 

more sensitive and Brillouin, wavelength encoded, should provide long term monitoring, 

less sensitive to sensing cable aging 
(5)

.  

More precisely, two ways of interrogating the fiber were exploited within this test. Both 

pulse pre-pump Brillouin optical time domain analysis (PPP-BOTDA) and tunable 

wavelength coherent optical time domain reflectometry (TW-COTDR) traces were 

acquired with the use of the Neubrescope, which ensures an orthoradial spatial resolution of 

2 cm. The distance range is 50 m, while the sampling interval is 1 cm for both techniques. 

For PPP-BOTDA the averaging count is 2
15

, probe and pump output powers are +1 dB and 

+30 dBm respectively, the frequency range is [10.45; 10.90] GHz with a frequency step of 

1 MHz; for TW-COTDR the averaging count is 2
13

, probe and pump output powers are +0 

dBm and +26 dBm respectively, the frequency range is [194; 194.25] GHz with a 

frequency step of 500 MHz. 

The sensing cable was attached in two different ways: one is glued all long its length (with 

Araldite 2021-1 glue) while the other is fixed to the external surface of the ring with a spot 

welding technique, which soldered supports are distanced each other about 12 cm.  

3.3 Charging distribution 

The ring is charged horizontally by the reaction frame as in Figure 4, which is one of the 

possible charge distributions representatives of the target application. The force is applied 

at the desired point and its magnitude is regulated by changing the number of turns of the 

connected screw (detail in Figure 3 on the right). 

 
Figure 4. Position of charges and displacement sensors 

 

In this case one single force is applied at the top of the wheel (point 36 on Figure 4) while 

at the opposite point (point 18) the ring is fixed at the wheel and cannot move, simulating a 
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vertical positioning pressing on it. The screw is rotated one turn at a time, from 1 to 6 

times, reaching a maximum theoretical convergence (measured with the help of a ruler) of 

10 mm.  

4. Experimental results and convergence comparison	

 

In this case, since only one force is applied to the ring and since the ring remains elastic, it 

is possible to model the structure exploiting the principle of superposition of the effects for 

which 

if �! → (�!, �!)  then  ��
!
→ (��!,��!) 

where the exponent � means “unitary”. 

It is then possible to charge the ring with a unitary force and find the proper force as  

                                                     Ф(�) =
!

! 
��

!

!
− �!

!!

!!!
                      (9) 

� =  ��
!, � = ��

! 
and  � = ������ Ф               (10) 

where N is the number of elements of the mesh, α represents the magnitude of the charge, 

ε
! is the theoretical orthoradial strain resulting from the unitary force and ε is the 

experimental one. In this case α is swept with unitary precision. 

The modelling, strain comparison and convergence calculation is done for each 

measurement method and load level. It means having 5x6 results for each calculation. For 

this reason here a single example will be reported for strain comparison, while a summary 

will be done for convergence. 

Whatever the sensing cable attachment method and measured scattering are, it was 

observed the expected strain profile around the structure. It was also clearly distinguishable 

(i) a better accordance between theoretical and experimental profile for the glued fiber 

(versus soldered), (ii) better sensitivity of Rayleigh scattering (versus Brillouin) and (iii) 

higher uncertainty in Rayleigh scattering when strain difference between consecutive traces 

reaches 100 µm/m. 

Taking as example the fourth load level, i.e. “4 turns” regarding the number of screw turns 

which corresponded to ~7 mm of convergence, the Brillouin glued and Brillouin soldered 

(Figure 5), Rayleigh glued and Rayleigh soldered (Figure 6) cases are reported. 

First looking at the experimental strain, it is possible to see how Brillouin scattering has 

more local noises while Rayleigh tends to be locally flatter due to the acquisition frequency 

step. Rayleigh high sensitivity tends also to let the cross-correlation method fails, taking to 

some high peaks (between 315 and 360 deg in Figure 6). In fact, a cross-correlation 

between subsequent measurements had to be done, as a cross-correlation with the reference 

measurement increasingly failed with the load level. Regarding the attachment method, the 

glued cable returns an overall homogeneous measurement, while the soldered one had some 

discrepancies with the expected profile (see between 225 and 270 deg in Figure 5 and 

Figure 6 on the right). This is probably due to the attachment procedure, letting the 

measurement be not reliable in those points. 

Looking at the theoretical strain obtained minimizing the RMS (blue curve in the figures) it 

is possible to see that this attachment problem did not really influence the modelling 

process, as the curve is regularly fit in each case. 
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Figure 5. Orthoradial strain measured around the structure with Brillouin scattering along the glued 

(left) and soldered (right) cables  

 

 

  
Figure 6. Orthoradial strain measured around the structure with Rayleigh scattering along the glued 

(left) and soldered (right) cables  

 

Obtaining the corresponding deformed geometry it is then possible to compute convergence 

as explained in 2.2.2 and compare all different measurement techniques. The comparison 

can be performed for a particular stress level or also in a particular position, for example 

where a displacement sensor is located.  

Taking as example the fourth load level again, in Figure 7 it is represented the convergence 

evolution all around the ring for each measurement method after modelling, along with 

convergence values measured with the four reference sensors. 

Analysing then the distributed measurements, it is possible to see that the soldered cable 

gives as output convergences nearer to the reference values with respect to the glued one. In 

general the convergence magnitude obtained with the optical fiber cables is in the order of 

some millimeters for each method, assuring the feasibility of this process and of distributed 

optical strain sensing cables as convergence sensors. 

N	

N	

N	

N	
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Figure 7. Convergence for load level 4 

The same is clear also considering all charge levels at one position of the ring, 

corresponding to one displacement sensor in order to have a better comparison. Taking as 

example the vertical displacement sensor (E3 in Figure 3, 0 deg in Figure 7), as the force 

grows it is more and more evident that the soldered cable is the one which provides better 

agreement with reference values (see Figure 8). It is somehow unexpected, since the 

soldering supports are placed every 12 cm while the glue is applied all along the cable, and 

also considering the lack of measurement along a certain section of the cable (as in Figure 5 
or Figure 6 on the right).  

 
Figure 8. Convergence values for a single position and all load levels 
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5. Discussion	

The results give several feedbacks: the proposed methodology is able to give convergence 

measurements with a millimeter precision despite the raw measurement on which it is 

based. When the lowest load is applied, concerning a vertical convergence of about 1 mm 

measured with the reference sensor, a convergence difference from 18% to 31% is obtained 

using the four measuring methods. This allows saying that it is possible to perform 

measurements with the desired accuracy.  

As the deformation here is less than on the real structure (because of a lower thickness of 

the tested structure compared to the real liner), it is likely that this system would give a 

higher sensitivity than the one here demonstrated. The distributed measurements allow not 

only to calculate relative displacements of diametrically opposed points, as here performed, 

but with easy procedural modifications it could be possible to retrieve the overall shape of 

the structure, which is more useful when the section is not circular or perfectly 

symmetrical. At this stage it appears that optical fiber sensors exploiting Brillouin or 

Rayleigh scattering alone could be sufficient to perform convergence measurement. It is 

difficult to compare their intrinsic sensing performances as the measurement quality is 

mostly affected by the sensing system assembly protocol. In general, Brillouin scattering 

could be the best choice as simpler to exploit: to obtain useful information from Rayleigh 

scattering it is necessary to correlate two-by-two strain measurements, which is not always 

feasible. More attentive analysis on the sensor deployment should be performed, especially 

in view of the final application, should be performed, as well as tests regarding optical fiber 

employment in concrete structures. It is also important to recall that in the final application 

the charging distribution and direction are unknown, needing thus a modification of the 

mentioned protocol. Finally, temperature compensation for real structures must be taken 

into account, exploiting Raman scattering. 

6. Conclusions	

In this paper a new promising way to retrieve convergence measurement was presented, 

taking advantage of the features of distributed optical fiber sensors. Measuring simple 

strain values in the orthoradial direction all around the structure (which is a ring here and a 

tunnel in the future), it is possible to have convergence values which are in great 

accordance with the standard reference method outcomes. In this case the best results are 

given by the soldered cable, which convergence values are nearer to the displacement 

sensors ones, despite worse raw measurements with respect to the glued cable. Thanks to 

this inverse analysis finite element based method it could be possible to measure 

convergence in the same way for different structure shapes and dimensions, different 

charging distributions and different materials, making this method suitable for Cigéo’s 

underground radioactive waste repository tunnels monitoring. 

Other laboratory tests are scheduled in order to improve measurements (as the soldered 

cable fixation and the insertion of force sensors), before starting to apply it to on site tunnel 

strain measurements of Andra’s underground laboratory (LSMHM – URL). 
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